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xv

Preface to the Third Edition
In this new edition, we revised and expanded Chapters 1, 3, and 10 from the previous edition, and 
updated material and references in the remaining chapters, especially in Chapters 6, 9, 11, and 14. 
Chapters 15 and 16 from the second edition, on high-throughput and agile machining and design 
for machining, respectively, have been replaced with new chapters on minimum quantity lubrica-
tion machining and accuracy and error compensation of CNC machining systems. Finally, we are 
pleased to announce that the chapter on gear machining deferred from the second edition enters the 
current lineup as Chapter 17.

We are grateful to Paul Bojanowski, Emenike Chukwuma, David N. Dilley, William Dowling, 
Trevor Hill, Tim Hull, Jack Knapke, Dr. Heinrich Schwenke, Dr. Herman Stadtfeld, James Stead, 
Alexander Stoll, Kalvis Terauds, David Wall, Tim Walker, Douglas Watts, and Michael Williams 
for providing technical input and �gures for the current edition. We are also grateful to Cindy 
Carelli and her team at CRC Press for their usual expert editing work. Finally, we thank our families 
for their forbearance with our sporadic but longstanding preoccupation with this work.

When we began writing the �rst edition of this book in 1992, we could not have anticipated the 
project’s longevity or that we would still be working on it more than 20�years later. We thank our 
readers for their patience, salute them for their fortitude, and wish them success in their metal-
cutting endeavors.

David A. Stephenson
John S. Agapiou

MATLAB ® is a registered trademark of The MathWorks, Inc. For product information, please 
contact:

The MathWorks, Inc.
3 Apple Hill Drive
Natick, MA 01760-2098 USA
Tel: 508-647-7000
Fax: 508-647-7001
E-mail: info@mathworks.com
Web: www.mathworks.com
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xvii

Preface to the Second Edition
We were pleased with the reception of the �rst edition of this book, and we are very glad to have an 
opportunity to correct some of its de�ciencies in this new version.

In addition to updating material throughout, we made several structural changes. Chapter 2 in 
the �rst edition, covering both machining operations and machine tools, has been split into two 
separate chapters in the current edition. Additionally, Chapter 5, on chip formation, was eliminated, 
with the material being distributed between the current Chapters 6 and 11. We added three chap-
ters, on cutting �uids, agile and high-throughput machining, and design for machining. These are 
areas of signi�cant recent development, and also re�ect areas of emphasis in our recent professional 
practice. Finally, since the �rst edition was unexpectedly used as a university textbook, we have 
added examples and problems at the end of chapters to make the new edition more suitable for this 
purpose.

Due to lack of space, we reluctantly decided not to include a planned chapter on gear machining. 
We apologize to any readers disappointed by this omission.

We are grateful to John Rutz, David Yen, and Albert Shih for useful feedback on the �rst edition, 
and to David N. Dilley and Mikhail Lundblad for valuable technical input for the new edition. We�are 
also grateful to Rita Lazazzaro and Barbara Mathieu of Marcel Dekker Inc. and Cindy Carelli and 
Preethi Cholmondeley of CRC Press for their patient editing. Finally, and most importantly, we 
thank our families for their forbearance during our second attempt at this project.

David A. Stephenson
John S. Agapiou
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xix

Preface to the First Edition
Metal cutting is a subject as old as the Industrial Revolution, but one that evolved continuously as 
technology advanced. The �rst metal-cutting machine tools, built some 450�years ago, were pow-
ered by water and employed iron and carbon steel tools. Over time, these gave way to machines 
powered by steam and leather belts employing high-speed steel tools, to electrically powered 
machines using sintered carbide tools, and, most recently, to computer-controlled machines using 
ceramic and diamond tools. The pace of change seems to have increased over the last 20�years, with 
progressively rapid advances in materials science and computer technology. For example, since the 
beginning of our careers, typical production rates have doubled in many operations and numerous 
new tool materials, work materials, and machine architectures have been introduced—and we are 
still many years from retirement.

Our purpose in writing this book is twofold. First, many of the books from which we learned 
much of our trade were written in the 1970s or earlier, and despite recent updated editions, they 
are showing inevitable signs of age. We hoped to write a reference book that would provide a fuller 
treatment of recent developments than is currently available. Second, the literature in this �eld is 
somewhat dichotomous, consisting, on the one hand, of scienti�c books and articles read largely by 
academics and researchers, and, on the other hand, of trade journals, handbooks, and sales brochures 
read by practicing engineers. We also hoped to write a book that would appeal to both audiences by 
covering both research results and the current industrial practice. To make the project manageable, 
we had to limit the technical topics to be covered. We have chosen to consider only metallic work 
materials, to concentrate on the traditional chip-forming cutting processes with limited material 
on abrasive processes, and to largely ignore subjects such as machine tool control, which could �ll 
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1 Introduction

1.1  SCOPE OF THE SUBJECT

Metal cutting processes are industrial processes in which metal parts are shaped by the removal 
of unwanted material. In this book, we will primarily consider traditional chip-forming processes 
such as turning, boring, drilling, and milling. In these operations, metal is removed as a plastically 
deformed chip of appreciable dimensions, and a fairly uni�ed physical analysis can be carried out 
using basic orthogonal and oblique cutting models (Figure 1.1).

Related metal removal processes include abrasive processes, such as grinding and honing, 
and nontraditional machining processes, such as electrodischarge, ultrasonic, electrochemical, and 
laser machining. In abrasive processes, metal is removed in the form of small chips produced 
by a combination of cutting, plowing, and friction mechanisms; in nontraditional processes, 
metal is removed on a much smaller scale by mechanical, thermal, electrical, or chemical means. 
In�all�cases, the physical mechanisms of removal differ considerably from those of chip forma-
tion, so different physical analyses are required. Basic information on abrasive processes, tools, 
and surface �nish capabilities is included in Chapters 2, 4, and 10. Physical analyses of abrasive 
and nontraditional machining processes are not considered in this book but are available in the 
literature [1–6].

Metal cutting processes can also be applied to nonmetallic work materials such as polymers, 
wood, and ceramics. When these applications are considered, the subject is more commonly 
called machining. Because of differences in thermomechanical properties, the analyses of metal 
cutting discussed in this book provide only limited insight into the machining of nonmetals. 
More relevant information can be found in the literature on the machining of speci�c classes of 
materials [7,8].

The objective in this book is to provide a physical understanding of conventional and high-
speed cutting processes applied to metallic workpieces. The mechanics of chip formation, tem-
perature generation, tribology, dynamics, and material interactions are emphasized. We also 
include signi�cant descriptive information on modern machinery, tooling, and coolant systems. 
Hopefully this information, summarized with reference to the large research and trade litera-
ture on this subject, will provide the reader with suf�cient physical insight and understanding to 
design, operate, troubleshoot, and improve high-quality, cost-effective metal cutting operations.

1.2  HISTORICAL DEVELOPMENT

1.2.1  ANCIENT aND MEDIEVaL PREDECESSORS

Metalworking is an old human activity. Native metals, especially copper, and meteoric iron were 
worked wherever they were encountered by Neolithic peoples, and the mining and smelting of metal 
ores dates to preliterate times [9–12]. The techniques used to process metals during this period 
would today be classi�ed as casting and forming processes. Casting has been practiced since at 
least 5000 BCE [11], and many ancient peoples, notably the Egyptians and the Chinese, were expert 
metal founders. Forging by hammer (an open die operation) was the chief activity of the smiths and 
goldbeaters of antiquity and was the basis for deformation processes such as coining, wire drawing, 
and rolling, all of which were developed in ancient or early medieval times [13–16].

Metal-cutting operations have a more modest pedigree. Ancient peoples certainly ground and 
�led metals but did not machine them. (Vitruvius and Philo of Byzantium both report that Ktesibios 
of Alexandria, who lived in about c. 300 BCE, bored the brass or bronze cylinders of pump-like 
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machines [17,18], but the engineering details of their descriptions are not credible.) As will be 
shown, with the isolated exception of canon boring, metal cutting as contemporary engineers would 
understand it was not practiced until the Industrial Revolution of the late eighteenth century, and 
no machine resembling a contemporary machine tool was developed until around the year 1800.

Most contemporary machining operations, however, were based on analogous earlier methods 
for shaping wood and stone. Grinding and drilling both have prehistoric roots. Prehistoric peoples 
shaped stone objects such as querns and axe heads by abrasion with harder stones (especially sand-
stones), and sharpened axes and other tools by similar methods [19,20]. Drilling was carried out in 
Neolithic times by rotating as stick in an abrasive, generally sand, to bore holes in stone objects [19]; 
trepanning was also practiced by substituting a hollow bone tube for a solid stick. In later practice, 
both Egyptian and Roman artisans sharpened tools with whetstones [21,22] and drilled holes in 
wood using bow drills [23,24]. Holes in stone were trepanned as before by rotating a bronze tube in 
abrasives [25]. Copper or iron saws with loose abrasives were also used to cut stone [21,22]. The �rst 
known representation of a cord lathe, similar to those used in contemporary nonindustrial societies, 
is from a Ptolemaic Egyptian tomb [26], although earlier stone and wooden objects that were clearly 
turned have been recovered [27]. Medieval European craftsmen developed a variety of pole and 
crank-driven lathes as described by Theophilus and in other contemporary manuscripts [15,27,28]. 
The cylindrical grinding stone and the brace and bit for drilling were medieval innovations [24,29]. 
Flat surface were machined in ancient times by grinding, �ling, and planing using hand planes 
[24,30]. Early metal planers and shapers are similar in concept to hand planes. Face milling of �at 
surfaces, which has no ancient precedent, is a nineteenth-century invention, and surface broaching, 
which is broadly similar to �ling, was not introduced until the 1930s [31].

Before proceeding to more modern times, it is interesting to note four ancient and medieval 
manufacturing methods, which bear similarities to later practice:

	 1.	Ancient Egyptian multispindle drilling: The ancient Egyptians used large quantities of 
beads to decorate mummies and made them in high volumes in specialized workshops 
[32,33]. The �nal step in bead production was the drilling of mounting holes using a 
copper-tipped bow drill. Not surprisingly, this holemaking operation was the production 
bottleneck, and at least some craftsmen developed methods of driving multiple drills from 
a single bow to increase throughput (Figure 1.2) [32]. Stocks [33] describes several depic-
tions of this practice from Theban tombs, including three-, four-, and �ve-spindle applica-
tions. Similar multispindle drilling methods found widespread later use in the railroad and 
automotive industries.

	 2.	Philistine tool-sharpening service: The Hebrew Bible reports that the Philistines, hav-
ing at one point conquered the Israelites, forbade them from sharpening their own tools, 

(a) (b)
Direction of tool motion

Direction of tool motion

FIGURE 1.1  Orthogonal (a) and oblique (b) cutting of a �at workpiece by a wedge-shaped tool.
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recognizing that this skill would also be useful in making weapons [34]. Instead, the 
Israelites were required to send dull tools to Philistine artisans, who charged by the piece 
for sharpening (a pim for a plowshare, a third of a shekel for axe, etc.). Following this bibli-
cal prototype, contemporary tool-sharpening businesses still typically use a per-piece fee 
structure. The Philistines did not charge for programming or setup.

	 3.	Da Vinci’s machine tools: Leonardo Da Vinci drew designs for a number of machine 
tools in his notebooks, including lathes, thread-cutting machines, boring mills, and 
grinding machines [27,29,31,35–38]. None of these machines was apparently ever built, 
but many contain design details independently developed and used in later practice. 
Two representative instances are shown in Figures 1.3 and 1.4. The internal grinder 

FIGURE 1.2  An early multi-spindle drilling operation in the manufacture of stone beads in ancient Egypt: 
simultaneous bow-drilling of three beads using a long bow to drive three drills. (Detail of a painting from the 
tomb of Vizier Rekh-Mi-Re, Thebes, 18th Dynasty, c. 1430 BCE.)

FIGURE 1.3  Leonardo’s internal grinder for wooden cylinders, Codex Atlanticus f291r.
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in Figure 1.3 [29,31,36,38] looks strikingly like a contemporary honing machine, and the 
needle-making machine (actually a �ve-station production system) in Figure 1.4 [29,35,38] 
is similar to later rotary index and dial machines. In the notes accompanying the drawing 
of the needle-making system [38], Leonardo made a factor of 10 error in computing his 
projected pro�ts, an early example of a �awed manufacturing business plan.

	 4.	Medieval clockmaker’s tools: Medieval clock and watchmakers developed a number of 
hand-operated tools for precisely cutting shafts, screws, gears, and complex parts for 
escapements [27,31,39–41]. Although the mechanisms themselves bear little resemblance 
to later machine tools, the kinematic methods used to generate screw threads and space 
gear teeth would have later impact on the development of screw-cutting lathes and gear-
cutting machines.

1.2.2 C aNON BORING

The �rst large, externally powered metal-cutting machine tools were developed in Europe for 
boring canon. Early canon �red stone balls shaped by masons, and since these varied signi�cantly 
in shape and diameter there was little point in precisely machining the cast bore of the gun. This 
changed, however, with the introduction of cast iron shot of relatively uniform dimension in the 
�fteenth century. Gun boring to improve the accuracy and range of ordnance was soon taken up in 
Germany and Italy. Canon boring is mentioned in medieval German city records as early as 1373�[28], 
and there is a crude sketch of a vertical, horse-driven cannon boring mill in �fteenth century 
German manuscript [28,41–44]. The best early depiction of a canon boring mill is from a book 
published in 1540 by Vannoccio Biringuccio (1480–c. 1539), a master craftsman from Sienna who 
had traveled widely in Italy and Germany [45]. He also reported the results of experiments with a 
variety of solid and inserted blade iron cutters carried out in Florence, which are the earliest tool-
ing trials known to history. Figure 1.5 shows two of Biringuccio’s horizontal boring mills, together 
with typical iron-boring tools. This machine, and others like it employing both horizontal and 
(more commonly) vertical layouts, proliferated throughout France, Holland, England, Scotland, and 
Russia over the next 200�years [31,39,41,46–51]. In all these machines, the tool rotated while the 

FIGURE 1.4  Leonardo’s needle-grinding production system, Codex Atlanticus f31v. The mechanism shown 
at right is one of �ve planned stations arranged around the central rotary table.
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part was held stationary. Feed was imparted using a windlass for a horizontal setup or by lowering 
the gun onto the tool using pulleys in the vertical case. They lacked rigidity and were suitable only 
for making clean-up cuts on cored castings. They were used to cut both bronze and iron castings.

The great breakthrough in canon boring was made by the Swiss craftsman Jean Maritz (1680–1743), 
who invented a machine capable of boring bronze canon accurately from solid castings sometime 
around 1714. There is a great deal of confusion concerning Maritz’s career in the literature, since 
he had a son also named Jean Maritz (1711–1790, normally designated Jean II), and assorted later 
family members named Jean were also active in the ordinance business well into the nineteenth 
century [52,53]. Many earlier writers treat Jean and Jean II as the same person. The original Jean 
Maritz�developed his invention in his native Burgdorf and later moved to a larger shop in Geneva. 
He was approached by both the French and Dutch governments to supply guns [48,53], and ulti-
mately entered French service in 1734 as the Gun Founder at Lyon, assisted by Jean II. Together 
they set up a boring machine and produced specimen parts for military acceptance tests, in what 
appears to be the earliest recorded instance of a machine run-off [53]. This machine was trans-
ferred to the armory at Strasbourg in 1740, where Jean II had been named Master Founder. Jean 
II was an in�uential �gure after 1750, extending his responsibilities to the founding and boring of 
marine guns (cast from iron rather than bronze) in France and setting up foundries and boring shops 
in Spain�[52]. Jean II was also acknowledged as a central �gure in the development of the System 
Gribeauval�[54,55], the eighteenth century reform of the French artillery service, which was instru-
mental in the development of interchangeable manufacture.

No depiction of the original Maritz borer has survived, but based on descriptions of the machine 
at Strasbourg (Figure 1.6) [49] and later machines based on it [48,54], it was a massive, water-powered 
machine with complex gearing, which incorporated two signi�cant innovations. First, it had a 

(a)

(b)

FIGURE 1.5  Canon boring mills (a) and boring tools (b). (From Biringuccio, V., De La Pirotechnia, Senato 
Veneto, Venice, Italy, 1540; English Trans. by Smith, C.S. and Gnudi, M.T., The American Institute of Mining 
and Metallurgical Engineers, New York, 1942, pp. 308–312.)
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horizontal layout that permitted use of a massive stone structure for added stiffness, and second, in 
contrast to previous machines, it featured a stationary tool and rotating gun. The advantages of the 
heavy, stiff structure are obvious, and in addition, the use of a horizontal layout simpli�ed monitor-
ing and adjusting the machine during boring. The advantage of rotating the gun rather than the tool 
is that a much straighter pilot hole could be drilled prior to boring, since any drill wander would 
generate radial forces, which would drive the drill back toward the axis of rotation. It is also easier 
to adjust the workpiece to run true (i.e., to align the axis of the part with the axis of rotation) than to 
minimize the runout of the drill, especially as drill length increases. Since the initial pilot hole form 
was followed in subsequent boring steps, this greatly improved �nal bore straightness and provided 
a gun with more uniform wall thickness.

Maritz’s work had signi�cant in�uence in France, Holland, and England. A book published by 
the republican government of France in 1794 [56] and apparently intended to stimulate backyard 
canon production contains plates of two- and four-spindle machines similar in principle to the 
Maritz borer. In Holland, Jan Verbruggen (1712–1781), Master Founder at The Hague, constructed 
similar machine for boring canon from the solid, which was in operation by 1758; he was assisted 
in this work by Johan Jacob Siegler, who had learned his trade at French foundries [47–49]. Jan and 
his son Pieter Verbruggen (1735–1786) moved to the Royal Brass Foundry at Woolwich in England 
in 1770 and immediately built two similar borers, which were in production from 1770 until 1842 
[43,47–49,57]. In 1774, the English ironmaster John Wilkinson (1728–1808) patented a similar-
looking machine with a rack-and-pinion feed mechanism for boring iron canon from the solid 
[46,58–60]. The patent was challenged by other gun founders and vacated in 1779, but�the�machine 
formed the basis for his later steam-engine boring mill discussed in the next section.

The �rst scienti�c study involving metal cutting also resulted from canon boring. Count Rumford 
(1753–1814) reported his experiences in boring canon in Bavaria in a paper presented in 1798 to the 
Royal Society in London [61]. He observed that boring produced a great deal of heat, and that water 
poured on boring tools as a coolant frequently boiled away. At the time heat was widely thought to 
be carried by a �uid called caloric, and it was assumed that the heat in boring resulted from caloric 
being liberated from the material being cut. Rumford modi�ed a canon boring mill and conducted 
experiments in which dulled boring bars were forced against short cylinders immersed in water 
(Figure 1.7). He noted that the water boiled away even when the tools were so dull that they bur-
nished rather than cut the work material, and moreover that the supply of heat was inexhaustible, 

FIGURE 1.6  The Maritz borer at Strasbourg, from a book by Charles Dartien published in 1810. The 
machine depicted was powered by a horse mill, but the earliest Maritz borers were reportedly water powered. 
(After de Beer, C., Ed., The Art of Gunfounding, Jean Boudriot, Rotherford, East Sussex, U.K., 1991, pp. 12–15, 
85–89, 93–94.)
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since the experiment could be continued inde�nitely and still produce boiling. This contradicted 
the caloric theory of heat and led him to theorize that heat, like mechanical work, was a form of 
energy. His experimental results were not properly appreciated initially, but were ultimately impor-
tant in the later development of Thermodynamics. In 1805, Rumford married the widow of Antoine 
Lavoisier (1743–1794), a leading proponent of the caloric theory of heat who was guillotined during 
the French Revolution [62].

1.2.3 T HE INDUSTRIaL REVOLUTION aND THE STEam ENGINE

The Industrial Revolution of the late eighteenth century resulted in (and to an extent resulted from) 
advances in steam engine design and the invention of automatic machinery for textile production. 
It also stimulated the development of many basic machine tools, since these were required to produce 
the precise cylinders, surfaces of revolution, screw threads, and �at surfaces integral to the function 
of the new machinery. The steam engine had additional signi�cance because it freed machine tools 
from dependence on water power, so that machine shops could be built at any convenient location. 
The bulk of the signi�cant early machine tool development took place in England, although it built 
on earlier work from other parts of Europe, especially France, and stimulated further development 
over a wider geographic area. The achievements of the early English machine builders are also 
better documented than those of engineers in most other areas, since the proli�c Victorian writer 
Samuel Smiles wrote biographies of several leading Scottish and English engineers [63–66]. These 
biographies, based on extensive interviews and primary written sources, in�uenced later writers 
such as Roe [67] and Rolt [31].

The bores of atmospheric steam engines invented in the early eighteenth century, which were 
used especially to pump water from mines, were machined on modi�ed canon boring mills 
[39,59,60,67]. These mills were not suitable, however, for the manufacture of James Watt’s condens-
ing engine, which operated at higher pressures and consequently required more precise bores. In 
fact, Watt, an instrument maker by trade, made small model engines but could not produce a full-
sized specimen for 10�years because existing boring mills could not machine large cylinders to the 
required accuracy [64,67]. This problem was solved when John Wilkinson invented a more accurate 
horizontal boring mill in 1775 (Figure 1.8) [31,59,60,64]. Wilkinson used a much heavier boring 
bar than was used in cannon boring mills, and supported the bar at both ends, greatly increasing 

FIGURE 1.7  Illustration from Count Rumford’s paper on the nature of heat, showing the boring mill and 
measurement apparatus used in his cannon boring experiments.
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rigidity and�accuracy. He also used cutters with replaceable inserts driven by a feed screw inside 
the bar [59]. This machine was the �rst recognizably modern machine tool, since it could perform 
heavy cuts with reasonable accuracy and employed a basic design that was replicated into the late 
twentieth century. Machine tools with the same basic layout are still widely used for line boring and 
large diameter work.

Heavy metal cutting lathes came into use in the eighteenth century for machining rolling 
mill rolls and cylinders for automatic looms [27]. A number of novel machines were devised in 
France in the latter half of the century, notably by Jacques de Vaucanson (1709–1782), the cel-
ebrated inventor of automata [27,39,64,68]. The design ancestral to later screw-cutting engine 
lathes, however, was developed by Henry Maudslay (1771–1831) in England [64,67]. Maudslay was 
born in Woolwich and apprenticed to the arsenal there at age 12. He worked with leading engi-
neers on woodworking and lock-making machinery prior to his lathe work. His screw-cutting lathe 
(Figure 1.9) [27,31,39,41,44,67], built around 1797, employed Vee ways and a slide rest driven from 
a lead screw to cut threads. As in the case of Wilkinson’s boring machine, this basic design was 
replicated into the twentieth century, albeit with signi�cant improvements in gearing. Maudslay set 
new standards of accuracy for the profession by inventing a bench micrometer and pioneering the 
use of surface plates. He also trained many of the leading machine builders of the day, most notably 
Joseph Whitworth, who standardized screw threads, developed many feed and drive mechanisms, 
and was among the �rst to appreciate the primary importance of structural rigidity in machine tool 
design, and James Naysmith, inventor of the steam hammer [31,64,66,67].

(a) (b)

FIGURE 1.8  Detail of a model of Wilkinson’s boring mill in the Science Museum at Kensington. (a) General 
layout and (b) detail showing work table and cutter. (From Science and Society Picture Library, London.)

FIGURE 1.9  Henry Maudslay’s �rst screw cutting lathe, made c. 1797. (From Science Museum/Science & 
Society Picture Library, London.)
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Textile machinery, steam locomotives, and commercially produced machine tools required 
accurately machined �at surfaces, which led to the development of planers and shapers in the 
early nineteenth century. Both planers and shapers produced �at surfaces by moving a tool 
over a workpiece in a series of parallel and overlapping strokes. In a planer, the tool remained 
stationary and the workpiece, generally �xed to a table, moved relative to it; in a shaper, the 
work was stationary and the tool moved, generally on some sort of bar or arm. The nomencla-
ture of these machines describes their traditional uses. Planers were used almost exclusively 
to produce �at surfaces, since the moving table was heavy and dif�cult to maneuver along a 
contour. Shapers, on the other hand, could be readily adapted to produce shaped features such 
as slots, keyways, and straight gear teeth. A number of planers were built in England before 
1825, notably by Richard Roberts, James Fox, and Joseph Clement [31,39,67]. The general lay-
out of these early machines is shown in Figure 1.10, from an article by Naysmith published in 
1841 [69]. (Note that the portal frame in this somewhat later machine is more massive than in 
earlier designs.) Clement’s planer was perhaps the most advanced of the early machines since it 
had a complex linkage, described in detail by Steeds [39], which permitted cutting on both the 
forward and back strokes. Shapers are of somewhat later origin. Among the �rst to be developed 
was Naysmith’s steam arm shaper, built about 1836 [31,39,66]. In this machine (Figure 1.11 [66]), 
the tool was mounted to a ram driven by a connecting rod. This was a common design during 
the nineteenth century, although traveling head machines of the type designed by Whitworth 
between 1840 and 1850 [39], in which the tool was mounted on a head driven by reversing 
screws, were also prevalent.

Special drilling machines were rare during this period [39,44]. Drilling was typically performed 
on boring mills or lathes. The few exceptions consisted of vertical spindles mounted to structural 
beams of the mill building. Workpieces had to be transported to and positioned under these spin-
dles, which would have been laborious and inaccurate for larger parts. Feed was manual or by dead  
weight prior to 1800 [44]. Upright and radial drill presses were introduced later as discussed in the 
next section.

FIGURE 1.10  Typical early English planer. (From Naysmith, J., Remarks on the Introduction of the 
Slide Principle in Tools and Machines Employed in the Production of Machinery, in R. Buchanan, Ed., 
Practical Essays on Millwork and Other Machinery, 3rd edn., John Weale, London, U.K., 1841, Appendix B, 
pp.�393–418.)
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1.2.4 N INETEENTH-CENTURY QUaNTITY PRODUCTION INDUSTRIES

Machine tool development was further stimulated in the middle to late nineteenth century by the rise 
of quantity production methods. These methods were pioneered in the small arms industry and spread 
over time to the manufacture of consumer products such as sewing machines, watches, typewriters, 
and bicycles, as well as of capital goods such as railway locomotives. These methods differed signi�-
cantly from contemporary mass production in that they relied on limit gages and physical masters 
and did not employ measurement datums or tolerances. Collectively, they were referred to in the older 
literature as interchangeable manufacture [31,70] and are now generally called the American system of 
manufacture [71]. Neither of these terms is strictly accurate. Parts were not truly interchangeable since 
part �tting and selective �t assembly of key components was often required, especially in the sewing 
machine and watch industries [71,72]. And although the methods were �rst perfected as a system by 
nineteenth-century American �rms, key elements were derived from eighteenth-century French arms 
production methods (such as the System Gribeauval discussed in Section 1.2.2) and other European 
practices [55,70,71,73–75]. Quantity production methods required the rapid generation of accurate �at 
surfaces, holes, and gears, and led to the development of milling, drilling, grinding, and gear-cutting 
machines, as well as early automated and special purpose machines.

Historically, milling machines came �rst, since simple milling methods had already been devel-
oped by Vaucanson in France and Naysmith in England [76]. Small arms makers in Connecticut 
also reportedly constructed simple milling machines by 1820 [74,76]. The oldest extant machine 
appears to be a simple one with self-acting feed, which Roe dated to 1818 and attributed to 
Eli Whitney (1765–1825) [67], although this attribution has since been questioned [74,77]. The 
�rst commercially produced milling machine was the Lincoln Miller (Figure 1.12) [31,39,70,76,78], 
designed by F. A. Pratt and E. K. Root, which was �rst marketed by George S. Lincoln and Co. 
in 1855. Shortly thereafter Pratt’s new company, Pratt and Whitney, began manufacturing them in 
large quantities, and they became very common machines in nineteenth-century shops. Of more 
signi�cance to later machines, however, is Brown and Sharpe’s universal miller, designed by 
J. R. Brown and introduced in 1862 (Figure 1.13) [31,39,76]. This machine featured a knee and 
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FIGURE 1.11  Naysmith’s steam-arm shaper, 1836.
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column structure, which greatly simpli�ed the adjustment of the work height and is the ancestor of 
the familiar knee-mill of twentieth-century practice.

Drill presses were introduced in the 1840s. Among the earliest were the upright or pillar drill 
presses introduced by Bodner and Whitworth in England in 1839 and 1847, respectively [39,79]. 
A�similar machine was patented in Germany in 1849 by August Harmann, who had trained in 

FIGURE 1.12  A Lincoln miller, �rst manufactured in 1855. (From Rose, J., Modern Machine Shop Practice, 
Vol. 2, Charles Scribner’s Sons, New York, 1888, pp. 3, 38–54.)

FIGURE 1.13  The original Browne and Sharpe universal milling machine, 1862. (Courtesy of Brown and Sharpe, 
Providence, RI.)
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English shops [44]. Radial drill presses were built in England in the early 1840s [39], and a radial 
drill press was developed and marketed in Germany by Johann Mannhardt in 1848 [44]. These 
early machines, as well as American specimens of similar vintage, were identical in basic struc-
ture to later drill presses, although subsequent machines incorporated signi�cant improvements in 
power transmission and feed mechanisms. American quantity production �rms soon recognized 
that multiple drilling spindles could be ganged together on a common base to produce multispindle 
machines for rapidly and accurately drilling hole patterns. These gang drill presses were used espe-
cially in the railroad industry for drilling hole patterns in boilers and wheels [39,70]. A �nal signi�-
cant drilling development of this period was the twist drill, patented by Stephen A. Morse in 1863 
[44,80]. This now-ubiquitous tool rapidly displaced the crude spear-point drill used until that date.

Cylindrical and surface grinding machines were developed from an early date, although their 
evolution is complex as discussed by Woodbury [29] and Rolt [31]. Prior to 1850, they were used 
especially for grinding ri�e barrels, hardened slides for steam engines, and pulleys and rollers for 
automatic machinery. Most leading tool builders in England, the United States, and Germany built 
machines for internal use. Many early cylindrical and surface grinders were basically modi�ed 
lathes or planers �tted with abrasive wheels. Early grinders generally used natural stone wheels or 
natural emery abrasives embedded in leather or wooden wheels [78], and progress was limited by an 
inability to produce an effective bonded arti�cial abrasive wheel. Many early machines also lacked 
stiffness and required considerable skill and training to operate. The development of precision 
grinders began after 1860 [29,31,39] and was driven especially by the growth of the sewing machine 
industry, which required large volumes of precision shafts [31]. In 1876, Brown and Sharpe, an early 
contract manufacturer of sewing machines, brought out a universal grinder, which had the basic 
form of later cylindrical grinders [29,31,39], and followed with surface grinders of similarly modern 
form by 1883 (Figure 1.14) [39,78]. These in�uential machines were sold worldwide beginning in 

FIGURE 1.14  A Brown and Sharpe surface grinder, introduced about 1883. (From Rose, J., Modern Machine 
Shop Practice, Vol. 2, Charles Scribner’s Sons, New York, 1888, Fig. 2032.)
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the 1880s. Progress in grinding development accelerated as bonded aluminum oxide and silicon 
carbide wheels became available between 1885 and 1910 [29,31].

Gear-cutting machines have a similarly complex history as also described by Woodbury [40] 
and Rolt [31]. Textile machinery and early machine tools created a demand for gears, and between 
1825 and 1840 several English machine tool builders built form-cutter-type gear machines based 
on the milling principle. Whitworth introduced involute cutters about 1844. Templet machines, in 
which the teeth were not milled but cut with a shaper or slotter tool guided by a template, were also 
developed at an early date and after 1860 were especially popular for large gears. The golden age 
of gear machine development occurred after 1885 and was enabled by the development of preci-
sion grinding, which permitted manufacture of accurate complex tooling from hardened steel. The 
Fellows gear shaper and recognizably modern hobbing machines, such as those developed by the 
German �rms Juengst and Reinecker, are products of the 1890s.

The requirement of large volumes of small uniform parts, coupled with a shortage of skilled labor, 
led to interest in labor-saving and ultimately automated machinery during this period. Turret lathes, 
in which a series of pre-set tools could be brought to bear on a part by a lever-activated indexing 
head, were pioneered in the small arms industry. The �rst turret lathe was built by Stephen Fitch in 
1845 for the production of screws for a percussion lock (Figure 1.15) [31,39,44,67,70,81]. E.�K. 
Root designed a similar machine at about the same time. Fitch used a cylindrical turret aligned with 
the work axis; vertical turrets on a rotating axis of the type designed by F. H. Howe were introduced 
in about 1850 at the Colt and other armories and quickly became the standard design. The �rst fully 
automatic lathe was invented by Christopher Spencer in 1873 [31,44,67,70,81,82]. Spencer, who 
also invented a famous repeating ri�e, had a background in small arms manufacture, but his auto-
matic lathe was �rst used for the production of sewing machine screws. It featured a brain wheel, a 
rotating drum with strip steel cams, which guided tool motions (Figure 1.16). Spencer disastrously 
did not patent the brain wheel concept [31], and it was widely copied, leading to an explosion in 
screw machine development as described by Ruby [81]. A parallel path of development of automatic 
lathes occurred in the clock and watch industries, where automatics for the production of small 
watch screws and shafts were developed independently by Jacob Schweizer in Switzerland and by 
C.�V. Woerd of the Waltham Watch Company in Massachusetts [39,72,81,83]. The Waltham Watch 

FIGURE 1.15  Stephen Fitch’s turret lathe (1845) for producing screws for a percussion lock. (From Fitch, C.H., 
Report on the Manufactures of Interchangeable Mechanism, Report on the Manufactures of the United States 
at the Tenth Census, U.S. Government Printing Of�ce, Washington, DC, 1883, p. 648.)
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Company developed additional automated machines for the production of watch plates and cases in 
the 1880s, including what were essentially miniature transfer machines (Figure 1.17) [72]. Interestingly, 
since there was no commercial electrical service at this time, these machines were powered pneu-
matically. One �nal noteworthy advance in automated machinery during this period was made 
by William Sellers of Philadelphia, who demonstrated an automated gear-cutting machine at the 
Paris exhibition in 1867 [40]. This was a form-cutter machine with automatic feed and indexing 
controlled by screws and stops. Sellers was the most in�uential American machine builder of his 
time, noted for stripping machines of ornament and painting them a drab machine gray and more 
importantly for standardizing screw threads and investing heavily in scienti�c research as discussed 
in the next section [31,67].

In the 1860s, under the Tokuda government, Japanese armories began importing European 
machine tools. This process accelerated after the Meiji Restoration in 1868, when a western-style 
army was formed and military production became a priority. As described by Chokki [84], machine 

FIGURE 1.16  A brain-wheel style screw machine of the type invented by Christopher Spencer in 1873. 
(From Fitch, C.H., Report on the Manufactures of Interchangeable Mechanism, Report on the Manufactures 
of the United States at the Tenth Census, U.S. Government Printing Of�ce, Washington, DC, 1883, p. 658.)
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tool imports and native machine tool construction intensi�ed at major armories throughout Japan in 
the 1870s, laying the foundation for the contemporary Japanese machine tool industry.

1.2.5 E aRLY SCIENTIFIC STUDIES

The �rst scienti�c studies of metal cutting were conducted between 1850 and 1885 [85–88]. Many 
of the early investigations concerned the mechanism of chip formation. Time [89] studied chip 
formation in metals and wood and apparently coined the term “chip.” Tresca [90] and Mallock [91] 
also studied chip formation and identi�ed it as a shearing process. Mallock used a microscope to 
observe chips being formed in various metals, as well as paraf�n, soap, and clay, made interesting 
drawings of his observations (Figure 1.18) and also recognized the importance of tool–chip friction 
in the process. Other researchers quanti�ed power requirements in machining. In the earliest inves-
tigation, Cocquilhat [92] measured the work required to drill a given volume of material. The most 

FIGURE 1.17  An automatic plate facing and recessing machine from the Waltham Watch Company, c. 1880. 
(From Marsh, E.A., The Evolution of Automatic Machinery as Applied to the Manufacture of Watches, 
G. K. Hazzlit and Co., Chicago, IL, 1896, p. 27.)

(a) (b)

FIGURE 1.18  Drawings of steady-state chip formation when cutting wrought iron (a) and incipient chip 
formation when cutting copper (b). (From Mallock, A., Proc. R. Soc. Lond., 33, 127, 1881.)
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thorough work of this type, however, was carried out by Ernst Hartig and his students at the Royal 
Saxon Polytechnic Institute (now the Technical University of Dresden). Hartig had earlier designed 
and constructed a leaf-spring dynamometer to measure power requirements for textile machinery, 
and beginning in 1870 he used it to make systematic measurements of power requirements for a 
variety of machine tools under different speed and feed conditions, primarily for ferrous work 
materials, wood, and bronze. Machines at two local factories were studied, including saws, lathes, 
planers, milling machines, drill presses, grinders, and woodworking machines, as well as six fans 
and two cranes. Hartig measured both tare and cutting power and applied corrections for transmis-
sion power losses and internal friction in his dynamometer. The results were summarized in a book 
published in 1873 [93], which consisted largely of brief experimental descriptions accompanied by 
tables and formulas, and which remained the standard work on the subject for many years.

Other research was directed toward developing improved tool steels. In early machining prac-
tice, plain carbon steel tools were used, but as steelmaking technology advanced, alloy tool steels 
were investigated. The most successful work in this area was carried out by the English metallur-
gist Robert Mushet, who in the course of compulsive experimentation developed an air-hardening 
tungsten steel alloy in 1868 [31,94,95]. Mushet was the son of a well-known ironmaster and had 
already made signi�cant practical contributions to the Bessemer process. He was secretive about his 
discovery, and never published or patented any details of its composition or preparation. He worked 
with a few picked associates in a small, remote workshop, had materials shipped through multiple 
intermediaries, referred to its ingredients by cyphers, and kept all records in code [94]. The new 
steel was marketed as “R. Mushet Special Steel,” or RMS steel. (Over time various premium grades, 
including double Mushet, triple Mushet, and Extra Triple Mushet, were also introduced [94].) RMS 
steel produced a revolution in machining practice, permitting doubling or tripling turning and plan-
ing speeds in shops equipped with machines powerful enough to take advantage of its properties [95]. 
It was widely used in both Europe and North America in the last decades of the nineteenth century.

The great historical �gure in the �eld of metal cutting, Frederick W. Taylor, was active at the end of the 
nineteenth century [31,67,95–99]. Taylor is best known as the founder of scienti�c management [96]. 
In 1880, he became foreman of the machine shop at the Midvale Iron Works near Philadelphia, 
where William Sellers served as president. At that time the tools and cutting speeds used to per-
form machining operations were selected by individual machine operators, so that practices and 
results varied considerably. He felt that shop productivity could be greatly increased if standard best 
practices were dictated by a central planning department. Putting this idea into practice, however, 
required the development of a quantitative understanding of the relation between speeds, feeds, tool 
geometries, and machining performance. Taylor embarked on a series of methodical experiments to 
gather the data (mainly tool life values) necessary to develop this understanding. The experiments 
continued over a number of years at Midvale and the nearby Bethlehem Steel Works, where he 
worked jointly with metallurgist Maunsel White. As a result of these experiments, Taylor was able 
to increase machine shop productivity at Midvale by as much as a factor of 5.

Taylor’s most important practical contribution was his invention, with White, of high-speed steel-
cutting tools. Starting with RMS steel, which they analyzed chemically, Taylor and White began 
varying the alloy composition and heat treatment. Eventually they developed alloys containing 
tungsten, chromium, and silicon, which were self-hardening and stable at much higher temperatures 
than RMS steel. Tools made of these high-speed steels were vastly superior to anything available at 
the time and permitted a great increase in cutting speeds for machines rigid and powerful enough 
to accommodate the change [95]. Taylor also established that the power required to feed the tool 
could equal the power required to drive the spindle at the relatively low cutting speeds then in use, 
especially when worn tools were used (Figure 1.19) [97]. Machine tools of the day were underpow-
ered in the feed direction, and he had to modify all the machines at the Midvale plant to eliminate 
this �aw. He also demonstrated the value of coolants in metal cutting and �tted his machines with 
recirculating �uid systems fed from a central sump (or “suds tank”). Finally, he developed a special 
slide rule for determining feeds and speeds for various materials.
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Taylor summarized his research results in the landmark paper “On the art of cutting metals” 
[97], which was delivered to a convention of the American Society of Mechanical Engineers and 
published in the Society Transactions in 1906. The results were based on an estimated 30,000–
50,000 cutting tests conducted over a period of 26�years, consuming 800,000 lb of metal and costing 
10 industrial sponsors an estimated U.S.$200,000. In conducting his tests, Taylor was fortunate to 
have at his disposal an essentially unlimited supply of consistent work material, as well as the back-
ing of William Sellers to maintain funding over such a protracted period. Taylor’s most important 
research contribution was his recognition of the importance of tool temperatures in tool life, which 
led to the development of his famous tool life equation (Equation 9.8).

1.2.6 T WENTIETH-CENTURY MaSS PRODUCTION

Machine tools developed after 1900, the year high-speed steel tools were �rst exhibited in Paris 
[31,44], differed signi�cantly from their predecessors. They were designed to run at much higher 
speeds to take advantage of the new tools. They thus required more power, stiffer structures, 
improved gearing, and improved lubrication and cooling for both the gears and workpiece. To sup-
ply these requirements, machine tool builders were able to borrow technologies from the simultane-
ously emerging electrical, chemical, and automotive industries.

Power requirements for milling machines increased from 0.4–0.8 to 3–4 kW [44], and similar 
increases were required for lathes and drilling machines. Coupled with the availability of commercial 
electric power, this led to a gradual shift in machine power from leather belts and countershafts to indi-
vidual electric motors. Electric motors had �rst been used to power machines in Europe in the 1870s, 
and Taylor had �tted an experimental machine with an electric motor in 1894 to eliminate belt slip [31]. 
Machines driven by electric motors through V-belts became commercially available in about 1901, and 
as motor sizes decreased they gradually became standard throughout the industry. Machine structures 
also became stiffer to maintain accuracy under increased loading [100]. The cast gears used in earlier 
machines wore out rapidly at increased power levels and were replaced by hardened steel gears. Also, the 
increased speed ranges required by the new tools led to the adoption of quick change gear drives, such as 
W. P. Norton’s 1892 tumbler drive, in place of the earlier clumsy cone pulleys and change gears [31]. Gear 
drives themselves were lubricated directly with oil [44], and in addition neat oil and water-based coolants 
began to be used routinely in standard practice. Water was used to cool grinding wheels from the early 
nineteenth century [29], and as noted before Taylor demonstrated the advantage of recirculating coolant 
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F

FIGURE 1.19  Balance beam dynamometer for measuring the feed force on a boring mill. W is the counter-
weight, F is the fulcrum for the 11:1 lever arm, and C is the chain to the tooling assembly. (From Taylor, F.W., 
ASME Trans., 28, 31, 1906.)



18 Metal Cutting Theory and Practice

systems in his research. Neat oils were used as cutting lubricants starting in the 1870s, shortly after the 
discovery of petroleum in the United States, and soda water mixed with fatty lubricants (“suds”) was also 
used as a cutting �uid in the late nineteenth century. Soluble (emulsi�able) oils became available in about 
1915 and were used extensively in the industry by 1925 [101].

The substantial capital invested in older tools prevented the immediate introduction of new tools in 
established industries. The new tools found a large market, however, in emerging mass production indus-
tries. Mass production is generally believed to have originated in the automotive industry [71], but it also has 
roots in World War I munitions production [100,102]. It evolved from quantity production when required 
production volumes increased and when parts from multiple plants had to be assembled into a single 
mechanism and was characterized by a shift from physical masters and limit gages to dimensioned and 
toleranced drawings, by a general increase in the precision of machined components, and by increased 
attention to factory-level organization and work standardization. The origin of tolerances is obscure, but 
according to Buckingham they �rst came into use in the United States shortly after 1900 [102].

There were two paths to achieve the required increase in precision and uniformity at increased 
volumes: the use of special jigs and �xture on standard machines, and the development of special 
purpose machines for high volume production [100]. The development of special purpose machines 
is of more interest in the general development of machining technology, and much of this work was 
centered in the automotive industry. It is best documented for the case of Ford’s Model T plant in 
Highland Park, MI [71,103–109], but considerable similar work was carried out in other automotive 
plants in the United States and Europe over the decades between the two World Wars. The Model 
T plant retained some nineteenth-century features—for example, machines were powered by line 
shafting and leather belts, although the shafts were turned by electric motors [71], and part transfer 
between machines for heavy-machined components was often manual—but machine placement was 
carefully considered, and both single-purpose machines and special �xtures were designed in-house. 
Representative examples include special piston-turning machines [107], multi-way multispindle drill-
ing machines [71,103,104,109], multipart and autoclamping �xtures [71,103,110], and large capacity 
gang multispindle milling machines (Figure 1.20). At Ford and elsewhere (including earlier railroad 

FIGURE 1.20  Special three-spindle gantry machine and multipart �xtures for milling engine block oil pan 
faces for the Ford Model T, c. 1914. (From the Collections of the Henry Ford (P.O. 3927/THF115651).)
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engine factories), specialized grinding machines also saw signi�cant development and application 
during this period. Both the Norton and Landis companies in the United States produced special 
crankshaft and camshaft grinding machines between 1903 and 1912 [31]. The Heald Company intro-
duced both a planetary grinder for cylinders and a piston-ring grinding machine in 1904 [31]. Landis 
introduced an automatic crankpin grinder in 1923 and an automatic camshaft grinder in 1928 [29].

The most striking examples of special purpose machinery, however, were transfer machines, col-
lections of individual special machine tools (or stations) connected by an automated part transfer 
mechanism. The literature on the development of transfer machines is sparse [111–115]. Although 
the Waltham Watch Company had built small pneumatic-powered transfer machines in the 1880s 
(see Section 1.2.4), Lloyd [111] traced the development of automotive transfer machines to the 
Greenlee Company of Rockford, IL, which introduced a straight line transfer machine for boring 
and adzing railroad ties in 1908, and to three-way boring and similar multi-way machines used for 
drilling in early automotive factories. He also noted that early transfer machine development took 
place primarily in the United States and England. Lloyd provided a number of photographs of early 
in-line and rotary transfer machines; a rotary example is shown in Figure 1.21. In the in-line case, he 
described 39-station palletized system for transmission cases built by Archdale in 1924 (for which he 
provided both a photograph and an operations sequence), but this large system seems to have been an 
exception in this period; most early systems had three or four stations and would thus be considered 
transfer system segments in contemporary practice. Charles Kettering of General Motors, writing 
in 1927, discussed the increasing use of multiple machines, which from his description are clearly 
transfer machine segments [116]. Photographs from the 1930s also generally show short transfer 
machine segments with considerable part-handling between operations (Figure 1.22). This approach 

FIGURE 1.21  Five-station rotary transfer machine for transmission housings, 1933. (After Lloyd, E.D., 
Transfer and Unit Machines, Industrial Press, New York, 1969, pp. 9–22.)
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would permit banking of parts between operations to eliminate full production shutdowns due to 
station downtime, an issue Kettering discussed and one which is still a basic concern for large serial 
systems. Hine [113], who also traced the origin of the transfer machine to the Greenlee Company, 
reported that only short transfer segments were used before 1940, with larger systems �rst being used 
for aircraft engine production during World War II. Early examples include a 200 ft long, 80 station 
system built in 1941 to machine cylinder heads for B17 and B29 bomber engines [113], and a large 
Greenlee engine block system delivered to the Wright Aero Corporation in the same year [111]. Large 
fully automated systems were not widely used in automotive and other high production industries in 
the United States, Europe, and Japan until the late 1940s and 1950s, when many older machine tools 
were replaced with high-production systems to meet increased consumer demand [111–114]. The 
Cross Company, a prominent post-war U.S. supplier, began building transfer systems in 1946 [115], 
and Toyota installed its �rst transfer machine, the TR1, at its Koromo plant in 1956 [117].

Tungsten carbide cutting tools were introduced by the Krupps Company of Essen, Germany 
in 1926�[118,119]. Krupps called the material Widia, shortened from the German wie Diamant 
(like diamond), and marketed it as Widmet in England and Carboloy in the United States [31]. As�with 
high-speed steel previously, it enabled a signi�cant increase in cutting speeds and was rapidly adopted 
both inside and outside the automotive industry [120,121].

1.2.7 N UmERICaL CONTROL

After World War II, the aircraft industry became an important market for machine tools. Since 
aircraft manufacture differs from automotive manufacture in that smaller batches of complex parts 
are required, it led to the development of more advanced general purpose machine tools. The most 
important innovation in this area was the introduction of numerical control (NC). Numerically con-
trolled machines can be viewed as the descendants of cam and template-copying machines in which 
tools were guided along complex paths by tracing a physical master, but in the NC case the physical 
master was replaced by a stored computer program.

FIGURE 1.22  Two-station, eight-spindle transfer machine for machining valves and lifter bores in �at head 
V8 engine blocks, Ford Rouge River plant, 1935. (From the Collections of the Henry Ford (P.833.62054/
THF115648).)
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There was considerable development of servomechanism technology during World War II, 
and after the war, as discussed by Noble [122], various attempts were made to apply this technol-
ogy to automatic machine tool control. Two basic approaches were explored: the record-playback 
approach, in which tool motions of a machine operated by a skilled machinist were recorded (often 
on magnetic tape) for later replication, and the punched tape approach, in which tool motions were 
controlled by a program generated by a computer and generally stored on a punched paper tape. 
General Electric marketed an early record-playback system, and this method was also explored by 
companies such as Giddings and Lewis and Grisholt. However, it had the drawback that a physical 
prototype had to be machined for each geometry change, which is obviously cumbersome in prac-
tice, and ultimately punched tape control proved to be more practical.

Current NC technology developed largely from work initiated by John Parsons of the Parsons 
Corporation. Parsons developed early numerical control concepts for producing airfoil sections, and 
received an Air Force contract to develop a card-controlled machine called the Cardmatic [123]. 
The Parsons Corporation subcontracted the servo system design to the Servomechanism Laboratory 
at MIT [44,122,124,125]. After considerable re�nement of the initial concepts, the M.I.T. group 
developed and demonstrated a tape-controlled milling machine in 1952 (Figure 1.23). (The complex 
funding and contractual arrangements generated by this project are described by Reintjes [125].) 
A key contribution of the M.I.T. group was Douglas Ross’s development of the APT (Automatically 
Programmed Tools) language for tool path code generation. This was one of the �rst higher-level 
programming languages and served as the basis for many subsequent NC Standards, including 
some currently used to control waterjet and laser cutting machines.

Deployment of NC machines began in the aircraft industry, which had about 100 NC machines 
in service by 1956 [44]. Deployment to other industries followed, with the �rst automotive instal-
lations occurring around 1960 [122]. American tape-controlled machines were demonstrated at a 
convention in Paris in 1959, and German companies marketed an NC machine in 1960 [44]. 
NC�retro�tted machine tools became common in Europe in the mid-1960s. Deployment was initially 
hindered by the unreliability of tape systems, and accelerated after the introduction of Computer 
Numerical Control (CNC), in which the machine was equipped with an on-board computer and the 

FIGURE 1.23  One of the �rst NC machine tools: the tape-controlled milling machine developed at MIT 
under an Air Force contract in 1952. The cabinets behind the machine house the controller, which used 292 
vacuum tubes and had a clock speed of 512�Hz. (From MIT Museum, Cambridge, MA.)
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part program was stored as a computer �le rather than on a tape. CNC machines had been built as 
early as the late 1950s [44], but the technology did not become common until the 1980s.

With the introduction of CNC, we leave the historical era and enter the realm of current practice, 
to be described in the remaining chapters of this book.

REFERENCES

	 1.	S. Malkin and C. Guo, Grinding Technology, 2nd edn., Industrial Press, New York, 2008.
	 2.	G. F. Benedict, Nontraditional Manufacturing Processes, Marcel Dekker, New York, 1987.
	 3.	 J. E. Weller, Nontraditional Machining Processes, 2nd edn., Society of Manufacturing Engineers, 

Dearborn, MI, 1984.
	 4.	G. Boothroyd and W. A. Knight, Fundamentals of Machining and Machine Tools, 3rd edn., CRC Press, 

Boca Raton, FL, 2005, Ch. 14.
	 5.	 J. F. Wilson, Practice and Theory of Electrochemical Machining, Wiley-Interscience, New York, 1971.
	 6.	E. Kannatey-Asibu Jr., Principles of Laser Materials Processing, Wiley-Interscience, New York, 2009.
	 7.	A. Kobayashi, Machining of Plastics, McGraw-Hill, New York, 1967.
	 8.	S. Chandrasekar et�al., Eds., Machining of Advanced Ceramic Materials and Components, ASME, New 

York, 1988.
	 9.	R. J. Forbes, Metallurgy in Antiquity, E. J. Brill, Leiden, the Netherlands, 1950, pp. 9–10.
	 10.	R. F. Tylecote, A History of Metallurgy, The Metals Society, London, U.K., 1976, Ch. 1.
	 11.	 R. Raymond, Out of the Fiery Furnace, Pennsylvania State University Press, University Park, PA, 1986, 

pp. 8–11, 16–22.
	 12.	P. T. Craddock, Early Metal Mining and Production, Smithsonian Institution Press, Washington, DC, 

1995, Ch. 3.
	 13.	T. K. Derry and T. I. Williams, A Short History of Technology, Dover, New York, 1993, p. 12.
	 14.	 D. R. Cooper, The development of coinage dies from bronze to steel, Newcomen Soc. Trans. 67 (1995–1996) 

91–108.
	 15.	Theophilus: On Divers Arts, Trans. by J. G. Hawthorn and C. S. Smith, Dover, New York, 1979, pp. 87, 

169, 180.
	 16.	W. L. Roberts, Cold Rolling of Steel, Marcel Dekker, New York, 1978, Ch. 1.
	 17.	Vitruvius: Ten Books on Architecture, Trans. by I. D. Rowland, Cambridge University Press, Cambridge, 

U.K., 1999, p. 10.7.
	 18.	G. L. Irby-Massie and P. T. Keyser, Greek Science of the Hellenistic Era, Routledge, London, U.K., 

2002, pp. 215–216.
	 19.	 J. Bordaz, Tools of the Old and New Stone Age, Natural History Press, Washington, DC, 1970, pp. 72, 93.
	 20.	K. P. Oakley, Man the Tool-Maker, Phoenix Books, University of Chicago Press, Chicago, IL, 1959, 

pp. 52–54.
	 21.	 J. E. M. White, Ancient Egypt, Its Culture and History, Thomas Y. Crowell Co., New York, 1952, p. 112.
	 22.	Pliny the Elder, Natural History, Loeb Classical Library, Harvard University Press, Cambridge, MA, 

1938–1963, pp. 36.9, 36.37, 36.47.
	 23.	P. T. Nicholson and I. Shaw, Eds., Ancient Egyptian Materials and Technology, Cambridge University 

Press, Cambridge, U.K., 2000, p. 356.
	 24.	 W. L. Goodman, The History of Woodworking Tools, G. Bell and Sons, London, U.K., 1964, pp. 39–44, 163.
	 25.	D. A. Stocks, Making stone vessels in ancient Mesopotamia and Egypt, Antiquity 67 (1993) 596–603.
	 26.	H. Hodges, Technology in the Ancient World, Barnes and Noble Books, New York, 1992, p. 188.
	 27.	R. S. Woodbury, History of the Lathe, Society for the History of Technology, Cleveland, OH, 1961, 

pp. 20–22, 39–44, 53–54, 64–67, 82–89, 101–103.
	 28.	F. M. Feldhaus, Die Technik der Vorzeit, der Geschichtlichen Zeit und der Naturvölker, Wilhelm 

Engelmann, Berlin, Germany, 1914, pp. 210, 391–393.
	 29.	R. S. Woodbury, History of the Grinding Machine, Technology Press, Cambridge, MA, 1959, pp. 13, 

17–23, 31–97, 140–142.
	 30.	 H. C. Mercer, Ancient Carpenter’s Tools, 5th edn., Dover, New York, 2000, pp. 114–116, 293–296.
	 31.	 L. T. C. Rolt, Tools for the Job, Batsford, London, U.K., 1965; Reissued by HSMO Press, London, U.K., 

1986, pp. 32–38, 41–47, 60–61, 93–94, 107, 111–112, 115–129, 169–170, 174–180, 184–185, 188–194, 
204–116, 219–223, 229–234, 237–238, 247.

	 32.	N. G. Davies, Paintings from the Tomb of Rekh-Mi-Re at Thebes, Metropolitan Museum of Art, New 
York, 1935, Plate XXIII.



23Introduction

	 33.	D. A. Stocks, Ancient factory mass-production techniques: Indications of large-scale stone bead 
manufacture during the Egyptian New Kingdom period, Antiquity 63 (1989) 526–531.

	 34.	 1 Samuel 13:19–22; The New Oxford Annotated Bible with the Apocrypha, Revised Standard Version, 
Oxford University Press, New York, 1977, p. 347.

	 35.	 T. Beck, Beiträge zur Geschichte des Maschinenbaues, Julius Springer, Berlin, Germany, 1899, pp. 104, 
344–345, 427–444, 458–461.

	 36.	F. M. Feldhaus, Leonardo der Techniker und Er�nder, J. Eugen Diederichs, Jena, Germany, 1913, 
pp.�48–54, 72–75.

	 37.	W. B. Parsons, Engineers and Engineering in the Renaissance, MIT Press, Cambridge, MA, 1932, 
pp. 115–116, 132, 145–147.

	 38.	 B. Dibner, Leonardo: Prophet of automation, in: L. Reti and B. Dibner, Eds., Leonardo da Vinci 
Technologist, Burndy Library, Norwalk, CT, 1969, pp. 37–59.

	 39.	W. Steeds, A History of Machine Tools 1700–1910, Clarendon Press, Oxford, U.K., 1969, pp. 1, 6–8, 
17–18, 20–23, 38–42, 55–56, 60–73, 109–113, Plate 125.

	 40.	R. S. Woodbury, History of the Gear-Cutting Machine, Technology Press, Cambridge, MA, 1958, 
pp. 45–59, 117–118.

	 41.	 F. N. Zagorskii, An Outline of the History of Metal Cutting Machines to the Middle of the 19th Century, 
Trans. by S. P. Pedneker, Amerind Publishing Co., New Delhi, India, 1982, pp. 68–69, 129–131, 179–192.

	 42.	A. O. von Essenwein, Quellen zur Geschichte der Feuerwaffen, 2 Vols., F. A. Brockhaus, Leipzig, 
Germany, 1877, Vol. 1, 33–34, Vol. 2, Plate XXXVIII.

	 43.	A. N. Kennard, Gunfounding and Gunfounders, Arms and Armour Press, London, U.K., 1986, pp. 17, 
148–149.

	 44.	 K. Allwang, Werkzeugmaschinen, Deutsches Museum, Munich, Germany, 2002, pp. 21–23, 29–33, 
36–38, 46–49, 54–59, 69–83.

	 45.	 V. Biringuccio, De La Pirotechnia, Senato Veneto, Venice, Italy, 1540; English Trans. by C. S. Smith and 
M.�T. Gnudi, The American Institute of Mining and Metallurgical Engineers, New York, 1942, pp. 308–312.

	 46.	D. H. P. Baird, Gun boring from the solid, Newcomen Soc. Trans. 58 (1986–1987) 45–58.
	 47.	C. Ffoulkes, The Gun-Founders of England, 2nd edn., Arms and Armour Press, London, U.K., 1969, 

pp. 16–7, 65.
	 48.	M. Jackson and C. de Beer, Eighteenth Century Gunfounding, David and Charles, Newton Abbot, U.K., 

1973, pp. 17, 19, 35–37, 43–47, 72–74.
	 49.	C. de Beer, Ed., The Art of Gunfounding, Jean Boudriot, Rotherford, East Sussex, U.K., 1991, pp. 12–15, 

85–89, 93–94.
	 50.	 I. Gamel, Description of the Tula Weapon Factory in Regard to Historical and Technical Aspects, 

English translation, Amerind Publishing Co., New Delhi, India, 1988, pp. 20–26.
	 51.	D. Diderot and J. R. d’Alembert, Fabrication des Canons, Bibliotheque de l’Image, Tours, France, 2002.
	 52.	 M. F. Schafroth, Die Geschützgiesser Maritz, Geschichte einer Er�ndung und einer Familie, Burgdorfer 

Jahrbuch 20 (1953) 9–31; 21 (1954) 111–139; 22 (1955) 93–103.
	 53.	 F. Naulet, Les Maritz une Famille de Fondeurs a Service de la France, Revue Internationale d’Histoire 

Militaire  81 (2001) 91–100.
	 54.	 H. Rosen, The system Gribeauval: A study of technological development and institutional change in 

eighteenth century France, PhD thesis, University of Chicago, Chicago, IL, 1981, pp. 98–99.
	 55.	K. Adler, Engineering the Revolution: Arms and Enlightenment in France, 1763–1815, Princeton 

University Press, Princeton, NJ, 1997, pp. 40–43, 328–338.
	 56.	G. Monge, Description de l’Art de Fabriquer les Canons, Comité de Salut Public, Paris, France, 1794.
	 57.	 O. F. G. Hogg, The development of engineering at the royal arsenal, Newcomen Soc. Trans. 32 (1959–1960) 

29–42.
	 58.	 H. W. Dickinson, John Wilkinson, Beiträge zur Geschichte der Technik und Industrie 3 (1911) 215–238.
	 59.	N. C. Soldon, John Wilkinson, 1728–1808: English Ironmaster and Inventor, Edwin Mellon Press, 

Lewiston, NY, 1998, pp. 99–109.
	 60.	E. A. Forward, The early history of the cylinder boring machine, Newcomen Soc. Trans. 5 (1924–1925) 

24–38.
	 61.	 B. Thomson (Count Rumford), An experimental inquiry concerning the source of the heat which is 

excited by friction, Philos. Trans. 88 (1798) 80–102; see also S. C. Brown, Ed., Collected Works of 
Count Rumford, Vol. 1, Harvard University Press, Cambridge, MA, 1968, pp. 1–26.

	 62.	S. C. Brown, Benjamin Thompson, Count Rumford, MIT Press, Cambridge, MA, 1979, pp. 248, 275.
	 63.	S. Smiles, Lives of the Engineers, Vol. II: Smeaton, Rennie, and Telford, John Murray, London, U.K., 

1862.



24 Metal Cutting Theory and Practice

	 64.	 S. Smiles, Industrial Biography: Iron Workers and Tool Builders, John Murray, London, U.K., 1863, 
pp.�198–235, 249, 258–298.

	 65.	S. Smiles, Lives of Boulton and Watt, John Murray, London, U.K., 1865, pp. 136, 212–213.
	 66.	 S. Smiles, Ed., James Naysmith, an Autobiography, Harper and Brothers, New York, 1884, pp. 127–156, 419.
	 67.	 J. W. Roe, English and American Tool Builders, Yale University Press, New Haven, CT, 1916; Reprinted 

by Lindsay Publications, Bradley, IL, 1987, pp. 2–3, 33–49, 53–62, 81–108, 142, 169–170, 176–177, 197, 
247–251, 277.

	 68.	S. A. Bedini, The role of automata in the history of technology, Technol. Cult. 5 (1964) 24–42.
	 69.	 J. Naysmith, Remarks on the introduction of the slide principle in tools and machines employed in the 

production of machinery, in: R. Buchanan, Ed., Practical Essays on Millwork and Other Machinery, 3rd 
edn., John Weale, London, U.K., 1841, Appendix B, pp. 393–418.

	 70.	 C. H. Fitch, Report on the manufactures of interchangeable mechanism, Report on the manufactures 
of the United States at the tenth census, U.S. Government Printing Of�ce, Washington, DC, 1883, 
pp.�611–704.

	 71.	D. A. Hounshell, From the American System to Mass Production, 1800–1932, Johns Hopkins University 
Press, Baltimore, MA, 1984, pp. 25–26, 217–261, 337–344.

	 72.	 E. A. Marsh, The Evolution of Automatic Machinery as Applied to the Manufacture of Watches, G. K. Hazzlit 
and Co., Chicago, IL, 1896, pp. 26–28, 100–103, 139–146.

	 73.	K. Adler, Making things the same, Soc. Studies Sci. 28:4 (August 1998) 499–545.
	 74.	R. S. Woodbury, The legend of Eli Whitney and interchangeable parts, Technol. Cul. 1 (1960) 235–253.
	 75.	M. R. Smith, Harpers Ferry Armory and the New Technology, Cornell University Press, Ithaca, NY, 

1977, pp. 106–107.
	 76.	R. S. Woodbury, History of the Milling Machine, Technology Press, Cambridge, MA, 1960, pp. 16–26, 

34–35, 45–49.
	 77.	E. A. Battison, A new look at the Whitney milling machine, Technol. Cult. 14 (1973) 592–598.
	 78.	 J. Rose, Modern Machine Shop Practice, Vol. 2, Charles Scribner’s Sons, New York, 1888, pp. 3, 38–54.
	 79.	 I. Bradley, A History of Machine Tools, Model and Allied Publications, Hemel Hempstead, U.K., 1972, 

pp. 111–113.
	 80.	S. A. Morse, Improvement in drill-bits, U.S. Patent 38119, April 7, 1863.
	 81.	 J. Ruby, Maschinen für die Massenfertigen, Verlag für die Geschichte der Naturwissenschaften und der 

Technik, Stuttgart, Germany, 1995, pp. 51–58, 82–133.
	 82.	C. M. Spencer, Machines for making metal screws, U.S. Patent 143,306, September 10, 1873.
	 83.	H. C. Hovey, The American watch works, Sci. Am. 41:7 (August 16, 1884) 1, 102–104.
	 84.	 T. Chokki, A history of the machine tool industry in Japan, in: M. Fransman, Ed., Machinery and 

Economic Development, Macmillan Press, New York, 1986, pp. 124–152.
	 85.	 I. Finnie, Review of metal-cutting analyses of the past hundred years, Mech. Eng. 78 (1956) 715–721.
	 86.	N. N. Zorev, Metal Cutting Mechanics, English Trans. by H. S. M. Massey, Pergamon Press, Oxford, 

U.K., 1966, pp. 1–2.
	 87.	 O. W. Boston, Bibliography on the Cutting of Metals 1864–1943, ASME, New York, 1954.
	 88.	G. T. Smith, Cutting Tool Technology, Springer, London, U.K., 2008, p. 51.
	 89.	 I. A. Time, Resistance of Metals and Wood to Cutting, St. Petersburg, Russia, 1870 (in Russian).
	 90.	H. Tresca, Memoire sur le Rabotage des Metaux, Bull. Soc. d’Encouragement pour l’Industrie 

Nationale, 1873, 585–685.
	 91.	A. Mallock, The action of cutting tools, Proc. R. Soc. Lond. 33 (1881) 127–139.
	 92.	 M. Cocquilhat, Experiences Sur La Resistance Utile Produite Dans Le Forage, Ann. Trav. Publ.en 

Belgique 10 (1851) 199.
	 93.	 E. Hartig, Versuche Über Leistung und Arbeits-Verbrauch der Werkzeugmaschinen, B. G. Teubner, 

Leipzig, Germany, 1873.
	 94.	R. Anstis, Man of Iron—Man of Steel: The Lives of David and Robert Mushet, Albion House, 

Gloucestershire, U.K., 1997, pp. 157–172.
	 95.	O. M. Becker, High-Speed Steel, McGraw-Hill, New York, 1910, pp. 13–20.
	 96.	F. W. Taylor, Principles of Scienti�c Management, Harper and Brothers, New York, 1913.
	 97.	F. W. Taylor, On the art of cutting metals, ASME Trans. 28 (1906) 31–350.
	 98.	R. Kanigel, The One Best Way: Frederick Winslow Taylor and the Enigma of Ef�ciency, Penguin 

Books, New York, 1997, pp. 387–389.
	 99.	E. G. Thomsen and F. W. Taylor—A historical perspective, in: L. Kops and S. Ramalingam, Eds., On 

The Art of Cutting Metals—75�Years Later, ASME PED Vol. 7, ASME, New York, 1982, pp. 1–12.



25Introduction

	100.	 E. Buckingham, Principles of Interchangeable Manufacturing, Industrial Press, New York, 1921, pp. v–vi, 
121–124.

	101.	 J. S. McCoy, Tracing the historical development of metalworking �uids, in: J. P. Beyers, Ed., 
Metalworking Fluids, 2nd edn., CRC Press, Boca Raton, FL, 2006, pp. 1–18.

	102.	E. Buckingham, Dimensions and Tolerances for Mass Production, Industrial Press, New York, 1954, 
pp. 1–2.

	103.	 F. H. Colvin, Machining the Ford cylinders—I, Am. Mach. 38 (May 28, 1913) 841–846; Reprinted in 
Automobiles 1913–1915, Lindsay Publications, Bradley, IL, 2003, pp. 34–39.

	104.	F. H. Colvin, Machining the Ford cylinders—II, Am. Mach. 38 (1913) 971–976; reprinted in Automobiles 
1913–1915, Lindsay Publications, Bradley, IL, 2003, pp. 39–45.

	105.	F. H. Colvin, Ford crank cases and transmission covers, Am. Mach. 39 (1913) 49–53; Reprinted in 
Automobiles 1913–1915, Lindsay Publications, Bradley, IL, 2003, pp. 53–57.

	106.	 F. H. Colvin, Making rear axles for the ford auto, Am. Mach. 39 (1913) 143–149; reprinted in Automobiles 
1913–1915, Lindsay Publications, Bradley, IL, 2003, pp. 61–67.

	107.	F. H. Colvin, Special machines for making pistons, Am. Mach. 39 (1913) 349–353; Reprinted in 
Automobiles 1913–1915, Lindsay Publications, Bradley, IL, 2003, pp. 80–84.

	108.	F. H. Colvin, Special machines for auto small parts, Am. Mach. 39 (1913) 439–443; Reprinted in 
Automobiles 1913–1915, Lindsay Publications, Bradley, IL, 2003, pp. 88–91.

	109.	 H. L. Arnold and F. L. Faurote, Ford Methods and the Ford Shops, The Engineering Magazine Company, 
New York, 1915, pp. 5, 72–75, 159–216, 307–326.

	110.	Anon., Cincinnati Milacron 1884–1984: Finding Better Ways, Cincinnati Milacron Inc., Cincinnati, 
OH, 1984, p. 31.

	111.	E. D. Lloyd, Transfer and Unit Machines, Industrial Press, New York, 1969, pp. 9–22.
	112.	B. W. Charman, Special Purpose Production Machines, Crosby Lockwood and Son Ltd., London, U.K., 

1968, pp. ix–x.
	113.	C. R. Hine, Machine Tools for Engineers, 2nd edn., McGraw-Hill, New York, 1959, pp. 402–411.
	114.	H. Holbeche and F. Grif�ths, The design of transfer machines, presented to the Coventry Section of 

the Institution of Production Engineers, Nov. 16, 1954; excerpted in J. Baker, Austin’s Built Transfer 
Machines, c. 2006.

	115.	Anon., Of Mechanics and Machines: Commemorating the 75th Anniversary of the Cross Company, The 
Cross Company, Fraser, MI, 1973.

	116.	C. F. Kettering, The automobile industry and machine tools, Am. Mach. 66 (1927) 800–801.
	117.	Anon., 75�Years of Toyota, Toyota Motor Corporation, Nagoya, Japan, 2012, Section 7.
	118.	R. D. Prosser, Widia, its development and shop applications, ASME Trans. 51 (1929) 71–76.
	119.	H. M. Ortner, P. Ettmayer, and H. Kolaska, The history of the technological progress of hardmetals, Int. 

J. Refract. Met. Hard Mater. 44 (2014) 148–159.
	120.	Anon., Tungsten carbide in general motors shops, Machinery 37 (1930) 217–218.
	121.	C. Sellers 3rd, Tungsten carbide and other hard cutting materials, ASME Trans. 54 (1932) 225–233.
	122.	D. F. Noble, Forces of Production, Oxford University Press, Oxford, U.K., 1984, pp. 79–192, 212–264.
	123.	Anon., John Parsons: The man behind numerical control, Manuf. Eng. 88:1 (January 1982) 127.
	124.	W. Pease, An automatic machine tool, Sci. Am. 187:3 (March 1952) 101–115.
	125.	J. F. Reintjes, Numerical Control: Making a New Technology, Oxford University Press, Oxford, 

U.K., 1991.



This page intentionally left blankThis page intentionally left blank



27

2 Metal-Cutting Operations

2.1  INTRODUCTION

This chapter describes the common machining operations used to produce speci�c shapes or 
surface characteristics. The primary focus is on process kinematics and equations for basic cut-
ting parameters. Brief descriptions of the general-purpose machine tools traditionally associated 
with each process are also included. More detailed information on machine tools is covered in 
Chapter 3. Additional descriptive information on basic cutting operations is available in the lit-
erature [1–10].

2.2  TURNING

In turning (Figure 2.1), a cutting tool is fed into a rotating workpiece to generate an external or 
internal surface concentric with the axis of rotation. Turning is carried out using a lathe, one of the 
most versatile conventional machine tools. The principal components and movements of a lathe are 
shown in Figure 2.2. The workpiece is mounted on a rotating spindle using a chuck, collet, face 
plate, or mandrel, or between pointed conical centers [2,4]. Lathes may have a horizontal or verti-
cal spindle, with vertical spindle machines being used especially for large workpieces. The cutting 
tool is held on a translating carriage or turret or in the tailstock. The carriage or turret travels along 
the bedways parallel to the part axis (Z-axis). Motion perpendicular to the part axis is provided by 
the X-axis or a cross slide mounted on the carriage. Contours, tapers, arcs, or other shapes can be 
generated by motion of the X- and Z-axes.

In addition to the tool geometry, the major operating parameters to be speci�ed in turning are 
the cutting speed, V, feed rate, fr, and depth of cut (doc), d. The cutting speed is determined by the 
rotational speed of the spindle, N, and the initial and �nal workpiece diameters, D1�and D2:

	
V N

D D
ND d V NDavg�

�
� �� � �1 2

1
2

, :for small 	 (2.1)

The feed f is the tool advancement per revolution along its cutting path in mm/rev. Feed rate (fr) is 
the speed at which the tool advances along the part longitudinally in mm/min, and is related to f 
through the spindle rpm N:

	 f fNr � 	 (2.2)

The feed in�uences chip thickness and how the chip breaks. The uncut (nominal) chip thickness a 
is related to f through the lead angle of the tool, � (Figure 2.1):

	 a f� cos� 	 (2.3)

The depth of cut, d, is the thickness of the material removed from the workpiece surface:
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The time tm required to cut a length L in the feed direction is

	
t

L L
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Lm
e

r
e�

�
� �, ( (where approach allowance) overtravel allowannce)	 (2.5)

The material removal rate per unit time, Q, is given by the product of the cutting speed, feed, and 
depth of cut:
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The spindle power Ps is

	 P Qus s� 	 (2.7)
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FIGURE 2.1  Turning.
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FIGURE 2.2  Principal components of an engine lathe. Rotation is provided by the spindle in the headstock. 
The carriage moves on the main slide on the bed to provide axial motion. Radial motion is provided by the 
cross slide. Speeds and feeds are adjusted through levers activating different gear sets in the headstock.
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where us is the power required to cut a unit volume of work material (see Section 6.5). Typical values 
for us for common work materials are summarized in Table 2.1. These values may be multiplied by 
correction factors to account for tool wear or changes in tool geometry.

If the ef�ciency of the drive system is �, the motor power Pm required is

	
P

P
Pm

s
t� �

�
	 (2.8)

where Pt is the tare or idling power. Finally, the ef�ciency of the drive system � is

	 � � � � �� m b br br1 2 	 (2.9)

where � m, � b, � br1, and �br2�are the ef�ciencies of the motor, belt, front bearing, and rear bearing, 
respectively.

2.2.1 H aRD TURNING

A special case of turning is hard turning, in which hard metals (45–65 HRc) are �nish machined 
using ceramic or polycrystalline tools [11–18]. This process is sometimes used in place of rough 
turning, hardening, and �nish grinding for parts made of tool steels, alloy steels, case-hardened 
steels, and various hard irons. Very �ne �nishes and tolerances can be produced by this process, 
and in some cases part quality is better than that can be obtained with grinding because inter-
mediate chucking operations and associated setup errors are eliminated. Hard turning produces 
a different surface topography compared to grinding and better surface integrity due to reduced 
thermal damage in many applications. Hard turning is a more ef�cient process than grinding, but 
depending on the aspect ratio of the depth and width of cut, plunge- or creep-feed grinding with a 

TABLE 2.1
Speci�c Cutting Energy us for Various Materials

Material 
Unit Power 

(kW/cm3/min)
Unit Power 

(HP/in.3/min)

Cast irons 0.044–0.08 0.97–1.76
Steels
Soft 0.05–0.066 1.10–1.45
0 < Rc�< 45 0.065–0.09 1.43–1.98
50 < Rc�< 60 0.09–0.2 1.98–4.40
Stainless steels 0.055–0.09 1.21–1.98
Magnesium alloys 0.007–0.009 0.15–0.20
Titanium 0.053–0.066 1.16–1.45
Aluminum alloys 0.012–0.022 0.26–0.48
High temperature alloys (Ni and Co based) 0.09–0.15 1.98–3.30
Free-machining brass 0.056–0.07 1.23–1.54
Copper alloys
RB�< 80 0.027–0.04 0.59–0.88
80 < RB�< 100 0.04–0.057 0.88–1.25

Notes:	For zero effective rake angle tools, 0.25�mm undeformed chip thickness, and continuous 
chips without BUE.

W = N m/s, 1 kW = 1.341 HP.
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wheel of the groove width may be better alternatives in some applications. Grinding is also better 
suited to interrupted cutting.

Hard turning became possible with the advent of hot-pressed ceramic and especially polycrystal-
line cubic boron nitride (PCBN) tools. Hard turning requires high machine and toolholder rigidity 
and strong insert shapes (negative rakes, large wedge angles, and special edge preparations such 
as chamfers, discussed in Chapter 4). Modern CNC lathes usually have adequate rigidity for hard 
turning. Hard turning is generally performed dry since ceramics and CBN tools are used. Typical 
DOCs range from 0.08 to 0.5�mm, with speeds between 50 and 150 m/min. Size tolerances of 
� 0.005�mm or better are achievable with surface �nish better than 0.3 �m Ra. Typical applications 
are bearings, gears, and axles shafts.

2.3  BORING

The boring operation (Figure 2.3) is equivalent to turning but is performed on internal surfaces. 
Boring is applied for roughing, semi-�nishing, or �nishing cast or drilled holes. Finish bor-
ing is usually a precision process characterized by small form, dimensional, and surface �nish 
tolerances.

Boring can be performed on a number of machine tools, including lathes, drilling machines, 
horizontal, or vertical milling machines, and machining centers. Conventionally, however, it is 
performed on special horizontal or vertical boring machines. A horizontal boring machine, which 
can also be used for drilling and milling, is shown in Figure 2.4. Two- or three-axis machines 
are used depending on process requirements. The machine structure is similar to that of a mill-
ing machine with a precision spindle. High machine structural and spindle stiffness are required 
in order to generate quality bores. Very accurate work is often done using jig-boring machines, 
which are equipped with precision tables and spindles, stiff machine structures, and measurement 
devices built into the table.

Since boring is equivalent to turning, boring performance also depends on the cutting speed, 
depth of cut, and feed rate. The equations relating these parameters to part dimensions and 
machine variables reviewed before for turning are also applicable to boring. As will be dis-
cussed�in Chapter 4, however, boring tools differ signi�cantly from those used for turning due 
to their unique structural and dynamic requirements. Traditionally, moderate cutting speeds and 

Feed

d

D2

N, V
D1

�

FIGURE 2.3  Boring.
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small depths of cut and feed rates are used in boring to ensure accuracy, but in more recent 
practice higher cutting speeds have been used to reduce errors due to mechanical and thermal 
distortion. Heavier depths of cut are generally performed using multipoint boring tools. The hole 
depth (length) to which a boring bar can cut accurately is limited by the amount of bar de�ection 
as will be discussed in Chapter 4.

2.4  DRILLING

Drilling (Figure 2.5), the standard process for producing holes, is one of the most common metal-
cutting processes.

Types of conventional drilling machines include upright or pedestal machines, radial machines, 
and various specialized machines such as gang drill presses [2,5]. The basic components of an 
upright drilling machine, shown in Figure 2.6, include the base, column, spindle, and worktable. 
Radial drilling machines are designed for large workpieces and consist of a large horizontal arm 
extending from the column; both the height and angular orientation of the arm can be adjusted. 
A�gang drill press is made up of two or more upright drilling machines placed next to each other 
on a common base. Often these machines operate sequentially with each spindle carrying a differ-
ent tool and the workpiece moving between them to complete all operations. Drilling can also be 
performed on lathes, boring mills, and milling machines.

Column

SpindleHeadstock

Table

Saddle

Bed

End support
column

End support

Column
base

Motion

Feed

FIGURE 2.4  A horizontal boring machine, which can be used for boring, milling, and drilling. (After 
DeGarmo, E.P., Materials and Processes in Manufacturing, 5th edn., Macmillan, New York, 1979, 
Fig.�21-6.)



32 Metal Cutting Theory and Practice

Geometrically, drilling is a complex process. The dif�culty of producing drills with consis-
tent geometries has traditionally limited accuracy, although drill consistency and repeatability have 
greatly increased with the advent of CNC drill grinders. Also, the complexity of the tool has inhib-
ited the introduction of new tool materials, so that productivity gains in drilling have lagged those 
made in turning and milling over the past 30�years. A number of manufacturers have developed 
diamond or CBN tipped or coated drills to attempt to address this limitation.
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FIGURE 2.5  Drilling.
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FIGURE 2.6  Principal components of an upright drill press.
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Drilling performance depends on the materials involved, the drill geometry, the spindle speed, 
and the feed rate. The cutting speed V at the periphery of the drill is given by

	 V DN� � 	 (2.10)

where
D is the drill diameter
N is the spindle rpm

As in turning, the feed rate fr and feed per revolution f are related through Equation 2.2. The feed 
per tooth ft depends on f and the number of �utes nt

	
f
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n

t
t

� 	 (2.11)

The effective depth of cut per �ute d is

	
d
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The nominal width of cut b is given by

	
b

D
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where � is the half point angle of the drill. The uncut (nominal) chip thickness a is

	 a ft� sin� 	 (2.14)

The metal removal rate Q is
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The time tm required for drilling a hole of depth L is
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where the approach and overtravel allowance is

	
L

D
Le � �

2 tan�
� 	 (2.17)

� L is the approach distance between the drill chisel edge and the entrance surface of the workpiece 
plus the overtravel of the drill in through holes.
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In core drilling, in which a hole of initial diameter Di is enlarged to diameter D, the nominal 
width of cut is

	
b

D Di�
�

2sin �
	 (2.18)

And the metal removal rate is
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2.4.1 D EEp-HOLE DRILLING

A deep hole is one with a depth-to-diameter ratio of more than 5:1. Special machines are often 
required to drill deep holes with adequate straightness and to ensure ef�cient chip ejection and 
lubrication of the drill. Because the chips and heat generated by the process are con�ned, the deeper 
the hole, the more dif�cult it is to control heat buildup and remove the chips.

The traditional drilling operation, using standard or parabolic-�ute twist drills, has been occa-
sionally used for deep-hole drilling but often requires “pecking” (drilling to intermediate depths and 
periodically withdrawing the tool to clear chips) unless a high pressure coolant is used. Bushings 
with aspect ratios of 2:1 or 4:1 are also often used to support the drill at the entrance to improve 
location accuracy and to stabilize the drill.

Three distinct specialized deep-hole drilling methods are in use: solid drilling, trepanning, and 
counterboring [2,5,19,20] (Figure 2.7). Solid drilling is the most common and can be further classi�ed 

(c)

(a)

(b)

FIGURE 2.7  Deep-hole drilling operations: (a) solid drilling, (b) trepanning, and (c) counterboring.�(Courtesy 
of Sandvik Coromant Corporation, Fair Lawn, NJ.)
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into four approaches: conventional twist drilling (discussed earlier), gun drilling, ejector drilling, and 
BTA (STS) drilling (Figure 2.8). In gun drilling, coolant is supplied through the center of the tool 
shank under high pressure, forcing the chips through the �utes. The BTA (Boring and Trepanning 
Association) method uses single tube system (STS) tools where the coolant is supplied under high pres-
sure between the tool and hole surface. The coolant is then removed along with the chips through an 
opening above the cutting edge of the tool. The ejector or “two-tube” system feeds the coolant through 
a connector. Two-thirds of the coolant �ows between the inner and outer tubes; the remaining coolant 
is drawn off through the nozzle, creating a vacuum, which causes a backward ejection of chips through 
the inner tube. Tools for gun drilling, BTA drilling, and ejector drilling are discussed in Chapter 4.

Ejector drilling can be used for holes larger than 18�mm in diameter and is often the best choice 
for cost-ef�cient drilling of non-precision holes. It does not require a pressure head for the cool-
ant supply. The hole tolerance for ejector drilling is +0.075/�0.000�mm on the diameter; the hole 
straightness error is typically 0.05�mm/m. The BTA process can be used for holes over 10�mm in 
diameter. Holes with diameters between of 3 and 20�mm can be drilled with a straightness error 
of 0.08�mm/m using the solid and gun drilling methods. The surface �nish generated in deep-hole 
drilling is typically between 1.0 and 1.5 �m Ra and is comparable to that obtained by reaming 
because the hole wall is burnished by the tool-bearing surfaces. Deep-hole drilling performance can 
sometimes be improved by supplying ultrasonic energy to the cutting zone [21].

The trepanning operation (Figure 2.7) removes material only at the periphery of the hole and 
leaves a solid core. Through holes with an aspect ratio of 2–4 can be trepanned with a hollow multi-
tooth cutter and �ood coolant. The depth of cut is equivalent to the width of the cutting edge and is 
smaller than for solid drilling. This operation, therefore, requires lower power and is well suited for 
through holes. Large blind holes can be trepanned using a tool with a pivoting cutoff blade, which 
separates the core from the base of the hole. Trepanning is less accurate than solid drilling due to 

(c)

(a)

(b)

FIGURE 2.8  Solid deep-hole drilling operations: (a) gun drilling, (b) STS drilling, and (c) ejector drilling. 
(Courtesy of Sandvik Coromant Corporation, Fair Lawn, NJ.)
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misalignment caused by limited tool rigidity. It provides faster cycle times because there is no dead 
center area as with solid drilling.

Counterboring (Figure 2.7) enlarges an existing hole that is drilled or cast, normally for the pur-
pose of improving its size, straightness, or surface �nish. Often, a combination tool will perform a 
solid drilling operation while simultaneously counterboring the hole drilled ahead.

Deep-hole drilling machines typically resemble horizontal turning or milling machines 
(Figure�2.9), although vertical spindle machines are also used. All three drill types (gun drill, ejec-
tor, and BTA) can be used, although special attachments for the bushing and the head are required 
for BTA setups. Either the tool, workpiece, or both may rotate, depending on the size of the work-
piece. The best hole quality is obtained when both the tool and workpiece rotate. Deep-hole drilling 
machines are always equipped with high pressure, high volume coolant systems.
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FIGURE 2.9  Deep-hole drilling machines: (a) gun drill system, (b) single tube system (STS), and (c) ejector 
system. (Courtesy of Sandvik Coromant Corporation, Fair Lawn, NJ.)
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2.4.2  MICRODRILLING

Microdrilling is the drilling of small diameter (usually less than 0.5�mm) holes with a depth-to-
diameter ratio greater than 10 [22]. Holes as small as 0.0025�mm have been successfully drilled. 
Microdrilling is similar to deep-hole drilling but generally presents greater problems, since coolant 
fed drills cannot be used. High spindle speeds are required to generate suf�cient cutting speeds, espe-
cially when carbide drills are used. Low feed rates must also be used to avoid exceeding the buckling 
load of the drill. Feeds in the range of 0.00005–0.0005�mm/rev are common in microdrilling.

Microdrilling performance can sometimes be improved by supplying ultrasonic energy to the 
cutting zone [14]. High-frequency forced vibrations at frequencies between 15 and 30 kHz reduce 
friction and thus allow increased material removal rates. Ultrasonically assisted drilling is particu-
larly effective for deep-hole drilling and microdrilling in cases in which chip clogging limits the 
allowable penetration rate. The vibration tends to break chips into smaller sections while lowering 
forces. In these operations, vibrations can increase throughput by a factor of two while improving 
tool life and hole quality. The vibration frequency must be carefully controlled because vibration at 
frequencies outside the useful range reduces tool life.

When chips are not easily ejected, peck drilling (frequent withdrawals of the drill) is used to clear 
chips from the hole and to permit intermittent cooling of the drill. Peck drilling increases cycle time 
and drill wear (because the drill dwells at the bottom of the hole prior to retraction). Precise feed 
control is necessary to avoid excessive dwelling. Peck drilling may not be necessary if high spindle 
speeds are available, but may be preferred in drilling composites or layers of different materials.

Very small holes can also be produced by laser cutting and by electroplating a part in which a 
larger hole has been drilled. In some applications, small openings can also be produced through 
layering, that is by drilling small holes in two thin sheets and then arranging the sheets so that the 
holes only partially intersect. These methods are usually slower and less accurate than drilling.

2.5  REAMING

Reaming (Figure 2.10) is used to enlarge a hole and improve its size accuracy, roundness, and surface 
�nish. Reaming is similar to boring, and in fact both processes can be used for some operations. The 
differences between reaming and boring result largely from tool design as discussed in Chapter 4. 
The choice of performing a boring or reaming operation depends on the hole diameter and length, 
interruptions within the hole due to internal cavities, and the required straightness, size tolerance, 
surface �nish, and tool life. Reaming is similar to core drilling geometrically, and the equations and 
cutting parameters reviewed earlier for core drilling are also applicable to reaming. However, the 
stock removal (doc) in reaming is generally between 0.25 and 0.7�mm, which is smaller than the stock 
removal in core drilling, counterboring, and rough and semi-�nish boring.

Reaming machines are similar to drilling machines but have a less powerful motor and often a 
more precise spindle. Radial �oating attachments (holders) are often used to ensure that the tool is 
aligned with the pre-drilled or cored hole. Special spindle heads with an attached, rotating bushing 
are used for squirt reaming. This improves machine capability and hole quality because the bushing 
travels with the spindle and supports the tool as it enters the hole.

2.6  MILLING

In milling processes, material is removed from the workpiece by a rotating cutter. The two basic 
milling operations are peripheral (or plain) milling and face milling (Figure 2.11). Peripheral 
milling generates a surface parallel to the axis of rotation, while face milling generates a sur-
face normal to the axis of rotation. Face milling is used for relatively wide �at surfaces (usually 
wider than 75� mm). End milling, a type of peripheral milling operation, is generally used for 
pro�ling and slotting operations but may also be used for face milling in pocketing applications. 
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Milling�processes�can�be� further divided into up (or conventional) and down (or climb) milling 
operations (Figure 2.12). If the axis of the cutter does not intersect the workpiece, the motion of 
cutter due to rotation opposes the feed motion in up (or conventional) milling but is in the same 
direction as the feed motion in down-milling. When the axis of the cutter intersects the workpiece, 
both up- and down-milling occur at different stages of the rotation. Both up- and down-milling 
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FIGURE 2.11   Types of milling operations: (a) end milling, (b) face milling, and (c) peripheral milling. 
(Courtesy of Toshiba Tungaloy America, Inc., Arlington Heights, IL.)
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have advantages in particular applications [2,5]. Up-milling is usually preferable to down-milling 
when the spindle and feed drive exhibit backlash and when the part has large variations in height 
or a hardened outer layer due to sand casting or �ame cutting. In down-milling, there is a tendency 
for the chip to become wedged between the insert and cutter, causing tool breakage. However, if 
the spindle and drive are rigid, cutting forces in peripheral down-milling tend to hold the part on 
the machine and reduce cutting vibrations. Down-milling is also preferred when machining nickel 
alloys and other materials subject to surface damage, since in down-milling the tool �ank and mar-
gin do not contact and potentially burnish the machined surface.

The most common general-purpose milling machine is the knee and column milling machine 
or knee mill (Figure 2.13). The major components of the knee mill are the column, spindle, knee, 
saddle, and table. Both vertical and horizontal spindle milling machines are available. Universal 
mills are knee mills with a spindle head that rotates at right angles to the table’s longitudinal axis, 
so that the spindle can be either horizontal or vertical.

The uncut chip thickness varies continuously in milling. In up-milling, the chip thickness is 
small at the beginning of the cut and increases as cutting progresses, while in down-milling the chip 
thickness is largest at the beginning of the cut. Cutting is also not continuous in milling, but rather 
is periodically interrupted as cutting edges enter and leave the part (Figures 2.14 and 2.15). This 
leads to cyclic thermal and mechanical loads on the tool, which leads to a number of fatigue failure 
mechanisms not encountered in continuous cutting (Chapter 9).

The cutting action of each cutting edge on a milling cutter is similar to that of a single-point tool. 
The cutting speed is given by Equation 2.1, and the feed rate fr, feed per revolution f, and feed per 
tooth ft are related by an equation similar to Equation 2.2:

	 f Nf n Nfr t t� � 	 (2.20)

The variation of the uncut chip thickness in milling is complicated (Figure 2.14). Exact analyses 
[23–26] have shown that the uncut chip thickness varies trochoidally as the cutter rotates. For small 
feeds, however, a sinusoidal approximation is adequate. The uncut chip thickness ai at an engage-
ment angle of �i, maximum uncut chip thickness, amax, and average uncut chip thickness, aavg, are 
given by

	 a fi t i� cos sin� � 	 (2.21)

(a) (b)

FIGURE 2.12  (a) Down (climb)- and (b) up-milling. (From Sandvik Coromant Corporation, Technical 
Guide, Fair Lawn, NJ, 2010.)
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and �  is the lead angle equivalent to the lead angle in turning (Figure 2.1). In peripheral milling, 
�  = 0; face milling, �m is usually 90°.

If ni teeth are engaged at a given instant, the maximum total undeformed chip area, Amax, is
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The length of the arc of metal being cut, �c, which determines the chip length, in peripheral 
milling is

	
� c dD� � � 1 2/

	 (2.26)

In face milling, if the cutter is wider than the workpiece, �c�is given by
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For end milling a slot (full engagement of the cutter),
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FIGURE 2.15  Face milling.



42 Metal Cutting Theory and Practice

The metal removal rate Q is given by

	 Q f bdr� 	 (2.29)

where d and b are de�ned in Figures 2.11, 2.14, and 2.15. For example, d and b are the axial and 
radial depth of cuts for end milling, while radial and axial depth of cuts for peripheral milling. The 
time tm required to cut mill a workpiece of length L is
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where the approach distance Le is peripheral milling given by

	 L d D de � � � �( ) ((approach allowance) overtravel allowance)	 (2.31)

while in face milling,
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The total travel length of the cutter is larger than the length of the workpiece due to the cutter 
approach and overtravel distances. The overtravel distance is normally very small, enough for the 
cutter axis to clear the end of the part.

When performing end milling or peripheral milling with a width of cut less than the cutter radius, 
chip thinning can occur, and it is very important to increase the feed per tooth (using Equations 2.21 
through 2.24) to keep the uncut chip thickness at the expected value.

When performing end milling, thread milling, and related operations on a machining center, 
internal or external circular interpolation is often required when generating a tool path as shown in 
Figure 2.16. (When contour milling, the principles of straight end milling are applied, but additional 
checks on the feed rate, depth of cut, resultant chip thickness, and cutter edge density are required 
to avoid gouging when the cutter moves in a circular arc.) In these cases the feed rate for the cutter 
center differs from the effective peripheral feed rate of the cutting edges, and somewhat different 
relations between cutting parameters are required.
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FIGURE 2.16  Tool path for circular interpolation in milling. r, cutter radius; R, workpiece radius; fr, feed at 
tool center; fre, peripheral feed at contour; �, angle of cutter engagement.
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The depth of cut engagement angle �i is given by
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where the plus and minus signs apply to internal and external milling, respectively. The plunge cut 
engagement is 2� i. The apparent length of contact of the cutting edges, �c, is given by

	 � c edD� ( ) /1 2 	 (2.34)

where De is the equivalent tool diameter given by
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where the plus and minus signs apply to internal and external milling respectively. �c�can also be 
calculated from the relation

	 � �c ir� 	 (2.36)

where �i is given in radians.
In a circular cut, the actual depth to which the edge penetrates is considerably greater than the 

radial depth of cut d. Therefore, it is important in circular cuts to determine the proper feed, depth 
of cut, and cutter diameter so that the cutter engagement is acceptable, given the available horse-
power, workpiece and �xture rigidity, and chatter limits. The feed per tooth, ft, at the center of 
the tool is given by Equation 2.22 or 2.23 based on a known maximum or average chip thickness, 
respectively. The feed rate, fr, at the center of the tool (used for programming the contour in most 
CNC machines) is given by Equation 2.20. The feed can be also obtained from Equation�2.24 
using an effective depth of cut, de, that is not the same as the depth of cut value d. The effective 
depth of cut is
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The effective feed rate at the cutting edge is

	
f f

R d
R d r

re r�
�

� �( )
	 (2.38)

The plus and minus signs correspond to internal and external circular interpolation, respectively.
The machining time can be calculated by dividing the total volume of material to be removed by 

the metal removal rate:
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where tfeedin is the feed-in and feed-out time required while ramping into and out of the cut. The 
cutter can enter and exit the cut either tangentially or radially. The tangential approach is preferable 
because the tool gradually ramps into the cut, improving tool life, because no marks are left on 
the�workpiece, and because there is less tool vibration.

2.7  PLANING AND SHAPING

Planing and shaping are machining processes in which the tool moves linearly and reciprocally with 
respect to the workpiece. In planing, the workpiece reciprocates while the tool is �xed and indexes 
across the workpiece to provide the feed motion. In shaping, the tool reciprocates across the work-
piece. As implied by their names, planing is used largely to produce �at surfaces, while shaping 
can be used to produce a variety of contoured surfaces. Workpieces of any size can be machined 
with the planing operation while only small or medium-sized parts can be machined by shaping. 
Neither process is widely used in mass production, since �at surfaces can be produced more rapidly 
by broaching or face milling. Planing is commonly used in machinery manufacture to produce �at 
surfaces on large castings or forgings. Shaping is used for keyways, gear teeth, and similar features, 
which in many applications may also be broached.

Single-point tools are used in both operations, and the basic elements involved, shown in 
Figure 2.17, are almost identical to those of turning. Therefore, the basic equations for planning 
and shaping are identical to those given for turning with the frequency of reciprocation or cutting 
strokes substituted for the rotational speed (rpm). Planing and shaping machines are generally 
simple in design; in planing the tool is normally mounted on a portal frame or gantry, which 
spans the worktable.
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FIGURE 2.17  Cutting action in planing and shaping.
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2.8  BROACHING

Broaching resembles shaping in that the tool translates linearly across the workpiece [2,5,27–29]. 
However, broaching employs a series of cutting edges ground or otherwise mounted on a tool body 
(Figure 2.18), rather than a single-point tool. By suitably varying the relative heights of successive 
cutting edges, a broach can be designed to perform roughing, semi-�nishing, and �nishing cuts in 
a single stroke. Broaching is consequently a highly productive process. It is also precise and can 
produce very �ne surface �nishes. Accuracies of 0.025�mm with surface �nishes of 0.8–2 �m are 
achievable.

There are two basic types of broaching operations: external (surface) and internal broaching. 
External broaching is used to generate �at surfaces, contours, and various forms such as spur gears, 
splines, and slots. More than one surface on a workpiece can be produced in one pass. Internal 
broaching produces circular and noncircular holes, keyways, splines, serrations, and gear teeth. 
Internal broaching requires a starting hole for insertion of the tool. The broaching of gear teeth is 
discussed in more detail in Section 17.3.1.

Broaching machines may be of the horizontal or vertical variety. Vertical machines are very 
popular because they require less space. Broaching machines may also be characterized by their 
driving mechanism as single or twin-ram, pull-down, pull-up, push-down, push-up, continuous, 
or rotary types [2,5]. Broaching machines are designed with very high stiffness to support high-
cutting loads. The tooling is often large and heavy, so that special designs are required to ensure 
easy access for inspection and changing of broaches.

An individual cutting tooth on a broach resembles a turning or shaping tool, and the basic equa-
tions for turning reviewed earlier are applicable to broaching as well, except that the linear speed of 
the broach, V, is substituted for the rotational speed (m/min). The feed per tooth, ft, is determined 
by the broach design (as shown in Figure 2.18) and cannot be altered by changing machine set-
tings. The front teeth are used for roughing, while the later rows are used for �nishing as shown 
in Figure�2.18. The pitch of the broach is determined by the workpiece material and is coarser for 
roughing than for �nishing. Each tooth removes a depth of cut that is equivalent to the feed per tooth 
and the total depth is removed by the summation of the individual depths of cuts (or feed per tooth). 
The machining time is estimated from the travel distance of the broach (which includes the roughing, 
semi �nishing, and �nishing teeth) over its cutting speed.

A process similar to broaching is turnbroaching, in which the broach is fed into a rotating 
workpiece. This process is used to machine crankshafts and camshafts in engine manufacture. 
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FIGURE 2.18  Broaching.
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Relations for the uncut chip thickness and other parameters are similar to those for milling. 
Turnbroaching is sometimes referred to as skiving, a term which is also used for a gear-�nishing 
process as discussed in Section 17.6.2.

2.9  TAPPING AND THREADING

Many workpieces require internal or external screw threads, which can be produced by a variety 
of cutting operations. The common cutting processes for producing internal threads are tapping, 
chasing, and thread milling. Cutting processes used to produce external threads include thread 
turning and die threading. Threads may also be produced by grinding and by various forming 
operations.

In tapping, a specially formed threading tool is fed into a hole drilled in a previous opera-
tion. The tap may either cut or plastically deform the hole wall material to form the thread. 
Roll form taps, which produce threads by deformation, can be used in ductile materials such 
as free-machining steels, soft carbon and alloy steels, austenitic stainless steels, and ductile 
aluminum, copper, zinc, and magnesium alloys. Roll and cut tapping produce different thread 
pro�les as shown in Figure 2.19. In cut tapping, the minor diameter of the thread is determined 
by the diameter of the existing hole. The metal removal rate is governed by the tap’s effective 
chamfer length, number of �utes, and rpm in addition to the minor diameter. The shear strength 
of the thread increases with the percent thread for rolled threads, but not signi�cantly for cut 
threads. Roll taps produce no chips, but require consistent lubrication and control of the pre-
tapped hole diameter to prevent excessive tapping torque and tap breakage. Roll-form tapping 
can produce stronger threads with work-hardening materials (steels and stainless steels). The 
most common machines used for tapping are drilling machines, milling machines, and lathes. 
Rigid tapping, a CNC process carried out without �oating toolholders or self-reversing tapping 
units, requires proper synchronization of Z-axis feed to spindle revolution especially at higher 
speeds (>3000�rpm for a 6�mm tap).

Tapping is used for through holes and blind holes. Drilled through holes can be tapped along the 
entire length. Blind holes are tapped to a speci�ed length and are sometimes called bottom holes. 
Blind hole tapping requires accurate depth control to avoid ramming the tap into the bottom of the 
hole, causing tool failure, or an insuf�cient number of threads. Bottoming taps must pull chips up 
and out of the hole, as compared to through-hole taps, which usually push chips out of the hole in 
front of the cutting edge.

(a) (b)

FIGURE 2.19  (a) Formed and (b) cut tapped threads.
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The thread height ha�or percentage thread � are important parameters in tapping. � is related to 
ha, the theoretical thread height ht, and the major and minor diameters of the thread form, Dm and 
D� �(Figure 2.20) [30]:
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where
p is the thread pitch
ht is the AN basic thread form height used in the standard method for describing the thread height

The torque required for tapping can increase by 200%–300% when the percent thread increases 
from 50% to 75%. The manufacturing strategy should target a minimum percentage of thread if 
the thread strength is essentially insensitive to this parameter [30]. The uni�ed (UN) form and ISO 
standard methods are equivalent to 83% of the AN thread depth. For cut tapping, � can also be 
calculated from the pitch diameter, Dp, and pre-drilled hole diameter, Dd:
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The pre-drilled hole diameter for a target value of � is
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For roll form tapping, the equations corresponding to Equations 2.41 and 2.42 are
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FIGURE 2.20  Thread pro�le parameters.
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D D pd m� � � �0 68. � roll form tapping 	 (2.44)

Generally, tap-drill charts have been generated for � = 75%, although the actual thread may deviate 
from the charted value [31,32]. Form tapping requires a larger hole size than cut tapping because the 
minor diameter of the thread is produced by the extrusion inward from the drilled hole.

Figure 2.21 shows a plot of the ideal linear and rotational velocity vs. time to generate a desired 
thread in a rigid tapping process. The cutting speed, feed rate, and depth of cut are given by

	 V D Nm� � 	 (2.45)
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The depth of cut per edge, di, is
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where
nf is the number of threads along the chamfer
nt is the number of �utes
� is the chamfer angle of the tap measured from the tap axis
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FIGURE 2.21  Variation of spindle rpm during a tapping cycle.
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The metal removal rate is
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The time to cut a thread of length L, tm, and thread helix angle, �, are given by
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Thread turning, the oldest and most widely used threading operation, is a process for producing 
external or internal threads, usually using a single point tool [11,33,34]. This process has tradition-
ally been used on soft materials, but with the availability of PCBN tools, now also used when turn-
ing hardened steels. The tool may be fed into the workpiece either radially or axially. Radial feed 
cutting generates higher cutting forces and leads to greater dif�culty in chip disposal and is used 
mainly on materials that produce short chips or with multi-toothed inserts. In �ank-infeed cutting 
(in which the tool is fed axially) the cutting action is more like conventional turning. There are many 
different �ank-infeed sequences, which distribute the thread form between passes (Figure�2.22)�[33]. 
The infeed sequence can be optimized to reduce the number of passes while keeping the chip load 
constant between passes as illustrated in Figure 2.23. The optimum number of passes depends on 
the tool geometry and edge strength. In some cases, the center portion of the thread is removed 
using radial infeed while the remaining stock is removed using �ank infeed. In other cases a sig-
ni�cant amount of material is removed with a grooving tool, leaving only a small amount to be cut 
with a threading tool. The lead of the thread is determined by the longitudinal motion of the tool in 
relation to the rotation of the workpiece. The feed coincides with the pitch of the thread.

Multi-toothed full-pro�le indexable inserts are also used to turn threads. Such inserts generate 
the full thread pro�le including the crest in a single pass, eliminating the multiple passes required 
to produce threads with a single point tool.

Thread milling is used to generate internal or external threads using a milling cutter [11,35,45]. 
The cutter is fed along the axis of the workpiece as in thread turning to generate the threads in a sin-
gle pass as shown in Figure 2.24. With a stationary workpiece, a rotating tool moves simultaneously 
along three axes to generate the helical thread (as compared to the two-axis motion used in circular 
interpolation). When cutting an external thread, the tool moves along the part’s outside diameter; 
when cutting an internal thread, the tool moves inside a previously drilled hole. As in cut tapping, 
the feed rate is determined by the workpiece speed in a turning machine or by the helical path speed 
in NC machining centers or special machines. The accuracy of the thread is controlled by the accu-
racy of the axial and circular feed mechanisms of the machine, not by the cutting tool. It is prefer-
able to start the thread-milling operation at the bottom of blind hole so that the tool moves outward 
to avoid chip recutting at the bottom of the hole. In thread milling, the tool rotates at higher speeds 
and lower feeds than in tapping or thread turning; the feed can be adjusted to generate the desired 
surface �nish and is not constrained by the desired thread pitch as in other threading operations.

Compared to conventional tapping, thread milling allows more room for chip evacuation; chips 
are also much smaller. The power required for threading can be reduced considerably using thread 
milling. Percent threads approaching 100% can be generated, and tapered threads can be generated 
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easily and accurately. Thread milling is used primarily for large holes (diameter >30�mm), while 
tapping is used for smaller holes (diameter <40�mm) due to tool cost.

Threads in smaller holes can be milled using a combined short-hole drilling and thread mill-
ing operation called thrilling or drill/threadmilling (Figure 2.25 [34]). Thrilling uses a combined 
drill-threading tool rotating continuously at a high spindle speed to drill a blind or through hole 
and generates the thread through a helical retraction motion. Thread milling accuracy is dependent 
on the machine control system generating the helical interpolation including the machine motion 
accuracy. Thread milling tends to generate smoother and more accurate threads than tapping and 
is more ef�cient than thread turning. Thread milling also eliminates the spindle reversal at the bot-
tom of the hole required in tapping. However, milled threads must typically be gauged much more 

Modi�ed �ank infeed

SDNCN

Alternating infeed

Radial infeed

Feed

Feed 2.5°–5°

2.5°–5°

FIGURE 2.22  Schematic view of the radial, �ank, and alternating infeed methods for threading. (Courtesy 
of Carboloy Corporation, Carboloy/Seco, Warren, MI.)
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carefully than tapped threads. Coolant requirements in thread milling are not as critical as those in 
cut tapping. Tooling costs are generally higher than for tapping.

Thread-milling machines usually employ a climb-milling motion, especially when produc-
ing internal right-handed threads, because the tool travels out of the hole during the cut, which 
reduces chip interference. However, a conventional up-milling mode is used when the part or 
�xture stiffness is low to reduce tool de�ections and chatter. Up-milling is also used with materi-
als that are dif�cult to machine (e.g., stainless steels) to improve tool life. A thread-milling tool 
can cut from either the entrance or exit/bottom of the hole, compared to a tap that must start at 
the entry. If the force in thread milling is too high for the tool L/D ratio, multiple passes can be 
used to avoid tool breakage. Tapping generates the full thread form and machines to �nal size in 
one pass.

Thread milling can produce high tool pressures when milling at full thread length and depth, 
which can result in excessive tool de�ection and tool breakage. Machine requirements also limit the 
applicability of thread milling; the proper speeds and feed rates must be available, and the machine 
must be capable of producing an accurate circular motion at high speeds and feeds, especially with 
nonferrous parts. Thread milling can also only be applied when the ratio of the thread length to the 
major diameter of the tool falls within relatively narrow limits.

There are two approaches for entering the cut in an internal hole: along a tangential arc or 
along a radial arc. The radial approach is simple but the cutter should enter to the full doc at 
30%–50% the circular feed rate to avoid vibration. The tangential approach allows for the tool 
to ramp gradually into and out of the cut. It also eliminates the dwell vertical mark at the entry 
or exit point. The tangential approach requires more complex programming than the radial 
approach.

When thread milling a stationary workpiece, the tool feed rate at the cutting edge (true feed rate 
occurring at the perimeter) frt, and rotational speed N of the cutter are related through

	 f n f Nrt t t� 	 (2.52)
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FIGURE 2.25  Drill/threadmilling using a combination drill and thread milling tool.
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When thread milling a workpiece rotating at a spindle speed of Nw on a lathe, the feed rate is given by

	 f D Nrt m w� � 	 (2.53)

and the feed per tooth is

	
f

D N
n N

t
m w

t

�
�

	 (2.54)

In an NC machine, the feed rate is programmed so that the X, Y, and Z axes are synchronized to 
generate the helical motion of the cutter. The chip load, which is proportional to cutter advance per 
tooth as in milling, can be changed by varying the tool speed, workpiece speed, or the number of 
teeth in the tool. The apparent contact length (chip length) for each cutting edge per tool revolution 
is given by either Equation 2.26 or 2.28. The cross-sectional area of the chip is trapezoidal. The 
uncut chip thickness does not correspond exactly to the feed per tooth because the programmed 
cutter feed is about its center and not at the tool periphery where the cut occurs (as explained in 
Equation 2.38 for circular interpolation milling applications). The centerline feed rate (on the orbit-
ing diameter) for internal and external threads is, respectively,
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where D is the threading cutter major diameter. The metal removal rate for a tool with ntr rows of 
teeth in contact with the workpiece is
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The time required to cut a thread of axial length L in one pass is
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When a single row tooth cutter is used the machining time is
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Die threading is used to generate external threads using solid or self-opening dies (chasers). 
Materials with hardness lower than 36 HRc can be threaded with a die. It is a slower operation 
than thread rolling but faster than thread turning. Die threading machines are similar to tapping 
machines.

Thread whirling [34] is a process used for internal and external threads. Whirling removes 
material in a manner similar to thread milling. This process uses a special head supporting the 
threading tool as illustrated in Figures 2.26 and 2.27. The whirling head is mounted in a machine 
spindle that rotates eccentrically at high speed around the slowly rotating workpiece, or performs 
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a planetary rotation along a stationary workpiece. The cutter uses inserts arranged along the 
inside or outside circumference of a ring for external and internal threads, respectively. The cut-
ting occurs when the whirling unit and whirling ring are off-center with respect to the workpiece 
(using a helically interpolated cutting path as in thread milling). This process is faster than thread 
milling and may generate better surface �nish, lower lead error, and shorter chips. It has been 

(a) (b)

FIGURE 2.26  (a) External and (b) internal thread whirling operations. (Courtesy of Leistritz Corporation, 
Allendale, NJ.)

Workpiece
Whirling ring

FIGURE 2.27  An external whirling ring assembly using eight indexable inserts.
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successfully used on hardened steels in place of turning or grinding to reduce the cycle time. The 
most common applications are the machining of screws or worms. It is a preferred process when 
cutting very long threads or threads with high helix angles.

Thread rolling is an external cold forming process for producing threads on a cylindrical or 
conical blank. It is similar to internal roll form tapping. The functional principle of thread rolling is 
shown in Figure 2.28. The tool or die displaces or extrudes the metal from the part surface to form 
the threads. Generally, thread rolling is carried out using specially designed vertical or horizontal 
machines. Thread rolling machines are designed with two �at die rollers in a side-by-side position. 
The threads on the blank, which is inserted between the rollers, are usually completed after eight 
revolutions. Other machines use two or three rollers, which form a radial-infeed cylindrical die. 
Thread rolling can be also carried out using lathes and automatic bar machines using special single- 
or double-roll attachments.

Feed in axial direction (direction of arrow)
Head stationary, component part rotating

Feed in axial direction (direction of arrow)
1. Rolling head rotating, component part stationary
2. Rolling head stationary, component part rotating

Feed is radial by means of appropriate roll geometry
1. Rolling head rotating, component part stationary
2. Rolling head stationary, component part rotating

Feed is radial by means of appropriate roll geometry
Rolling head stationary, component part rotating

Part

Roll

Feed is tangential (direction of arrow)
Rolling head stationary, component part rotating

Part

Part

Part

Part

Roll

Roll

Roll

Roll

FIGURE 2.28  The functional principle of thread rolling operations. (Courtesy of Fette Tool Systems, Inc., 
Cuyahoga Falls, OH.)
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2.10  GRINDING AND RELATED ABRASIVE PROCESSES

Grinding is a general name for many similar processes in which a hard, abrasive surface is pressed 
against a work surface, resulting in the removal of material from both the workpiece and the abra-
sive. Grinding is a very common process traditionally used to produce parts with close tolerances, 
�ne surface �nishes, and small burrs and is used especially as a precision �nishing process. It is 
also used in the general machining of hard or brittle materials and to produce complex contours. 
The major difference between traditional chip forming operations and grinding is the characteris-
tics of the cutting tool. The individual grains on a grinding wheel are spaced randomly and have an 
irregular shape. The cutting speed of the wheel is very high while the feed is low compared to the 
traditional processes. Material removal in grinding takes place on a smaller scale than in conven-
tional chip-forming processes. The process is characterized by three physical mechanisms: cutting, 
ploughing, and sliding at the interface between the abrasive grains and the work surface. As a result, 
grinding requires different physical models for detailed analysis [2,5,8,9,36–48]. Grinding process 
control depends on the interaction of the three mechanisms; force sensors are used to properly con-
trol some grinding parameters such as wheel and dresser sharpness. The chip thickness in grinding 
is very small (0.002–0.05�mm) compared to most other machining operations. Tool forces are high 
due to the random orientations and high negative rake angles of the individual grains in the wheel. 
The energy required to grind away a cubic centimeter of a given metal is typically 10 times that 
required to machine the same volume of material with a cutting tool as given in Table 2.1. Grinding 
is a primary process for machining hard materials such as super-alloys and ceramics.

Grinding processes employ a variety of kinematic motions of the wheel and workpiece, some 
of which are shown in Figure 2.29. Processes can be broadly categorized as traverse or plunge 
grinding depending on the direction of feed of the wheel. In traverse grinding the wheel moves 
parallel to the ground face, and only a portion of the workpiece surface is machined at a given time. 
Material is removed in several passes until the �nal depth of cut is achieved. In plunge grinding the 
wheel moves normal to the surface, removing material over the entire surface of the wheel. Plunge 
grinding generates complex pro�les very easily and is faster than traverse grinding because the full 
wheel can be engaged. Grinding processes may be further classi�ed as �at, cylindrical, or contour, 
depending on the shape of the ground surface, or as centerless, reciprocating surface, creep feed, 
microsizing, or honing depending on the kinematic motions of the workpiece and tool. The tool 
used may be a wheel, pad, disk, or belt made from a variety of bonded abrasives.

Surface grinding is carried out either by reciprocating the workpiece or by rotating it about an 
axis perpendicular to the grinding surface while it is fed laterally in front of the rotating wheel. 
This operation produces �at, angular, and irregular shapes [43]. It uses either the periphery or face 
of the grinding wheel or a belt. This method competes with planing and milling operations, which 
generally require higher cutting forces.

Surface grinders may have either a horizontal or a vertical spindle with a table, which recipro-
cates or rotates [2,4,5].

Cylindrical grinding removes material from external cylindrical surfaces by rotating the work-
piece and the wheel in opposite directions. The workpiece is typically supported between centers. 
The resulting surfaces can be straight, tapered, or contoured. It is used for hard or brittle workpieces 
or parts requiring �ne surface �nishes. The wheel or belt rotates at a much higher speed than the 
workpiece. In addition to its more general meaning given earlier, plunge grinding is sometimes used 
to refer to a form of cylindrical grinding in which the wheel moves continuously into the workpiece 
rather than traversing.

Cylindrical grinding machines resemble lathes since they are equipped with a headstock, tail-
stock, table, and wheel head. The workpiece is held either between centers or securely in a �xture 
mounted on the workhead spindle.

Centerless grinding is similar to cylindrical grinding, but the workpiece is supported by a blade 
between the grinding wheel and a small regulating (or feed) wheel [2,4,20,49]. The regulating wheel 
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holds the part against the grinding wheel and controls the cutting pressure and the rotation. The 
workpiece �nds its own center as it rotates between the two wheels. Out-of-round material is pushed 
into the grinding wheel and ground away. The regulating wheel is usually made of a rubber bonded 
abrasive and serves as both a frictional driving and braking element, rotating the workpiece at a 
constant and uniform surface speed. Centerless grinding is used primarily for external grinding.

Centerless grinding is used instead of cylindrical grinding when it is not possible to place center-
ing holes in the part. Centerless grinding requires less grinding stock, can take heavier cuts,�and 
is preferred for long, slender shafts. The centerless operation produces low cylindricity errors 
and�consistent surface �nish. It provides a better size control than cylindrical grinding. This process is 
necessary for parts which must rotate at high accuracy in a bearing or wear situation such as valves, 
camshafts, spindle shafts, etc. It is important to note that in centerless grinding the ground surface, 
rather than the rotational axis, is the reference datum.
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Centerless grinders are similar to cylindrical grinders but without centers. The work is supported 
on shoes or a �xed blade under pressure applied by the regulating wheel.

Internal grinding generates internal cylindrical surfaces using very small wheels. It can be used 
to produce straight, tapered, blind, or through holes, holes with multiple diameters, contours, and 
�at sections. Stock removal rates are greater than for other abrasive hole-making processes such 
as honing or microsizing, which are used primarily to produce special surface �nishes or close 
tolerances.

Creep-feed grinding [50,51] is a surface or external cylindrical grinding operation that removes a 
full depth of cut in a single pass at a very slow feed rate. Depths of cut are typically 2–6�mm, but may 
be as low as 0.5�mm for hard to machine materials. The speed of conventional wheels is generally 
2000 m/min, while the feed rate is often only 25–400�mm/min. When properly applied, creep-feed 
grinding can reduce the overall machining time by up to 50% with no loss of dimensional or geo-
metric precision or surface quality. However, these results can be achieved only when the grinding 
machine is designed for creep-feed applications to provide suf�cient static and dynamic stability (two 
to three times that of conventional grinding machines), proper dressing capabilities,�and adequate 
coolant control. It has been applied successfully to brittle materials such as ceramics and superalloys.

In addition to the wheel parameters, input variables for grinding operations include the feed 
rate (down feed), wheel speed, workpiece speed, sparkout time and frequency, and depth of wheel 
dressing. The wheel wear rate and the stock removal rate are important output parameters. The 
objective in grinding process design is generally to reach a steady state with a uniform wheel wear 
rate, steady power consumption, constant pressure at the wheel–workpiece interface, and no appar-
ent grinding burn or chatter. The grinding cycle starts with a heavy feed rate, which is reduced 
for the �nish grind stage if the same wheel is used. However, the �nish wheel grade often differs 
from the rough wheel grade. The workpiece surface is generated during the �nal contact between 
the wheel and workpiece; the maximum usable stock removal rate usually remains approximately 
constant over a wide range of work speed and depth of cut combinations, and depends primarily on 
grinding wheel characteristics, the work material, and the coolant type (oil or water). Oil coolants 
are often preferred because they reduce frictional heat generation and residual stresses.

The equivalent diameter of the wheel-workpiece system is used to compare different grinding 
operations; this parameter provides the equivalent wheel diameter corresponding in a surface grind-
ing operation and is de�ned as
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where
Dh and Dw are the wheel and workpiece diameters
the + or � in the denominator is used for external (OD) or internal (ID) grinding, respectively

In the case of surface grinding, De�= Dh (or Dw = � ). A large De�usually results in a higher con-
tact area and higher threshold forces and power.

The apparent area of contact for the abrasives is calculated the same way as in milling processes. 
Therefore, the contact length for each abrasive grain per wheel revolution is given by Equations 2.26 
and 2.27 with D = De. The chip thickness is dependent on the grinding method and can be calcu-
lated using relations similar to those for milling processes (Equations 2.21 through 2.25). However, 
the cross-sectional area of the chip is nonuniform and varies between abrasive grains. An extensive 
analysis of this subject is given in [44].

The volumetric rate of wheel wear Qh is

	 Q D f bh h h� 	 (2.60)
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where fh is the rate at which the wheel diameter is decreasing. The stock removal rate from the 
workpiece Qw for surface grinding is

	 Q dV bw w� 	 (2.61)

Vw�is the workpiece speed (equivalent to fr in Figure 2.29). For cylindrical plunge grinding, Qw is 
given by

	 Q D f bw w r� 	 (2.62)

where
Dw is the diameter of the workpiece
fr is the radial feedrate of the wheel into the workpiece

For cylindrical transverse grinding, Qw is given by

	 Q D dfw w r� 	 (2.63)

where fr is the federate of the wheel along the workpiece. The grinding power is proportional to the 
speci�c grinding energy (similar to the unit power discussed for turning and in Section 6.5):

	 P uQ P FVm s w t t h� � � 	 (2.64)

where
Ft is the tangential force at the tool–workpiece interface
Vh is the wheel speed

Generally, the speci�c grinding energy, us, is higher than the unit energy for other processes. 
A�performance index used to characterize wheel wear resistance in economic analyses is the grind-
ing ratio G de�ned as
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G varies in practice from 0.018 to 60,000 [43,52,53]. Higher values of G indicate that the wheel is 
more productive. G-ratio generally increases with wheel speeds up to a characteristic speed, after 
which it decreases due to a transition in wear regimes. Excessive wheel speeds may increase the 
G-ratio but lead to surface burning.

The processes described thus far use a hard abrasive wheel and are intended to produce sur-
faces with �ne �nishes and close dimensional tolerances. Process conditions are chosen to pro-
duce the required surface and dimensional properties as ef�ciently as possible without producing 
dynamic instability or surface damage or burn. Surface �nish and integrity in grinding are dis-
cussed in Chapter 10. In troubleshooting grinding problems in practice, the grinding wheel is gener-
ally looked at �rst since it is relatively easy to change. Wheel characteristics of particular interest 
are grit size, hardness, and structure, which are described in Chapter 4. The conditioning pro-
cess of the wheel, consisting of dressing and cleaning/truing, has a signi�cant impact on material 
removal rates, forces, surface characteristics, and subsurface properties and is also considered in 
troubleshooting. Once wheel issues have been resolved, the grinding �uid is examined for proper 
type, concentration, and delivery. Finally the grinding infeed cycle is examined, especially when 



60 Metal Cutting Theory and Practice

investigating dimensional or dynamic instability problems. Contemporary CNC control and force 
sensing technologies allow monitoring of critical grinding parameters such as the sharpness of the 
dresser and wheel, wheel de�ection, and the threshold force for internal grinding. Wheel dressing 
frequency is often controlled by force sensing.

Microsizing (superabrasive bore �nishing or diamond reaming) is used to improve the accuracy 
of internal cylindrical surfaces. A �xed diameter tool �tted with bonded diamond or CBN abrasives 
on the periphery is generally used. The tool, workpiece, or both may rotate (Figure 2.30)�[54]. The 
choice of coolant is very important, and honing oils or higher concentration water-based �uids 
are generally used. Since the material is gradually removed by the thousands of superabrasive 
particles around the periphery of the tool, it generates relatively little heat or stress, enabling excel-
lent control of bore geometry. Stresses increase rapidly, however, with increasing stock removal. 
Microsized holes have low roundness errors, limited taper, and no bell-mouth at the hole entrance.

Microsizing may be a single- or multipass operation. Multiple passes may be used when more 
than 0.05�mm of stock must be removed, when the part is weak structurally and would distort under 
heavy loading, or when a �ne surface �nish is required. The achievable surface �nish and allowable 
stock removal are functions of the abrasive grit size and coolant. To achieve precision bore cylin-
dricity in a single pass, three conditions must be met: (1) the tooling design should take into account 
variables such as the work material, hardness, bore size and length, bore shape (solid or inter-
rupted), bore wall thickness, �nish requirements, and incoming stock; (2) the bore must be aligned 
with respect to the tooling to minimize side forces; and (3) proper part �xturing must�be�used to 
prevent bore distortion. A �oating holder can be used to improve tool alignment at conventional 
speeds but usually fails at higher speeds due to centrifugal forces. Therefore, the best results are 
usually obtained when a �oating tool holder is used in conjunction with a radially and angularly 
�oating type part �xture to allow for perfect alignment with low forces. Two- to four-pass micro-
sizing processes are not uncommon in high volume production due to deviations from optimum 
setup conditions. Tool speeds range from 8 to 90 m/min and the feed rate can vary from 0.100 to 
2.5 m/min, depending on the workpiece material. The maximum stock removal is a function of the 
workpiece material, and the grit size of the abrasives may be as high as 0.05–0.1�mm; in steel, it is 
typically 0.09�mm. Tolerances of better than 0.005�mm can be obtained with straightness errors less 
than 20 s and roundness errors less than 0.001�mm.

Rotary 
movement

Feed

FIGURE 2.30  A microsizing tool used in engine bore manufacture. (Courtesy of Engis Co., Wheeling, IL.)
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Honing is a �nishing operation similar to microsizing in which bonded abrasive sticks are pressed 
against the work surface using an expandable, reciprocating tool (Figure 2.31) [5,55–61]. Honing 
corrects axial and radial distortions produced by previous operations (Figure 2.32) and imparts a 
controlled surface texture to the bore.

The expansion pressure is a critical parameter in honing since the wall temperature and bore 
thermal distortion increase linearly with pressure. The lowest expansion pressure and feed rate 
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FIGURE 2.31  Schematic diagram of honing machine.
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FIGURE 2.32  Bore form and size errors corrected by microsizing or honing.
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possible should be used to increase accuracy. Temperature is also proportional to honing speed, 
which must be as high as possible to maintain stone sharpness. The axial speed usually ranges from 
12 to 25 m/min, while the circumferential speed varies between 15 and 100 m/min. Generally, a 
rough honing operation is required to create a geometrically correct bore, and semi-�nish and �nish 
passes are used to improve accuracy and generate the proper surface topography. Controlled tem-
perature �ood coolants are normally applied to the bore and honing tool to control thermal errors. 
The metal removal rate, Qw, and depth of cut, d, in honing are related by
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where
nt is the number of honing stones
� h�is the stone length
Vh is the peripheral speed
Qw depends on the expansion pressure and the abrasive grain size and sharpness

The combined rotary and reciprocating motion of the honing tool produces a cross-hatched surface 
pattern on the bore as shown in Figure 2.33; the cross-hatch angle � is given by
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where
� s�is the stroke length
Ns is the stroke rate in strokes/min
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FIGURE 2.33  The cross-hatched surface pattern generated by the tool motion in engine bore honing.
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Abrasive brush honing or �exible honing is a more recently developed process using the same 
principle as the internal honing operation. Brush honing is carried out using �exible abrasive brush 
tools, which are equipped with compliant �laments which bend and press against the bore sur-
face�[62]. This process removes very little material from the surface using high production cycle 
times (less than 1�min); it removes the surface peaks and some of the smeared material left from 
previous bore �nishing processes. Unlike microsizing or honing operations, it cannot generally 
remove the tool feed marks left by prior turning or boring operations, and cannot produce a full pla-
teau �nish and cross-hatched pattern. It also differs from conventional honing in that the resilience 
of the abrasive brush results in a �exible cutting action, which does not alter the bore geometry with 
respect to concentricity, ovality, cylindricity, and squareness. Brush honing can be carried out with 
or without a coolant.

External Honing, also referred to as micro�nishing, super�nishing, or superhoning, is a high 
precision, �ne-grit abrasive process for removing imperfections on external surfaces, which may 
result from conventional grinding. The tool is an abrasive stone that oscillates at a high rate 
(up�to 2800�Hz) and is pressed against a rotating workpiece. A tool arm is used to position the stone 
and apply pressure. The stone oscillates in the direction parallel to the workpiece axis of rotation. 
There are four common micro�nishing methods: centerless through-feed, plunge feed, plunge feed 
pivoting, and rotating tool/rotating workpiece. Parameters that affect part quality in micro�nishing 
include the machine structure, work- and stone-holding methods, tool material, cutting �uid, and 
environmental control; requirements for these parameters are generally more stringent than for 
other abrasive processes [63]. External honing can be used in combination with turning on lathes by 
attaching a super�nishing arm behind the turning tool holder.

Stock removal is a function of stone cutting capability, pressure, oscillation amplitude and fre-
quency, and rotational speed of the workpiece. Use of a low peripheral work speed, moderate stone 
pressures, and wide workpiece contact lengths limit heat generation and produce �ne surface �n-
ishes; the roughness may be as low as 0.025 �m Ra, compared to 0.1–0.15 �m for conventional 
grinding. Smaller tolerances and surfaces with a 100% bearing ratio can also be produced since 
this process removes the amorphous surface layer produced by turning or grinding operations. This 
process has achieved roundness errors of 0.12 �m. It has been applied to a variety of work materials, 
including high-strength steels, carbides, and ceramics.

In belt grinding (or abrasive belt machining), coated abrasive belts are used to remove material 
at a high rate. Due to its �exibility and the availability of stronger belts, abrasive belt machining has 
become increasingly popular, even replacing conventional turning, milling, grinding, and polishing 
operations [64,65]. Belt grinding can be used in place of centerless grinding, surface grinding, and 
cylindrical grinding in roughing to �ne �nishing operations by replacing the wheel with a coated 
abrasive belt. Grinding can be performed using a slack belt, or with the belt riding over a contact 
wheel or platens, which support the belt and apply a thrust force. The contact wheel can be hard 
or soft, and either smooth or serrated. Smooth hard contact wheels are used for precision abrasive 
machining and for maximum stock removal.

Belt grinding is often more ef�cient than conventional grinding. The belt speed is usually 
between 800 and 2000 m/min, but speeds of up to 4000 m/min have been used to grind ceramics. 
The optimum speed is affected by the contact wheel or pressure, which supports the belt at the 
pressure point, regulates the cutting rate, and controls the grain breakdown as well as the grit size 
and work thickness. The feed is controlled either indirectly by adjusting the pressure or directly 
by actuating the contact wheel. Belt grinding is generally safer than standard grinding with brittle 
wheels. Adequate coolant �ow and pressure must be used to reduce grinding temperatures and 
sparking.

Cycle times for belt grinding are comparatively low. It is particularly well-suited for grinding 
complex pro�les such as the oval-shaped lobes on cam shafts [64]. Belt grinders generally pro-
duce �atness values of 0.025–0.05�mm and surface �nishes from 0.25 to 2.5 �m Ra with burr-free 
edges.
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Disk grinding is a face grinding method in which all or most of the �at face of the wheel contacts 
the workpiece. Disk grinding offers advantages over other grinding methods in many applications 
because the wide face contact area generates surfaces with low �atness errors and �ne �nishes. 
Both single- and double-disk grinders (using single or double spindle types) are available. Face 
grinding is attractive on bimetallic surfaces where tool life in other operations may be limited.

Double-disk grinding is carried out using two opposing disks (wheelheads) between which a 
part is passed. Two opposite sides of the workpiece are ground simultaneously by opposing abrasive 
disks, producing �at, parallel surfaces. The process can be used for both thin and thick workpieces, 
and only lateral support of the work is required. The stock removal per side is usually between 0.25 
and 0.70�mm for roughing, and between 0.1 and 0.25�mm for �nishing. In single pass operations, 
a maximum of 0.5�mm stock per side can be removed. Double-disk grinding can produce surfaces 
with �atness errors of 0.0015�mm, parallelism errors of opposing surfaces of 0.0025/25�mm, and 
squareness errors on the order of 0.0075/25�mm.

2.11  ROLLER BURNISHING

Roller burnishing is a surface �nishing operation in which hard, smooth rollers, or balls are pressed 
against the work surface to generate the �nished surface through plastic deformation [66–68]. 
Roller burnishing is used in combination with or as a replacement for lapping, honing, microsizing, 
grinding, or in some cases turning, milling, reaming, and boring. Burnishing is used to improve 
surface �nish, control tolerance, increase surface hardness, and improve fatigue life.

As shown in Figure 2.34, the burnishing tool applies a pressure greater than the yield stress of 
the workpiece material. The rotating rollers or balls displace the surface asperities on the part and 
generate a plateau-like surface. Plastic deformation is induced in the surface layer of the work-
piece, which work hardens from 5% to 20%. Burnishing produces a compressive residual surface 
stress, which often improves the wear resistance and surface fatigue life of the part. Surface �n-
ishes between 0.05 and 0.5 �m are generated in single or multipass operations; the surface bearing 
area can approach 100% when the preburnished surface has uniform asperities. Part dimensional 
accuracies can often be controlled within �0.005�mm with proper part preparation. However, geo-
metric errors produced in previous operations generally cannot be corrected by burnishing. Due 
to its dimensional consistency, burnishing is especially well suited for parts designed for press-�t 
assembly and face sealing.

Applied load

Burnished surface

Compressive 
residual stress

Tensile residual stress

Machined surface

Zones
21 3

FIGURE 2.34  Schematic representation of the roller burnishing process. Zone 1, elastic compression zone; 
zone 2, plastic deformation zone; and zone 3, elastic recovery zone. (Courtesy of Cogsdill Tool Products, Inc., 
Camden, SC.)
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Roller burnishing performance depends on the characteristics of the incoming surface. Turned, 
bored, and milled surfaces with roughnesses between 0.002 and 0.005�mm are suitable for burnish-
ing because they have uniform asperities. Rough ground surfaces are also excellent for burnishing. 
Reamed surfaces are often not suitable due to surface and size inconsistencies. Special reaming 
tools with stationary carbide pads behind the cutting edge have been designed to ream and burnish 
a hole in a single operation. The surfaces generated by such reaming tools are not equivalent to 
those generated by roller burnishing process because the carbide pads apply a much lower surface 
pressure.

Roller or ball burnishing can be performed on �at surfaces, cylindrical ID and OD surfaces, 
tapered internal and external surfaces with taper angles up to 15°, spherical, radius, or �llet sur-
faces, or a combination of these surfaces. The size reduction (of external dimensions) or increase 
(of�internal dimensions) depends on the pre- and post-burnished surface �nish. The depth d to which 
the tool penetrates a surface is approximately

	 d C R Ra a� �1 1 2( ) 	 (2.68)

where
Ra1�and Ra2�are the surface roughnesses of the preburnished and burnished surfaces, respectively
C1�is a constant equal to 2 theoretically; in practice, however, C1�is between 2 and 4

The burnished hole size tolerance is half of that for the preburnished hole. Many parameters, includ-
ing the burnishing force, feed rate, roller or ball material and diameter, and lubrication, affect the 
�nal �nish [69,70]. The most important parameters are usually the burnishing force and the feed rate.

A knurling operation is occasionally required prior to roller burnishing to achieve a close tol-
erance on oversized bores or undersized shafts [71]. In these applications knurling raises the ini-
tial surface pro�le, providing enough material for the burnishing tool to roll down to the desired 
dimension.

2.12  DEBURRING

Burrs are undesired projections of material beyond the edge(s) of the workpiece due to plastic 
deformation during machining [72–79]. As discussed in Section 11.4, burr formation is a complex 
process, which depends on the workpiece material, tool geometry, part design, degree of tool 
wear, process parameters, and manufacturing process sequence. Burrs of excessive size often 
must be removed for the part to be handled safely, assembled, or function effectively. Deburring 
is generally a time consuming and costly operation, and in many cases is dif�cult to automate.

Several deburring methods are widely used. These include barrel tumbling, centrifugal barrel 
tumbling, vibratory deburring, water-jet or abrasive-jet deburring, sanding, brushing, abrasive-�ow 
deburring, ice blasting, liquid-honing, chemical deburring, ultrasonic deburring, electropolishing, 
electrochemical deburring, thermal-energy deburring, mechanical deburring, and manual deburring. 
Detailed descriptions of these operations are available in the literature [72–81]. The most widely 
used methods are manual deburring, brushing, robotic deburing using brushes or cutting tools 
with or without force control, high pressure water deburing, and ultrasonic deburring. High 
pressure water deburring is well suited to features that are inaccessible for meachanical deburing 
(i.e.,�intersecting internal holes), and to parts that cannot be subjected to heat or corrosive chemicals.

Hole entrance and exit deburring is a very common process. Special deburring and chamfering 
tools have been developed to remove unwanted material created by drills or reamers. These tools 
generate a predetermined chamfer size at the entrance and exit of hole that remove burrs, so that a 
subsequent deburring operation (e.g., brushing) is not necessary. Robotic deburring strategies have 
also been successfully applied in holemaking [82–84].

Burr formation and control is discussed in greater detail in Section 11.4.
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2.13  EXAMPLES

Example 2.1 A 50�mm diameter gray cast iron workpiece is rough turned with an uncoated carbide 
tool. The feed for the tool is 0.4�mm per revolution (mm/rev), the depth of cut is 4�mm, and the rec-
ommended cutting speed is 70 m/min. Calculate: (a) the material removal rate, (b) power and torque 
required by the spindle, and (c) the main cutting force.

Solution:

	 (a)	 The material removal rate (MRR or volumetric rate of machining) is obtained from 
Equation 2.6.

	

MRR  m/min  mm/rev  mm  mm/m

 

� � �

�

Q Vfd ( )( . )( )( )

,

70 0 4 4 1000

112 000 mmm /min  cm /min3 3� 112

		  The cutting speed occurs at the average depth of cut diameter which is Davg = 50 � 4 = 
46�mm.

	 (b)	 The speci�c cutting energy (unit power) is obtained from Table 2.1 as 0.065 kW/cm3/min 
(the average value). Hence the machining power required in this turning operation can be 
estimated from Equation 2.7:

	
P Qus� � � � � � �112 0 065 7 28 cm /min  kW/cm /min  kW3 3. .

		  The spindle torque can then be determined from the cutting power:

	
P T T N T P N� � � � � �� �� � �( ) /( ),2 2 W J/s N m/s

		  The rpm (N) is calculated from Equation 2.1. This equation yields N
V

D D
�

�
�� �

2

1 2�
, 

where�D1 = 50�mm, d = doc = 4�mm, and D2 = D1 � 2 d = 50 � 2 (4) = 42�mm.
		    Hence,

	
N �

�� �
�

2 70 1000
50 42

485
( )( ) m/min  mm/m

mm
rpm

�

	
T � � � � � � � �7280 60 2 485 143 N m/s  s/min  rpm  N m/ ( )�

Example 2.2 Calculate the machining time in Example 2.1 if the axial length of the O.D. cut is 
150�mm.

Solution: The distance that the tool travels along the workpiece is the length of cut plus the approach 
allowance to avoid the tool edge impact with the workpiece during the rapid travel. Assuming the 
approach distance La is 3�mm, the machining time is equal to

	
t L L f L L fNm a r a� �� � � �� � � � � �� � �� � � �/ / / . . min .150 3 04 485 0 768 475 s

Example 2.3 For the turning operation in Example 2.1, evaluate the uncut chip thickness and the 
cutting edge engagement if the lead angle (SCEA) of the tool is 20°.
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Solution:
The uncut (nominal) chip thickness is given by Equation 2.3:

	
a f� � � � � � �cos . cos .� 0 4 20 0 376 mm   mm

The cutting edge engagement (nominal width of cut) is a function of the lead angle and depth of cut 
(given by Equation 4.1) which is equal to

	
L dm � � � � � � � � � �doc s  mm  mm( ) ( ) .� �s s4 20 4257

Example 2.4 In a milling application a four-�uted 75�mm diameter indexable end mill is used to 
machine a 200�mm wide sidewall on a 1035 steel workpiece as illustrated in Figure 2.35. Carbide 
coated inserts are used. The axial depth of cut is 80�mm and the radial depth of cut is 5�mm. The cut-
ting velocity is 100 m/min with the suggested feed per tooth (or uncut chip thickness) is 0.2�mm/rev 
for the particular insert style and material. The cutting tool length extending out of the toolholder 
is 200�mm. Determine the taper on the sidewall of the workpiece generated due to tool de�ection if 
the radial component of the force is estimated to be 30% of the cutting (tangential) force.

Solution: This is a peripheral milling cut in which the �nished surface is perpendicular to the 
direction of feed. The end mill can be considered as an elastic cylindrical beam, cantilevered to 
the�spindle and neglecting the compliance of the toolholder and spindle (see Chapter 5 for complete 
analysis of a toolholder–spindle interface). The static de�ection due to the radial force (Fr) at the 
free end of the end mill is given by

	
�

�
� �

F l
EI

I
Dr e

3 4

3 64
where

The effective diameter of the cutter is somewhat smaller than the outer diameter because the �ute 
space is taken into consideration. The effective diameter has been found to be about 0.75–0.85 of 
the outer diameter. The radial cutting force is not constant but is assumed to be 30% of the cutting 
(tangential) force on average. In addition, there is only one cutting edge in contact with the workpiece 
at any time. The cutting force is estimated from the average cutting power.

From the information given, we can calculate the spindle rotational speed or the rpm of the mill-
ing cutter from Equation 2.10. Thus,

	
N V D� � � � � � � � � � �/( ) / .� 100 1000 3 14 75 424 m/min  mm/m  mm  rpm

b=80

l = 200 mm

Ff

Fr

Fr

L= 200

d= 5 mm

fr, Feed direction 

Fr

�

�

FIGURE 2.35  Schematic representation of Example 2.4.
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The maximum uncut chip thickness (provided by the manufacturer of the cutter for roughing opera-
tions) is 0.2�mm. In peripheral and end milling application with the cutter diameter signi�cantly 
larger than the radial DOC (d), the feed rate should be adjusted to avoid the chip thinning effect. 
Equation 2.22 gives the maximum uncut chip thickness with � = 0 in this case (as is generally true 
in end milling) and �m is given by Equation 2.24.

	
cos

( )( )
� �m m� � � � �1

2 5
75

30

	
a f f at m t mmax maxcos sin , /sin . /sin . .� � � �� � �� � � hence  mm0 2 30 0 4

The feed rate for the cutter is given from Equation 2.20:

	
f n f Nr t t� � � � � � � � �4 04 424 679.  mm/rev/tooth  rpm  mm/min

The material removal rate (MRR) is determined from Equation 2.29:

	

MRR crosssectional area of uncut chipfeed rate

5

� � � �� � �

�

- dbfr
  mm 8  mm 679 mm min 2716  mm min 272 cm min3 3� � � � � � � �0 00/ , / /

The unit speci�c energy for the work material is estimated from Table 2.1 to be 0.08 kW/cm3/min. 
Hence the power required for this operation given by Equation 2.7:

	
P us� � � � � � �MRR  cm/min W/cm /min  kW3 3272 0 08 21 8. .

The cutting force can be estimated from the power

	 P FV F P V F� � � � � � �/ ( , ( ) / ( ) ,21 700 60 100 13 N m/s)  s/min  m/min 0020 N

Hence the Fr = 0.3 · F = 0.3 · 13,020 = 3906 N
The de�ection is then
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The slope of de�ection is 0.000105, which is the taper of the sidewall. The perpendicularity error of 
the wall due to cutter de�ection only is 0.01/100�mm.

Example 2.5 An end-mill is used to clean up the surface of a 4140-forged steel by performing face 
milling operation. An indexable 50�mm diameter cutter (shown in Figure 2.36) with three round 
inserts is selected. The IC size of the round inserts is 17�mm. The depth of cut is 3�mm. The sug-
gested cutting conditions for this cutter are 150 m/min cutting speed and 0.2�mm/tooth feed. The 
speci�c energy for the workpiece material is 0.08 W·min/mm3. Determine the metal removal rate.
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Solution: The effective tool diameter (De) is not the actual cutter diameter because the axial doc is 
smaller than the radius of the inserts.

	 D D IC IC IC de � � � � � � �2 22 45 96 46( ) . mm mm

Since the doc is signi�cantly smaller than the radius of the inserts, chip thinning takes place.
Therefore, from Equations 2.24 and 2.22

	
cos

( )( )
� �m m� � � � �1

2 3
17

50

	
f at m� � � � �max sin . sin ./ /  mm.� 0 2 50 0 26�

The feed rate for the cutter is given from Equation 2.20. At smaller axial doc, the spindle speed 
should be calculated based on the effective diameter in cut.
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 mm/min

The material removal rate (MRR) can be calculated from Equation 2.29:

	
MRR 3 mm 46 mm 747 mmmin 1 3136 mm min3� � � � � � � � �dbfr / , /0

Example 2.6 An indexable 25�mm two-�ute ballnose end-mill is used to clean up the surface of 
a 4140-forged steel part. The DOC is 6�mm. The suggested cutting conditions for this cutter are 
150�m/min cutting speed and 0.2�mm/tooth feed. The speci�c energy for the workpiece material is 
0.08�W · min/mm3. Determine the metal removal rate.

De

d

FIGURE 2.36  Schematic representation of Example 2.5.
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Solution: The effective tool diameter (De) is not the actual cutter diameter because the axial doc is 
smaller than the radius of the ballnose.

	 D d D de � � � � �2 2 6 25 6 21 4( ) ( ) . mm

Since the doc is signi�cantly smaller than the radius of the nose, chip thinning occurs. The thick-
ness of the chip varies depending on the doc. Using Equations 2.21 through 2.24,

	
cos

( )( )
.� �m m� � � � �1

2 6
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f at m� � �� � �max/sin . / sin . .  mm� 0 2 59 0 23

The feed rate for the cutter is given by Equation 2.20 and considering the effective diameter to cal-
culate the spindle speed (rpm):

	

f n f N
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r
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The material removal rate (MRR) is obtained from Equation 2.29 with a radial doc of 11�mm, about 
half the effective diameter of the cut.

	
MRR 6 mm 11 mm 2232 mmmin 147312 mm min3� � � � � � � � �dbfr / , /

Example 2.7 A face milling operation is being carried out on a 150�mm wide by 700�mm long rect-
angular part made of aluminum as shown in Figure 2.37. A 200�mm diameter face milling cutter 
with 18 inserts is used to cut a 3�mm depth from the surface of the part. The lead angle of the cutter 
is 45°. The cutting speed is 300 m/min and the allowable uncut chip thickness is 0.3�mm. Calculate 
the machining time.

Solution: The cutter diameter is selected to be larger by 20%–40% then the width of the part and 
runs off center from the centerline of the part, following rules discussed in Chapter 4. From the 
information given, we can calculate the spindle rotational speed or the rpm of the milling cutter 
from Equation 2.10. Thus,

	
N V D� � � � � � � � � � �/( ) / / / .� 3  m min 1  mm m 314 2  mm 478 rpm00 000 00
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FIGURE 2.37  Schematic representation of Example 2.7.



71Metal-Cutting Operations

The feed per tooth is affected by the lead angle of the cutter as illustrated in the earlier �gure and 
explained in Equation 2.21, where � = 45°.

	
f at i� � �� � �/(cos( )) . /cos . .� 0 3 45 0 42 mm

The feed rate for the cutter is given from Equation 2.20

	
f n f Nr t t� � � � � � � � �.18 0 42 478 3614 mm/rev/tooth  rpm  mm/min

The cutting time is given by Equation 2.30. The approach and overtravel distances can be calcu-
lated from simple geometric relationship. The approach is a little larger than the radius of the cutter 
(see Equation 2.32) to avoid contact with the workpiece during the rapid travel motion. The over-
travel distance varies depending on the surface requirements; there is a minimum negative distance 
(occurring when the cutter stops within the part) and a maximum distance if the surface texture 
is important. The selection depends on whether the trailing marks of the cutter (marts caused by 
a portion of the cutter’s inserts that are not in the cut are rubbing on the surface already milled) 
should show up across the full length of the surface or not. These marks are avoided in some spe-
cially designed machines for milling with their spindle tilted slightly so that the cutter is slightly off 
parallel from the part surface.
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The cutting time is calculated from equation

	
t L L fm e r� �� � � �� � � � � �/ / .7 34 mm / 3614 mmmin 2  min 12 s00 0 0

Example 2.8 A 10�mm wide groove in a cast iron part is machined using a slot milling operation 
as shown in Figure 2.38. The groove is made across the full 400�mm length of the part. The depth 
of the slot is 15�mm. A 200�mm diameter carbide brazed side milling cutter with 16 straight teeth is 

N, V
fr

La

15

10

FIGURE 2.38  Schematic representation of Example 2.8.
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selected. Each insert cuts the full width of the slot. The cutting speed is 80 m/min and the maximum 
uncut chip thickness is 0.2�mm for carbide tool material. Calculate

	 (a)	 The maximum feed rate (mm/min) possible if the machine spindle maximum available 
cutting power is 10 kW.

	 (b)	 The machining time to groove the part.
	 (c)	 Changes which would result if an indexable staggered tooth slotting cutter with 16 inserts 

is used.

Solution:

	 (a)	 The maximum feed rate can be obtained from the maximum allowable material removal 
rate calculated based on the available power. Estimating the speci�c energy for the work-
piece material from Table 2.1 to be 0.07 W · min/cm3,

	
P u P us s� � � � � � � �MRR MRR /  kW /  W min/cm  cm /min3 3( ) ( . ) .10 0 07 142 9

		  The maximum MRR is given by Equation 2.29. In slotting, the radial depth of cut (d) is 
measured along the cutting diameter (the cutter radial portion engaged in the workpiece), 
whereas the axial width of cut (b) is the same as the width of the slot. Thus,
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		  The feed rate for the cutter is given from Equation 2.20:

	
f f n Nt r t� � � � � � � � �/ 952 16 128 rpm 465 mm/rev/tooth/ .0

		  However, the maximum uncut chip thickness is 0.2�mm and based on Equations 2.22 
and 2.24, the maximum feed per tooth allowed for this particular cutter can be deter-
mined from

	

cos /max max
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ssin , sin . sin .max� �m t mf ahence / /  mm/rev/toot� � �� � �0 2 32 0 377 hh.

		  Therefore, the feed per tooth of 0.38�mm/rev/tooth is selected. This feed requires 8.2 kW 
or 82% of the available power.

	 (b)	 The cutting time is given by Equation 2.30. The approach distance La is given by Equation�2.31, 
while the overtravel distance is zero (or very small, 1–2�mm).

	
t L L fm e r� �� � � � �� � � � � � � ��� �� �/ . . .400 527 10 16 038 128 0mm / mm/min 5595 35 7min .�  s

		  A total of 10�mm for the approach and overtravel distance was added to avoid the tool hit-
ting the workpiece during the rapid travel.
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	 (c)	 Figure 2.39 shows a comparison of the straight toothed carbide brazed cutter (a) with 
the staggered tooth cutter (b). If the cutter has 16 inserts in total, the effective number of 
teeth is 8 because 8 inserts on one side of the cutter and 8 overlaping inserts on the other 
side are used to remove the full width of 10�mm. In this case, the feed rate is half of that 
for the carbide brazed cutter with 16 effective teeth. Hence, tm = (462.7�mm)/[(8) (0.38) 
(128�mm/min)] = 1.19�min = 71.3 s.

Example 2.9 The end face of a tube is face turned (a tube �ange operation) on a lathe, using a depth 
of cut of 8�mm, and the inside and outside diameters of the �ange are 100�and 200�mm, respectively. 
The tube is held with a hydraulic chuck at the other end as illustrated in Figure 2.40. The tube 
extends 500�mm from the lathe chuck and is made of aluminum. The maximum rotational speed for 
this application is 400 rpm, and the maximum feed for the particular tool geometry is 0.25�mm/rev. 
The side cutting-edge angle (lead angle) of the tool is 30°. Determine (a) the maximum power, 
(b)�the cutting time, and (c) the perpendicularity of the �ange (face) to the part axis.

Solution:

	 (a)	 The power required to perform a face turning operation is given by Equation 2.7. The 
MRR is calculated from Equation 2.6 with ft = 0.25�mm/rev and doc = 8�mm. The cutting 
speed varies as a function of diameter and the maximum occurs at the larger workpiece 
diameter or at the beginning of the cut:

	

MRR
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FIGURE 2.39  Comparison of slot milling cutters: (a) using an edge across the full width of the slot and 
(b)�a staggered tooth cutter. (Courtesy of Kennametal and Carboloy, Latrobe, PA.)
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FIGURE 2.40  Schematic representation of Example 2.9.
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		  The maximum power (P) required is

	
P us� � � � � � � �MRR  cm /min  W cm  kW3 3502 0 025 12 6( . min/ ) .

	 (b)	 The cutting time is given by Equation 2.5 with the length of cut equal to the thickness of 
the tube. Thus,
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	 (c)	 The perpendicularity error is equivalent to the de�ection of the tube under the cutting 
load (or the radial force). Generally, the radial force is less than 50% of the cutting force 
in roughing turning operations, although it can be equal to the cutting force in �nishing 
operations. Therefore, let’s assume the worse case scenario where the radial force is equal 
to the cutting (tangential) force. The cutting force is estimated from the power.
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Thus,

	 F F Fr c r� � .or  N3000

The de�ection at the tube at the end point (rigidly mounted to the machine spindle at the other end) 
is given by Equations 4.1 and 4.2:
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The face of the tube will exhibit taper (perpendicularity error with reference to the axis of the tube) 
if it de�ects during cutting. The taper of the face angle is calculated from the de�ection of the tube 
at the end of the face:
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The taper or perpendicularity error is 0.007�mm.

Example 2.10 A slot 12 mm wide by 3�mm deep by 80�mm long is rough broached in a cast iron 
part. The broach has a step per tooth of 0.1�mm with 12.5�mm pitch. The cutting speed is 25 m/min. 
Determine (a) The number of teeth on the broach, (b) the length of the broach, (c) the machining 
(cutting) time, and (d) the cutting force.
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Solution:

	 (a)	 Figure 2.18 shows the characteristics of a broach tool. The feed per tooth is equivalent to 
the step-per-tooth in a broaching operation because it determines the chip thickness. 
If ft�=�0.1�mm and d = 3�mm, the number of teeth is

	 n d ft t� � �/ /  teeth.3 01 30.

	 (b)	 The length of the broach is LB = pnt = (12.5)(30) = 375�mm
	 (c)	 The machining time is tm = (LB + Le)/V = (375 + 80)/(25 × 1000) = 0.018�min
	 (d)	 The workpiece is 80�mm long and the cutter has a pitch of 12.5�mm. Hence, the maximum 

number of teeth engage with the workpiece is

	
n L pte � �� �� � �� �� �int int / . ./  teeth80 125 7

The maximum depth engage of the broaching tool is de = nte ft = (7) (0.1) = 0.7�mm
The MRR is given by Equation 2.29,

	
MRR  mm/m  mm /min  cm /3 3� � � � � � � � � � � �d wVe 0 7 12 25 1000 210 000 210. , mmin.

The force can be obtained from the power, P = FcV. Hence,

	

F P V u Vc s� � � �
� � � � � � �

/ MRR

 cm /min  kW min/cm 60 s/min3 3

/

.210 0 07 // .25 35 3 m/min  kN� � �

Example 2.11 A 100�mm diameter hole is threaded for the �rst 30�mm depth using a 25�mm diameter 
solid carbide four-�ute thread-milling tool with three rows of teeth. The thread pitch is 3�mm. The 
allowable feed per tooth (chip load) in this case is 0.1�mm/rev, and the cutting speed is 100 m/min. 
Estimate the machining time.

Solution: The thread milling operation requires helical interpolation, which combines circular 
movement (interpolation shown in Figure 2.16) in one plane with a simultaneous linear motion 
perpendicular to the plane as shown in the Figure 2.41. Every tool orbit (on diameter Dx) represents 
a vertical movement of one pitch length.

Threading
tool

� · D x

Lx

p

Cutter
centerline
feed path

(orbit)

A

B

C
Travel distance Lx
for a single orbit 

FIGURE 2.41  Schematic representation of Example 2.10.
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The feed rate at the cutting edge (true feed rate) is given by Equation 2.52

	
f n f Nrt t t� � � � � � � � � � � ��� ��. /4 01 100 1000 25 mm/rev/tooth  rpm� �� � � 510 mm/min

The centerline feed rate is given by Equation 2.55. The major diameter of the thread is estimated 
from Equation 2.40
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The total travel length for the tool is estimated by calculating the time to complete a single orbit (as 
illustrated in the above �gure) during which three threads are cut and the number of orbits required 
to �nish the full threaded depth in the hole. The length of a single orbit is

	
L p D D D D Lx x x m x� � �� � � � � � � �2 2 2 1027 25 77 7 244� , . .  mm, and  mm

The number of orbits is

	 n L porbits � � � � �/( ) / [( ) ( )] . ,3 30 3 3 333

Hence, the number of orbits will be either three or four. The machining time is

	
t L f n L fm r x r� � � � � � � � � �/ / /orbits . min3 244 386 2 1

This computed time is for cutting and does not include the approach and exit distances for each 
orbit.

Example 2.12 A 30�mm deep hole is being drilled in a block of magnesium alloy with a 10�mm 
carbide drill at a feed of 0.3�mm/rev and at 200 m/min cutting speed. The drill point angle is 120°. 
Calculate (a) material removal rate, (b) cutting time, and (c) torque on the drill (N m).

Solution:

	 (a)	 MRR = (cross-section-area)(feed-rate)

	
MRR /  mm/rev  m/min  mm/m� �� �� � � � � � � ��p( ) . / ( )10 4 03 200 1000 102 ��� �� � 150 cm /min3

	 (b)	 The cutting time, is given by Equation 2.16, and let assume that the approach and over-
travel distance for the drill is �L = 3�mm

	

t L L f L D L f
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� � � �� �
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/ tan / .

� � /

 mm/r30 10 60 3 03 eev  rpm   s� � � ��� �� � �6370 0 02 12. min .
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	 (c)	 The torque can be estimated from the power required to drill the hole.

	

P u

P T T N

s� � � � � �

� �

MRR  cm /min  W min/cm  kW3( ) ( . ) .

( )

150 0 008 1 2
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� � ��

� � � � � � � �T P N/ ( ) / ( ) .2 1200 60 2 6370 1 8� � Nm/s  s/min  rpm  Nm

Example 2.13 A vertical surface grinding operation is being carried out with a 150�mm diameter 
wheel at 2000 m/min cutting speed. The depth to be ground is 0.2�mm with a grinding depth of 
0.01�mm per pass. The table traverse speed (feed rate of table or wheel) is 2200�mm/min. The length 
and width of the workpiece are 350 and 75�mm, respectively. Calculate the material removal rate 
and machining time.

Solution:

	 (a)	 The MRR for grinding is calculated using the same equations as for milling operations. 
In� this surface grinding operation the width of the wheel covers the entire part width. 
The�doc per pass is very small as is generally true in conventional grinding operations.

	

MRR  mm  mm/pass  mm/min

 m

� � � � � � � � �

�

bdf bdVr work 75 0 01 2200

1650

.

mm /min3

		  where d is the depth of the layer of material removed during one cutting pass (stroke).
	 (b)	 The time to travel across the part length (or perform one pass) is

	
t L D L fmp p a r� � �� � � � �� � �/  min/pass350 150 40 1650 0 33/ .

where
Lp is the part length
D is the wheel diameter
La is the overtravel distance from both ends of the workpiece

The total time to grind the full depth is

	
t

doc
d

t tm mp s� � � � �
( ) .

.
. . . mintotal 0 2

0 01
0 33 033 6 93

mm
mm

min/pass

where ts is the sparking-out time. In any grinding operation the doc during one cutting pass will 
initially be less than the nominal feed (d), in a direction normal to the work surface, setting on the 
machine. This infeed differential results from the de�ection of the machine tool spindle, column, 
and workpiece under the forces generated during grinding.

Example 2.14 A 75�mm diameter cast iron bar is cylindrically ground using a 150�mm diameter 
wheel at 2000 m/min cutting speed. The wheel thickness is 25�mm. The depth to be ground is 
0.2�mm with a grinding depth of 0.015�mm per pass. The wheel (table) traverse speed (feed rate) is 
1500�mm/min. The length of the bar to be ground is 200�mm. Calculate the power required to grind 
and the machining time.
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Solution: 

	 (a)	 MRR = �  � Dwdfr = � (75�mm)(0.015�mm/pass)(1500�mm/min)

	 MRR 53 cm /min3� .

		  The speci�c cutting energy for grinding should be much larger than that given in Table�2.1 
based on turning tests. Therefore, the value of 0.08 kW·min/cm3 for cast iron from 
Table�2.1�should be multiplied by �ve times for grinding operations for a rough estimate. 
Hence, the estimated power required is

	
P � � � � � � � � �MRR  cm /min  kW min/cm ) kW3 3us 5 3 5 008 2 12. ( . .

	 (b)	 The machining time is

	
t

d
t tm mp s� � � � �

( ) mm
mm

min/pass
doc total 0 2

0 015
0 155 2 0155 2

.
.

. ( . ) .338min

		  The time to travel across the part length (or perform one pass) is

	
t L W L fmp p w a r� � �� � � � �� � �/  min/pass200 25 8 1500 0 155/ .

2.14  PROBLEMS

Problem 2.1 A 1020 steel bar 150�mm in diameter is turned on an 12 kW lathe at 100 rpm and a 
0.5�mm/rev feed. The lathe has a 90% ef�ciency. What is the maximum depth of cut that can be 
used with this operation?

Problem 2.2 Estimate the machining time required for rough turning an 800�mm long, 100�mm 
diameter annealed 4240 steel bar using a carbide tool. Estimate the time for a ceramic tool.

Problem 2.3 Estimate the machining time required for rough turning the O.D. and facing the end 
of a 0.6 m long, 100�mm diameter 1040 steel bar using a carbide tool. The depth of cut for both 
operations is 1�mm. The maximum cutting speed allowed is 70 m/min, with a feed of 0.25�mm/rev.

Problem 2.4 The OD of a 250�mm long steel bar is being reduced from 95 to 90�mm by turning on 
a lathe. The spindle rotates at 450 rpm, and the feed rate (axial speed) of the tool is 250�mm/min. 
Calculate the cutting speed, material removal rate, time of cut, power required, and the cutting force.

Problem 2.5 A shaft of 1040 steel is grooved to a �nal diameter of 80�mm from and initial diam-
eter of 100�mm. The width of the groove is 5�mm. The maximum cutting speed for the cutting-tool 
material is 120 m/min with a feed of 0.25�mm/rev. Determine the chip area, material removal rate, 
power, and machining time.

Problem 2.6 A 200�mm long tapered shaft is generated from 1040 steel 80�mm round bar stock in 
a lathe. The small diameter is 40�mm. The taper is 10° included angle. The maximum depth-of-cut 
for a roughing operation is 4�mm, while for �nish cut it is 0.5–1�mm. The rapid travel feedrate is 
12,000�mm/min, the rough feed is 0.35�mm/rev, and the �nish feed is 0.1�mm/rev. The suggested 
cutting speed is 100 m/min. Determine the following:

	 (a)	 The number of passes from rough to �nish part
	 (b)	 The total machining time.
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Problem 2.7 One thousand gray cast iron bars 100�mm diameter and 300�mm long must be turned 
down to 65�mm diameter for 200�mm of their length. The surface �nish and accuracy requirements 
are such that a heavy roughing cut (removing most of the material) followed by a light �nishing 
cut is needed. The available maximum power of the lathe used for the roughing cut is 2.5 kW with 
an ef�ciency of 85%. The �nish cut has a feed of 0.13�mm/rev, a cutting speed of 90 m/min, and 
maximum power. Calculate the total production time in hours for the batch of work. Assume that 
the time taken to return the tool to the beginning of the cut is 3 s, the tool index time is 1 s, and the 
time taken to load and unload a workpiece is 2�min.

Problem 2.8 A 1 m diameter 6061 aluminum disc with a 300�mm diameter hole in the center is 
�xtured on the table in a vertical boring machine for a facing operation. The cutting tool starts to 
cut at the outside diameter and is fed toward the center (along a radius). A constant spindle speed of 
70 rpm is used, while the tool is fed at 0.25�mm/rev with a depth of cut is 6�mm. Calculate the fol-
lowing: (1) the machining time and (2) the power consumption at both the beginning and just before 
the end of the operation.

Problem 2.9 A hole is being drilled in a block of soft steel with a 12�mm drill at 100 m/min cut-
ting speed. The feed is 0.3�mm/rev and the hole depth (not including the drill point) is 25�mm. 
A� standard solid carbide drill is used with a 120° point angle. Calculate the power and torque 
required for drilling and the machining time.

Problem 2.10 Calculate the time to drill a cored hole through a cast iron workpiece with a solid car-
bide three-�ute drill that has a point angle of 120°. The thickness of the part at the drilling location 
is 50�mm. A 30�mm diameter drill is used to enlarge a 15�mm hole. The recommended cutting speed 
for a carbide drill is 80 m/min at a feed of 0.12�mm/rev/�ute. Also calculate the material removal 
rate (MRR) and the torque required at the drill point.

Problem 2.11 The hole generated in Example 2.10 is reamed with a 30.5�mm eight-�ute reamer. 
The feed for the reamer is 0.1�mm/tooth. The recommended cutting speed is 70 m/min. Calculate 
the machining time and power required for this operation.

Problem 2.12 A peripheral (slab-) milling operation is being carried out on a 600�mm long, 50�mm 
wide steel block at a feed of 0.15�mm/tooth and depth of cut of 10�mm. The hardness of the steel 
is approximately 30 Rc. A 200�mm diameter staggered tooth side cutter with 20 inserts is used at 
250�rpm. The number of effective teeth is only one fourth the total number of teeth in the cutter 
(see Example 2.8). Calculate the material removal rate and cutting time, and estimate the power and 
torque required by the machine tool spindle.

Problem 2.13 A face milling operation is being carried out on a 500�mm long by 50�mm wide 
rectangular block of stainless steel. A 200�mm diameter face milling cutter with 10 inserts is used 
to machine the top 2�mm on the surface of the workpiece. The cutting parameters are 300�mm/min 
feed rate and 200 rpm on the spindle. Calculate the material removal rate, cutting time, and feed per 
tooth, and estimate the power required.

Problem 2.14 A face milling operation is being performed on an 80�mm wide aluminum part with a 
300�mm diameter cutter. The feed per tooth is 0.2�mm and the depth of cut 8�mm. The cutter center 
is offset 20�mm from the workpiece centerline. The cutter has 12 inserts.

	 (a)	 Determine the uncut chip thickness
	 (b)	 Indicate in a graph the variation of uncut chip thickness on one tooth over two revolutions 

of the cutter.

Problem 2.15 Estimate the machining time required for tapping a hole at 20�mm deep with an 
M12�×�1�mm tap. A HSS cutting tap is used at 12 m/min cutting speed. What is the material removal rate?
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Problem 2.16 A 100�mm diameter hole is threaded for the �rst 30�mm depth using a 25�mm diam-
eter solid carbide four-�ute thread milling tool with a single row of teeth. The thread pitch is 3�mm. 
The allowable feed per tooth (chip load) in this case is 0.1� mm/rev, while the cutting speed is 
100�m/min. Estimate the machining time.
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3 Machine Tools

3.1  INTRODUCTION

In addition to the workpiece and its �xture, there are three major components of a machining system: 
the machine tool, the cutting tool, and the toolholder. This chapter describes machine tools used to 
perform the various operations discussed in Chapter 2. Cutting tools are described in Chapter 4, and 
toolholders and �xtures are discussed in Chapter 5.

There are three principal types of machine tools. Conventional machine tools are designed to 
perform one or several operations on a variety of parts. These tools were developed early in the 
industrial revolution (as discussed in Chapter 1) and are still found in every machine shop, where 
they are used for general purpose machining of small lots of parts and for repair work. Their capa-
bilities have been greatly enhanced by the advent of numerical control, which became available on 
most machine tools during the 1970s. Conventional machine tools were described in connection 
with basic machining operations in Chapter 2 and will not be discussed further in this chapter.

Production machine tools also called special purpose machines are used in high-volume manu-
facturing systems to perform one or a sequence of operations repetitively. They can be adapted for 
more than one part of the same family, but the changes required to switch from one part to another 
are usually time-consuming and uneconomical. Larger machines of this type are generally com-
posed of a series of simpler machines or mechanisms, which resemble conventional machine tools, 
integrated with an automated materials handling system. Because of their lack of �exibility and 
large capital costs, they are only used when thousands of identical parts are required. Production 
machine tools are described further in Section 3.2.

CNC machine tools (machining and turning centers) are numerically controlled machine tools, 
which move cutting tools along complicated paths, often involving simultaneous motions of mul-
tiple axes, according to a stored program. CNC machine tools are �exible and can produce very 
complex parts in quantity with consistent quality and repeatability. They have traditionally been 
used for low or medium production volumes but have found increasing use in automotive and other 
high-volume applications in the last 15�years. Scalable manufacturing systems are easily designed 
using CNC machines. They are described further in Section 3.3.

Following descriptions of the principle types of machine tools, common designs of basic machine 
elements, including machine tool structures, slides and guideways, axis drives, spindles, coolant 
systems, tool changers, and pallets, are described in Sections 3.4 through 3.10. Only brief descrip-
tions intended to acquaint end users of machine tools with the requirements of each element and the 
designs currently available are given. More detailed descriptions of each component are available 
in books on machine tool design [1–6]. Energy use in CNC machines is discussed in Section 3.11.

3.2  PRODUCTION MACHINE TOOLS

Most parts have a number of machined features and therefore must be produced on a group of 
machine tools arranged in a system. For parts required in high volumes, a number of specially 
designed machine tools may be grouped on a common base or connected by automated materials 
handling, coolant delivery, and swarf handling equipment to form a dedicated machining system. 
It is common to call these systems production machine tools, although in reality they are composed 
of a grouping of simpler tools or stations.
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The most common types of production machine tools feature automated part transfer between 
stations and are called transfer machines. There are two basic classes of such machines: rotary 
transfer machines and in-line or conventional transfer machines [7–10].

A common type of rotary transfer machine is the rotary indexing system, in which parts are 
mounted on a horizontal table or dial and transferred by rotation through various machining sta-
tions arranged around the table (Figure 3.1a). Stations are con�gured to perform speci�c operations 
repeatability and are often numerically controlled. A trunnion or vertical drum can be used instead 
of a table if the parts require machining on opposite sides or at compound angles. In a dial system, 
rotations are of a standard length. Dial systems provide two access planes and a limited number of 
stations and cannot be expanded by adding additional stations. The European rotary type provides 
three access planes. A variation of the dial system is the prism system composed of �xtures that 
advance in a horizontal plane between workstations. Prism systems allow the rotation of individual 
pallets so that parts can be machined on multiple surfaces.

Center column systems (Figure 3.1b) are similar to rotary indexing systems but have machining 
stations mounted on a central column. In this base con�guration, they have a small footprint rela-
tive to the volume of material they remove. They can accommodate more operations than conven-
tional rotary indexing systems if additional spindles or slides are mounted around the periphery; 
in this con�guration, they provide three access planes. They are more dif�cult to maintain than 
rotary indexing systems since mechanisms in the center column are often dif�cult to access, and 
in addition, they often have top-mounted motors. Generally, rotary indexing systems are used for 
small or light parts, while center column machines are favored for heavy parts or parts with greater 
machined content.

Conventional or in-line transfer machines (Figure 3.2) are dedicated systems designed to pro-
duce a single part in large volumes (e.g., >25,000/year). Since their output is high, the investment 
cost per part is relatively low, especially if the part is produced for several years. They consist of 
stations connected by an automated part transfer system. There are three conventional types of part 
transfer: sliding transfer, palletized transfer, and walking-beam or lift-and-carry transfer. In sliding 
transfer (Figure 3.3a), the part is moved on rails or rollers by an indexing bar and is located and 
clamped at each station in turn. Sliding transfer is used especially for heavy iron or steel parts, such 
as engine blocks and motor housings. In palletized transfer (Figure 3.3b), the part is located and 
clamped on a traveling pallet, which is moved between stations by an indexing bar or moving chain. 
This method requires more investment and (frequently) �oor space since some provision for pallet 
return must be made but is preferred for relatively compliant parts such as aluminum transmission 
cases. In lift-and-carry transport, the part is moved by a gantry or linkage; this method is particu-
larly suited to small or irregularly shaped parts such as connecting rods and crankshafts. Other 
parts of a transfer machine include the center bed, which contains the transfer and swarf handling 
mechanisms, wing bases, tool driving heads, and load/unload equipment (Figure 3.4). Types of tool 
driving heads include milling heads, drilling and boring heads, and multispindle drilling heads 
as described in older books [8–12]. The dimensions and utility connections of these components 
have been standardized in both the United States and Europe so that machines can, in principle, be 
assembled modularly from basic components (Figure 3.5).

Conventional transfer machines are well suited for manufacturing products with long market 
cycle lives (greater than 5�years). They use well-established machine technologies but generally 
have little provision for adjustment. To operate economically, transfer machines require accu-
rate preplanning of the product design and accurate forecasts of market demand. In addition to 
their lack of �exibility, which can lead to excessive new product lead times, a major disadvan-
tage of conventional transfer machines is that they are serial systems, and thus do not run when 
any of the stations need repair or a tool change. Due to this limitation, large systems are often 
operating roughly 60% of the time. One strategy to improve machine utilization is to break 
large systems up into smaller subsystems with intermediate parts buffers, but this increases 
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(a)

(b)

FIGURE 3.1  Rotary transfer machines. (a) Rotary indexing system. (From Moss Group Automation, 
Annesley, Nottigham, U.K.) (b) Center column system. (After Charman, B.W., Special Purpose Production 
Machines, Crosby Lockwood & Son Ltd., London, U.K., 1968.)
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FIGURE 3.2  Conventional in-line transfer line. (Courtesy of MAG Automotive, Sterling Heights, MI.)
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FIGURE 3.3  Automated part transfer system used in transfer lines: (a) sliding transfer and (b) palletized 
transfer. (After Lloyd, E.D., Transfer and Unit Machines, Industrial Press, New York, 1969.)
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FIGURE 3.4  Cross section of a palletized transfer line showing the pallet, bed, wing bases, tool driving 
heads, swarf conveyor, and pallet return method. (After Lloyd, E.D., Transfer and Unit Machines, Industrial 
Press, New York, 1969.)

FIGURE 3.5  Basic modular elements for transfer systems, with decentralized electrical control, decentral-
ized �uid power, and perimeter guarding. (Courtesy of MAG Automotive, Sterling Heights, MI.)
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in-process inventory and may reduce quality and increase repair costs if out-of-tolerance condi-
tions are not noticed promptly in any subsection.

In recent years, a number of technologies have been applied to in-line automated production 
systems to improve �exibility and dimensional capability. A convertible transfer line operates 
like a dedicated line for one part but is designed to accept a de�ned range or family of parts 
(e.g., iron and aluminum versions of an engine block, or six and eight cylinder versions of an 
engine head). A�convertible system allows �exibility in producing parts within a family based 
on changing demand with minimal loss of production time. Convertible systems can typically 
be switched over from one part to another in a few days, compared to several months for a con-
ventional system (assuming the conversion is even feasible). Convertible transfer machines are 
designed for part volumes similar to those for conventional transfer machines but have lower part 
life cycles times. They may also run a mix of part types simultaneously, with volumes of each part 
adjusted based on market demand. A convertible system requires additional initial investment and 
accurate preplanning. It is especially desirable to use a common locating scheme for all parts to 
minimize �xture rework and to standardize hole diameters so that common tooling can be used.

A �exible transfer line (FTL) is a production system designed for high-volume production, which 
is capable of producing a family of similar parts with unplanned changes or additional machined 
content. The life cycle of individual parts can vary from a few to several years as long as there is suf-
�cient �exibility to fully utilize the system for 10–15�years. Such systems allow new products of the 
same family to be introduced quickly without major retooling. The changeover time between different 
products is usually a few hours, depending on the number of workstations involved and the available 
�exibility. Flexible transfer machines are well suited to applications in which a few similar parts are 
required in high volumes (e.g., >50,000/year), as is often the case in automotive powertrain and com-
ponent production. Flexible transfer lines require a signi�cant initial investment premium compared to 
conventional transfer machines and still require accurate part planning and market forecasts to oper-
ate economically. Currently, �exibility is commonly accomplished by using machining stations with 
indexable heads (turrets) or shuttle heads, each �tted with a number of different tools. CNC machines 
have also been used in FTLs, making them similar to the agile production systems described in the 
next section, although machine layout (serial vs. parallel) is generally different from that in an agile 
cell. In addition to requiring a signi�cant premium in initial investment, �exible systems increase 
machine structural and �xture complexity and often required tooling and gaging inventories.

Product design is much more critical for FTLs than for conventional lines. Part features should 
be grouped and commonized so that a large number of features can be machined with single spin-
dles. This means, for example, that the holes in the part should all have the same diameter so that 
they can be drilled using the same tool to reduce the number of tool changes [13]. Other methods 
for increasing the production rate of an FTL include the use of multiple independent spindles for 
machining to minimize machining time or the use of multiple spindles with multiple part loading 
(e.g., twin spindles with dual part loading).

Automatic lathes, such as screw machines, bar chuckers, drum- and Swiss-style automatics, 
and vertical turret lathes comprise another class of production machine tools still encountered in 
older operations. These machines, which are described in detail in the literature [2,9,10], have been 
replaced in many recent applications by the CNC turning centers described in the next section. CNC 
Swiss machines are still widely used in the manufacturing of small parts.

3.3  CNC MACHINE TOOLS AND CNC-BASED MANUFACTURING SYSTEMS

3.3.1 G ENERaL

Most machine tools built since 1980 are numerically controlled machines. The basic components 
of an NC control system are the program of instructions (also called the part program or G-code), 
the controller itself, servo drives for each axis of motion, and feedback devices for each axis of 
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motion [14,15]. The controller commands the servo drives to move the machine axes to drive 
the tool along the tool path speci�ed in the part program. Both linear and rotary motions can be 
precisely controlled simultaneously.

NC systems can be classi�ed by the method used to control machine slides, the number of axes, posi-
tional information, the feedback mode, the interpolation method, or the data format. Machining centers 
with �ve, seven, or more axes, which can generate very complex surfaces that cannot be produced with 
conventional machines, are available. Naming conventions for axes and common structural con�gura-
tions are described as follows. The methods available for controlling the relative motion of axes are the 
following: (1) point-to-point (usually for two-axis machines such as drilling machines with single- or 
dual-axis control); (2) straight cut (control along a path parallel to a linear or circular machine way); and 
(3) continuous path or contouring (continuous control along a path in two or more axes). These three 
types require an increasing level of control sophistication. The positional information is either absolute 
(predetermined or �xed datum) or incremental (referenced from the current position).

Absolute control systems are closed-loop systems, which rely on angular encoders or linear dis-
placement encoders to determine absolute axis positions; feedback from the encoders is continuously 
compared to a reference value by a microprocessor, which adjusts the slide speed to eliminate deviation 
between the absolute position and the reference value. Incremental control systems can be either closed- 
or open-loop systems. A closed-loop incremental control system uses an incremental displacement 
encoder, which produces pulses corresponding to the smallest measurable unit of displacement, which 
are counted by the microprocessor and compared to the reference distance. The slide is stopped when 
the counter reaches the reference distance. An open-loop incremental control system operates without 
feedback; a stepping motor is used as an actuator that receives the number of pulses corresponding to 
a speci�ed displacement directly from the controller. If power is lost, the operation may be resumed 
without re-zeroing with an absolute control system; re-zeroing is required with an incremental system. 
An open-loop control system has better dynamic characteristics than a closed-loop system but does not 
provide positional veri�cation. Closed-loop systems with dynamic error compensation are required for 
high-speed contour milling. The communication rate for each individual axis processor for the servo 
interface can be the determining factor for the maximum cutting rate.

Historically, all controllers were proprietary or closed-architecture computers. Although pro-
prietary controllers still exist, there has been a recent trend toward open-architecture controls in 
which control logic software can be run on a number of platforms, including standard Windows-
based PCs. Often, open control means using PC front ends and interfaces to proprietary machine 
tool controls that have full connectivity via standard networking and communications protocols. 
Open controls are enabling machine tools to take advantage of the latest software, networking, 
and operating system technologies, and to communicate with open-architecture factory automation 
software, resulting in more �exibility. More detailed descriptions of these components and NC sys-
tems are available in the literature [1,2,5,16–22]. Regardless of whether the controller has an open 
or closed architecture, in most contemporary machines it communicates with ancillary equipment 
controls or an on-board programmable logic controller (PLC).

3.3.2 T YpES OF CNC MaCHINES

There are two general classes of CNC machine tools: CNC lathes or turning centers, which perform 
turning, boring, facing, threading, pro�ling, and cutoff operations, and CNC machining centers, 
which are used primarily for milling, boring, drilling, and tapping.

Figure 3.6 shows a typical CNC turning center. Figure 3.7 shows the typical interior structures. 
In most CNC lathes, tools are held in a turret, which rotates to bring a speci�c tool to bear. The 
turret is commonly mounted on a slant bed slide, which sheds chips into the bottom of the machine. 
All CNC lathes have a headstock with spindle, and most have a tailstock. Turning centers usually 
used quick-change modular tooling. In addition to standard CNC turning centers, there are a num-
ber of advanced types with additional capabilities. CNC automatics are similar to turning centers 
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but include more axes, rotating tooling (live tooling), and multiple slides and spindles. Figure 3.8 
shows the interior of a CNC automatic with two spindles and two turrets. These machines are also 
called multifunctional machines or mill-turn machines when they are equipped with live spindles in 
the turret. On CNC automatics, a job can be divided into segments so that many tools can work on 
different areas of a workpiece simultaneously. Cycle times can thus be shorter than on CNC lathes, 
and idle time for part setup and handling is often reduced. They are especially useful for �nishing 
smaller parts with limited machined content in a single setup. However, they often cannot be used to 
produce highly precise parts because they generally do not have �ne controller resolution. As noted 
earlier, CNC lathes and automatics are modern equivalents of cam-driven screw and bar machines, 
which they have largely displaced.

Machining centers are usually classi�ed by spindle orientation (vertical or horizontal) and the num-
ber of axes controlled. On a vertical spindle machine, the workpiece is mounted on a horizontal bed; 
on a horizontal spindle machine, the workpiece is usually mounted on a vertical �xture or table, which 
is more compliant. Vertical machines are preferred for large workpieces, �at parts, and especially 
for contoured surfaces in dies so that the thrust force is absorbed directly by the bed of the machine. 
Vertical gantry or bridge-type milling machines are used for very large workpieces because their 

FIGURE 3.6  A CNC turning center with a main spindle and a subspindle for second-side capability, a rotat-
ing tooling turret, and a contouring C-axis. (Courtesy of Cincinnati Milacron, Cincinnati, OH.)

FIGURE 3.7  Interior view of slant bed CNC lathe showing turret, headstock, and tailstock.
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two-column design gives greater stability to the cutting spindle(s). Horizontally con�gured machines 
are more versatile because four sides of the workpiece can be machined without re-�xturing if a rotary 
indexing worktable is available. Horizontals are �nding increasing use in surface machining, since 
they provide increased access on larger complex parts and have less restriction on vertical height of 
the workpiece. Horizontal machines are preferred for untended use since they allow for easy chip and 
coolant evacuation. In North America, horizontal machines are often preferred in high-volume appli-
cations for increased ease and safety of maintenance. Horizontal machines are also often preferred 
for dry or minimum quantity lubrication (MQL) applications since they can be adapted to eliminate 
chip accumulations in the work zone more easily. Universal machines have heads that rotate to act as 
a horizontal or a vertical machine. The combination of tilts and swivels available in the spindles and 
tables allows the workpieces to be addressed at various compound angles.

Figure 3.9 shows the common nomenclature for axes and rotations. The primary axis directions 
on the machine are designated by the Cartesian coordinates X, Y, and Z. The corresponding rotary 

FIGURE 3.8  Interior view of CNC turning center with two turrets and two spindles.
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FIGURE 3.9  Axis nomenclature for CNC machines. The XYZ axes generally refer to machine column 
motions, while the UWV (or X�Y�Z�) denote motions of the table or other components.
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axes are A, B, and C. Secondary linear axes aligned to X, Y, and Z, often on a table, are called U, V, 
and W or X�, Y�, and Z�. The Z-axis is commonly aligned with the spindle, whether the spindle is 
horizontal or vertical. On a horizontal machine, the Z-axis may correspond to motion of a spindle 
carried in a column, and the W-axis may refer to motion of a table toward a stationary spindle or the 
extension of a quill from a stationary spindle.

Conventional three-axis machines most commonly have a vertical spindle and three linear axes 
(X,� Y, Z) but may have two linear and one rotational axis. Typical con�gurations are shown in 
Figures�3.10 and 3.11. Horizontal spindle three-axis machines are sometimes used for drilling, mill-
ing, and tapping large workpieces. Four-axis machines typically have three linear axes and a rotational 
axis on the work table. Horizontal spindle machines often have a B-axis table as shown in Figures 
3.12 through 3.14. Horizontal spindle four-axis machines with A-axis tables or trunnions are used in 
dry and MQL machining applications since they permit the part to be machined upside down to clear 
chips by gravity (Figure 3.15). Vertical spindle four-axis machines commonly have an A-axis trunnion.

Five-axis machining centers are used for contour surface machining on components such as 
molds, dies, and airfoils and for positioning on workpieces requiring machining on multiple sides 
or at compound angles. Five-axis machining is essential for the �rst class of applications and often 
provides reduced cycle times and increased accuracy for the second. Five-axis machines have three 
linear and two rotational axes, with rotations being performed by a table, the spindle, or both. They 
are often built up by adding rotary axes to three-axes horizontal or vertical machines. Common 
con�gurations include a B-axis table mounted on an A-axis trunnion (B over A), shown in Figures 
3.16 and 3.17, and a C-axis table mounted on a B-axis table (C over B), shown in Figure 3.18. These 
con�gurations are well suited to machining smaller parts, and the choice of a particular con�guration 
depends on the workpiece dimensions and orientation, the required axis motions, �xturing, and the 
available base machine tools. Axes may also be added to the spindle, using a fork and swivel mecha-
nism or a nutating head (Figures 3.19 and 3.20). This approach is common on large machines, since 
it is often not practical to precisely rotate large workpieces [23].

FIGURE 3.10  Solid base, �xed column vertical spindle three-axis machining center. (Courtesy of Cincinnati 
Milacron, Cincinnati, OH.)
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FIGURE 3.11  Solid base, �xed column vertical spindle three-axis machining center with Z-axis travel 
(vertical movement on spindle head), X-axis travel (longitudinal movement of table), and Y-axis travel (cross 
movement of saddle). (Courtesy of Mori Seiki Co., Ltd., Nagoya, Japan.)
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FIGURE 3.12  A horizontal spindle traveling column four-axis machining center with rotary table; Y- and 
Z-axis motions are performed by the column while the X-axis motion is provided by the table. (Courtesy of 
Toyoda Machinery USA, Inc., Arlington Heights, IL.)
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FIGURE 3.13  A horizontal spindle traveling column machining center with X-axis travel (longitudinal 
movement of the column), Y-axis travel (vertical movement of the spindle head), and Z-axis travel (cross 
movement of the table). (Courtesy of Mori Seiki Co., Ltd., Nagoya, Japan.)

FIGURE 3.14  A moving column high-speed four-axis machining center with the Z-axis on a horizontal ram 
and a B-axis table. (Courtesy of Ingersoll Milling Machine Co., Rockford, IL.)
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FIGURE 3.15  Horizontal spindle four-axis machining center with A-axis table that can be inverted for MQL 
machining. (From GROB, Mindelheim, Germany.)
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FIGURE 3.16  Horizontal spindle �ve-axis machining center with a B-axis table mounted on an A-axis trun-
nion. (Courtesy of MAG Automotive, Sterling Heights, MI.)



96 Metal Cutting Theory and Practice

FIGURE 3.17  A �ve-axis machine using an integral tilt trunnion rotary table with 150° of motion on the 
A-axis (+30° to �120°) combined with a B-axis.
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FIGURE 3.18  Five-axis bar machining center capable of �ve-sided machining with one clamping. The Y- and 
Z-axis motions are provided by the table while the X-axis motion is performed by the column. The workpiece 
carrier has a B-axis with a swiveling range of 270° and a C-axis with a swiveling range of 360°. (Courtesy of 
Hermle Machine Company LLC, Franklin, WI.)
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FIGURE 3.19  Spindle head styles for a �ve-axis system using a vertical spindle—�xed column machining 
center. (a) B-axis, (b) B-axis, (c) A-axis, and (d) Fork-head: C-axis and A-axis. (Courtesy of DMG Chicago, 
Inc., Hoffman Estates, IL, and Fidia Co., San Mauro Torinese, Italy.)
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FIGURE 3.20  Schematic diagram of modular servo axes. The basic unit (X,Y,Z) carries the tool, the B and C axes 
are on the spindle, and A/C axes are on an indexing head with a vertical rotational axis, a horizontal swivel head, 
and a horizontal E. (Courtesy of Klinx Hochgeschwindigkeitsbearbeitung GmbH, HSC, Chemnitz, Germany.)
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Hybrid machining centers combine the functions of turning centers and conventional machining 
centers, providing the ability to complete all machining operations for many classes of parts in a 
single setup. In one example (Figure 3.18), a tilting milling spindle is used to enable both horizontal 
and vertical machining operations as well as boring and milling on multiple faces. This type of 
machine can perform turning, milling, drilling, contouring with the C-axis, off-center machin-
ing with the Y-axis, milling of angled surfaces with the B-axis, grinding, and other operations. 
Such machines may be called multitasking turning centers because in addition to the traditional 
X- and Z-axes, they incorporate the Y-axis and rotary C- and B-axis for tilting the turret. As with 
the mill-turn machines discussed earlier, such machines can reduce cycle/lead times and work-in-
process inventory, save up setup and queue time, and potentially improve part quality by eliminat-
ing re�xturings.

The capabilities of machining centers are characterized by maximum spindle RPM, power, and 
torque versus speed curves, spindle size, and toolholder adaption (Chapter 5), axis drive motor 
power, rapid feed rate, fastest cutting federate, structural properties (stiffness, damping, etc.), work-
space size, and support for networking.

High-speed machining centers (HSMC) operate at spindle speeds of 20,000–40,000 rpm, 
have high-acceleration/-deceleration (acc/dec) spindles (i.e., 1.5 s from 0 to 20,000 rpm), high-
speed (>200 m/min) and high-acc/-dec (>2 g) slides, and high-speed control systems. High-speed 
machines usually offer lower torque at high speeds than conventional machines at lower speeds 
(i.e., in one case, a 30,000 rpm/20 kW speci�cation yields 6.4 N m torque available at 30,000 rpm 
and 29�N�m at 2,500 rpm), and therefore, the allowable depth of cut is often reduced at higher 
speeds. Some manufacturers offer higher torque, lower-speed spindles for hard metal machining as 
an option on base high-speed machines. HSMCs have tighter requirements with respect to machine 
tool characteristics, spindle, toolholder, and cutting tool interfaces and balance, vibration charac-
teristics, and control systems. Toolholder and tool characteristics for HSMCs are further discussed 
in Chapters�4�and�5. Spindle, toolholder, and cutting tools have special requirements for coolant 
application to ensure the coolant is effective at the cutting zone. Dry machining is preferable when 
feasible in HSMCs to avoid high-pressure and high-volume coolant supply systems possibly gener-
ating unbalance at higher speeds. High-speed and high-precision machines require highly rigid feed 
drive systems and high-speed interpolation control.

In HSMCs, the machining time for one part feature may be signi�cantly lower compared to 
a conventional machine. The machining time is typically one-third of the total time, with the 
remainder being used for machine travel, tool changes, spindle acceleration/deceleration, and 
pallet changes and rotations. As a result, high production rates are best achieved by reducing the 
noncutting time, and HSMCs permit reduction of noncutting time components due to their fast 
acceleration capabilities. Continuously raising the cutting speed proves cost-effective in just a few 
applications, such as aerospace applications in which parts are machined from billets or rough 
forgings.

As an example, a time study comparison of a standard CNC machine, a conventional (STD) 
HSMC, and an advanced HSMC in machining an aluminum automotive part is summarized in 
Table 3.1. The cutting time for the advanced HSMC is improved signi�cantly compared to the STD 
HSMC because the process is changed somewhat so that different diameter holes are machined 
with a single end mill and multifunctional tools. The number of tools was reduced from 17 to 12. 
The positioning time was found to be the largest contributor to productivity improvement, with the 
cutting time the second contributor.

Drive dynamics and the dynamic characteristics of the machine structure are also important in 
HSMCs. High-speed machining or �ve-axis machining requires control with look-ahead capability, 
acceleration and deceleration control, and collision detection. Look-ahead capability allows the 
CNC to read ahead a certain number of blocks in the program, in order to slow down the feed rate 
at anticipated sudden tool path direction changes. Nurbs interpolation has been used to interpolate 
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the tool path so that the control system can change direction along the curve more gradually using 
a high average feed rate.

CNC machines allow for operations to be combined using combination tooling since variable 
speeds and feeds are available. High-speed interpolation capability also increases tool �exibility 
and can lead to reduced tool counts.

Machine tools for large parts have special design requirements that differ substantially from 
those for traditional machine tools [23]. Such machines range from 2�mm to 10 m long or 1.3 to 6 m 
diameter. Major structural con�gurations for these machines are discussed in Section 3.4.

3.3.3 CNC -BaSED MaNUFaCTURING SYSTEmS

CNC machine tools can be grouped into serial or parallel production systems. In earlier practice, 
these systems were used for low to medium batch production, but they have recently become more 
common in mass production because they permit increased �exibility, allow for a diverse product 
mix with frequent design changes, and� can be operated pro�tably at reduced part volumes.

Common types of CNC-based manufacturing systems include Cellular Manufacturing Systems 
and Flexible Manufacturing Systems. A cellular manufacturing system (CMS) is designed to pro-
duce a family of parts of similar shapes. Machine tools are arranged in cells, which may consist 
of one or several stations linked by a common control system. A cell can continue to function 
regardless of the state of the other cells and systems, as long as it has the necessary parts and tools 
available. A CMS is well suited for the multiproduct, small-lot-sized production requirements of 
a traditional machine shop, but they are also used for dedicated production of a family of parts. 
Various group technology concepts and schemes have been applied to manufacturing cells [24,25]. 
Considerable research on optimizing CMS operations to minimize intercell part �ow requirements 
has also been carried out [26–28]. In designing a CMS, it is often useful to start with a single 
machine (see Figure�3.21) and add capability as required. Additional machines can be added later 
as long as they have standard interfaces, which allow additional software modules and material 

TABLE 3.1
Comparison of Very-High-Speed Machining for Manufacturing an Aluminum Part

Functions STD CNC STD HSM Advanced HSM 

Spindle (rpm) 12,000 15,000 20,000
Acceleration X-, Y-, Z-axes (g) 0.7 1.5 2
Rapid feed rate (m/min) 50 90 120
Reaches top slide speed in traveling (mm) 70 150 200
Table indexing time at 90° (s) 3.0 1.9 0.8
Table indexing time at 180° (s) 4.5 2.5 1.0
Table indexing time at 270° (s) 5.0 3.1 1.3
Tool changing time (ATC), tool-to-tool (s) 1.5 1.5 1.2
Tool changing time, chip-to-chip (s) 4.5 2.8 2.4
Number of tool used to process all features 17 17 12

Results
Cutting time (s) 131 113 97
Positioning time (s) 130 74 55
ATC time (s) 25 25 17
Table indexing time (s) 23 14 3.6

Total time (s) 309 226 173
Productivity 100% 137% 179%
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handling devices to be considered. Open architecture in cell controllers has been the major con-
tributor to the implementation of cellular systems.

A �exible manufacturing system (FMS) [29–39] consists of a number of �exible machining cells 
or CNC machines. In principle, an FMS can handle a variety of similar or dissimilar part designs and 
can enable new product designs to be introduced quickly without disturbing the production of other 
parts. An FMS should thus make possible improved machine utilization, part scheduling ef�ciency, 
and part quality, as well as reduced scrap, in-process inventory, and part setup and handling time.

FMSs require an investment premium over conventional dedicated systems, which limit their 
range of application. Many FMSs currently in operation have been specially designed for unique 
customer requirements and are used to produce a family of similar parts. They are �nding increas-
ing application in automotive powertrain machining since they can produce multiple variants simul-
taneously and can easily adapt to product design changes. In such high-volume applications, an FMS 
generally requires dedicated �xturing and materials handling equipment at signi�cant expense. 
There are many technical challenges to be considered in developing increasingly useful FMSs, such 
as tool condition monitoring, chip control, machine diagnostics, adaptive control, automated tool 
and pallet handling, and �exible �xturing (Chapter 5).

An advanced type of FMS subject to recent research is a recon�gurable manufacturing system 
(RMS) [40–43]. In a conventional FMS, machine tools have �xed capabilities, with parts being 
routed to the necessary machines by the system automation software. It is dif�cult to adapt such sys-
tems to major part design changes, which require a different mix of machine capabilities. An RMS 
uses modular system components including recon�gurable machines and recon�gurable control-
lers, as well as methodologies for their systematic design and rapid ramp-up, which lead to reduced 
costs and times for retro�tting and conversion.

Another type of FMS is an agile manufacturing system, which conceptually can reallocate pro-
duction line capacity to products that are in higher than expected demand, rapidly launch new 

FIGURE 3.21  A single station palletized CMS. (Courtesy of Cincinnati Milacron, Cincinnati, OH.)
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products, and yet retain production ability for other products with lower expected demand [44–53]. 
The distinction between an agile and a �exible system is not rigorously de�ned in the literature, but 
it is generally understood that an agile system is a �exible system in which the machines can be 
rearranged and reused for a different product. In the broadest sense, agile manufacturing strategies 
are enterprise-wide, covering design, marketing, etc., in addition to production [54–57]. A number 
of CNC-based machining systems referred to as agile systems have been installed, primarily in 
automotive production [58–62] and also in munitions [63] and other sectors.

Typically cited advantages of agile systems include ease and speed of installation, scalability, 
reusability, and recon�gurability.

Scalability means that additional increments of production capacity (e.g., cells) can be added 
without disrupting ongoing production. Speed of installation (on the order of weeks, rather than 
months) is required to respond to market changes rapidly. Recon�gurability in this context implies 
that machines can be rearranged to make a different product without excessive changeover time but 
not necessarily recon�gured with different modular components. Reusability is required to mini-
mize investment over time. Speed of installation, recon�gurability, and reusability are all facilitated 
through the use of standard machining centers as system building blocks.

Many agile systems in automotive production use four-axis machining centers with horizontal 
spindles and B-axis table rotation capability that allows multi-side machining as shown in Figure 3.22. 
(Other�con�gurations, notably horizontal four- and �ve-axis A-axis machines, are also widely used.) 
This architecture is a good compromise between �exibility and cost. Horizontal spindles are pre-
ferred because they are comparatively easy to repair and maintain and because they simplify chip 
management, especially in dry or MQL machining. Four-axis capability is required for complex 
parts; for example, cylinder head machining requires B-axis capability to process angular intake 

FIGURE 3.22  A tombstone �xture offers multi-side machining capability when used in a horizontal CNC 
machine with B-axis (table rotation).
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and exhaust features without excessive re�xturing as shown in 3.22. In this case, cylinder heads are 
located horizontally for multiple part �xturing to reduce tool change times and improve productiv-
ity. A second example is shown in Figure 3.23, in which three- and �ve-axis machines are used to 
provide the required agility at minimum cost. The same process using parallel processing with �ve-
axis machines would require more machines but would be linearly scalable.

Flexibility, recon�gurability, and reuse of equipment have been demonstrated in existing sys-
tems. Systems that make more than one product with minimal changeover time have been in opera-
tion for many years, and machinery from some older systems has been redeployed to create new 
systems for new products. Production experience has, however, brought to light several dif�culties 
not envisioned by early proponents of agile manufacturing, mainly related to high-volume produc-
tion. Materials handling in these applications is often accomplished using �xed automation, such 
as gantries or roller conveyors. The cost and complexity of extending these systems, as well as 
�oor space limitations, has hindered scalability in some cases. Many agile systems also necessarily 
incorporate relatively in�exible auxiliary equipment (such as parts washers) or dedicated stations to 
carry out specialized operations (e.g., cylinder hones).

Material handling between machines is an important component of FMS design [64,65]. Parts 
may be directly loaded into a �xture on the machine or may be transferred on a pallet. In direct 
load methods, parts are transferred between machines using sliding or free transfer (on a roller 
conveyor system), overhead crane systems, gantry transfer, or robots (Figures 3.24 through 3.26). 
They require relocation and reclamping of the part at each station. In a palletized system, parts are 
mounted on a pallet that is transferred between machines; parts are �xtured and clamped only once. 
Palletized systems are common for small-lot production (Figure 3.21) since they are �exible and 
permit multiple part loading. In large systems, a number of pallets are used, and their dimensional 
variations must be tracked and compensated for to avoid impacting part quality. Pallet systems used 
to shuttle parts in and out of the machining stations are better suited for horizontal than for vertical 
machines.

Three-axis horizontal

Three-axis horizontal

Five-axis
Buffer

Bu�er

Ancillary
equipment

(washer,
leak test,
seat, and

guide
press)

Three-axis horizontal

Five-axis

Bu�er

Five-axis

FIGURE 3.23  Agile cylinder head machining layout using three-axis and �ve-axis CNC machines.
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Three approaches to materials handling are commonly used in large agile systems: conveyor 
loops, overhead gantries (with or without robot arms), and vehicular or cart transport.

When a conveyor loop is used, parts are loaded at a central loading or staging area and conveyed 
to machines on rollers or tracks (Figures 3.23 and 3.27). Part loading at the staging area may be 
done manually or by a robot, and parts may be loaded onto a pallet or directly onto the conveyor. 
Similarly, a pallet storage carousel with room for several pallets and an integrated workpiece trans-
portation mechanism can be used with one or more CNC machines. Upon arrival at a machine, 
palletized parts are loaded directly, while loose parts are loaded either manually or by robot into the 
machine or onto an unused �xture in dual �xture setups. Conveyor loop systems are comparatively 
�exible, especially if manual loading is used, but conveyors must still be rebuilt if the machine 
con�guration is changed. For systems that operate when some machines are down, a control system 
is required to route parts to operative but unused machines. Depending on the distances between 
machines, this can introduce uncertainty or excessive waiting in the system. The part routing con-
trol system should also store information on the sequence of machines visited by a particular part 
to facilitate troubleshooting when out-of-tolerance parts are detected. In palletized systems, this is 
facilitated through encoding chips on the pallets; in free transfer systems, a part marking and track-
ing system is required.

In a gantry system (Figures 3.25, 3.28, and 3.29), parts are conveyed between machines using 
overhead gantries. Parts are loaded into each machine through a safely door that separates the gan-
try from the machine tool area. A robot arm may be mounted on the gantry to manipulate parts for 
increased �exibility. This system allows for parts to be removed (e.g., for gaging) and reintroduced 
to the system. Part buffering stages can also be included in gantry systems. Gantry systems with 
associated control systems are well suited to simultaneous production of multiple variants. Gantry 
systems are �xed automation systems, which limit �exibility in part routing and machine layout 
changes. Complex gantry systems are expensive, often costing more than the machining centers 
themselves, and may also be subject to signi�cant downtime. When operating properly, however, 

FIGURE 3.24  An agile machining cell with four machining centers and robotic part loading. (From General 
Motors Corp., Detroit, MI.)
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they limit misloading due to improper orientation and similar errors. Many automotive agile sys-
tems used gantry transport.

When vehicular transport is used, parts are conveyed in batches from a receiving or storage 
areas by vehicle to machines, where they are loaded manually or by robot. Vehicles used for trans-
port include carts, fork trucks, and wire- or track-guided vehicles. Manual carts are �exible but 
require proper workforce training to limit overcyling and uncertainty. Fork trucks are also �exible 
but are often perceived as safety risks and avoided in North American plants. Guided vehicles may 
also be perceived as safety risks and traditionally have had lower reliability. Whatever transport 
method is chosen, the number of parts transported in each batch must be carefully chosen, often 

(a)

(b)

(c)

FIGURE 3.25  Various materials handling systems for agile/�exible machining. (a) A single rail-guided 
robot system for supporting one to three processes in a parallel machining system. (b) Serial machin-
ing system interlinked by either power roller conveyors or overhead gantries to create a cell. (c) Serial 
machining system interlinked with individual systems (robot, gantry, guided vehicle AGV, rail-guided 
transporter).
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FIGURE 3.26  Agile/�exible system using a single machining center with index table for parts requiring 
multiple �xturing setups or machining various parts setup on different pallets.
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FIGURE 3.27  An agile machining cell with six machining centers, palletized part transfer, and a staging 
station for pallet loading. (From Makino, Mason, OH.)
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FIGURE 3.28  Agile system consisting of serial cells with overhead gantry loading. (From Halle GmbH, 
Edemissen, Germany.)

FIGURE 3.29  Agile cylinder head system based on six parallel machining centers, interlinked by an over-
head gantry and power roller conveyors to form a cell. (Courtesy of Cross Huller, Eislingen, Germany.)
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using discrete event simulation programs, to minimize machine starving and in-process inventory. 
Vehicular transport is the most �exible materials handling option but to date has seen relatively 
limited use due to reliability concerns. Recent developed automated vehicles that navigate via GPS 
systems rather than tracks or wires in the �oor increase �exibility and show promise in increasing 
system reliability [66].

Lean machining systems represent a different philosophy in applying CNC and conventional 
machine tools to high-volume production [67,68]. A lean system is similar to a dedicated transfer 
line in that they employ one-piece �ow. Part transfer between machines is manual; in a sense, the 
operator provides the �exibility lacking in �xed automation. Lean systems work best when they 
operate to a �xed takt time and have carefully de�ned work standards. They also typically employ 
pull systems with minimal in-process buffers. Conscientious machine maintenance and operator 
training are required for optimum results.

The design of a CMS or FMS is complex because several alternate con�gurations may be capable 
of producing a given part. For example, some con�gurations replacing long serial lines are multiple 
serial lines in parallel, parallel lines-with-crossover, hybrid, or agile con�gurations (Figure 3.30) 
[69,70]. A cell controller can direct an automated work handling system to deliver the part to any 

Pure serial

Pure parallel

Parallel with
crossover

Parallel without crossover

Hybrid

Lean system

Agile system

1 2 3 4

1 2 3 4

FIGURE 3.30  Differences between manufacturing system con�gurations and between lean and agile pro-
cesses. The arrows illustrate the key distinction among the lean and agile systems (the part can take alternate 
routes in the agile process). Automotive agile systems often employ a parallel with crossover layout.
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one of a number of interchangeable machines, with each machine performing all of the necessary 
machining for whatever workpiece it happens to see. Computer simulations are sometimes used to 
compare alternative designs. The input parameters for simulation include the part geometry, size, 
material, and tolerances, descriptions of each machining station, tool data, stand-alone availability, 
and mean times to failure and repair. In addition, constraints between operations such as precedence 
relations and contiguous allocations must be described. The process sequence can be speci�ed 
or optimized. The available machine motions and tool data are used to determine the individual 
machine motions and cutting times. The simulation system should be capable of incorporating 
various machining centers, automatic pallet changers, material handling systems, buffers, and load/
unload stations. A number of heuristic optimization algorithms have been proposed [71–80].

An important technical problem in developing easily integrated manufacturing systems is the 
lack of standards, which govern the type and form of information which manufacturing systems 
must exchange. In 1981, an Automated Manufacturing Research Facility (AMRF) was established 
to verify new concepts for automated manufacturing [81]. Later, the manufacturing systems integra-
tion (MSI) project at the National Institute for Standards and Technology (NIST) was created based 
on the AMRF technology for developing a system architecture that concentrated on the integration 
of manufacturing systems [82–84]. In 2007, the Association for Manufacturing Technology (AMT) 
initiated the development of the MTConnect standard, an open access standard based on XML 
(Extensible Markup Language) [85]. The �rst version was released in 2008. This �exible standard 
is used in a number of current applications [86,87]. The MTConnect Institute in McLean, Virginia 
releases and fosters further development of the standard. Machines often communicate with auto-
mation and auxiliary systems (such as MQL units) using PROFIBUS or PROFINET protocols.

3.4  MACHINE TOOL STRUCTURES

The machine tool structure supports the various parts of the machine tool, as well as the part and 
�xture, and provides rigidity to ensure accuracy. In general, a machine tool structure consists of a 
bed or base, column, ram, or saddle (carriage). Fixed components such as the base are most com-
monly made of cast iron, nodular iron, steel weldments, or composites with polymer, metal, or 
ceramic matrices. Castings must be aged and stress relieved. Reinforced or polymer concrete and 
epoxy granite are sometimes used for machines subjected to high levels of vibration; their appli-
cation has been limited mainly to grinding machines due to warping, thermal gradients, and the 
absorption of coolant. Moving components are made of cast iron, steel, aluminum, and sheet metal. 
The design of moving columns is becoming increasingly critical as machine travel speeds increase, 
since the weight must be reduced to reduce inertia while maintaining high stiffness. Steel weld-
ments can reduce the structural weight signi�cantly but require careful design to resist vibration 
and deformation. Welded bases can be designed with high stiffness and good control of damping 
because welds in the bases block vibration transmission. Machines using weldment structures are 
often classi�ed as light-duty machine tools unsuitable for rough cutting or precision applications. 
Metal-matrix composites, ceramics, and reinforced concrete materials are most often applied in 
precision or high-speed applications [88–94]. The machine damping obtained from the structural 
material itself can be improved signi�cantly by internal means, including (1) �lling structural cavi-
ties with oil, lead, sand, or concrete [1,2,6]; (2) circulating coolant through the machine structure; 
(3) allowing for microslip at the joints; and (4) attaching a viscous material layer between joints. 
Damping can also be improved by using shear plates, tuned mass dampers, viscous shear dampers, 
and active dampers [6,95–98]. Polymer or concrete-�lled bases are preferred for grinding machines 
because they increase system damping and stability. The ideal machine con�guration is application 
dependent as discussed in standards [99].

In designing the machine tool structure, system rigidity and inertia are the primary consid-
erations. The machine structure must be rigid in order to resist de�ections and vibrations due to 
cutting loads. The structural components should also be as light as possible to minimize the force 



109Machine Tools

required for acceleration or deceleration, to increase the maximum acceleration rate, to reduce 
jerk in machine motions, and to reduce stopping distances for increased machine accuracy. The 
damping characteristics of the machine structure are also important, as discussed earlier, because 
vibration energy is absorbed into the structure; as discussed in Chapter 12, in chatter theory the 
chatter limit depends on the product of modal stiffness and damping. The static and dynamic loads 
including forces of acceleration, deceleration, and cutting must be analyzed. The hardness and elas-
ticity of the material must be balanced in order to withstand impact and allow elastic deformations 
while preventing cracking or permanent deformations. Thermal expansions and distortions of the 
machine frame due to external or internal heat sources must also be considered. A common current 
design approach is to start with an initial design based on experience, and re�ne this design through 
�nite element analysis prior to machine building. Once a prototype is built, the design is further 
re�ned using experimental modal analysis and thermal mapping.

Machine tool structures can be broadly classi�ed as open or closed as shown in Figure 3.31 [6]. 
In an open structure, the cutting force is supported by a structural loop consisting of the column, 
spindle housing, and table. This support arrangement puts a large bending moment on the column. 
In a closed or bridge-type machine, the load is supported by a balanced structural loop through 
two columns, which distributes the load and reduces the bending moments on both columns. Most 
general purpose CNC machine tools have open structures. Closed structures are common on larger 
machines, such as bridge or skin mills used in aerospace applications.

A conventional engine lathe (Figure 2.2) has a main slide mounted on a horizontal bed and a cross 
slide mounted on the main slide. Horizontal CNC turning centers generally have a similar structure, 
with the tool turret(s) mounted on a main and cross slides for axial and radial motion. The most com-
mon turret lathes are horizontal lathes using one or more turrets with several sides. The bed of a hori-
zontal lathe can be horizontal, vertical, or slanted. The vertical and slant bed designs (Figures 3.7 and 
3.8) reduce thermal distortions and �oor-space requirements and simplify chip handling. The gravi-
tational force on the workpiece is a concern in a horizontal lathe since it causes workpiece sag and 
uneven loading of the spindle bearings. Hence, vertical turret lathes are often used for heavy parts. 
Vertical lathes are becoming more common for smaller parts as well because they provide easier 
and more precise workpiece loading. Horizontals allow better chip removal for blind bores and more 
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FIGURE 3.31  (a) Open machine tool structure. (b) Closed or bridge machine tool structure. (After Slocum, A., 
Precision Machine Design, Prentice Hall, Englewood Cliffs, NJ, 1992, chapters 4, 6, 7, 8, 9, and 10.)
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access for long shaft-type workpieces. Hybrid turret turn-mill NC lathes have milling or machining 
center capabilities. For milling operations, the workpiece is held �xed or slowly rotated while rotat-
ing tools are brought to it. In these machines, rotary tools may be located on a separate slide or saddle 
that moves on the main ways or an auxiliary set, or rotary tools may be used in live spindles mounted 
in the turret itself. The powered turret design using both radially and axially mounted tools has been 
widely used. Multiple-spindle turning centers are also designed to perform operations on both ends 
of a part using either side-by-side or face-to-face machine con�gurations.

Cylindrical grinding machines are usually similar to a lathe with a grinding wheel feed mecha-
nism substituted for the turret. For heavy (i.e., creep feed) or ultra-precision applications, special 
designs are required to achieve adequate rigidity and dynamic stiffness.

Typical conventional machining center structures are shown in Figures 3.11 through 3.13, 3.16, and 
3.32 through 3.35; these �gures illustrate traditional design variations in the base, column, slides, and 
spindle support. Most structures have a serial kinematic axis architecture, with each axis of movement 
supporting the following axis and providing its motion. Traveling column designs (Figures 3.14, 3.17, 
and 3.32) have all three axes located on the column, with low rigidity on the cross slide, resulting in 
signi�cant spindle droop during boring. X/Z table horizontal-type or X/Y table vertical-type machines 
(Figure 3.11) eliminate spindle droop; in this con�guration, the table is the weakest component. The 
traveling column design with a �xed table generally provides higher rigidity, while the traveling table 
design increases �exibility and reduces cost. The traveling column design also simpli�es chip control 
somewhat since a centrally mounted chip conveyor can be used. However, traveling column designs 
restrict access to the workzone when the column is moved forward toward the pallet. A horizontal 
spindle machine is generally more accurate than a vertical spindle machine because the spindle is not 
cantilevered off a large C-shaped support structure, which is subject to greater deformation. The loads 
on a spindle create a bending moment on the column of a vertical machine in contrast to the point 
force on the column of a horizontal machine. The spindle can be mounted on a ram (quill), as shown in 
Figures�3.14 and 3.35, to reduce the weight carried by the Z slide located on the ram; this improves the 
traveling speed and acc/dec of the slide. The ram can also be mounted on rails, which increases�stiffness. 

FIGURE 3.32  The structural components of the machining center. (Courtesy of Toyoda Machinery USA, 
Inc., Arlington Heights, IL.)
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FIGURE 3.33  Structural components of a three- or four-axis horizontal spindle machining center with trav-
eling column and either �xed or rotary table. All X-, Y-, and Z-axis motions are provided in the column. 
(Courtesy of Cellular Concepts, Detroit, MI.)

FIGURE 3.34  Typical vertical CNC machine tool structure, with heavy stationary base and column support-
ing lighter moving components. (Courtesy of MAG Automotive, Sterling Heights, MI.)
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A�fundamental drawback of serial architecture (one axis located on top of another) is that the struc-
ture of all axes must be heavy enough to provide the stiffness necessary to limit distortions that lower 
machine accuracy. This restricts dynamic performance and reduces operating �exibility.

Some new machine structures use a parallel kinematic-link mechanism (PKM) in place of 
rectangular-coordinate serial link mechanisms, eliminating the machine slides [100,101]. There 
are two classes of PKM structures: those having joints �xed on base and platform and extensi-
ble struts and those having movable joints with �xed length struts. Fully parallel machines are 
called hexapod or Stewart Platform (octahedral frame) machines [102]. The simple structure of the 
octahedral hexapod machine (shown in Figures 3.36 through 3.38) consists of a moveable spindle 
platform connected to a rigid base through six variable length links (telescoping legs/struts pro-
viding six�degree-of-freedom [DOF] workspace) that control the position and orientation of the 
platform. The struts are connected to the platform and to the base using universal, spherical, or wob-
bling joints. Expanding and contracting the corresponding number of ball screws control the atti-
tude and position of the spindle. Additional newer con�gurations not pictured include the open 
frame (G�type), closed frame (portal type), tetrahedral (Lindsey’s Tetraform), and spherical (NIST’s 
M3) [6]. The interest of PKMs is largely due to their great �exibility in production using more 
than 3DOF (resulting in more than three-axis machining and in some cases full �ve-sided machin-
ing) and the force-to-weight ratio characteristics of these machines (potential for high dynamic 
capabilities). Some of the conceptual advantages for PKM relative to conventional machine tools 
are higher stiffness-to-mass ratio (due to closed kinematic loops and because struts are inher-
ently stiff and light in weight), higher speeds, higher accuracy, modular design (reduced installation 
requirements), and�mechanical simplicity�(e.g., linear drives used for rotary movements) [103,104]. 

FIGURE 3.35  The structural components of the machining center in Figure 3.14, using magnetic linear 
motors for all axes. (Courtesy of Ingersoll Milling Machine Company, Rockford, IL.)
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FIGURE 3.36  The structural con�guration of the octahedral hexapod machining system (a 6DOF PKM). 
(Courtesy of Ingersoll Milling Machine Company, Rockford, IL.)

FIGURE 3.37  The structural con�guration of the hexapod machining system. (A six-axis control “Cosmo 
Center PM-600,” courtesy of Okuma America Corporation.)
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These�structures provide accelerations ranging from 1 to 3 g and feed rates up to 100 m/min. The 
limiting factors for hexapods are [105] (1) poor ratio of system size to workspace and (2) require-
ment of 6DOF passive joints having high stiffness and minimal backlash.

Structures with �xed length struts are less common for applications in machine tools due to 
their load characteristics [105–107]. Such non-hexapod fully parallel machines include the HexaM 
(Figure 3.39) and the Sprint-Z3 spindle (Figure 3.40) [103,105,108]. The HexaM has six �xed length 
struts and the Sprint-Z3 has three �xed length struts (three-axis spindle). The actuators (either ball 
screws or linear motors) are �xed to the frame to reduce the maximum inertia effects. Single-DOF 
hinges have been used at the base end of �xed length struts to prevent the rotation of the platform.

Unlike a serial machine, the working envelope of a PKM is not cubic and depends on the geom-
etry of the structural components (as illustrated in Figure 3.38a). However, �ve-sided machining 

(a)

(b)

FIGURE 3.38  (a) Workspace sections of the Tricept PKM system. (b) The structural con�guration of the 
Tricept machining system (5DOF hybrid using a 3DOF tripod and two rotary axes). (Courtesy of Tricept Inc., 
Charlotte, NC.)
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(almost full �ve axis) has been found possible using a machine with �ve struts [109]. There are 
still many problems remaining concerning rigidity and accuracy. Rigidity requires highly rigid 
joints and accuracy requires proper calibration technology and a suitable control system. PKMs 
are primarily used for niche applications due to workspace size limitations. Parallel-serial hybrid 
machines provide a better blend of the advantages of the PKMs and serial machines [104,110–113]. 
Although several three- to six-axis commercial PKM machines have been available since 1994, 
especially for milling applications [103], the trend is toward hybrid solutions [101,103,105]. Two 
such systems are the PKM spindle system (that provides the Z-axis and two rotary A- and C-axis as 
shown in Figure 3.40) on top of a serial X- and Y-axis system to provide 5DOF machine [103], and a 
5DOF con�guration using a tripod (3DOF parallel) and two rotary axes (in series) under the spindle 
head as shown in Figure 3.38b [112,113]. The tripod mechanism consists of four kinematic chains, 
three variable length legs, and one passive leg, connecting the moving platform to the �xed base that 
contains the bearings of the ball screws. The platform is joined rigidly with the passive middle strut, 
which is connected with the base via a linear and universal joint. The �rst rotary axis aligns to the 
middle strut; the second rotary axis is vertical to the �rst axis and carries the spindle.

The two major design parameters affecting the performance characteristics are the selection of 
the appropriate geometric dimensions and kinematic topology (affecting the stiffness and accu-
racy). The design of a PKM is very complex compared to serial kinematics and several approaches 

3 Linear drives1 Linear and
2 Rotary axis
(Z, A, B)

FIGURE 3.40  The structural con�guration of the Sprint-Z3 spindle on parallel mechanism (3DOF PKM 
with three �xed length struts). This 3DOF head is used in a �ve-axis machine with X- and Y-axis with con-
ventional drives on the head or workpiece carrier. (From DST Machine GmbH, Mönchengladbach, Germany.)

Fixed linear drives
(ball screws)

Fixed length struts

FIGURE 3.39  The structural con�guration of a 6DOF PKM with six �xed length struts. This �ve-axis 
machine has non-coplanar linear joints �xed to the frame. (From www.toyoda-kouki.co.jp.)
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have been proposed [103]. The tool point stiffness and accuracy for hexapods are often found to be 
lower than conventional machines when using the same drive components because the strut stiff-
ness is signi�cantly reduced by the �exibilities of the joints at each end [114–119]. Each extensible 
strut has a spherical joint at each end, which consists of a combination of pretensioned roller bear-
ings (k = 200 N/� m), ball bearings, or gimbal (k = 25 N/� m). The stiffness for a hexapod varies 
signi�cantly (two to six times) across the workspace, while orthogonal three-axis machine tools 
have almost uniform stiffness over the workspace. Generally, the structural stiffness of hexapod 
machines (at least in one direction is less than the stiffness of one of the links) is signi�cantly less 
than that of a three-axis conventional machine but equal or better than the �ve-axis conventional 
machines as illustrated in Figure 3.41. In general, the stiffness in the Z-direction is greater than that 
of each strut itself as long as the tool is located within the space of the base joints. PKMs with �xed 
length struts can provide higher stiffness than machines with extensible struts.

Another very important parameter for machine tools is the chatter resistance criterion K (the 
product of the stiffness and damping), which should be greater than the spindle/tool stiffness [114]. 
The K term for a conventional machining center is generally greater than 6 N/� m but for PKMs it 
varies between 0.5 and 4 N/� m. Generally, high-speed machine tools should have structural and 
drive stiffness K > 3 N/� m.

Building accuracy into a machining system is essential and requires building accuracy into both 
the machine and the process. The machine accuracy is usually expressed in terms of linear posi-
tioning accuracies of the individual axes. The linear positional accuracies of many CNC machines 
vary from 2 to 15 �m depending on the measurement standard. Even though the positioning accura-
cies of many CNC machines are similar, their volumetric positioning accuracies vary signi�cantly 
(5–10 � m) due to compensation methods, geometric and kinematic behavior, static and dynamic 
behavior, thermal distortion, and workpiece �xture characteristics as illustrated in Figure 3.42. It is 
often dif�cult for a user to determine which CNC machine has the volumetric positioning accuracy 
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necessary for a particular precision part because the straightness and squareness or the volumetric 
accuracy are not speci�ed in the standard speci�cations of machine tools. The 3D volumetric posi-
tioning accuracy is de�ned as the root mean square of the sum of all errors in all axes of motion 
including the straightness errors, squareness errors, and angular errors. The machine’s accuracy 
improves by calibrating and compensating volumetrically. The ASME B5.54 [99] body diagonal 
displacement tests or the telescoping ball bar performance test can be used to evaluate the volu-
metric positional accuracy. If the machine is not accurate, however, additional tests are required to 
de�ne the straightness, squareness, and angular errors requiring compensation. Error measurement 
and compensation methods are discussed in more detail in Chapter 16.

The volumetric accuracy of parallel kinematic machines depends on how accurately the control-
ler model describes the real kinematic behavior of the machine [120] because the position of the 
spindle nose is indirectly estimated from the rotational positions of the servo motors for the struts. 
In addition, the thermal effects are more dif�cult to model than for orthogonal structures. Due to the 
highly nonlinear kinematics and dynamics inherent to PKMs, the dynamic response errors are dif-
�cult to determine and cannot be assumed constant over the entire work volume. The interpretation 
of the data obtained when testing a PKM is often quite different than when the same equipment is 
applied to conventional machines [121]. The major concerns with PKM accuracy are the accurate 
identi�cation of geometrical (kinematic) parameters, thermally insensitive strut length measurement, 
and deformation due to gravity [121]. The volumetric accuracy could be as high as �0.05�mm with 
reversal error of �0.01�mm. Three-axis PKMs have achieved an accuracy of 0.01–0.02�mm [103].

Passive means for temperature control should be considered in designing a machine structure. 
Minimizing and isolating heat sources, minimizing the coef�cient of thermal expansion or maximiz-
ing the thermal diffusivity of the structural material, and isolating critical components can accom-
plish passive temperature control. For example, if each steel sheet of the bed or column frames has 
an equal heat capacity at any location, the structure will be free from any strain caused by changes 
in the room temperature or machine temperatures. The heat generated by the motors (especially the 
spindle head), by friction between moving components (spindle, ball screws, etc.), at the cutting zone, 
and in the machined chips must be contained and dissipated properly to minimize distortions in criti-
cal directions. The thermal expansion of the machine structure components should be considered 
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especially when dissimilar materials, such as composites and metals, are joined together. Active tem-
perature control by circulating a temperature-controlled �uid, air showers, or proportional control can 
be also used. For example, circulating a temperature-controlled oil within �0.4°C of room tempera-
ture, throughout the main structure of the machine including the bed, column, ball screw or its bracket, 
and spindle head, can be used to stabilize the machine thermal state and geometry during operation. 
Wet machining tends to minimize heat buildup in the tool and chips, especially when through-spindle 
coolant is used. Temperature sensors mounted on the saddle, base, column, and spindle provide feed-
back to assure machine accuracy and stability in spite of changes in machine temperature. The ther-
mal characteristics of the machine should be evaluated after the machine is anchored in the ground 
if anchors are used for the installation. The thermal stability of the machine structure is a signi�cant 
engineering challenge in MQL machining as discussed in Chapter 15.

Machines should generally be fully enclosed by guards and safety devices. This ensures a clean 
machine environment and adequate protection of the operator from chip buildup or tool breakage. 
Windows on high-speed machines are made of polycarbonate and require periodic replacement due 
to etching from coolant [122,123]. Optimum designs provide large gradient angles; the way tele-
scoping covers and bed surfaces should be slanted as sharply as possible to allow free fall of chips 
and coolant to an oversized chip conveyor as shown in Figure 3.43. Single or dual swarf disposal 
conveyor systems should be designed to cover the tool’s entire working range and should ascend 
steeply to the ejection level to minimize coolant loss. In addition, noise from belts and motors can 
be reduced by isolating their guarding with foam.

Active or passive isolation of the machine from environmental vibrations through proper design 
of the machine foundation is also important, especially for high-precision machines [1]. Small 
machines with suf�cient stiffness do not require special foundations. Larger machine tools usually 
require a separate concrete foundation to provide additional stiffness and to minimize the transmis-
sion of vibrations from neighboring equipment [124–126]. Separate foundations should be thick 
enough to provide adequate stiffness, support all machine elements, and be stable on the local soil. 
There are various types of mounting elements, such as machinery mounts and anchoring/alignment 

Totally enclosed splash guard

Automatic
door

PalletPallet

Z-axis
slide cover Column

Slanted face in bed

Chip conveyor
Pallet changer cover

X-axis slide cover

FIGURE 3.43  Chip evacuation approach using a single swarf disposal system. (Courtesy of Toyoda 
Machinery USA, Inc., Arlington Heights, IL.)
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systems, designed for leveling, alignment, and damping of machines [1,127]. Machines are com-
monly (1) anchored on a concrete or steel plate, (2) anchored on isolation pads, which are located on 
concrete or steel plates, or (3) positioned on isolation pads without anchoring. Mounts that provide 
vibration isolation include pads of special materials, leveling mounts, press mounts, and inertia 
blocks [126]. Rubber mounts with enhanced electrorheological �uids [127] maybe used to reduce 
the settling time of high-precision, high-speed machines in which accelerations produce large iner-
tial forces. Such mounts become stiffer upon the activation of an electric current during accelera-
tions and decelerations.

3.5  SLIDES AND GUIDEWAYS

Slides are machine components, which move a workpiece or tool on guideways (or ways) to a speci-
�ed position and hold it in position under machining loads. Their traveling speed and positional 
accuracy determine machine tool productivity and part quality in many applications. The dynamic 
and chatter behavior of the machine is affected signi�cantly by the way system because it transfers 
the cutting forces into the mass of the machine structure. In addition to stiffness and damping, 
parameters considered in the selection and design of guideways are machine speed and accelera-
tion/deceleration requirements, load capacity, friction, thermal performance, material compatibil-
ity, environmental sensitivity, accuracy, repeatability, resolution, preload, and maintenance.

Common guideway (rail) designs include rectangular, cylindrical, vee, �at, vee and �at, dove-
tail, and circular-groove monorail (Figure 3.44). Guideways are commonly used in pairs or double 

(a)

(b)

Double-vee

Base

Flat
Saddle Dovetail

Saddle

Base Base

Saddle

FIGURE 3.44  Common guideway designs. (a) Rectangular ways; (b) vee-and-�at and vee-ways.
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tracks to ensure straightness. Dovetail and vee and �at guideways are accurate and have high stiff-
ness. Features that are easily machined in place are normally integrally cast in the structure, while 
more complex features, such as hardened steel cylindrical guideways, are bolted to the structure. 
Integrally cast �ame-hardened ways are more dif�cult to manufacture and are usually hand scraped 
compared to the bolt-on type ways, which are easily manufactured and reconditioned. Cast-in-place 
ways are less expensive but cannot be replaced and are generally used only in machines with short 
life expectancies. Traditionally, guideways have been made of steel or cast iron, but aluminum, 
ceramic, and composite guideways have been developed. Various low-friction coatings have been 
applied on ways to reduce friction and wear�[128,129].

The surface �nish and �atness of the ways are controlled by the �nal manufacturing operation, 
which may be scraping, super �nish milling, or grinding plus etching or peening. Scraping (hand 
lapping) a surface generates microgrooves for oil retention. The straightness and parallelism of the 
ways are very critical since they determine the pitch, roll, and yaw errors of each machine axis. 
The straightness error of the guideways is dependent on the �nal characteristics of the material 
used, the bearing type and its preload, and the roughness of contacting surfaces. For example, a 
light preload can lead to lower stiffness, error motion, and tool chatter, while high preload could 
increase bearing wear. In addition, the preload changes (decreases) with time due to the wear of 
the bearing elements. Box guideways made of through-hardened tool steel (about 60 HRC) and 
precision ground and scraped can be precisely bolted onto scraped bed or column surfaces, result-
ing in superior performance because they eliminate micro vibrations (which are typical in roller 
guideways) while providing good damping characteristics. The ways should typically be parallel 
to each other and perpendicular to the bed within 0.01�mm, while the tops and bottoms of the ways 
should be �at and parallel within 0.005�mm [130]. Typical machine straightness accuracies are 
0.03–0.1�mm/m for a single axis. The straightness accuracy of precise machines may be as low as 
0.002�mm/m.

The selection of the form for the guideways depends strongly on the type of bearing used to 
support and move the slide on the way [131]. Bearing systems can be classi�ed as friction or anti-
friction types as illustrated in Figure 3.44a. Friction systems use a �uid �lm as a bearing media 
(e.g., hydrodynamic, hydrostatic, and aerostatic bearings), while antifriction systems use rolling 
element (linear) bearings.

Sliding contact (or plain sliding) bearings, sometimes called hydrodynamic or box-type bear-
ings, are the oldest and most common type. They consist of two mating surfaces that have been 
machined, ground, or scraped to obtain the desired coef�cient of friction; they provide the best 
combination of speed and load-carrying capacity for general applications. They are used on �at 
(T way), vee-�at, double-vee, and dovetail guideways (Figure 3.44b). Flat guideways have the best 
load-carrying capacity. They add to the rigidity of the base or column and provide very stable sup-
port and damping for large loads spread over a large area. They are insensitive to crashes. The vee 
shape is very accurate but the loads must be vertical. They use hydrodynamic lubrication supplied 
by oil under pressure. Sliding contact bearings usually exhibit signi�cant static friction depending 
on the materials, surface �nish, and lubricant; the static friction changes to dynamic friction as 
motion begins. Typical static friction coef�cients range from 0.03 to 0.3, while dynamic coef�cients 
are usually between 0.01 and 0.1. Stick-slip or stiction action due to higher static than dynamic fric-
tion causes positioning errors.

Sliding contact and stick-slip friction can be reduced by coating the ways with a thin layer of low-
friction material made of Te�on-impregnated sheets (polytetra�uorethylene-PTEE, Turcite, Rulon) 
or molybdenum disul�de and graphite poured into place (Diamond DWh310, Moglite, SKC)�[6]. For 
example, Turcite has a friction coef�cient of 0.04 compared to 0.2 for cast iron. Pulse-metered per-
manent lubrication is often used to reduce friction as well. The speed and acceleration of sliding con-
tact bearings are limited to about 25 m/min and 0.1 g, respectively. Their accuracy and repeatability 
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range from 6 to 10�� m and from 2 to 10�� m, respectively, in the axial direction depending on the 
drive system. Their straightness accuracy and repeatability fall in the range of 0.1–10�� m and are 
affected by the quality and alignment of the guideways. A preload of about 10% of the allowable 
load must be used to obtain good stiffness for bidirectional loading. Details of the design and 
analysis of sliding contact bearings and of material considerations for slide and guideway design 
are discussed in [1,6,128,132–134].

Currently, slide speeds are generally restricted to below 20 m/min, although machines with slide 
speeds between 40 and 50 m/min are not uncommon and speeds between 70 and 100 m/min have 
been achieved on some high-speed machines. The maximum feed rate is typically between 40% 
and 50% of the maximum rapid travel rate.

Rolling element bearings (or linear guides shown in Figure 3.44a) have also been widely used in 
guideways. The three major types of linear rolling element bearings are nonrecirculating balls or 
rollers, recirculating balls, and recirculating rollers. Nonrecirculating systems are used where short 
travels and compact designs are needed. Cylindrical roller bearings provide higher stiffness and 
load-carrying capacity than ball bearings, due to increased contact area, and are normally used for 
accurate machines. Recirculating roller bearings provide good load capacity and stiffness, but their 
alignment is critical.

Generally, rolling linear guides require lower power for motion and eliminate the stick-slip 
action characteristic of sliding contact bearings, but exhibit less stiffness and damping and lower 
load-carrying capacity. The static and dynamic friction coef�cients for rolling element bearings are 
roughly equal and are typically between 0.001 and 0.01, leading to improved resolution and control-
lability. Linear guides reduce axis reversal error. The upper limits for speed and acceleration are 
about 120 m/min and 1–2 g for adequate bearing life. The upper speed limit for cylindrical roller 
bearings is generally 20%–40% lower than for ball bearings. Their axial accuracy can be better 
than for sliding contact bearings and is the range of 1–5�� m, while their straightness is similar and 
depends on the tolerance class of the rolling elements and rails. Each machine axis typically has 
four bearing blocks, two on each rail, although many more may be used in high load applications. 
Rolling element bearings are sensitive to crashes. Generally, sliding contact bearings are used for 
heavy-duty applications with integrally cast ways (box-type ways), while linear bearing ways are 
used in lighter-duty or higher-speed applications. Correct linear guide selection allows a linear 
guide machine to approach a slideway machine’s rigidity. Details of the design, analysis, and appli-
cations of rolling elements for guides are given in [1,6,35–140]. Hybrid guideways are a combination 
of box guideways and linear bearing packs.

Hydrostatic and aerostatic bearings are used for guideways in precision machines such as grind-
ing and hard turning machines. These bearings have no mechanical contact between elements; the 
load is supported by a thin �lm of high-pressure oil or air that �ows continuously out of the bear-
ings. Static friction is eliminated and dynamic friction is insigni�cant at most speeds. Hydrostatic 
bearings are used at moderate speeds where high load capacity and stiffness are required, while 
aerostatic bearings provide moderate load capacity and stiffness and are preferable at higher speeds. 
Hydrostatic bearings provide better vibration and shock resistance with superior damping charac-
teristics. The dynamic stiffness is very high due to squeeze �lm damping. The damping is very good 
normal to the bearing surface but low along the direction of motion. A great deal of research and 
development work on analysis and development of hydrostatic and aerostatic bearings has been car-
ried out [1,6,141–149]. Self-compensating or gap-compensating bearings, which can be used with 
water as a bearing �uid, have recently been developed [6]. Using water rather than oil as the sliding 
medium results in more stable temperatures, higher permissible speeds, and fewer �uid contamina-
tion problems. High-performance hydrostatic slides have been made entirely from alumina ceram-
ics. The Hydroguide and HydroRail are designs using a pro�le similar to linear rolling element 
bearings (Figure 3.45) and have been used in grinding and hard turning lathes [150].
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3.6  AXIS DRIVES

Relative motion between the tool and part in a machine tool is achieved by moving the machine 
table, spindle, or column separately or in combination. In any case, an axis drive (or servo) system 
is required. Desirable features in an axis drive system include accuracy, repeatability, and high 
dynamic stiffness. Other signi�cant performance characteristics include the bandwidth or response 
time, peak drive current, servo gain, motion control, and torque-to-inertia ratio (acc/dec capability), 
as well as smoothness and accuracy.

An axis drive system (Figures 3.46 and 3.47) consists of a drive motor or actuator, mechanical 
transmission elements, sensors, and a controller. The principle types of linear motion actuators are 
hydraulic or pneumatic pistons, conventional electric motors, and linear motors.

Hydraulic systems exhibit high dynamic stiffness and damping, can sustain high machine and 
cutting loads, and have good acceleration and power-to-weight ratios due to their low mass. They 
are most commonly used on single axis machines, especially on transfer lines. They are not widely 
used in machining centers because they are relatively inaccurate, generate excessive heat, and are 
often dif�cult to control.

Electric motors [151–157] have proven much more versatile and are the most common drive actuat-
ing systems. Both AC and DC drive motors are used. AC induction motors are more common because 
they require less maintenance and provide a greater bandwidth, higher gains, and better repeatability. 
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AC motors, however, are less ef�cient and provide lower torque-to-inertia ratios. (Brushless, fre-
quency-controlled AC drives, however, deliver considerably more power than comparable three-phase 
or DC motors.) The principal advantage of DC motors is that they generally produce higher torques 
at high speeds. A hybrid type of motor, the brushless DC motor, combines the advantages of both AC 
and DC brush motors. Brushless DC motors, commonly known as AC servos, are more durable than 
AC induction or synchronous motors, generate less heat and vibration, and are generally smaller in 
size and more ef�cient. Electric motors can be further divided into stepping and nonstepping motors. 
Stepping motors generate a precise motion increment in response to an electric pulse. They provide 
limited torque but are very accurate and more easily controlled than other types of motors. The best 
motor for a given application depends on the torques necessary for maximum acceleration.

Linear motors or direct drives (Figure 3.48) eliminate the mechanical transmission system 
required with rotary motors [6,158–160] since they combine the functions of the ball screw and 
motor. They are made with permanent or induction type magnets; induction magnets generally 
provide better performance and reliability. The force is transmitted through a magnetic �eld instead 
of a mechanical linkage. Because they are noncontact devices (except in the way system), they 
exhibit little wear and require less maintenance. Also, they can run at high speeds (up to 120 m/min) 
with high acceleration/deceleration characteristics (1–1.5 g) and eliminate de�ections, backlash, 
and windup since bearings and ball nuts are not used. They can provide higher tool feed rates 
(almost twice that of ball screws) with equivalent or increased accuracy when compared with tra-
ditional ball screw systems since they can be controlled using many times the gain of their rotary 
counterparts [161]. The length of travel does not affect the performance of a linear motor as it does 
a ball screw. However, they have a comparatively low dynamic stiffness and limited load capabili-
ties. Linear drives have traditionally been limited to applications with relatively small cutting forces 
(<5000�N) [161]. Higher forces can be achieved by placing separate drives in parallel. They require 
special machine designs and heat dissipation approaches due to their low mechanical ef�ciency. 
Linear drives used on horizontal beds should be carefully sealed to prevent swarf contamination in 
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FIGURE 3.47  X–Y machine table system using linear motion systems for both rail bearings and the ball 
screw. (Courtesy of Thomson Industries, Inc., Buffalo, NY.)
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the track, which can degrade performance. Linear motors are not superior to ball screws in all cases 
[162] but are used for high-speed machining applications not possible with other systems or for large 
machines made for very large dies, molds, and aerospace parts.

When rotary electric motors are used to drive axes, a mechanical transmission is required to con-
vert the rotary motion into a linear slide motion. The most common type of transmission is the lead 
screw (Figures 3.46 and 3.49), which is either directly coupled to the motor or connected to it by a 
toothed belt [1,6,130,163–165]. There are various types of lead screw mechanisms including sliding 
contact thread screws (power screws), recirculating or nonrecirculating ball screws, planetary roller 
screws, recirculating roller screws, traction drive screws, and hydrostatic nuts and screws. In each 
device, a nut is essentially sliding along a screw; the nut advances linearly with each rotation of the 
screw by an increment dependent on the screw pitch. Traditionally, the lead screw is driven and the 
lead screw nut is �xed rigidly to the table; the screw is supported with two bearings near the nose 
and two near the rear, with the rear bearings mounted on �oating mounts to compensate for shaft 
expansion. It is essential that preload be established to eliminate backlash and increase stiffness. 
Preload can be provided by forcing the nut in one direction, using a doubled-nut design, or using 
oversized balls or shifting pitch. The preload is typically one-third of the rated maximum load.

Primary with three-phase winding

Mounting plate

Secondary with
squirrel-cage winding

Linear scale

Rare earth
permanent magnets

Table base

Electromagnetic
coil assembly

Linear DC motor

Commutators

LAF
Single-primary

(frameless) linear motor
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Special manufacturing processes are required for ball screws used in high-speed machines 
to prevent errors and wear due to friction [166]. Ball screws are generally better than lead 
screws because they are ground and can offer greater maximum speed, accuracy, and load 
capacity. The accuracy also depends on alignment, preload, and system stiffness. The location 
of the ball screw is very critical to its performance because it affects both accuracy and dura-
bility. Generally, a ball screw should be mounted as closely as possible to the guideway of the 
primary motion when only one of the ways is responsible for location and the other primarily 
supports the load. The ball screw should be precisely centered when both guideways control the 
location and guide functions. In a horizontal machining center, two ball screws may be used 
to drive the Z-axis so that the center of the base is left open for chip evacuation. Similarly, two 
ball screws may be used for the Y-axis to eliminate the need to counterbalance the spindle car-
rier. In other cases, twin ball screws are used on each linear axis to achieve high rigidity and 
high-speed positioning without reducing positioning accuracy. In all these cases, one of the two 
AC servomotors is used as the master and controls the axis movements while the other motor 
follows. The ball screw should also be closer to the table surface in this case. The ball screw 
shaft can be hollow to reduce inertia. In addition, passing coolant through the core of ball screw 
helps to maintain a constant temperature and prevents thermal expansion, especially during 
rapid feed, rapid acceleration, and prolonged operation. For increased rigidity, the end brackets 
of balls crews should be integrally cast with the base and column. With the present ball screw 
materials, the upper limit of the rapid traverse speed is 50–80 m/min with an acceleration/
deceleration capability of 0.8–1.0 g. Speeds of 100 m/min at 2 g are available with optimum 
ball screw design and coated balls [167]. In recent development work [168], ball screw systems 
with rigidly mounted screws and servo-driven nuts have reportedly achieved traverse speeds up 
to 120 m/min and accelerations up to 4 g.

Less common types of transmissions include rack and pinion, ram and piston, and friction 
drive designs. Rack and pinion transmissions are used in large machines where long drives are 
needed (>4 m). Ram and piston drives are typically used for short displacements since they employ 

FIGURE 3.49  Typical arrangement of guideways, rolling bearing packs, and ball screw system in a machine 
bed. (Courtesy of Cincinnati Milacron, Cincinnati, OH.)
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hydraulic cylinders. Friction or traction drives are used mainly in high-precision machines. They 
provide minimum backlash and low friction but have a low load capacity and moderate stiffness 
and damping.

The servo systems described earlier may exhibit backlash. Backlash can be eliminated when a 
precision gear-type speed reducer is used. Precision machines use harmonic drive gearing with elas-
tic body mounts, rather than conventional gearing and rigid mounts. Direct drive motors for rotary 
axes can eliminate mechanical backlash. Lost motion due to backlash, shaft de�ections, bearing 
looseness, and other sources is corrected for through software compensation. A feedback device at 
the opposite end of the ball screw (see Figure 3.46) con�rms that the CNC command of a certain 
number of revolutions (corresponding to a speci�ed linear distance) has been executed.

The ratio of the load inertia to rotor inertia is an important factor in servo system performance. 
Inertial loads that are too large for the motor often result in sluggish response, causing overshoot, 
slow settling time, and stalling when the rotor position falls too far behind the drive signal. This 
problem is avoided by limiting the load-to-rotor inertia to a maximum of 10:1. For a large speed 
range, the motor and drive can be designed so that the torque is a function of the motor current at 
low speeds and a function of the motor voltage at high speeds; this approach optimizes motor per-
formance. The damping characteristics of the servo are also important since they affect system sta-
bility. Ensuring proper damping, however, is dif�cult because it depends on several factors. A more 
detail discussion and analysis of axis drive systems with respect to loads and static and dynamic 
stiffness is given in Reference 167.

The acceleration/deceleration (acc/dec) characteristics of the axis drives are especially impor-
tant for high-speed machines used for rigid tapping, end milling, and similar processes. There are 
two basic strategies in accelerating and decelerating an axis: the “acceleration rate” and “time to 
acceleration” methods. The acceleration rate method can improve precision at higher speeds while 
maintaining the desired path speed but can result in machine shock at a corner in the workpiece. 
The time to acceleration method can reduce this shock but can cause path errors at corners. Therefore, 
the best approach is to combine both methods in high-speed, high-precision applications. The posi-
tioning distances and the value of the position controller’s proportional velocity gain are the key 
parameters because they determine the following error and thus the time response of the system as 
it accererates/decelerates [161]. High acc/dec coupled with high-resolution control systems that pre-
vent overshoot during slide reversal should be used for threading at higher cutting speeds. Acc/dec 
over 1 g and high proportional velocity gain are very important when machining parts with short 
positioning distances (� 50 � m) [161].

The natural frequencies of the system are affected by the gears and ball screw as spring elements 
and the masses of the worktable and load. The natural frequencies of a linear drive system are 
signi�cantly higher than a ball screw system due to the lack of mechanical transmission elements.

Hybrid feed drives combining a ball screw drive unit (for long travels) with a linear direct drive 
on top of the bell-screw table (for short movements) are under development [167]. This concept is 
designed for machines with long travel to avoid using very long linear motors (requiring costly per-
manent magnets) for the full travel. The motions of both drives are integrated kinematically so that 
the machining process is enhanced by the dynamic performance of the linear drive.

Sensors and controls are very important components of the axis drive because they determine the 
positional accuracy of the drive system. Contemporary drives use position, velocity, acceleration, 
and load sensors to improve positional accuracy and response bandwidth. The difference between 
a servo system and a simple motor is the fact that the position of the driven device for the servo is 
constantly being monitored. The positional accuracy depends on the feedback or closed-loop com-
munication system, which compares the actual and programmed locations to determine the servo 
lag or following error. Control of the table slide’s position is accomplished by attaching a transducer 
to the motor or the table, slide, or other driven device. The most common approaches are to attach 
an encoder to the servo motor shaft or a resolver on the motor and to attach linear sensors or linear 
encoders (scale feedback) to the moving machine elements. The latter method is more accurate 
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because it measures the real motion produced by the motor and not just the number of shaft rota-
tions. High-precision linear encoders use a graduated glass scale and an interferometric measuring 
principle to measure distances [169] (see Figure 3.48). For high-precision machines, both methods 
can be used to improve the axis feedback response. The speed is measured using rotary tachogen-
erators, eddy current sensors, or by digitally differentiating the position signal. The acceleration can 
be measured either directly (using piezo-based sensors) or from the second digital derivative of the 
position. A load-sensing system and guideway surface pressure control (compensation) system can 
be used to control accurately the position of heavy components at high speeds.

Control of feed drives is critical to machining accuracy because the structural �exibility of the 
machine tool is re�ected by the drive. A proper design controller will damp the major sources of 
excitation of machine tool vibration [167]. Closed-loop control techniques have been developed to 
damp vibrations in the feed drive motor by using position, velocity, acceleration, current, and force 
feedback. The active damping of feed drive vibrations can be used to further improve the dynamic 
characteristics of the feed drives.

3.7  SPINDLES

The spindle forms the interface between the machine tool structure and the cutting tool, and its 
properties determine how ef�ciently and accurately the motion capabilities of the machine tool 
are transferred to the cutting tool. The spindle shaft also incorporates the tooling system, includ-
ing the tool taper, drawbar mechanism, and tool release system. The spindle is therefore one of 
the most important machine components and must be designed to ensure accuracy and durability 
when subjected to the expected thrust and radial loads. Typical spindle requirements are running 
accuracy, speed range capability, high rigidity, minimal level of vibration, low and stable operating 
temperatures, long life, and minimal need for maintenance. Some of the critical factors to consider 
in designing a spindle are drive choices (belt driven, gear driven, motorized), bearing arrangement 
and mounting, bearing types (frictional characteristics and size), permissible operating conditions, 
external cooling conditions, weight, thermal growth, operating environment and bearing seals, 
method of lubrication and type of lubricant, resonant frequencies, allowable static overload, tool 
retention requirements, and serviceability [170,171]. Compromises must generally be made in order 
to provide the best combination of speed, power, stiffness, and load capacity.

Spindle performance is most often characterized by its torque and power versus speed charac-
teristics. Spindle power-speed and torque-speed curves (Figure 3.50) are very important to machine 
performance and should be evaluated over the complete speed range for continuous and intermittent 
duty. Torque and power are related through the equation

	 P � � � 	 (3.1)

where
P is the power
� is the torque
� is the spindle rotational speed

Machines typically have full torque at 0 rpm but do not deliver full power until some minimum 
speed is reached, since from Equation 3.1 even a high torque yields relatively low power at a low rota-
tional speed. Proposed speeds and feeds should be checked against the spindle characteristics. Large-
diameter tools are typically run at low rpms to reduce the cutting speed, but on some machines this is 
not practical since the available power drops sharply at speeds less than 20% of the maximum rating.

Spindles can be broadly categorized as box spindles and motorized spindles. Box spindles 
(Figure 3.51) are driven externally by an electric motor; common drive mechanisms include belt 
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drives, toothed belt drives, shaft couplings, and gear case speed reducers. Belt drives are most 
common on general purpose machines. Adjustable belts should be used on belt-driven spindles 
to reduce bearing stresses and improve spindle accuracy. Gear drives are normally used for high-
power spindles and machining centers. Although gear trains may exhibit backlash and lost motion 
due to gear pro�le errors, poor gear tooth surface �nish, and vibration, properly designed gear 
drives can increase drive rigidity and reduce susceptibility to malfunction when compared with 
toothed belts. Planetary gear systems are also used to provide a wide torque output.

The motor is an important spindle component, which determines many performance characteristics, 
including the weight, inertia, size, acc/dec, torque, and power. The most common spindle drive motors 
are induction motors, variable speed AC motors, and DC motors [172–175]. Generally, AC motors pro-
vide quiet, vibration-free rotation at controllable speeds but have signi�cant rotor and stator losses and 
comparatively low ef�ciencies and torque-to-inertia ratios. AC induction motors are commonly used in 
transfer machines and other constant speed applications because of their low cost, availability, and main-
tainability. Variable speed AC synchronous motors are common on NC machines. Their speed is con-
trolled by input frequency changes; an input voltage change results in a torque change. Variable speed DC 
motors are used when high power or a very wide speed range are required. DC motors produce less rotor 
heat than AC motors. Permanent magnet (PM) brushless DC motors, switched reluctance (SR) brush-
less motors, and synchronous reluctance motors are the basic types of DC motors. PM brushless and 
SR motors are use in high end motor applications in which weight, size, and ef�ciency are critical. PM 
motors are generally smaller and more ef�cient than equivalent SR or AC induction motors. Brushless 
DC motors develop higher torques at lower speeds compared to AC motors (except vector-controlling AC 
induction motors) and are less sensitive to harmonics, which can create audible noise. Permanent magnet 
rotors result in substantially decreased rotor temperature, which improves bearing life.

A wide variety of spindle characteristics can be obtained since the spindle power, torque, and 
speed are largely dependent upon the driving motor so that the �nal speci�cations can be modi�ed 
for a particular application by using a different motor or belt ratio. High power and torque are pos-
sible because the spindle motor is mounted externally to the spindle shaft, and therefore, it is often 
possible to use a very large motor without concern for space constraints. Belt-driven spindles are 
limited in maximum rotational speeds due to the limitations of belts and gears at higher speeds. 
Typically, belt-driven spindles are used to a maximum rotational speed of 12,000–15,000 rpm and 
power ratings up to 22.5 kW (30 HP).

In a motorized spindle (Figure 3.52), the electric drive motor is directly integrated into the spindle 
housing or body, eliminating the mechanical transmission. They are better suited to higher speed 
applications because they eliminate vibrations associated with gear trains and drive belts. The rotor 
is usually placed directly between and supported by the spindle shaft bearings. This design provides 
comparatively short and compact spindles with adequate stiffness; the spindle natural frequency can be 
very high, allowing high subcritical (below the �rst natural frequency) operating speeds. Occasionally, 
the motor is placed behind the two bearing systems at the end of the shaft (Figure�3.53). This �ywheel 
motor design can provide higher stiffness since the shaft diameter between the bearing systems is not 
limited by the rotor bore diameter; it also decreases the spindle clamping diameter and thermal expan-
sion of the shaft. On the other hand, the rotor mass extending in the rear limits the natural frequency 
of the spindle. This frequency can be increased by adding a third bearing to support the very end of 
the shaft, but this requires extreme alignment accuracy and control of the angular thermal expansion 
between the three bearing positions. New motorized spindle designs nearly match the torque/speed 
characteristics of gear-driven box spindles; consequently, they are �nding increasing use in high-speed 
machining centers and machines designed for high-precision and C-axis capability.

The spindle’s torque and power characteristics are adjusted by a frequency converter. Typically, 
spindles are used in a constant torque range, where power and voltage increase linearly with fre-
quency. However, greater power at lower speeds can be obtained by programming the constant torque 
range to reach maximum voltage before reaching maximum frequency; from this point up to the max-
imum frequency, the voltage remains constant and the torque decreases (see Figure 3.50). This�design 
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approach results in lower spindle power at top speed. The spindle control loop may be open or closed 
(vector control). Closed-loop spindles incorporate an encoder for speed feedback. Closed-loop spin-
dles are necessary for rigid tapping, supporting orientation, and high-torque applications.

The spindle shaft is held in position by a set of high-precision bearings. In many cases 
and especially for high-speed spindles, bearings are the critical components of the spindle. 
The�speed index DN, which is determined by multiplying the bearing bore diameter (mm) with 
spindle speed (rpm), is used as a measure of a bearing’s relative reaction to speed. The bearing 
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FIGURE 3.52  A motorized spindle. (Courtesy of Setco, Cincinnati, OH.)

SK 40
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FIGURE 3.53  Motorized spindles with “�ywheel” motor arrangement. (Courtesy of the Precise Corporation, 
Racine, WI.)
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speed rating is also expressed in terms of DmN (using the bearing pitch diameter (mm) multiplied 
by the rpm); the DN value is usually about 50%–88% of DmN. This factor is determined based 
on fatigue tests and is thus a function of the mechanical properties of the bearing materials. 
Actual limiting bearing speeds, however, are dependent on the bearing application (mounting 
arrangement and preload method) and lubrication as well as the speed factor.

As for slides and guideways, several types of spindle bearings are available including rotary 
bearings (angular contact ball and rolling element), hydrostatic bearings, hydrodynamic bearings, 
aerostatic bearings, aerodynamic bearings, and electromagnetic bearings. Table 3.2 summarizes the 
characteristics of the various bearing types. Rotary bearings for spindles are similar to linear bear-
ings for slides (Section 3.5) and are subject to the same strengths and limitations. Similarly, hydro-
static, hydrodynamic, aerostatic, and aerodynamic spindle bearings are similar to corresponding 
slide bearing types. They can be installed parallel, perpendicular, or at an angle to the axis of rota-
tion to resist radial, axial, or combined loads as shown in Figure 3.54. In hydrodynamic bearings, 
the shaft turns in a sleeve containing pressurized oil or water that generates a hydrodynamic �lm. 
True hydrodynamic bearings do not contain a pre-pressurized �lm; the �lm separating the sleeve 
and the shaft is established entirely by relative motion between the shaft and the sleeve, which draws 
the �uid into the bearing gap. The motion of the �uid �lm creates pressure and lifts the shaft to cre-
ate a gap. Most �uid-�lm bearings, especially high-speed bearings, are initially hydrostatic at lower 
speeds so that frequent high-speed starts and stops do not damage the bearing surface but develop 
a signi�cant hydrodynamic component at higher speeds. These bearings are typically referred to 
as hybrid-hydrostatic or hydro-stato-dynamic bearings. They have very good damping properties 
and are well suited for high-performance and high-precision machining and may yield useful lives 
exceeding 20,000�h [170]. Newer hybrid-hydrostatic bearing designs have reduced power loss and 
can be used at speeds up to 100 m/s, making them an attractive alternative for high-speed applica-
tions. Several hydrostatic bearing spindle systems have been used as illustrated in Figures 3.54 
and 3.55. The major concern with hydrostatic bearings is frictional loss, which is typically between 
35% and 50%. The damping characteristics of these spindles can increase cutting tool life and 
overall part accuracy and improve part surface �nish. Magnetic bearings have been used recently 
for rotary applications [170,176–178], especially at very high speeds relative to their load capacity. 
Radial and axial magnetic bearings are used in the spindle shown in Figure 3.56. There is no shaft 
wear because they are frictionless bearings. They can achieve the fastest shaft surface speeds 
(e.g., the highest DN) currently available. Catch bearings are used to hold the shaft during a power 
failure and prevent catastrophic contact. The electric �elds of the bearings can be controlled to 

TABLE 3.2
Comparison of Various Types of Spindle Bearings

Characteristic Rolling Element Hydrodynamic Hydrostatic Aerostatic Aerodynamic Magnetic 

Cost Low Medium High High/med Low/med Very high
Maintenance Low Medium Med/high Med/low Low/med Low
Damping Low/med High Very high Low Medium Med/high
Stiffness Med/high High Very high Med/low Low/med Med/high
Load capacity Med/high Med/high High Low Low Med/high
Running accuracy Med/high High High High High High
Speed range Medium Low Med/high High High Very high
Wear resistance Medium Medium High High High/med Very high
Power loss Low High High Medium Medium Very low
Cooling capacity Medium Medium High Med/low Low/med Med/low
Environmental factors Low/high Low/high Low/high Low Low Low
Reliability Med/high High High Med/high Med/high Med/high
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optimize stiffness and damping characteristics. With proper control, they can also be made self-
balancing. Their bene�ts include no mechanical contact (no wear or heat), very high accuracy, 
very-high-speed capability (twice that of ball bearings), and provision for process monitoring. The 
limitations are high cost compared to mechanical systems, limited load capability, moderate stiff-
ness, and sensitivity to dynamic conditions. Air bearings are used at higher speeds, most commonly 
for grinding and also for milling, boring, and microdrilling. Their load capacity is low but they have 
excellent runout and long life and are suitable for ultra-precision machining. These bearings are 
extremely sensitive to contamination and moisture in the air. If the load capacity of the air �lm is 
exceeded, the �lm collapses and the bearing makes contact, causing catastrophic failure.

(a)

2 1

(b)

(c)

Hydrodynamic bearings
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Gripper mechanism

Water jacket
Stator

permanent magnets

FIGURE 3.54  Spindles with hydrostatic/hydrodynamic bearings. (a) Spindle with hydrostatic sliding 
bearings in “O” arrangement, (b) spindle with hydrodynamic sliding pad bearings in “O” arrangement, and 
(c)�spindle with hydrodynamic sliding axial and radial bearing. ((a) and (b) Courtesy of Pope Corporation/
FAG Kugel�scher Georg Schafer KGaA; (c) courtesy of Ingersoll Milling Machine Company.)
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FIGURE 3.55  Spindles and hydrostatic bearings. (a) Hydrostatic spindle for grinding machines, (b) gyro-
scopic hydrostatic bearing construction with axial and radial capacity, and (c) hydrostatic bearing construc-
tion with axial and radial capacity. ((a) Courtesy of Landis Gardner, a UNOVA Company, (b) courtesy of 
FAG Kugel�scher Georg Schafer KGaA; (c) courtesy of IBAG North America.)
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There are two basic types of anti-friction or rotary element bearings [179,180]: ball or point 
contact bearings and roller or line contact bearings. Ball bearings typically provide lower stiffness 
compared with roller bearings but generate less heat; they are widely used in all types of spindles but 
are especially common in high-speed, low load applications. Angular contact ball bearings are most 
commonly used in machine tool spindles because they help to retain the preload at higher speeds. 
The contact angle determines the ratio of axial to radial loading possible, with radial load capability 
being the primary bene�t. Typically, contact angles of 12°, 15°, and 25° are available. The higher 
the contact angle, the greater the axial load-carrying capacity. Therefore, it may be desirable to use 
a bearing with a contact angle of 25° for a spindle that will be used primarily for drilling, and a 
contact angle of 15° for a spindle that will primarily be used for milling. The ball diameter becomes 
signi�cant at high speeds due to centrifugal loads, which can damage the race and reduce bearing 
life. This problem is most acute at speed indices greater than 800,000 DN [181]. One response to 
this problem is to use smaller diameter balls to reduce ball mass and forces. Hybrid ceramic ball 
bearings comprise steel inner and outer races, ceramic (silicon nitride) balls, and a retainer cage. 
Ceramic ball bearings, being 60% lighter than steel with a higher modulus of elasticity and thus 
providing a smaller contact area and greater stiffness, are preferred at high speeds; ceramic balls 
allow up to 30% higher speeds for a given ball bearing size before the centrifugal force begins to 
deform the balls resulting in reduced bearing life. Ceramic ball bearings generate less heat and run 
about 10° cooler than all-steel bearings with grease lubrication in comparable applications [182]. 
The thermal expansion of ceramic bearings is negligible, resulting in longer life and better accuracy 
due to lower friction and linear wear. Tests have shown that spindles using hybrid ceramic bearings 
exhibit higher rigidity and have higher natural frequencies, making them less sensitive to vibra-
tion. Standard dimensions of hybrid and steel bearings are the same, so a switch to hybrid bearings 
requires no design changes. Roller bearings (line contact) may be of the cylindrical, spherical, 
tapered, or needle type [183]. Line contact bearings are stiffer than point contact bearings by a fac-
tor of 6–8 and have higher load-carrying capacities. They resist shock and impact loads better than 
ball bearings, but generally must be used at lower speeds and higher loads and are more subject 
to misalignment. Straight and tapered roller bearings are commonly used in machine tool spindle 
applications. Double-row cylindrical roller bearings are typically recommended to carry high loads. 
Single-row bearings are used at higher speeds. Special bearing types such as hydra-rib [183] and 
hollow roller [184] bearings have also been investigated and appear to provide advantages over con-
ventional bearings in some applications.

Generally, the selection of a bearing type depends on many factors such as diameter, thermal 
stability, stiffness requirements, load-carrying capacity, speed, and lubrication as explained 

Front radial bearings

Catch bearings
Rear radial bearingsCatch bearings

Spindle motor
Axial bearings

FIGURE 3.56  An active magnetic bearing spindle. (Courtesy of IBAG, North Haven, CT.)
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in�Table�3.3. This table shows that many factors that determine the �nal spindle design and that 
compromises must generally be made to meet all requirements. Bearing sizes determine the spindle 
shaft diameter and therefore the stiffness of the shaft. Increasing the bearing diameter increases 
stiffness and load-carrying capacity but reduces speed capability. Typical speed ratings for oil 
jet, oil mist, or oil-air (ratio 1:2) bearings are 106–2.5 × 106 DN for angular contact bearings and 
600,000–900,000� DN for roller element bearings; speeds below these levels can be achieved 
comfortably with grease-packed bearings. Recent limits in standard products are about 1.5 × 106 DN for 
grease-packed ceramic ball bearings (average below 800,000) [170,171]. The highest DN values are 
obtained with radial and angular contact single-row bearings with light preloads, oil lubrication, 
and external cooling. When the DN value exceeds 800,000, the application is considered a high-
speed application and cooling of the spindle becomes necessary.

The accuracy of a bearing is de�ned by ABEC number; many machine tools using ABEC-5 
bearings, although high-quality and high-precision spindles use ABEC-7 or 9 bearings. The bear-
ings are typically combined and customized to meet a machine’s speci�c operating requirements; 
as noted earlier, this requires a compromise between several performance characteristics such as 
load-carrying capacity, rigidity, speed, preload, and tolerance.

The bearing service life at conventional speeds, at which the effects of load are dominant, is 
usually considered equivalent to the fatigue life, although the actual service life may be limited by 
wear due to environmental factors (contamination, corrosion, heat, or poor lubrication) and mount-
ing problems. The major causes of bearing failures are contamination and lubrication breakdown 
due to inadequate sealing [170,171]. High-speed spindles are typically designed to yield fatigue 
lives of 6,000–10,000�h under speci�ed axial and radial loads, provided the bearings do not become 
contaminated and vibration remains within acceptable limits.

The bearing arrangement in a spindle has a strong in�uence on spindle performance. Typical 
angular contact bearing arrangements, shown in Figure 3.57, include back-to-back “DB” or tandem 
“DT” arrangements. Tandem mounting does not allow forces in both directions, unless another pair 
of bearings is used on the spindle shaft, facing in the opposite direction. Generally, two or three 
bearings are used at the front in a tandem setup and another tandem set is added at the rear of the 
spindle. Together, the bearing sets form an overall “DB” setup (as shown in Figure 3.53). Bearings 
should be positioned in an arrangement that does not allow the loss of preload when the cutting 
forces are in the direction opposite the preload. The load capacity in radial and both axial direc-
tions is determined by the combination of bearings. The “O” arrangement (tandem “DB”) is loaded 
against springs that limit its application to milling operations using either standard or high helix 
cutters. The “X” arrangement (tandem face-to-face “DF”) is not subject to these limitations since 
the axial loads are absorbed directly in the bearings. Spindle growth with the “O” arrangement is 
directed out of the spindle, causing the shaft to grow longer and the tool to cut deeper. This could 
also lead to preload loss during thermal expansion. In contrast, bearings with an “X” arrangement 
yield inside, leaving additional stock on the part, which can be removed in a �nishing pass, although 
�nish pass cutting forces would be increased. One to three sets of bearings are used to support the 

TABLE 3.3
Selection Criteria on Selecting Bearings for Spindles

Spindle Requirements Bearing Selection Spindle Design Impact 

High torque Larger bearings Large shaft, lower speed
High speed Low contact angle Small shaft, low power
High stiffness Roller bearings, larger size Large shaft, lower speed
Axial loading High contact angle Lower speed
Radial loading Low contact angle Higher speed
High accuracy ABEC 9, high preload Lower speed
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spindle shaft at each end. In the case of a tandem set, most of the external radial load (70%–80%) is 
carried by the �rst bearing. Since tandem sets are more dif�cult to lubricate, single bearing arrange-
ments are preferred especially when the axial load is not of concern.

Most commonly, angular contact bearings are used at both ends of conventional or high-speed 
spindles. However, under high speed, moderate load conditions such as those typical of drilling, a 
tandem “O” bearing arrangement with three bearings as locating bearings on the work end and a 
single row of cylindrical roller bearings as a �oating bearing on the drive end may be used. Under 
high load, average speed conditions such as those typical of milling, a bearing arrangement with 
two double-row cylindrical roller bearings such as radial bearings and a double direction angular 
contact thrust ball bearing to support the axial force may also used (Figure 3.58). Since tapered 
roller bearings can carry much higher loads than ball bearings, they save space because one tapered 
roller bearing is used at each end of the spindle (Figure 3.59), instead of two or three ball bearings. 

Axial load
direction

Tandem/DT

Solid preload

Back-to-back/DB/O
Preload is provided
by the inner races

Face-to-face/DF/X
Preload is provided
by the outer races

FIGURE 3.57  Ball bearing arrangements. (Courtesy of the Precise Corporation, Racine, WI.)
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Standard tapered rolled bearings are normally used for high loads, lower speed applications, while 
moderate to high speeds (about 50 m/s) are achieved either with modi�ed cage designs to direct the 
oil to the roller-rib contact area or by providing a secondary lubricant source to the rib.

Bearing lubrication is a critical component of the spindle system. Depending on bearing size, 
type, and speed, bearing lubrication may be permanent grease pack or some type of oil system. The 
majority of conventional spindles have permanent grease pack bearings. These are preferred where 
practical because they are simple, relatively inexpensive, and are maintenance free for extended peri-
ods assuming the sealing is good. They result in very low temperatures if the correct type of grease 
is properly applied. The grease life usually determines the bearing life in high-speed applications. 

High-speed angular contact
ball bearings
(DBB layout, grease lubricated)

Locking sleeve
(precise and secure locking)

High-speed double-row
cylindrical roller bearing
(grease lubricated)

V-pulley (�xed)
for Ban�e Scrum
(Bando Mfg. Co.)

Cooling oil groove

Drain port provided
for horizontal use

Pulley mounting seat
with keyway and thread

High-rigidity
double-row
cylindrical
roller bearing

Drain portHigh-rigidity W-nut locking method
(a)

(b)

High-rigidity angular
contact ball bearing
(contact angle: 30)

High-rigidity, double-row
cylindrical roller bearing

FIGURE 3.58  Machining center spindles with a combination of double-row roller bearings and angular 
contact ball bearings. (a) High-rigidity grease lubricated type for NC lathes spindle with rolling bearings at 
front and rear and (b) high-speed grease lubricated type for machining centers spindle with rolling bearings 
at rear. (Courtesy of NSK Corporation, Ann Arbor, MI.)
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To preserve the grease at bearing speeds above 700,000–850,000 DN, temperatures of 35°C–40°C 
should not be exceeded. The run-in period for temperatures and torque has an important effect on the 
successful operation especially for bearings used at speeds exceeding 13 m/s. Oil mist, pulsed oil-air 
(ratio 1:2), and occasionally oil jet or oil circulation systems are also used to improve spindle stabil-
ity but are costly, pose environmental concerns, and require scheduled maintenance. Such systems 
require that clean, dry, and continuous air be supplied. Also, the use of the correct type, quantity, and 
cleanliness of lubricating oil is critical [170]. Insuf�cient lubricant volume results in bearing burn-
out, but as the volume of lubricant increases, the temperature and friction increase. Higher speeds 
up to about 2.5 × 106 DN can be accomplished with oil-jet lubrication even though bearing power 
consumption due to friction is very high. Oil circulation is regulated between 2 and 10 L/min. Water 
jackets containing temperature-controlled recirculating water and glycol mixtures are also used to 
cool bearings. These systems are effective but must be carefully sealed to prevent the contamination 
of the spindle grease. They may also consume considerable energy through an integral chiller.

The preload greatly affects bearing performance. Angular contact bearings are loaded in the 
axial direction. The preload maintains the contact points of balls at their original positions and 
raises the speed at which the effects of sliding become signi�cant. Therefore, preload is increased 
as speed increases with external preloading arrangements. Static stiffness increases with preload, 
while the capacity to bear additional external loads and speed capabilities decrease. Ultimately, 
a load limit is reached, which gives an unacceptable fatigue life even though the mechanism of 
failure in very-high-speed applications is frequently wear rather than fatigue. Accuracy and repeat-
ability increase with preload until the bearing gap is closed; after this point they decrease with 
increasing preload. The optimum preload setting gives the minimum compliance or the maximum 
dynamic stiffness. The static coef�cient of friction increases with preload from 0.001 to about 0.01. 
Increasing the preload generally reduces the DN factor. The preload is determined by bearing speci-
�cation, speed, and lubrication [95,170,171]. The preload is generally designed based on the highest 
speed and temperature conditions, which determine the minimum preload and material�DN. A solid 
or �xed preload (obtained with a “DB” arrangement) allows for loads in both axial directions. This 
design does not perform well if the shaft changes length due to thermal expansion. A�variable pre-
load bearing mechanism enhances the characteristics of high-performance bearing arrangements, 
enabling them to run under a range of conditions. Variable preload, provided by springs or hydraulic 
pressure, allows thermal growth. A heavier preload is used at lower speeds, which increases stiff-
ness and allows higher cutting forces. In some cases, the preload is reduced to limit the heat gener-
ated at higher speeds. It is often impossible to regulate a variable preload in an NC machine due to 
continuous changes in cutting conditions and loads. A self-adjustable preload for the full spindle 
speed range helps achieve both heavy cutting at lower speeds and accurate rotation at higher speeds. 
A controlled or variable preload is obtained with springs positioned at the rear of the bearing that 
allows the bearing set to move axially within the spindle housing. The preload must be taken into 

FIGURE 3.59  Spindle with tapered roller bearings (grease lubrication). (Courtesy of Timken Company, 
Canton, OH.)
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account when calculating load-life requirements because there is a trade-off between the preload 
and the maximum load capacity. The preload can also affect dynamic runout and hence part quality.

Thermal stability is also an important concern in spindle selection, especially for �nishing oper-
ations. ANSI standard B89.6.2 [185] addresses thermal stability and thermal errors due to axial 
drift, radial drift, and tilting. At present, spindles with a growth of 0.025�mm or more over a 3�h time 
span are very common. The use of warm-up cycles can reduce but not eliminate thermal errors. 
Further control of errors depends on lubrication and cooling of the spindle. The best approach for 
improving the spindle’s thermal stability is to use more thermally stable materials for the spindle 
components and to cool the outer bearing races and motor with a water jacket or controlled 
temperature oil bath [186]. Circulating a heat-exchanging �uid through the spindle controls the 
temperature of the spindle head to reduce thermal distortion. Steel has traditionally been used for 
most spindle components but can be replaced in shafts and housings by �ber-reinforced metal or 
plastic composites [187]. Heavy metals and refractory materials with high modulus, such as molyb-
denum, tungsten, ceramics, and invar, can also be used but are expensive and dif�cult to fabricate. 
Sensors in the tailstock, saddle, and column have been used to measure the temperature of these 
units and automatically compensate for distortion. Thermal distortion is minimized in lathes by 
circulating temperature-controlled oil or coolant through the headstock, saddle, and spindle.

The spindle rigidity (the static stiffness or spindle de�ection measured at the spindle nose) is 
determined by the number, arrangement, and stiffness (type) of the bearings, the stiffness of the 
shaft, the bearing spacing, the housing stiffness, the preload, and the overhang distance between 
the front bearing and the cutting tool. Thermal expansion also has an important in�uence on the 
static and dynamic stiffness of the spindle. Optimum bearing spacing is designed for individual 
maximum speeds. The bearings selected should have as large a bore as practical because a 19% 
increase in bore size results in 100% increase in the stiffness contributed by the bearings and shaft. 
Material selection for the shaft and housing can improve the spindle stiffness signi�cantly since the 
bearings typically account for 30%–50% spindle de�ection, while the shaft and spindle housing 
de�ections are responsible for 50%–70%. Elastic analyses of the spindle system have been effec-
tively applied to determine the shaft stiffness as compared to the bearing stiffness and to optimize 
the housing design and heat transfer. Often a small stiffness improvement in a relatively stiff spindle 
is ineffective because the weakest, most elastic element in the system is the tool. Both the static and 
dynamic stiffness of the spindle are important; they differ signi�cantly especially at higher speeds. 
The dynamic stiffness is in�uenced to a large degree by the damping characteristics and the static 
stiffness of the spindle.

The rotary seals at the front and rear of the spindle prevent dirt, coolant, and chips from entering 
the bearings and spindle housing. Seals are even more critical when through-the-spindle pressur-
ized coolant is used because the coolant splashes against the front of the spindle with signi�cant 
energy. Inadequate sealing has been found to be one of the major failure modes of spindles [171]. 
Spindles are usually easy to seal using lip seals, labyrinths, packing, face seals, and stuf�ng boxes. 
Some seals are designed dynamically so that they do not contact the shaft at running speeds, reduc-
ing heat generation. Other types of seals include noncontact types with air purging to prevent leak-
age. The mean time to failure for most seals is 500–1000�days [154]. The design of bearing seals is 
discussed in detail in [171,188]. Rotary unions in machines with high pressure through-spindle cool-
ant often require a minimum coolant pressure to seal; these unions must be changed if the machine 
is converted to minimum quantity lubrication (MQL) as discussed in Chapter 15.

The tool retention system is also a critical spindle component for small or high-speed spindles. 
Figure 3.60 shows a power drawbar commonly used on NC machines. The drawbar passes through 
the center of the spindle shaft. The ID of the spindle nose is usually tapered to accept a tool holder; 
the drawbar pulls the holder securely into the spindle nose with an axial force of between 5 and 
35 kN, depending on the application. (As discussed in Chapter 5, HSK tooling couplings require 
higher retention forces than CAT-V tapers.) An improperly designed or adjusted drawbar can apply 
an excessive force to the front spindle bearings, leading to stresses and bulging, which could reduce 
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bearing life and performance. This is especially true for small spindles and spindles used in high-
power applications requiring high drawbar forces.

Spindle performance is also affected by balance characteristics, which determine limiting rota-
tional speeds. Balance is affected by the characteristics of the rotor, the characteristics of the machine 
structure and foundation, and the proximity of resonant speeds to the service speed. Precision and 
high-speed spindles must be dynamically balanced. The balance grade G1, representing a maximum 
unbalance vibration velocity of 1�mm/s, is normally suf�cient for machine tool spindles, while a G0.4 
may be needed for precision spindles. Details on the determination of the permissible residual unbal-
ance over speed are given in ISO Standard 1940 [189]. Higher precision machines may require active 
balancing devices integrated at the front of the spindle nose in addition to conventional two-plane 
balancing. These devices measure the vibration (magnitude and phase) during rotation of the cutting 
tool (before cutting takes place) and calculate the adjustments of the pole plate rings necessary to 
reduce the unbalance within a speci�ed level. More details are provided in Section 5.5.

Spindle vibration has a detrimental effect on spindle life, tool life, and part quality. The vibra-
tion can be detected in the displacement (amplitude), velocity, and acceleration in the axial and 
radial directions on the housing close to the bearings. Vibration of contactless bearings should be 
measured directly on the shaft or tool using noncontact methods. Vibration displacement and accel-
eration limits are spindle speed dependent; velocity limits are not and thus can be used to de�ne 
one acceptance criteria for the entire range of spindle speeds. The velocity amplitude acceptance 
limit for gearless type spindles (box, cartridge, and multi-spindle/cluster type spindles) for up to 
10,000� rpm is 0.01� mm/s; it increases at frequencies greater than four times the spindle speed 

Coolant hole
(standard)

Unclamped

Kickout

Drawbar

Belleville springs

Spindle shaftDriver

Off
On

Clamped
Vent hole

Center coolant
(optional)

HSK toolholder

FIGURE 3.60  A power draw bar tool retention system. (Courtesy of Toyoda Machinery USA, Inc., Arlington 
Heights, IL.)
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frequency, to 0.12�mm/s for angular contact bearings and 0.18�mm/s for roller bearings. The acceler-
ation limits are 0.5 g for angular contact bearings and 1 and 1.5 g for roller bearings for speeds below 
1000 rpm and above 1000 rpm, respectively. The displacement limit (peak-to-peak) for speeds 
below 700 rpm is 25 �m. The vibration velocity acceptance limit for gear-driven spindle assemblies 
is 0.2�mm/s. The ASA S2/WG88 standard is being prepared to de�ne acceptable vibration limits for 
high-speed spindles. Some general limits for high-speed spindles are 1�mm/s RMS for the spindle, 
2�mm/s RMS for the spindle with tool, and 4–6�mm/s RMS during cutting.

Most spindles exhibit axial and radial motion errors of between 0.25 and 2�� m at the spindle nose, 
although precision spindles with total motion errors of less than 50�nm are available. Spindles with 
radial motions of up to 10�� m are common. The dynamic spindle runout is often larger than the static 
runout by a factor of between 10 and 20 at high spindle speeds due to increased vibration. The radial 
runout measured at a speci�c gauging distance from the spindle nose using a precision arbor is a good 
indication of spindle runout quality because most tools extend 100–150�mm from the nose. Systems 
have been designed which incorporate counterweighed rotor assemblies �xed to the machine spindle 
nose for active real-time balancing of the entire spindle assembly after each tool change [190–193].

The spindle/toolholder interface has an important effect on spindle performance with respect to 
stiffness, adequate damping, balancing characteristics, and the ability to transmit the expected torque 
and forces at the cutting tool. Toolholder/spindle interfaces are discussed in detail in Chapter 5.

Sensors can be integrated within the spindle for process condition monitoring. Force measure-
ment systems based on piezo-electric force measurement sensors are used at the front of the spindle 
to measure the forces either in the z-axis or all three axes and estimate the torque. Single or tri-axial 
piezo-electric accelerometers are either integrated within or attached to the spindle housing (by the 
bearings) to sense the acceleration to monitor bearing wear and life and avoid early failure and to 
detect vibration, unbalance, and chatter in the cutting process. It is possible to detect chatter and regu-
late the speed to eliminate it. Special rings with piezo-electric force sensors have been developed for 
measuring the axial cutting force to avoid collisions and tool breakage, spindle nose failure during 
collisions, etc. [167]. The ring (as �ange or bearing type) could include several uniaxial piezo-electric 
force sensors. The electrical spindle current is used to estimate the power and torque for the cutting 
tool. Acoustic emission (AE) sensors are used to estimate the tool performance, wear, and avoid 
failure. AE sensors are also used to identify chatter during machining or breakage of the tool. They 
have been successfully applied in grinding and honing processes. The sensors are mounted either on 
the housing or as a ring at the spindle nose. The measurement of temperature near or on the bearing 
is used to monitor the thermal expansion of the spindle, which is equivalent to that of the cutting tool. 
In addition, displacement sensors can be used to measure the axial displacement of the shaft.

3.8  COOLANT SYSTEMS

In a machining center, coolant is supplied to the spindle nose and to the tool either externally or 
internally through the spindle. Coolant is supplied externally using swiveling jets mounted on a 
plate at the top of the spindle, or more effectively around the spindle housing on the machine unit 
or on the machine top cover (Figure 3.61). These nozzles are freely adjustable to different distances 
between spindle and workpiece so that they are effective over the entire workspace. External cool-
ant can also be supplied through permanent nozzles located on the face of the spindle housing; this 
is especially effective for a ram/quill type spindle since the nozzles travel with the spindle in the 
Z-direction. In this case, the coolant is supplied through the spindle housing.

Through-tool coolant can be supplied either through the center or the perimeter of the spindle 
shaft (Figure 3.61). When coolant is supplied through the shaft perimeter so that the coolant does 
not interfere with the drawbar system, it is routed through the �ange of the tool holder. In the case of 
tools with internal coolant supply holes or when manufacturing precision bores, the coolant should 
be �ltered to less than 40 �m, and down to 5–10 �m at high speeds to prevent wear and damage 
to the rotary union, tool holder/spindle interface, drawbar �ngers, and tool, and to reduce stresses 
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on�seals. Filtering not only prevents the blockage of the tool oil holes but also ensures a constant 
surface �nish in the bore and a longer tool and coolant life. Paper �lters or a hydrostatic �lter system 
with high �lter capacity should be used as discussed in Chapter 14.

Remote control coolant nozzles may be used at the spindle head; these nozzles around the spindle 
are automatically controlled by the machine software according to the length and diameter of the 
tool to provide coolant at the cutting edge or workpiece.

Optimum cooling and rinsing are ensured by a combination of external cooling with annular 
spray nozzles and internal coolant through the tool. When high-pressure internal coolant is used, a 
mist collector is necessary to meet mist exposure standards. Common coolant formulations, main-
tenance issues, and health and safety concerns are described in detail in Chapter 14.

3.9  TOOL CHANGING SYSTEMS

CNC machine tools are usually equipped with an automated tool change (ATC) system. One or 
more turrets are always used in turning centers as shown in Figure 3.62. The number of slots in the 
turrets determines the number of tools that can be used in a single program and usually limits the 
class of parts that can be produced. Turrets are loaded by hand.

Swiveling jet
Swiveling jet
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Spindle shaftSpindle shaft
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Coolant
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FIGURE 3.61  Coolant supply approaches. (a) Coolant through the tool and center of spindle shaft, (b) cool-
ant through the tool with holes on the perimeter of the shaft, (c) coolant through the spindle housing, and 
(d)�coolant through swiveling jets on the machine unit located around the spindle housing.
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Machining centers have tool magazines and generally an exchange arm or similar mechanism 
to transfer the tool from the magazine to the spindle. Two common types of tool magazines are 
the chain magazine and disk magazine, shown in Figures 3.63 and 3.64. Chain magazines can 
have a higher capacity and can usually be loaded at the �oor level. They require an exchange 
arm and generally cost more than disk magazines, but their added capacity may reduce machine 
counts in high-volume applications. Disk magazines may load directly to the spindle and may be 
mounted on the side for ease of loading or overhead to save space; in the overhead con�guration 
they may require loading through the spindle. They generally cost less and have more limited 
capacity than chain magazines. Chain and disk magazines have similar chip-to-chip times on 
contemporary machines. In some applications, a tool runner system is employed, in which a 
monorail is used to convey tools from one or more magazines to a tool change station to increase 
tool storage capacity. Straight rack-type magazines are sometimes used in high-volume applica-
tions, since they permit rapid loading of a cartridge of tools at prescribed intervals to minimize 
production disruption.

Exchange arms are illustrated in Figure 3.65, which shows the basic designs used on general 
purpose machining and turning centers, including the swing arm, rack, multiple arm, wheel, and 
turret types shown. On machining centers, the double arm swing system is most common. Single or 
multiple arm systems use either a tool magazine or a tool runner for tool storage. Most ATC systems 
can select tools at random (rather than in a predetermined sequence), and some can store informa-
tion such as the accumulated tool life for a particular tool. The setup and organization of tools in the 
tool magazine is often important and is part of the design process especially when large batches of 
identical parts are to be machined [78].

FIGURE 3.62  The turret on a turret lathe.
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FIGURE 3.63  Chain tool magazine on a horizontal machining center. (Courtesy of MAG Automotive, 
Sterling Heights, MI.)

FIGURE 3.64  Horizontal B-axis machines with overhead disk tool magazines. (Courtesy of MAG Automotive, 
Sterling Heights, MI.)
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The ATC cycle time varies depending on the class of machining center. The tool-to-tool change 
time is typically 1 s for a multiple arm system, 2–5 s for a swing arm system, and 5–10 s for a rack 
system. The tool change time is typically 1.5–2.5 s for a wheel and turret system, which carries a 
limited number of tools. Tool-to-tool change times are continuously decreasing, recently to below 
0.6 s in some cases, which is leading to reduced noncutting times. The ultimate goal is to change 
tools without stopping the spindle, especially when operating at higher spindle speeds.

3.10  PALLETS

The pallet structure is another component of a machining system contributing to machine perfor-
mance. In many cases, the workpiece is clamped to a pallet that is usually located on an indexing 
table, which must be clamped in the desired orientation prior to cutting. The table clamping mecha-
nism determines accuracy and repeatability; it should provide suf�cient clamp pressure with mini-
mum pallet de�ection. A good clamping design is necessary for the effective use of the full vertical 
axis travel in a horizontal B-axis machine. A pallet changing system improves productivity because 
a part is loaded while another is being machined. Pallets are used in �exible and FMS systems for 
high production.

A standard pallet may utilize four conic couplings. The clamping unit engages at the center of the 
conic coupling. This arrangement of four conical couplings has been proven accurate and rigid for 
up to 1.5 × 1.5 m pallets with load capacity up to 12 tons. It has been used successfully in multipallet 
systems, FMS, and other automatic systems. Acceptable results can often be obtained by hydrauli-
cally clamping the table against a curvic coupling mechanism. A curvic coupling is a pallet chucking 
system, which uses a given number of teeth with an engagement angle on each tooth so that it auto-
matically locates the center of the pallet without any backlash. Curvic couplings up to 400�mm in 
diameter have been used successfully to secure large pallets. They provide an accuracy of 0.002�mm 
and repeatability better than 0.002�mm. This system is very well suited for automatic pallet changer.

The aforementioned types of pallet chucking systems can be used on top of a rotary or indexing 
table. Rotation can be provided by a high-precision NC system, such as double-lead worm drive system, 
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FIGURE 3.65  Types of automatic tool changers with corresponding tool change times.
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using rotary encoder for position. Indexing accuracy of �2 s is achievable with NC rotary tables. 
1°�indexing tables are possible with large-diameter pallets using 360 teeth in the curvic coupling.

3.11  ENERGY USE IN CNC-MACHINING CENTERS

There has been an increased interest recently in the energy input required for machining and other 
manufacturing processes. Reducing the energy required to machine a part has both environmental 
and cost bene�ts. A number of machine tool and controller manufacturers have developed technolo-
gies to reduce CNC energy use [194–198].

It is not a trivial task to accurately determine how much energy a typical CNC machining center 
uses. As with any thermodynamic problem, it is �rst necessary to de�ne a system and then consider 
all forms of energy crossing the system boundary. Figure 3.66 shows a block diagram for a CNC 
machine tool, which is treated as the system in this case. Even in this simpli�ed description, it can be 
seen that there are four energy inputs to the system—three-phase electricity, coolant, chilled water 
(for spindle cooling), and compressed air. (In some installations, water is chilled on the machine, 
rather than at a central chiller, so that there is no chilled water input, but increased electricity input.) 
Not shown are energy expenditures remote from the machining center, which are nonetheless neces-
sary for its function—plant HVAC and lighting, air �ltering, coolant �ltering, chip drying, coolant 
waste treatment and disposal, and transportation of parts to and from the area. It may be dif�cult to 
properly apportion these energy expenditures among speci�c plant operations, but they are, in many 
cases, signi�cant compared to other more easily assignable energy components.

Energy use in machine tools has been studied since the 1980s [199]. The electrical energy compo-
nent is the most straightforward to measure, so many studies include only this component [200–204]. 
Also, some studies report computed energy costs rather than direct energy usage measurements. 
More recent studies have included energy usage for chilled water and compressed air, generally as 
a percentage of the total energy expenditure [205–208]. It is often dif�cult to do direct component 
comparison due to differences in machine con�gurations. In some machines, for example, the same 
cooling system is used for spindle cooling and air conditioning of the controls cabinet, and in other 
cases, only the power input to a power supply feeding multiple subsystems can be easily measured.

A survey of available data indicates that the three largest sources of energy consumption in CNC 
machining are the machining process, the coolant system, and compressed air. The portion of total 
energy consumed by the cutting process varies between roughing and �nishing cuts but is typically 
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FIGURE 3.66  Block diagram showing energy �ow into and out of a machining center.
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roughly 25%. High-pressure coolant systems consume 30%–40% of the total energy, with low-pressure 
systems consuming half as much. Compressed air typically accounts for roughly 15% of total energy use. 
The balance of the energy is consumed by the hydraulic system, feed drives, chip transport, machine con-
trols, and other functions. The literature on energy use does not cover a broad range of cutting conditions, 
so these ratios should be taken only as general guidelines subject to validation in speci�c applications.

3.12  EXAMPLES

Example 3.1 Estimate the stiffness of a strut used in a PKM machine tool if the stiffness of the ball 
screw itself is 140 N/� m, the stiffness of a Gimbal joint is 25 N/� m, and the stiffness of a preloaded 
roller ball/socket is 200 N/� m. Spherical joints at each end that support the ball screw should be 
included in the estimation of the overall strut stiffness.

Solution: The strut and the joints at its ends are in series and their stiffness is
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For Gimbal joints kT = 11.5 N/� m and for preloaded roller ball joints kT = 58 N/� m. This is the con-
cern with PKMs compared to serial machine tools assuming that the strut is constructed using the 
same ball screw/nut assembly used for conventional machines.

Example 3.2 Consider a 2D PKM system (2D hexapod with variable strut length) with two struts 
(planar scissors pair) 600�mm apart at the base as shown in Figure 3.67. Each strut is a ball screw 
attached with a ball joint at the base and at the end where the spindle is mounted. Struts (A) and (B) 
swivel around their joints at the base and can stretch from a minimum length of 600�mm to a maxi-
mum of 1200�mm. The motions cover a large workspace. Estimate the stiffness of the PKM system 
at four different locations as a function of the ball screw stiffness de�ned in Example 3.1.

Solution: The strut stiffness is estimated in the previous Example 3.1 assuming the ball screw 
is supported by spherical joints at each end. Let p = {px;py} be the location of the tip. Let a 
and�b be the location of the ground pivots A and B, respectively. These are all 2 × 1 vectors. 
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FIGURE 3.67  Illustration of several locations for a planar hexapod machine (PKM using two struts).
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For�shorthand, let vectors from each point in the workspace to the ground pivots be represented 
by the vectors

	 pa p a pb p b� � � �and

Using ks as the stiffness of the strut, the formula for the stiffness matrix is as follows:
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Let us now calculate the parameters for the C point in the workspace,
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where

 and � are the included angles of the struts at point C with the ground
ls is the length of the strut

The stiffness matrix is equal to
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The angles 
 and � for the location C are equal to 60° in which case the stiffness matrix is
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.

.

Therefore, kxx = 0.5ks and kyy = 0.5ks. Note that the off-diagonal entries are zero because point C has 
principal directions along X- and Y-directions (its stiffness matrix is already diagonal). This is also 
true for point D. The angles 
 and � for the location F are equal to 36.9° and 63.4°, respectively. The 
stiffness matrix for point F is

	
K kF s�

�

�
�

�

�
�

0 84 088

0 88 116

. .

. .

The principal stiffnesses for locations F and E are not in the X- and Y-directions and are computed 
using the eigenvalues, which give the principal stiffnesses. They both have weak directions due to 
the small angle between the struts. The values of directional stiffness kxx, kyy, and those along the 
principal directions Kp1, Kp2 are given in Table 3.4.

TABLE 3.4
Stiffnesses in the Workspace of a 2D Hexapod with Variable Strut Length

Location kxx/k s kyy/k s Kp1/k s Kp2/k s

C 0.5 1.5 0.5 1.5
D 0.125 1.875 0.125 1.875
E 0.41 1.59 0.232 1.768
F 0.84 1.16 0.106 1.894
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In summary, it is shown that the stiffness at the tip joint of the two struts of the hexapod 
machine varies throughout the workplace. In most places, it is much lower than the stiffness 
of a single strut. If it is assumed that the strut stiffness was calculated based on the stiffness of 
a classical machining center structure (where the ball screw/nut/thrust bearing system effec-
tively determines the stiffness in each direction), the stiffness of the 2D hexapod is signi�cantly 
lower in the weak directions. Generally, the closer the struts are to perpendicular, the better the 
stiffness.

Example 3.3 A conventional machine tool with 10,000 rpm/10 kW rated belt-driven spindle is 
being replaced with a high-speed machining (HSM) center with a 40,000 rpm/20 kW rated spindle. 
The new machine will be used for machining aluminum workpieces, for which it seems suited 
based on its rated characteristics. The conventional CNC was used to rough and �nish a part. The 
rough process included a face milling operation using a 100�mm diameter face milling cutter at 
2000 rpm. However, the new machine stalls during the face milling operation. What is the reason 
for such a problem with the new machine?

Solution: The power and torque required by each of the operations in the new machine should be 
estimated and checked against the power and torque curves. The power and torque curves were 
obtained upon request from the manufacturer of the HSM center as shown in Figure 3.68. This 
graph will help us decide if the power required by the cutting tool is available in the machine. This 
information is estimated using the material in Chapter 2. The power and torque required for the cut 
(doc = 3�mm, width of part 70�mm, feed per tooth = 0.13�mm, cutter with 5 inserts) are estimated 
to be 4.9 kW and 23 N m, respectively. It can be seen that the belt-driven spindle can deliver the 
required power and torque at 2000 rpm while the motorized high-speed spindle does not have either 
the power or torque for this operation. The belt-driven spindle has three times the torque of the high-
speed spindle because a larger motor drives it.
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FIGURE 3.68  Machine tool spindle power and torque characteristics versus speed used in Example 3.3.



150 Metal Cutting Theory and Practice

This illustrates the following:

	 1.	The bene�t of the high-speed spindle is obtained at higher speeds using lower doc to avoid 
exceeding the torque and power available, in which case the machining time per pass is 
signi�cantly lower for the high-speed spindle.

	 2.	The speci�cation of the spindle by a single number (i.e., 40,000 rpm/20 kW) is not suf-
�cient to describe the spindle characteristics; graphs of power and torque versus speed are 
required to properly select the cutting conditions and optimize each operation.

Example 3.4 Evaluate and compare two integral-motorized spindles of the same design but differ-
ent length. Spindle (A) has a 264�mm long stator with 26 N m output torque, while spindle (B) has a 
100�mm shorter stator with 15 N m output at 20,000 rpm. The shorter spindle allows reducing the 
distance between the front and the rear bearing by 100�mm, which affects the characteristics of the 
spindle. Analyze the characteristics for both spindles.

Solution: A �nite element program was used to create a 2D axisymmetric model that matched the 
geometry of the spindle shaft and nose and rotor. The FEA program is capable of simulating both 
the dynamic and static behavior of a spindle and tooling system. The spindle shaft and the hous-
ing were modeled as shown in Figure 3.69. Springs S1, S2, and S4 represent the spindle bearings 
and springs S5 and S6 represent the connections between the spindle housing and the machine tool 
structure. The parameters of spring S1, S2, and S4 were determined based on the stiffness provided 
by the bearing manufacturer and by matching the measured dynamic response and static de�ections 
to those generated by the model.

The model provides estimates of the difference in natural frequencies. The �rst natural fre-
quency for motor A is 672�Hz, while for motor B it is 836�Hz. The modal stiffnesses for motors 
A�and B are 2.3 × 109 and 3.0 × 108 N/m, respectively. These frequencies correspond to 40,320 and 
50,160 rpm, respectively, for motors A and B. Since the natural frequency for both spindles is more 
than twice higher than the maximum operating speed, both spindles are safe.

A 50�mm increase in the distance between bearings in a 40,000 rpm spindle resulted in reduction 
of the critical spindle speed from 51,198 to 44,445 rpm [172]. This brings the 40,000 rpm operating 
speed close to the �rst natural frequency, which is not generally acceptable due to higher vibration 
levels resulting in lower bearing and cutting tooling life.
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4 Cutting Tools

4.1  INTRODUCTION

Cutting-tool design has a strong impact on machining performance. Properly designed tools 
produce parts of consistent quality and have long and predictable useful lives. An improperly 
designed tool may wear or chip rapidly or unpredictably, reducing productivity, increasing costs, 
and producing parts of deteriorating quality. Tooling thus has a major in�uence on the productiv-
ity and economics of a process. It is important to consider all tooling geometries and material 
options for a given application, and especially the range of speeds and feeds for which each can be 
applied and their typical failure modes. In high-volume applications, perishable tooling costs are 
typically�3% of the component cost. Modifying tooling to increase tool life 50% reduces the total 
cost per component by 1%–2%. Using higher cost tool capable of running at higher material removal 
rates (MRRs) may be a better option, since a 20% increase in the MRR could reduce the total cost 
per component by 15%. In some aerospace applications, in contrast, a primary concern in tooling 
design is ensuring that the tool does not chip or break to avoid damaging an expensive workpiece.

Cutting tools may be broadly classi�ed as single point tools, which have one active cutting edge,�and 
multipoint, multifunctional, or multitasking tools, which have multiple active cutting�edges. Single 
point tools are commonly used for turning and boring, while multipoint tools are used for drilling, 
milling, and in special purpose tooling. Multifunctional or multitasking tools are used to machine 
multistep holes or several features with one tool. Tools may be further classi�ed based on the cutting-
edge material, geometry, and clamping method. The best choice of tool material and geometry in a 
given operation depends on the volume of parts to be machined, the workpiece material, the required 
accuracy, and the capabilities of the available machine tools.

The objective of this chapter is to discuss conventional and advanced cutting-tool technolo-
gies and to explain the properties and characteristics of tools, which in�uence tool design or 
selection. The general properties of available tool materials and tool coatings are discussed in 
Sections�4.2 and�4.3. Speci�c information on the design and selection of tools for turning, boring, 
milling, drilling, reaming, threading, grinding, honing, microsizing, and burnishing are discussed 
in Sections�4.4 through 4.13.

4.2  CUTTING-TOOL MATERIALS

4.2.1 I NTRODUCTION

This section discusses the basic properties of tool steels and high-speed steels, carbides, cermets, 
ceramics, superabrasives, and the corresponding coatings for these materials. Critical factors for 
performance and comparison are explained. The proper selection of a speci�c tool material and/or 
coating for a particular application is also discussed.

4.2.2  MaTERIaL PROpERTIES

Cutting tools must be made of materials capable of withstanding the high stresses and temperatures 
generated during chip formation. Ideally, tool materials should have the following properties:

	 1.	High penetration hardness at elevated temperatures to resist abrasive wear
	 2.	High deformation resistance to prevent the edge from deforming or collapsing under the 

stresses produced by chip formation
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	 3.	High fracture toughness to resist edge chipping and breakage, especially in interrupted 
cutting

	 4.	Chemical inertness (low chemical af�nity) with respect to the work material to resist dif-
fusion and chemical wear

	 5.	High thermal conductivity to reduce cutting temperatures near the tool edge
	 6.	High fatigue resistance, especially for tools used in interrupted cutting
	 7.	High thermal shock resistance to prevent tool breakage in interrupted cutting
	 8.	High stiffness to maintain accuracy
	 9.	Adequate lubricity (low friction) with respect to the work material to prevent built-up edge, 

especially when cutting soft, ductile materials.

The �rst three properties are required to prevent sudden, catastrophic failure of the tool. Properties�1, 
4, and 5 are required for the tool to resist the high temperatures generated during chip formation; 
as discussed in Chapter 9, elevated tool temperatures can cause rapid tool wear to do thermal soft-
ening or diffusion and chemical wear [1–4]. Properties 3, 6, and 7 are required to prevent chipping 
of the tool, especially in interrupted cutting. Fracture toughness is usually characterized by the 
transverse rupture strength; fatigue resistance is characterized by the Weibull modulus. As shown 
in Figure 4.1, properties 1, 4, and 5 generally determine the maximum cutting speed at which a tool 
can be used, while properties 3 and 6 determine allowable feed rates and depths of cut. It should 
be noted that fracture and fatigue strength requirements vary with the cutting speed, since cutting 
forces usually decrease with increasing cutting speed.

The common tool substrate materials currently in use include high-speed steels (HSS), cobalt 
enriched high speed steels (HSS-Co), sintered tungsten carbide (WC), cermets, ceramics, poly-
crystalline cubic boron nitride (PCBN), polycrystalline diamond (PCD), and single-crystal natural 
diamond. (Note that many production tools are coated, so that the properties of the coating as well 
as the substrate are important.) These materials provide a wide range of combinations of proper-
ties [5]. A relative comparison of their mechanical and physical properties, hardness, toughness, 
Young’s modulus, thermal conductivity, speci�c heat, softening temperature, and Weibull moduli 
is given in Table 4.1 [1–9]; the magnitude of the property increases between the different mate-
rials moving from the bottom row to the top row in the table. Figure 4.2 shows a more speci�c 

Toughness Thermal shock

Feed
and
DOC

Speed

Abrasion resistance
Hot hardness
Chemical inertness
Matrix interaction

FIGURE 4.1  The in�uence of tool material properties on optimization of cutting conditions.
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FIGURE 4.2  Comparison of hardness and toughness for various cutting tool materials. DCC, diamond-
coated carbide; C-PM, coated powder metallurgy steel; SiN, silicon nitride ceramic; AlO, aluminium oxide 
ceramic.

TABLE 4.1
Relative Comparison of Various Properties of Cutting Tool Materials

Micro-
Hardness 

Fracture 
Toughness 

Young’s 
Modulus 

Modulus 
of Rupture 

Thermal 
Conductivity 

Speci�c 
Heat 

Softening 
Temperature 

Chemical 
Inertness 

Weibull 
Modulus 

PCD C2 carbide PCD C2 carbide PCD Al2O3 PCD Al2O3 C2 
carbide

PCBN (SiCw)-
Al 2O3

PCBN PCD PCBN Si3N4, HIP PCBN (SiCw)-
Al 2O3

(SiCw)-
Al 2O3

Al 2O3 + 
TiC

ZrO2 C2 carbide Sialon C2 carbide Si3N4, RB Al2O3 ZrO2 Si3N4, 
HIP

C2 
carbide

Sialon Al2O3 Al 2O3 + 
TiC

Si3N4, HIP Al2O3 + 
TiC

C2 carbide Sialon Si3N4, 
RB

Si3N4, 
HIP

Si3N4, HIP Al2O3 + TiC Si3N4, HIP Sialon Sialon Si3N4 Sialon

Sialon Al2O3 + 
TiC

(SiCw)-
Al 2O3

ZrO2 Al2O3 + TiC ZrO2 C2 
carbide

Al2O3 + 
TiC

Al2O3 Al 2O3 Si3N4, HIP Al2O3 Si3N4, RB Al2O3

ZrO2 Si3N4, RB Sialon PCBN Al2O3

Si3N4, RB Si3N4, RB Si3N4, RB ZrO2

ZrO2

Note:	 Materials are listed in descending order for the given property by column.
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comparison of hardness and toughness for various tool materials. Figure 4.3 shows a similar com-
parison of relative abrasion resistance, and Figure 4.4 shows typical allowable speed ranges for 
given combinations of tool and work materials, based largely on hot hardness and chemical inert-
ness considerations. For speci�c grades, additional information on material properties, as well as 
application guidelines (e.g.,�allowable speed, feed, and doc ranges) can be obtained from tool suppli-
ers. The cutting speed is the most important parameter to be selected among the cutting conditions 
as explained in Chapters�9 and 13. The usable cutting speed is affected by the expected tool life as 
discussed in Chapter 9.

As is evident from Table 4.1 and Figures 4.2 and 4.3, no single material exhibits all of the desir-
able properties for a tool material. Some of the desired properties, in fact, are mutually exclusive. 
Very hard materials, for example, tend to be brittle and thus have poor fracture toughness. The 
best tool material for a given application depends on several factors; as shown in Figure 4.5, these 
include part requirements, constraints imposed by available machine tools and tool holders, and 
economic considerations. For new processes, the cutting speed regime is often selected �rst, as 
this has a strong in�uence on the metal removal rate and tool wear characteristics as discussed in 
Chapter 9. The tool material selection is then made from the restricted list of materials suitable for 
use within that range for the given work material (Figure 4.4). In trouble-shooting existing opera-
tions to improve tool life or part quality, tool materials are often substituted based on the speed 
range and expected type of tool failure as shown in Figure 4.6. In either case, an understanding of 
the properties and application ranges of speci�c tool materials is required to make sound choices.

Resistance to abrasion

1 5–10 10–30 50 100
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FIGURE 4.4  The effect of tool material on the allowable cutting speed.
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FIGURE 4.3  Relative comparison of abrasive wear resistance of tool materials.
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4.2.2.1  High-Speed Steel (HSS) and Related Materials
High-speed steels (HSS) are self-hardening steels alloyed with W, Mo, Co, V, and Cr. They exhibit red 
hardness, which permits tools to cut at a dull red heat without loss of hardness or rapid blunting of the 
cutting edge. HSS is inexpensive compared to the other tool materials, is easily shaped, and has excel-
lent fracture toughness and fatigue and shock resistance. However, the hardness of HSS decreases rap-
idly at temperatures above 540°C–600°C, and HSSs have less wear resistance, less chemical stability, 
and a greater tendency to form a built-up edge than other tool materials. Their limited wear resistance 
and chemical stability makes HSS tools suitable for use only at limited cutting speeds. Plain HSSs are 
generally used at cutting speeds below 35 m/min in steel, although special alloys such as the HSS-Co 
alloys discussed in the following can be used at speeds up to 50�m/min. HSS can be accurately ground 
and resharpened using conventional abrasive wheels. HSS is very commonly used for geometrically 
complex rotary tools such as drills, reamers, taps, and end-mills as well as for broaches and gear hobs 
and form cutters. HSS tools are also widely used in multi-spindle machines (e.g., gang drill presses, 
screw machines, and older transfer machines) with limited rigidity and speed capabilities.

Plain HSSs are broadly classi�ed as T-type steels, which have tungsten as the major alloying 
element, and M-type steels, in which the major alloying element is molybdenum. The T-types are 
less tough than M-type but are heat-treated more easily. M-types are more widely used for rotary 
tooling, especially drills, end-mills, and taps. Of the standard plain HSSs, M2 is most widely used 
for drills and taps, T42 has the best abrasion resistance, and M42 has the greatest hot strength.

Sintered or powder metal (P/M) HSS shows minimal distortion and improved wear resistance, 
hot hardness, and toughness compared with plain HSS. P/M HSS materials are especially bene�cial 
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FIGURE 4.5  Procedure for tool selection and optimization of cutting conditions. (From Kramer, B.M., 
ASME J. Eng. Ind., 109, 87, 1987.)
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in tapping and broaching but are also used for drills and end mills because they have better tough-
ness than carbide tools, which may chip and crack in interrupted cuts or when encountering hard 
spots. In proper applications, P/M tools can double tool life and remove material at twice the rate of 
conventional tooling [10].

In some applications, HSS is alloyed with cobalt (HSS-Co) or vanadium to produce grades with 
increased toughness, hot hardness, and wear resistance. HSS-Co grades are used especially for 
drills and taps. They are suitable for use at higher speeds, feeds, and depths of cut than plain HSSs 
and have better fracture toughness than sintered carbides. Similarly, stellite, a cobalt-based alloy 
containing chromium, tungsten, and carbon, is sometimes used for tools. Most commonly, solid 
stellite tool bits are used to turn dif�cult-to-machine materials (e.g., weldments), which cause chip-
ping of carbide tools.

4.2.2.2  Sintered Tungsten Carbide (WC)
Sintered tungsten carbide-based hardmetals are the most common tool materials for turning, 
milling, threading, and boring using indexable inserts and are also common for solid round tooling. 
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FIGURE 4.6  Substitution trends in cutting tool materials. (From Clark, I.E. and Hoffmann, J., PCD Tooling 
in the Automotive Industry, Diamond & CBN Ultrahard Materials Symposium, IDA, Windsor, Ontario, 
Canada, September 29–30, 1993, pp. 115–130.)
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Cemented�tungsten carbide inserts and blanks are manufactured by mixing, compacting, and sinter-
ing tungsten carbide (WC) and cobalt (Co) powders. The Co acts as a binder for the hard WC grains; 
as discussed in the following, the grain size and binder content largely determines the insert’s physical 
properties. Characteristics of tungsten carbides include high transverse rupture strength, high fatigue 
and compressive strength, and good hot hardness. The modulus of elasticity and torsional strength are 
twice those of HSS. Carbides conduct heat away from the tool–chip interface well and can be tailored 
to meet speci�c thermal shock requirements. By varying the cobalt content, the relative balance of 
hardness and toughness can be changed. Their main drawback is that they have only average chemi-
cal and thermal stability at high temperatures, which makes them unsuitable for machining steels at 
high cutting speeds. For nonferrous work materials, WC tools will exhibit 2–3 times the productivity 
and 10 times the life of HSS tools; in steels 2 times the productivity and 5 times the life.

In the United States, WC grades are often classi�ed into eight categories denoted C1 through C8�[11]. 
The grades are broadly divided into two classes (C-1 through C-4 and C-5 through C-8) accord-
ing to the workpiece material (see Figure 4.7). As the number increases within each class, shock 
resistance (toughness) decreases, hardness increases, high-temperature deformation resistance and 
wear-resistance increase, and carbide grain size decreases. Therefore, an increase in cutting speed 
or the feed load should be followed by an increase or decrease, respectively, of the classi�cation 
number for the carbide grade. Hardness measurements primarily indicate the Co volume and WC 
grain size, and not the actual hardness of the carbide constituent. Similarly, a European classi�ca-
tion has been adopted in ISO Standard 513 [12]. This system consists of six categories designated 
as P-(heavily alloyed multicarbides), M-(low-alloyed multicarbides), and K-, N-, S-, and H-grades. 
A�summary and comparison of the characteristics of C-, K-, P-, and M-grades is given in Figure 4.7. 
This table can be used to determine appropriate application ranges for speci�c grades; for example, 
of K-grades suitable for use on cast iron, K01 is a wear-resistant, �nishing grade suitable for �nish 
boring with no shock, while K40 is a tough grade suitable for rough milling. The N-grades are for 
nonferrous metals (i.e., aluminum), the S-grades are for superalloys and titanium, and the H-grades 
are for hard materials. By convention, K25 represents general purpose milling. It should be noted 
that the same carbide grade from different producers could vary signi�cantly since the classi�cation 
systems do not rigorously describe the criteria for classifying carbide grades.

Two basic classes of carbide materials are used for cutting tools: two-phase WC-Co (straight 
cemented tungsten carbide; grades K01 through K40, or C1 through C4), and alloyed WC-Co grades, 
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FIGURE 4.7  Classi�cation of carbide tool materials according to use.
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in which part of the WC is replaced by a solid solution of cubic carbides, such as titanium carbide 
(TiC), tantalum carbide (TaC), niobium carbide (NbC), or a combination of these materials (grades 
P01 through P50, M01 through M50, and C5 through C8). Straight WC-Co grades are used for work-
piece materials that cause primarily abrasive tool wear and generate a short, discontinuous chip; typ-
ical materials include cast iron, high temperature alloys, high-silicon aluminum, other nonferrous 
alloys, and nonmetals. When used with steels, which generally yield longer continuous chips, straight 
WC-Co grades often fail due to crater wear on the rake face of the tool. As discussed in Chapter�9, 
crater wear is caused by diffusion of constituents of the tool into the chip at high temperatures. 
Alloying also improves cratering resistance; alloyed grades containing TiC or TaC were developed for 
improved crater wear resistance when machining steels. Compared to straight grades, alloyed grades 
have increased heat resistance, compressive strength, and chemical stability. TaC alloyed grades have 
a higher hot hardness and better thermal shock resistance than TiC alloyed grades.

The hardness, fracture toughness, and heat resistance of carbide grades depend on the Co, TiC,�and 
TaC contents and on the carbide grain size. Increasing the Co content decreases hot hardness 
and edge wear, crater wear, and thermal deformation resistance, but increases fracture toughness. 
The compressive strength is affected signi�cantly by the Co content, and increases with Co percent-
age to a maximum of about 4%. The abrasive wear resistance of cemented carbides increases with 
increasing TiC content and decreases with increasing TaC content. Substrates with Co content less 
than 6% are attractive for ferrous machining at higher speeds with smaller depths-of-cut and limited 
interruptions.

The WC grain size affects the tool’s hardness, toughness, and edge strength. Fine WC grains 
generate thin sections of Co binder that are constrained by the WC grains, resulting in harder 
materials with lower fracture strength. Typical WC grades have 1.5–5 �m grain size and a hardness 
between 89 and 93 Rockwell “A.” Fine grain WC is used for inserts and for solid drills, reamers, end 
mills, and other rotary tools. Coarse grain WC (2.5–6 �m) has higher fracture toughness but less 
wear resistance than �ner grades and is used primarily for roughing. Since hardness increases with 
decreasing grain size, micrograin carbides exhibit superior resistance to crater wear, notching, and 
chipping in semi-roughing through �nishing applications and perform well in applications where 
normal carbide grades tend to chip or break. Micrograin carbide grades are classi�ed as �ne grain 
(<1.3 � m), �nest or submicron grain (<0.8 �m), ultra �ne grain (<0.5 �m), and nano grain (<0.2 �m). 
Ultra �ne grain carbide is used in special cases such as rotary tooling for high speed and/or high 
throughput machining applications in ferrous materials and is becoming common for high perfor-
mance rotary tooling. It improves cutting edge strength and stability, preventing premature chipping 
and material loading and allows sharper edges because ultra-�ne grain carbide is 15%–20% tougher 
than common carbide grades (grain size 2–3 �m with 8% Co). Nano-phase carbides are being devel-
oped for very small tools and for round high performance tools for exotic materials. An improve-
ment of carbide performance is obtained by providing a cobalt-enriched (binder phase) layer (about 
13–25 � m thick) on the surface of the tool or the tool corner. This enriched layer contains two to 
three times the cobalt concentrations of the bulk material. This improves the toughness of the cut-
ting edge and resistance to chipping.

Basic guidelines for selecting carbide grades are (1) use the lowest Co content and �nest grain 
size, provided edge chipping and tool breakage do not occur; (2) use straight WC grades when 
abrasive edge wear is of concern; (3) use TiC grades to prevent crater wear and/or both crater and 
abrasive wear; (4) use TaC grades for heavy cuts in steels.

4.2.2.3  Cermets
Cermets are TiC-, TiN-, or TiCN-based hardmetals often described as ceramic or carbide compos-
ites. The physical properties and application range of cermets generally fall between those of WC 
and plain ceramics. Cermets are less susceptible to diffusion wear than WC and have more favor-
able frictional characteristics. However, they have a lower resistance to fracture (lower strength and 
toughness) and a higher thermal expansion coef�cient than WC, and they are more feed sensitive. 
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Cermets have a higher bending strength and fracture toughness than ceramics, higher thermal 
shock resistance than oxide-based ceramics, and lower hardness than all ceramics [13]. In general, 
cermets have excellent deformation resistance and high chemical stability, but relatively poor edge 
strength. They can be used with sharp cutting edges in many �nishing applications, which enable 
achievement of smooth surface �nishes.

Early cermets consisted of TiC particles sintered in a Ni binder [14]. Contemporary cermets 
consist of TiC and TiN particles sintered with a refractory metallic binder, usually composed of 
nickel (Ni), cobalt (Co), tungsten (W), tantalum (Ta), or molybdenum (Mo) [15]. Ni and Ni-Mo are 
the most commonly used binders, and the binder volume is typically between 5% and 15%. Ni free 
grades with Co binders have also been developed. TiC provides hot hardness for wear resistance, 
oxidation resistance, chemical stability, and improved notch resistance, and reduces the tendency 
of the work material to adhere to the tool; TiN provides fracture toughness and thermal shock 
resistance. Cermets are generally available in three grades—hard, tough, and (relatively) tough but 
hard. Hard cermets are used in applications requiring high resistance to wear and plastic deforma-
tion, such as semi-�nish and �nish cutting of steels, stainless steels, free machining aluminum, and 
other nonferrous alloys (brass, zinc, and copper) and some cast irons as summarized in Table 4.2. 
Tough cermets are also used in semi-�nish and �nish applications (especially milling) and in some 
rough continuous cuts in low alloy steels, stainless steels, ductile irons, and hard steels. The tough 
but hard grade is used for turning and boring and for �nishing milling operations. In appropriate 
applications, cermets provide 20%–100% longer life than coated carbides. The principal advantage 
of cermets over carbide is its ability to operate at much higher surface cutting speeds, with longer 
cutting edge life. Cermets are generally used in semi-�nish to �nish applications and especially 
high speed �nishing applications. The allowable cutting speed is usually lower than that attain-
able with ceramics. Recommended cutting conditions for various workpiece materials are given 
in Table�4.2. Cermets tend to be more shock resistant than ceramics, and coolant is often recom-
mended for �nish turning, threading, and grooving with coated cermets. Micrograin cermets have 
much better thermal shock resistance, allowing coolant to be used in all operations.

4.2.2.4  Ceramics
Ceramic tools are hard and chemically stable and have replaced carbide tools in many high-speed 
machining (HSM) applications. Ceramics can withstand higher temperatures than carbides, allowing 
a three- to ten-fold increase in cutting speed and a two- to �ve-fold increase in the metal removal rates. 

TABLE 4.2
Cermet Machining Recommendations

Turning and Boring Grade Speed (m/min) Feed (mm/rev) 

Material
Steels Tough 60–300 0.15–0.35
Steels Hard 60–340 0.10–0.35
Stainless steels Tough and hard 45–270 0.10–0.30
Cast and nodular iron Tough 60–250 0.15–0.45
Cast and nodular iron Hard 60–360 0.15–0.45
Nickel Hard 60–200 0.10–0.25

Milling
Steels Tough 60–250 0.05–0.15
Steels Hard 60–340 0.05–0.15
Stainless steels Tough and hard 60–230 0.05–0.15
Cast iron Hard 100–360 0.05–0.15
Nodular iron Hard 45–170 0.05–0.15
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The mechanical properties of ceramics are superior to those of carbides only at higher temperatures 
(e.g., above 800°C). They retain excellent hardness and stiffness at temperatures from 1000°C to 1500°C 
(carbides soften appreciably at temperatures above 850°C), and do not react chemically with most work-
piece materials at these temperatures. They provide better size control due to lower tool wear rates, 
resulting in improved quality. They do, however, have several weaknesses: relatively low strength, poor 
resistance to thermal and mechanical shock, and a tendency to fail by chipping. Ceramic monolith 
materials may not have predictable failure times, and may fail catastrophically in ways that can damage 
workpieces. To address this limitation, ceramic composite materials have been developed. Ceramics are 
usually used without coolant to avoid thermal shock. Mechanical shock should be minimized by using 
stiffer machine tools and low frequency interrupted cuts. This makes selecting the proper speed and 
edge preparation essential when using ceramic tooling.

Ceramic cutting tools, mostly made of Al2O3 and Si3N4 based materials, can be divided into four 
categories:

	 1.	Aluminum oxide, Al2O3, sometimes mixed with zirconium oxide, Al2O3–ZrO2. These 
tools are yellow to gray/white in color. Tools made of Al2O3 and phase-transformation 
toughened Al2O3–ZrO2 exhibit high chemical inertness and resistance to wear and ther-
mal deformation. They are used for continuous shallow cuts (semi-�nishing and �nishing 
operations) at relatively low feed rates. Typical applications include turning and hard turn-
ing carbon steels, alloy steels, tool steels (<38Rc), and gray, nodular, or malleable cast irons 
(<300 BHN) at speeds up 1000 m/min [7,16].

	 2.	Alumina-titanium carbide composites, Al2O3–TiC, containing 30%–40% TiC. This 
material, which is black in color, has higher transverse rupture strength, thermal shock 
resistance,�and hardness than conventional Al2O3, but still has a relatively low resistance 
to fracture. It is effective for continuous cuts on alloy steels, chilled and malleable cast 
irons, hardened ferrous materials (35–65Rc), and exotic alloys [7,16–18]. Coated Al2O3–
TiC tools are used for �nish turning of hardened steels and irons. All alumina-based 
(Al 2O3, Al2O3–ZrO2, and Al2O3–TiC) materials tend to crack and exhibit notch wear when 
machining steel. Also, chemically induced wear can occur, depending on the cutting tem-
perature and the surrounding environment (air, humidity, coolant, etc.). Al2O3-based tools 
are unsuitable for machining aluminum alloys and titanium alloys because of their strong 
chemical af�nity to these materials. They substitute for P01 to P05 or C8 carbide inserts.

	 3.	Silicon nitride-based materials, such as reaction-bonded silicon nitride (Si3N4, RB), hot 
pressed silicon nitride (Si3N4, HIP), sintered reaction bonded Si3N4, sintered Si3N4, and 
sialon (Si3N4–Al2O3), all of which are gray in color [19–23]. Si3N4 RB and HIP are combi-
nations of Si3N4 with yttrium, Al2O3, and TiC. Sialon is a ceramic alloy containing silicon, 
aluminum, oxygen, and nitrogen, originally developed to be simpler to fabricate into tools 
than monolithic silicon nitride. Compared to the materials in the �rst two categories, these 
tough ceramics exhibit superior wear and notch resistance, high red hardness, and resis-
tance to thermal shock; tools made from them are consequently more reliable. Si3N4 
HIP-based tools are extremely wear resistant when used to machine cast and malleable 
irons but are subject to excessive temperature-activated wear when machining steels and 
other ductile materials at high speeds. Sialon, conversely, has been applied successfully on 
both gray cast iron and steel at high speeds. Sialon is more chemically stable than Si3N4 
but not quite as tough or resistant to thermal shock. Si3N4 is commonly used for machining 
cast iron at speeds up to 1200 m/min; for this work material, the speed limit for plain WC 
tooling is 100 m/min. More chemically stable grades, especially sintered grades, are also 
commonly used to machine nickel-based superalloys for aerospace and corrosion compo-
nents, as well as hard steels for a variety of uses. They are not generally used for aluminum 
alloys due to the high solubility of silicon in aluminum. They substitute for K01 to K05 or 
C4 carbide inserts.
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		    The wear rate of TiC and Ti(C,N)-coated Si3N4-(30%)TiC tools has been found to be 
signi�cantly lower than Al2O3–TiC tools [25]. When a Si3N4–(15%)Al2O3–(30%)TiC tool 
is coated with TiC–Al2O3, or TiN–Al2O3 it outperforms Si3N4 and Al2O3 based ceramics 
for HSM of steels [24].

	 4.	Silicon carbide whisker reinforced alumina (SiCw)–Al2O3. This material was designed to 
combine reliability and superior resistance to fracture, thermal shock, and wear [16,25–27]. 
The tool life achievable with this material is not necessarily greater than that achievable 
with other ceramic tools. It is most effective when used to machine high-temperature alloys 
at higher cutting speeds, especially nickel-based alloys (e.g., inconel) [25]. Unlike other 
ceramic tools materials, it can be run with coolant. Sialon often outperforms (SiCw)–Al2O3 
when machining gray cast iron and 1045 and 4340 steels. (SiCw)–Al2O3 substitutes for K01 
to K05 or C3 and C4 carbide inserts.

Figure 4.8 shows the hot hardness and Palmquist fracture toughness of ceramic materials. Most 
ceramic cutting tools are presently used in the form of indexable inserts, which have been well 
proven for higher speed machining. They have replaced carbides in many turning and milling 
operations. Ceramic inserts with grooved chipbreakers are available. Operations such as drilling 
and end milling of ferrous materials and superalloys could be performed at higher speeds if the 
appropriate ceramic tools were available. Solid and indexable ceramic rotary tools are available 
in limited sizes and geometries, but because they are very sensitive to torsion and bending, they 
require cutting-edge preparations, which are dif�cult to produce by grinding.

When using ceramic tools, a chamfer at the entrance and exit of interrupted surfaces is recommended.

4.2.2.5  Polycrystalline Tools
Polycrystalline tools provide maximum tool life at high cutting speeds. Two materials have been 
developed: polycrystalline cubic boron nitride (PCBN) and polycrystalline diamond (PCD). Both 
materials are manufactured using a high temperature, high pressure process in which individual 
diamond or CBN particles are consolidated in the presence of iron, nickel, and/or cobalt catalysts 
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that promote grain consolidation into a solid mass (solid polycrystalline) or on a WC substrate 
(backed polycrystalline). The grain size is small. Once manufactured, the polycrystalline compact 
is cut by electrodischarge machining (EDM) or laser etching into smaller pieces, which are often 
brazed onto WC inserts as shown in Figure 4.9 [28]. A slightly different approach presses the PCD 
or CBN layer on the carbide insert or round tool and bonds the two materials together during 
sintering. This increases edge integrity and allows for more complex geometries [29].

4.2.2.6  Polycrystalline Cubic Boron Nitride (PCBN)
At elevated speeds, PCBN, the second hardest material known, remains inert and retains high hard-
ness and fracture toughness. Although it has superior hardness, the fracture toughness of PCBN 
falls between that of WC and ceramics. PCBN has a high thermal conductivity and low thermal 
expansion coef�cient, which makes it less sensitive to thermal shock than ceramics [30]. It is ther-
mally stable at temperatures upto 1400°C [30,31]. PCBN can wear by diffusion when cutting ferrous 
alloys at high speeds, but outperforms WC in this respect. The use of PCBN tooling can produce 
self-induced hot-cutting in hard turning because it can be used at cutting speeds suf�cient to cause 
workpiece heating and softening.

There are several grades of PCBN insert materials and tools. The major types are listed in 
Table 4.3. The fracture toughness and thermal conductivity increase with increasing CBN content. 
However, inserts with a low CBN content have greater compressive strength.

PCBN is well suited for high-speed machining of ferrous and other hard materials with hardness 
between 45 and 65Rc; such materials include sintered (P/M) irons, hard and soft pearlitic cast 
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FIGURE 4.9  Manufacturing process for PCD/PCBN inserts.

TABLE 4.3
Major Characteristics of PCBN Materials

CBN Content (%) (Approx.) Catalyst/Matrix/Binder Format 

90 Metal (Al) Solid or carbide substrate
80 Metal/ceramic (Ti and Al) Carbide substrate

<70 Ceramic (TiN or TiC) Carbide substrate
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irons, hardened steels, high-speed steels, stainless steels, and nickel-based alloys [32–39]. PCBN 
can be used to machine hard steels and superalloys at speeds roughly equal to those attainable using 
conventional tools to machine soft materials. The high fracture toughness of PCBN tools makes 
them suitable for interrupted cutting operations such as milling. Ceramic tools typically fail in 
these applications at medium to high speeds. The straight PCBN grade can be used for most of the 
aforementioned applications for roughing and �nishing operations. Composite PCBN grades can be 
used for high speed �nish machining of hardened steels and for interrupted and continuous �nish-
ing operations on hard and soft cast irons. PCBN/ceramic grades are best for turning hard steels 
since they have less tendency to interact chemically with the chips. The operative speed range for 
PCBN when machining gray cast iron is 600–1400 m/min; speed ranges for other materials are as 
follows: hard cast iron (>400 BHN), 80–300 m/min; superalloys (>35Rc), 180–400 m/min or higher 
for light �nishing cuts; hardened steels (>45Rc), 70–300 m/min; sintered iron, 100–300 m/min. Case 
histories for cutting a variety of materials have been reported [40]. Materials that should not be cut 
with PCBN include soft steels, ferritic gray iron (due to a reaction with common binder materials), 
and ductile and malleable iron <45Rc.

In addition to cutting speed, the most important factor affecting PCBN insert performance is 
the cutting edge geometry or edge preparation [41,42]. It is best to use PCBN tools with a honed or 
chamfered edge preparation, especially for interrupted cuts. As with ceramics, PCBN tools suitable 
for cutting metals are available only in the form of indexable inserts.

4.2.2.7  Polycrystalline Diamond (PCD)
PCD, the hardest of all tool materials, exhibits excellent wear resistance, holds an extremely sharp 
edge, generates little friction in the cut, provides high fracture strength, and has good thermal 
conductivity. These properties contribute to PCD tooling’s long life in conventional and high-
speed machining of soft, nonferrous materials (aluminum, magnesium, copper, and brass alloys), 
advanced composites and metal-matrix composites, superalloys, and nonmetallic materials. PCD is 
particularly well suited for abrasive materials (i.e., drilling and reaming metal-matrix composites) 
where it can provide signi�cantly better tool life than carbide. PCD is not usually recommended for 
ferrous materials due to the high solubility of diamond (carbon) in iron. However, they can be used 
to machine some of these materials under special conditions; for example, light milling cuts can be 
made in gray cast iron at speeds below 200 m/min.

PCD tooling requires a rigid machining system because PCD tools are very sensitive to vibra-
tion. In mass production operations, the attainable tool life may be over 1 million parts (e.g., for 
diamond-tipped drills or PCD milling cutters machining soft aluminum alloys). Tool lives of this 
length may never be achieved, however, because tooling breaks due to vibration or rough handling 
before wear becomes signi�cant.

Various grades of PCD have been developed for speci�c applications [43–46]. The major dif-
ference between grades is the size of the individual diamond grains, which varies between 1 and 
100 �m. Tool performance is affected by the microstructure of the PCD. Grades are grouped in 
several categories with average grain sizes of 1–4, 5–10, and 20–50 �m [43,45]. The abrasive wear 
resistance, thermal conductivity, and impact resistance increase with increasing grain size, but �ner 
grained tools produce smoother machined surface �nishes. For example, a coarse-grained PCD tool 
may provide 50% better abrasive wear resistance than a �ne-grained tool, but produce a surface 
with 50% higher roughness. New laser-honing methods can reduce edge radii for coarse grained 
PCD and produce �ner �nishes with these grades [47]. Because of their increased impact and 
abrasive wear resistance, coarse grades are preferred for milling and for machining high-silicon alu-
minum alloys and metal-matrix composites. Multimodal PCD grades (made with bimodal, trimodal, 
or quadimodal distributions of PCD particles) provide the high abrasion resistance of coarse-grained 
unimodal grade with the high toughness and superior edge sharpness of medium-size grain 
tools� [45]. The PCD density increases with multiple particles sizes. Multimodal grades are less 
prone to chipping than unimodal grades.
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Laser structuring has recently been applied to �at-topped PCD inserts to produce 3-D chipbreak-
ing grooves and similar features [48], which have proven effective in ductile material applications 
where chip control has traditionally been an issue.

PCD-tipped HSS or carbide rotary tools (e.g., reamers, end mills, drills, etc.) are available in 
a limited range of geometries due to dif�culties in grinding complex geometries, particularly on 
small diameter tools. More complex geometries can be used on carbide rotary tools by sintering the 
diamond into slots (veins) located at the point and/or along the �utes [29].

The development of improved PCD drills is of interest especially for high throughput applica-
tions. Issues to be resolved include identifying the optimal cutting edge geometry for the diamond 
tip and the best method of pocketing the polycrystalline blank for strength and manufacturability. 
The point geometry, �ute geometry, and web thickness have not been re�ned suf�ciently to allow 
use of polycrystalline brazed drills at penetration rates comparable to the feed rates attainable in 
turning and milling. Although methods of brazing the polycrystalline/carbide substrate tip to the 
main tool body have been improving steadily (with each manufacturer using its own proprietary 
procedures for surface cleaning and brazing), one of the major failure modes is still the detachment 
of the polycrystalline tip or the wear and erosion of the braze joints intersecting the cutting edge. 
Wear and erosion of brazed joints is avoided when the diamond is sintered into veins within the 
carbide tool.

4.3  TOOL COATINGS

HSS, HSS-CO, WC, and ceramic tools are often coated to increase tool life and allowable cutting 
speeds. The majority of inserts in production use are coated. Coatings act as a chemical and thermal 
barrier between the tool and workpiece; they increase the wear resistance of the tool, prevent chemi-
cal reactions between the tool and workpiece material, reduce built-up edge formation, decrease 
friction between the tool and chip or the tool and workpiece, and prevent deformation of the cutting 
edge due to excessive heating. Coated tools therefore can be used at higher cutting speeds, provide 
longer tool lives than uncoated tools, and broaden the application range of a given grade. Workpiece 
surface �nish can also be improved with coated tools. A comparison of applicable cutting speed 
ranges for representative coated and uncoated tools is shown in Figure 4.10.

A number of factors affect coating performance, including the coating thickness, hardness, 
chemical compatibility and interfacial adhesion with the substrate, crystal structure, chemical 
and thermal stability, elastic modulus, fracture toughness, wear resistance, thermal conductivity, 
diffusion stability, frictional properties, the tool geometry, and the intended application [49,50]. 
Post-coating treatments affect the interfacial adhesion with the substrate and the smoothness of the 
coated surface and are intended to improve coating adhesion and reduce coating stresses.

4.3.1 C OaTING METHODS

The two most common coating processes are chemical vapor deposition (CVD) and physical vapor 
deposition (PVD). Both are used for both single and multilayer coatings.

In the CVD process the substrate is heated and exposed to a gas stream of appropriate chem-
istry, which reacts with the surface to form the coating layer. For example, TiN coatings may be 
produced using a gas stream composed of TiCl4, H2, and N2 [51]. CVD coatings provide optimum 
adhesion because the bond between a CVD coating and substrate is metallurgical and stronger than 
the mechanical bond produced by PVD. As a result, CVD coatings are harder than PVD coatings and 
provide longer tool lives when properly applied. However, the temperature requirements of traditional 
CVD techniques reduce the range of substrate materials to which these coatings can be applied. CVD 
coatings on carbide substrates are in residual tension at room temperature because the coating materi-
als have a higher thermal expansion coef�cient than carbide; this can lead to transverse cracks result-
ing in tool failure in interrupted cutting. The high temperatures used in the CVD process can also 
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cause degradation of WC substrates due to the formation of an eta-phase (a thin, brittle glassy layer) 
at the interface between the coating and substrate [52]. This process reduces the transverse rupture 
strength of the tool by as much as 30% and in particular embrittle, sharp edges by breaking down the 
substrate’s cobalt binder. Hence, CVD-coated tools require a honed edge. A�cobalt-enriched zone is 
sometimes used near the surface of a WC insert to prevent the propagation of cracks from the coating 
into the core. The other main disadvantage of CVD coating is that coating materials must be fed in 
gaseous form, which restricts the range of possible coating chemistries. The temperature limitation 
has been overcome by reducing the process temperature to 700°C–900°C in the medium-temperature 
CVD (MT-CVD) process, and to lower levels in plasma-assisted CVD (PA-CVD) [50]. This increases 
toughness, minimizes chipping, and improves the surface �nish of the coating. MT-CVD coatings are 
particularly well suited for interrupted and roughing cuts. CVD coatings are typically between 5 and 
15 � m thick, although thicker (>20 �m) multilayer tools are becoming more common [53].

In PVD coating the coating material is vaporized and deposited by sputtering or arc evaporation. 
PVD coatings are applied at lower substrate temperatures (around 500°C) and thus can be applied to 
a wider range of substrates. Generally, PVD coatings are better suited for precision HSS, HSS-CO, 
brazed WC, or solid WC tools. In fact, PVD is the only viable method for coating brazed tools 
because CVD methods use temperatures that melt the brazed joint and soften steel shanks. PVD coat-
ings are essentially free of thermal cracks, and are �ner-grained (effectively conforming to the sharp 
edges of �nishing tooling) and generally smoother and more lubricious than CVD coatings, which 
build up on sharp corners. PVD coatings are preferred for positive rake and grooved inserts because 
they produce compressive stresses at the surface that reduce crack initiation and propagation. 
PVD coating thickness typically varies between 2 and 5 �m.

Coating/substrate compatibility is improved by applying one or more intermediate layers 
between the surface coating and the substrate to balance chemical bonding and thermal expansion 
coef�cients, resulting in a multilayer coating system, which optimizes tool performance by provid-
ing resistance to several kinds of wear [50,51]. Multilayer coatings may be produced by combined 
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CVD, MT-CVD, and PVD methods; in such cases the CVD or MT-CVD process improves adhesion 
between the substrate and the �rst coating layer, while the subsequent PVD coating layers provide a 
�ne grained microstructure with better wear resistance and toughness or lower friction. Multilayer 
coatings are very common for turning and boring inserts because they provide the best combination 
of properties. Because machining processes result in many types of wear, multiplayer coatings can 
add to a tool’s multipurpose capability. CVD multiplayer coatings have been also used on solid CBN 
inserts to improve resistance to chemical and crater wear. The effect of the coating method and type 
in terms of withstanding different types of wear mechanisms is summarized in Table 4.4.

There has been considerable development in nanolayer and nanocomposite or adaptive nanocrys-
talline coatings [53]. Nanocomposite coatings may provide high hardness (4000–5000 HV) and high 
heat resistance (up to 1100°C), as well as toughness and hardness comparable to nanolayers [54,55].

4.3.2 C ONVENTIONaL COaTING MaTERIaLS

Materials used for single-layer coatings include titanium nitride (TiN), titanium carbide (TiC), tita-
nium carbo-nitride (TiCN), titanium aluminum nitride (TiAlN), aluminum oxide (Al2O3), chro-
mium nitride (CrN), hafnium nitride (HfN), titanium diboride (TiB2), boron carbide (BC), and 
WC/C (amorphous diamond-like carbon) hard lubricant [50,56–58]. Material combinations used in 
multilayer coatings include Al2O3 on TiC or TiCN, TiN on TiC, TiN/TiC/TiN, TiN/TiCN/TiN, TiN/
TiC/TiCN, Ti(C)N/Al2O3/TiN, Al 2O3/TiC, TiN/TiC/Al 2O3/TiN, and TiAlN + WC/C [49,56,58–60]. 
Coatings containing Al2O3 are CVD grades. A concise comparison of coating material properties is 
given in Table 4.5, and a comparison of coating hardness levels is given in Figure 4.11.

TiN, TiCN, and TiAlN, and AlTiN (high Al content TiAlN) coatings [49,50,61–63] are very commonly 
used for rotary tooling since they are applied by PVD processes. The performance of these coatings 
depends on the work material, the type of process, the cutter geometry, and the cutting conditions as 
discussed in Section 9.5. TiN reduces friction and resists adhesive wear and built-up edge formation 
as well as increasing oxidation resistance (Figure 4.12). It also acts as a chemical barrier to diffusion 
wear when cutting ferrous materials with carbide tooling. TiN coatings perform best in cast, medium-
alloy, and high-alloy steels. TiCN in harder than TiN and provides low friction and good abrasive wear 
resistance. It is used for steels, stainless steels, and nonferrous materials. Al2O3 provides excellent 
thermal heating and oxidation resistance as well as abrasive wear and adhesion (built-up edge) resis-
tance. Al2O3 coatings are used especially for work materials with hard or abrasive phases. TiAlN has 
superior ductility and is stable at higher temperatures than TiN and TiCN. TiAlN is not as hard as TiN 
and TiCN but can be applied in thicker layers to compensate and provide equivalent tool life. TiAlN 

TABLE 4.4
Indication of How Various Coating Methods Withstand Different Types of Wear

Coating 
Abrasion 

Wear 
Adhesion 

Wear 
Fatigue 
Wear 

Plastic 
Deformation 

Chipping/
Fracture 

Try for a 
Sharp Edge 

PVD � + + � + +
CVD + 0 0 + 0 �
MT-CVD + 0 0 + 0 �
TiAlN + + 0 + � 0
TiCN + 0 0 0 0 0
TiN 0 0 0 0 0 0
Al 2O3 ++ + � + � �

Source:	 Courtesy of Sandvik-Coromat, Fairlawn, NJ.
Note:	 +, positive impact; �, negative impact; 0, neutral impact.
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provides high resistance to oxidation, high thermal conductivity, greater hot hardness, and enhanced 
chemical resistance. Oxygen reacts with the aluminum in the coating and forms an amorphous Al 
oxide layer at the interface with the chip (where temperature can reach more than 1000°C) that is ther-
modynamically stable and very protective and lubricious (as shown� in�Figure�4.13). TiAlN�coat-
ings� are� available in several forms such as low stress, hard, etc. Their performance is altered by 
changing the aluminum content to suit speci�c applications. For example, high content Al or AlTiN or 

TABLE 4.5
Properties of Materials and Coating Materials

Material and PVD 
Coatings 

Hardness HVN 
(kg/mm2) 

Friction Coef�cient 
vs. Steel 

Maximum 
Operating 

Temperature (°C) 

Coating 
Thickness 

(�m) 

Thermal 
Expansion 
(m/m K) 

HSS 900 0.3–0.4 500 10–14
Oxides and nitrides 1500–3000 0.1–0.2 800 2.8–9.4
Carbides and borides 2000–3600 0.1–0.2 500 4.0–8.0
TiN 2200 0.4–0.5 600 1–4
TiCN 3000 0.25–0.4 430 1–7
TiAlN layered 3300 0.3–0.65 800 2–5
TiAlN monolayered 4500 0.3–0.65 800 1–5
AlTiN 3800 0.5–0.65 900 1–5
WC/C 1000 0.1–0.2 300 1–4
MoS2-based 20–50 0.05–0.15 800 <1
TiAlN + WC/C 3000 0.1–0.25 800 2–6
CBN 4700 NA 1400 4.7
Diamond 7k–10k 0.05–0.1 1.5–4.8

Sources:	McCabe, M.J., How PVD Coatings Can Improve High Speed Machining, High Speed Machining Conference, 
SME, Northbrook, IL, September 20–21, 2001; Bhat, D.G. and Woerner, P.F., J. Metals, 68, February 1986.

Note:	 Oxides and nitrides materials include Al, Si, Ti, Zr, Cr, Mo, Hf, TiAl.

0

1,000

2,000

3,000

4,000

5,000

6,000

7,000

8,000

9,000

10,000

11,000

12,000

V
ic

ke
rs

 h
ar

dn
es

s

Types of coatings

N
itr

id
e

C
hr

om
e

C
hr

om
iu

m
 c

ar
bi

de
 (C

rC
)

C
hr

om
iu

m
 n

itr
id

e 
(C

rN
)

To
ol

 c
ar

bi
de

S
ili

co
n 

ni
tr

id
e

T
ita

ni
um

 n
itr

id
e 

(T
iN

)

T i
ta

ni
um

 a
lu

m
in

um
 n

itr
id

e 
(T

iA
ln

)

T
ita

ni
um

 c
ar

bi
de

 (T
iC

)

O
xi

de
 o

ve
r 

ni
tr

id
e

T
ita

ni
um

 c
ar

bo
n 

ni
tr

id
e (

Ti
C

N
)

Z
irc

on
iu

m
 n

itr
id

e 
(Z

rN
)

A
lu

m
in

um
 o

xi
de

 (
al

um
in

a)

B
or

on
 c

ar
bi

de
D

ia
m

on
d 

bl
ac

k

D
ia

m
on

d

Hardness performance range

Lower limit

FIGURE 4.11  Comparison of microhardness for several types of coatings.



176 Metal Cutting Theory and Practice

hard TiAlN coatings are intended for high-speed machining of hard and/or abrasive materials (i.e., 
ferrous, titanium, and exotic alloys). TiAlN can be used with all common material types. As a general 
rule, TiCN, and TiAlN coated tools are used at speed up to 50% and 100% higher, respectively, than 
uncoated tools. TiN and TiCN are very common coatings for taps.

Titanium diboride coatings [64,65] are suitable for free-machining aluminum, low silicon (hypo-
eutectic) aluminum alloys, and titanium. They are hard, have low af�nity to aluminum, resist built-up 
edge formation, have high melting points, and are chemically stable at temperatures up to 1400°C. 
They are harder than TiN and TiAlN coatings and compete well with diamond coated carbide.
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FIGURE 4.13  Photomicrograph (SEM) of a TiAlN coating on a carbide tool. (Courtesy of Oerlikon Balzers 
Coating AG, Principality of Liechtenstein.)
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Lubricating coating materials, such as molybdenum disul�de (MoS2) [66], tungsten disul�de�[67], 
and WC/C (amorphous diamond-like carbon), are sometimes used in dry machining applications 
and also for drills and taps. Thin layers of these coatings are deposited on top of hard coatings, for 
example, MoS2 over TiN or TiAlN and WC/C over TiAlN. These coatings improve chip �ow and 
minimize built-up edge especially when drilling and tapping of aluminum, cast irons, and steels. 
WC/C is also used as a single-layer coating to reduce built-up edge at lower speeds. The friction 
coef�cient for these softer coatings is less than half that for TiN.

As noted earlier, multilayer coatings combine the best properties of single coatings, with each 
coating layer contributing a speci�c function and application. Al2O3 is usually deposited over TiC or 
TiCN since the TiC or TiCN layer provides a good base for the top layer to adhere. For example, the 
�rst layer of TiCN can be deposited at moderate temperature of 850°C to reduce the eta phase for-
mation at substrate/coating interface. A typical microstructure is shown in Figure 4.14. TiN, TiAlN, 
and TiCN multilayer coatings are especially effective for HSS and HSS-PM tools.

4.3.3 D IamOND aND CBN COaTINGS

There is long been interest in diamond and CBN coatings for cutting tools due to the potential of 
these very hard materials to improve wear resistance [49,68]. Diamond-coated tools are commonly 
used in micromachining and in the machining of composite materials and soft metals. CBN-coated 
tools have shown promise in experiments [69,70] but are not widely used in production [71]. This 
section discusses diamond coatings; since CBN coatings present similar technical challenges, the 
general concerns discussed for diamond coatings are applicable to both coating materials.

Diamond is deposited onto a substrate when carbon-based gases and hydrogen are disassociated 
at high temperature. Diamond coatings result in a fully dense layer of diamond at the tool surface, 
as compared to the porous layer containing cobalt phases at the surface of a PCD blank. Due to this 
higher density, coated diamond tools have a higher microhardness than PCD blanks. A CVD thin-
�lm diamond coating (a layer of diamond crystals less than 50�nm thick) can be deposited on either 
a ceramic or tungsten carbide substrate. Coating silicon nitride substrates [72] has been successful 
because diamond adheres well to silicon nitride and because the thermal expansion coef�cients of 
the coating and substrate are comparable. However, the range of application of these tools is limited 
by the comparatively low toughness and impact strength of the substrate, the cost of the base mate-
rial, and the dif�culty in manufacturing ceramic tools with complex geometries. CVD diamond thin 
�lms have not been yet fully developed for conventional aluminum PCD machining applications 
but have been successfully applied in the machining of phenolic resins, graphite, carbon graphite, 
�berglass, and carbon graphite epoxy.

Fine coating compositon

TiN coating

TiC coating
   Better �ank wear resistance

Ti compound
   Higher bonding strength

Special cemented carbide for
fracture resistance

Al2O3 coating
   Better wear resistance and adhesion resistance

FIGURE 4.14  Schematic of a multilayer coating architecture. (Courtesy of Mitsubishi Materials Corporation, 
Tokyo, Japan.)
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Thick CVD diamond �lms (0.1–1�mm thick) have also been explored to overcome the adhesion 
concerns with thin �lm coatings. Like PCD blanks, thick �lms are brazed onto a tool’s cutting edge 
or corner. Brazed CVD diamond �lms cannot be applied easily to complex tool geometries and are 
also not suitable for interrupted cutting.

Much development has also been directed toward developing coated rotary WC tools, since such 
tools cannot yet be made of solid ceramic due to their complex geometries. Rotary WC tools, usu-
ally containing between 5% and 6% cobalt binder, are dif�cult to coat using a CVD process because 
the cobalt reacts with the diamond. In addition, the thermal expansion coef�cient of WC-Co is much 
higher than that of diamond. A number of methods have been explored to improve diamond/WC 
adhesion and to improve the reliability of diamond coatings; limited success has been obtained 
using WC inserts with low binder contents (<4%) [73].

Resharpening of coated tools is a very important consideration in manufacturing. Resharpening 
usually removes the coating from the �ank area of the tool while leaving the coating on the rake face. 
Tool life typically drops by 20%–40% after resharpening, which is still better than for uncoated tools. 
In some cases the coating is stripped prior to resharpening, with the sharpened tool being recoated.

4.4  BASIC TYPES OF CUTTING TOOLS

The six basic types of cutting tools are solid tools, welded or brazed tip tools, brazed head tools, 
sintered tools, inserted blade tools, and indexable tools (Figure 4.15).

Solid HSS, HSS-CO, WC, and ceramic tools are made from a single piece of homogeneous mate-
rial. P/M, carbide, and ceramic round tools are produced using a metal injection molding process. They 
can be resharpened after use, but this is a precision process requiring accurate grinding equipment.

WC, PCD, and PCBN tipped tools consist of inserts or tips of hard tool materials brazed or 
welded to a steel or WC tool body. Tipped tools combine tool bodies that are tough, inexpensive, and 
easy to manufacture with tool points that are hard, wear resistant and typically brittle, and dif�cult 
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Carbide tip
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Insert
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FIGURE 4.15  Types of rotary tooling.
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to manufacture. They can be reground, but as with solid tooling resharpening is a precision process. 
The method of attaching the tip to the body affects the durability of the cutting edge(s). Welding 
produces the strongest bond; brazed bonds are weaker, but the brazing material (brass, bronze, or 
silver) acts as a cushion between the insert and tool body.

WC brazed head tools consist of a complete tool point made of WC brazed onto a steel tool body 
or shank. This method is used mainly for small tool sizes and in applications in which the joints of 
brazed inserts are not stable.

In PCD and PCBN sintered tools, also called veined tools, PCD or PCBN powder is sintered 
into slots in WC tool bodies. This method is most commonly applied to drills, taps, and end mills.

Inserted blade tools consist of blades made of HSS, HSS-CO, WC, PCD, or PCBN, which are 
inserted into slots around the periphery of a tool body and locked in place mechanically. These 
cutters are normally used in high-production applications and in gearmaking. They are ideal for 
close-tolerance �nishing operations. Blades can sometimes be resharpened, but resharpening alters 
the tool size and (in some cases) geometry.

Indexable tools use standard-sized inserts of hard tool material, which are clamped into tool hold-
ers or cutter bodies. Inserts generally have more than one cutting edge; when a cutting edge is worn 
out, a new edge can often be brought into use by rotating or “indexing” the insert. Inserts made of 
almost all tool materials are available. Many are made by direct pressing processes, which allows 
production of complex shapes and eliminates the need for grinding. Indexable tooling offers advan-
tages in both high and low production applications. Tool holders or cutter bodies may be made of 
steel, WC/heavy metal, or a combination of these materials to optimize performance. Inserts usually 
have uniform properties and are usually tougher and more wear resistant than other types of tools, 
so that they can be used at higher metal removal rates. They permit a reduction in tool inventory 
because a few standard inserts can replace a large number of solid tools. They eliminate regrinding, 
are interchangeable, and are easily changed. They are less accurate, however, than special brazed or 
inserted-blade cutters typically used to machine complex contours or holes with multiple diameters.

4.5  TURNING TOOLS

Turning is carried out primarily using single-point cutting tools, or tools with a single active cutting 
surface. Together with planing and shaping, turning is the most basic cutting process; an under-
standing of the cutting action and geometry of single-point turning tools therefore provides insight 
into the basic cutting action and geometry of more complex tools.

In the past, solid single-point tools ground from a HSS blank [74] were most commonly used 
for turning (Figure 4.16). At present, however, turning is most commonly carried out using index-
able inserts. This section discusses the design and selection of turning tools with emphasis on 
the proper selection of inserts and tool holders. The discussion of tool angles and insert selection 
(e.g.,�the strengths of various shapes of inserts, relative merits of different insert holding methods, etc.) 
is generally applicable to other cutting operations such as milling and boring.

4.5.1 I NDEXabLE INSERTS

Figure 4.17 shows a representative sample of indexable inserts used for turning. The orientation of 
the insert with respect to the workpiece is largely determined by the geometry of the toolholder. 
When selecting an insert and toolholder for a given operation, the following factors must be taken 
into account [4,75,76]:

	 1.	Type of operation (roughing, �nishing, etc.)
	 2.	Continuous versus interrupted cut
	 3.	Workpiece material and primary manufacturing. process (casting, forging, etc.)
	 4.	Condition of the machine tool
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	 5.	Required tolerance
	 6.	Feeds and speeds (production rate)

Based on these factors, the following parameters must be selected:

	 7.	Insert material and grade
	 8.	Insert shape
	 9.	Insert size
	 10.	Insert thickness
	 11.	Corner geometry (nose radius or �at)
	 12.	Groove (chipbreaker) geometry
	 13.	Edge preparation
	 14.	Edge clamping/holding method
	 15.	Lead, rake, relief, and inclination angles

As discussed in Sections 4.2 and 4.3, the selection of the insert material, grade, and coating depends 
primarily on the work material, the required production rate, and the condition of the machine tool.
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FIGURE 4.16  Standard terminology to describe the basic geometry of single-point tools.
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Most of the geometric parameters are speci�ed in the ANSI or ISO standard cutting insert 
nomenclature systems [77,78]. The shape of an insert is specified by the first letter of the 
insert designation; a TPGT-322 insert, for example, is triangular, while an SNGA-532 insert is 
square. Available insert shapes include diamond (C), triangle (T), square (S), octagon, round (R), 
and trigon (W). The shape of an insert largely determines its strength, its number of cutting edges, 
and its cost. As a general rule, an insert becomes stronger and dissipates heat more rapidly as its 
included angle is increased (Figure 4.18). The selection of the included angle is limited by the part 
con�guration, the required tolerances, the workpiece material, and the amount of material to be 
removed. Therefore, insert shape selection requires a trade-off between strength and versatility. 
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FIGURE 4.17  Representative inserts in several turning operations. (Courtesy of Mitsubishi Materials 
Corporation, Tokyo, Japan.)
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For example, round inserts provide maximum edge strength and are therefore a good choice for 
roughing operations. They also provide a maximum number of effective cutting edges since they 
can be rotated (or indexed) through small angles when a given edge wears out. Round inserts thin 
the chip, however, and generate high radial forces; as a result, they should not be used when chatter 
or instability are expected, or when tight tolerances are required. Square inserts are common in 
general purpose applications because they provide good edge strength and a large number of 
cutting edges (8 for a negative rake tool, 4 for a positive rake). A 80° diamond insert is very versatile 
because it performs turning with 90° shoulder and facing operations. Generally, the largest included 
angle suitable for the workpiece geometry should be used.

The insert size is determined by the largest circle, which can be inscribed within the perimeter of 
the insert. The size of the inscribed circle (IC) determines the volume of tool material in the insert, 
and thus the insert cost. The IC size should be selected based on the depth of cut to be taken. Large 
IC inserts are used in heavy interrupted cuts or similar roughing operations. Smaller IC inserts per-
form more effectively in semi-�nish and �nish operations. As a rule, the cutting edge length should 
be 2–4 times the maximum cutting edge engagement (b or Lm), (Figure 4.19).

As with the IC, the thickness of an insert should also be selected based on edge strength require-
ments. In general, larger IC inserts are thicker than a smaller IC inserts. Insert manufacturers 
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provide recommendations for thickness for speci�c grades based on the intended application 
(the work material type and hardness and ranges of DOC and feed).

A nose radius is usually provided on an insert to increase edge strength; a corner with a nose 
radius is much stronger than a sharp corner. The nose radius also serves to improve surface �nish; 
at a constant feed, a larger nose radius generates a smoother �nish (as discussed in Chapter 10). 
Hence, the largest nose radius allowed by the workpiece con�guration and operating conditions 
(feed) should be used. De�ection and chatter are the primary concerns limiting the size of the nose 
radius, since an increase in the nose radius increases radial cutting forces. As a rule of thumb, the 
feed should not exceed 2/3 the nose radius. Some workpiece materials (such as nickel-based alloys) 
require a nose radius larger than the depth of cut by as much as a factor of two to four for semi-�nish 
and �nish operations, since the use of large radii allows the use of higher feed rates.

The insert IC, thickness, and nose radius are speci�ed in the �rst three numbers in the insert des-
ignation in the ANSI system [77]. In the examples used before, a TPGT-322 insert has an IC size of 
3/8 (0.375) in., a thickness of 2/16 (0.125) in., and a nose radius of 2/64 (0.03125) in.; and SNGA-532 
insert has an IC of 5/8 (0.625) in., a thickness of 3/16 (0.187) in., and a nose radius of 2/64 (0.03125) 
in. The ISO system [78] has a similar metric dimensioning system; insert catalogs normally include 
summaries of both systems.

Standard inserts are available with varying tolerances (roughing inserts, semi-�nishing, and �n-
ishing inserts, etc.). Inserts can be used as sintered, ground on top and bottom faces only, or ground 
on all faces for precision. Ground inserts often eliminate the need for manual adjustments of the 
tool position and hence maintain the required tolerance with greater ease on close tolerance work 
(less than 0.013�mm).

4.5.2 G ROOVE GEOmETRY (CHIp BREaKER)

The chipbreaking ability of an insert is important especially with ductile work materials. The shape 
of the chip, cutting forces, and tool performance all are affected to a large extent by the groove geom-
etry on the insert. Several types of molded chipbreakers are available, including single-, two- and 
three-stage chipbreakers, vee-type chip grooves or land-angle designs, wavy and bumpy designs, 
and scalloped types as shown in Figures 11.6 through 11.8. The insert groove controls the chip 
�ow direction and can reduce cutting forces and edge wear. The groove geometry is constrained 
by the desired rake angle (positive, negative, or neutral) for a speci�c application. The geometry 
of a particular groove or chipbreaker has a speci�c feed range that will produce acceptable chips; 
charts of effective feed and depth of cut ranges for a given insert design are available from the insert 
manufacturer (see Figure 11.10). Negative/positive inserts (with a negative side rake and a positive 
back rake) provide better chip control than either negative/negative or positive/positive inserts (see 
Figure 4.20). Chip breaking is discussed in more detail in Section 11.3.

Chipbreaking grooves can be cut in PCD inserts by laser etching [48] to improve chip control 
when machining ductile metals.

4.5.3 E DGE PREpaRaTIONS

Proper edge preparation is very important to the performance of a tool because it strengthens and 
protects the cutting edge and delays or eliminates chipping or breakage of sharp edges [42,75,79–83]. 
It has a signi�cant effect on cutting forces, surface �nish, residual stresses in the machined surface, 
burr formation, and wear rates. It also removes edge imperfections (cracked crystal layers) 
and prepares the edge for coating. Edge preparations are especially important for tools made of 
brittle materials because they affect the thermo-mechanical loads on the cutting edge. There are 
three basic preparations (Figure 4.21): hones (honed radius or waterfall), chamfers, and negative lands, 
as�well as combinations of these three. The hone is either a circular (radius) hone or an oval/elliptical 
(waterfall) hone. In a waterfall hone, the edge surface is elliptical with the long axis parallel to the 
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rake face; in a reverse waterfall hone, the long axis is parallel to the relief face. Properly designed 
waterfall hones move initial wear away from the cutting edge toward the bulk of the insert. Most 
standard inserts have a light hone as part of their manufacturing process. An up-sharp or light hone 
is suf�cient for machining soft, nonferrous materials such as aluminum. Nickel alloys and exotic 
aerospace alloys also usually require a light hone because they are cut at low feeds and cutting 
speeds. Steels and nodular or gray irons often require tools with medium-honed edges. Lightly 
honed edges are not recommended for cermet, ceramic, or CBN inserts, which are brittle and are 
normally provided with chamfered edges. A hone or small chamfer is generally required for the 
high throughput drills. The size of the hone varies with insert size, which may range from 7–12�� m 
(light hone) to 160�� m (heavy hone). Variation of the hone geometry is common because the hone is 
often applied by manual stoning, brushing, tumbling, slurry honing, or abrasive blasting [84]. The 
uncut chip thickness and feed should be greater than the edge hone radius. Effective hones are typi-
cally approximately 1/3–1/2 the feed.

The bevel angle of chamfered edges ranges from 20° to 45°. The negative land (T-land) is similar 
to the chamfer but its bevel angle is smaller (usually between 5° and 20°). Chamfered and negative 
land edge preparations provide an effective negative rake angle to strengthen the edge and reduce 
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chipping with brittle tool materials. However, chamfers or T-lands increase cutting forces and can 
have a negative effect on both tool life and the machined surface �nish. The T-land width can be 
smaller, equal, or larger than the feed per tooth. Generally, the chamfer or T-land width should 
be�at maximum 70% of the feed; it should usually be kept below 30% to prevent chip jamming, 
high tool pressures, and heat build-up, all of which promote tool failure. T-lands are normally used 
on negative rather than positive rake inserts. However, a short negative land 25° × 0.05�mm can be 
used with positive rake tools to redirect the forces through the tool and provide good support for the 
cutting edge; in this case the T-land length should be about 60% of the feed.

Edge preparations affect the edge strength, tool life, and chip control. Even though tool life 
reliability improves by avoiding micro-chipping or breakage, the average life could be reduced 
because it acts as a pre-wear feature at the cutting edge. Edge preparation is a trade-off between 
edge strength versus edge wear and feed versus size of edge preparation. For example, the rec-
ommended edge preparation for turning gray cast iron with PCBN is a 20° × 0.2�mm chamfer 
for roughing and 20° × 0.1�mm chamfer for �nishing. In more severe applications, an additional 
0.025�mm radius hone is used to achieve additional strength. In the lightest cuts, a 0.025�mm to 0.05 
radius hone is often acceptable.

4.5.4 W IpER GEOmETRY

Wiper tools have additional radii behind the tool nose at the leading edge that are kept in contact 
with the surface to remove the peaks of the grooves made by the leading edge as discussed in 
Sections 10.3 and 10.4. Even though wiper inserts are designed for better �nishes, they are not used 
much for light �nishing operations because they require a semi-�nishing DOC. They improve sur-
face �nishes signi�cantly, but their main bene�t is to reduce the cycle time by increasing the feed 
(50%–100% higher feeds of conventional inserts) while maintaining surface �nish.

4.5.5 I NSERT CLampING METHODS

The insert is usually set on a square or rectangular shank holder with adjustable screws or buttons 
to control the insert position. Quali�ed toolholders provide precise control using indexable inserts 
since constant adjustment of the cutting tool or machine tool compensating devices is often not 
necessary. The insert may be set in a pocket, which is either machined directly into a holder or into 
a cartridge mounted on the holder. In the former case, the rake and lead angles on the insert are 
designed into the pocket of the holder as shown in Figure 4.22. The cartridge style is more versatile, 
since various insert styles can be accommodated using different cartridges. Cartridges are often 
used for internal turning (or boring) operations, since they permit small tool size adjustments. The 
manufacturing tolerances of the insert pocket are very critical in providing proper support and 
interchangeability between inserts.

There are several basic insert clamping methods including top clamps for plain inserts, cam 
pins or screw clamps for inserts with a center hole, and combinations of cam pins with top clamps 
(Figure 4.22). Top clamp methods vary from manufacturer to manufacturer, but as the name implies 
generally hold the insert with a top clamp. One limitation of top-clamping methods is that they often 
require molded features on the insert surface, rendering inserts one-sided and reducing the number 
of available edges. The cam pin method is a very common insert locking approach in which the 
insert is clamped by an eccentric pin through the center hole; when the pin is rotated into the locked 
position, it pulls the insert down and back into the toolholder pocket.

In general, a combined top clamp and cam pin locking method provides the most rigid clamping 
condition, while a cam-pin clamping method alone provides the least rigid condition. A superior 
system is the wedge top-clamp and pin because the rear edge of the clamp locates against the rear-
angled surface of the insert pocket, which ensures alignment. This method ensures accurate 
positioning both vertically and horizontally.
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4.5.6 T OOL ANGLES

The lead angle, �, is equivalent to the side cutting edge angle (SCEA) for turning and to the end cut-
ting edge angle (ECEA) for boring and facing in the English system. The lead angle is sometimes 
called the bevel reciprocal angle and the cut-entering angle. The bevel angle, �r = 90° � � , is used as 
the lead angle in the metric system. An increase of SCEA reduces the chip thickness and increases 
the chip width (see Figure 2.3). The largest lead angle allowed by the workpiece geometry should be 
used because (1) it thins the chip and reduces the unit pressure on the insert, allowing the feed per 
revolution to be increased; (2) it protects the nose radius as the insert enters a workpiece, reducing 
nose wear and chipping; and (3) it reduces depth of cut notching because the scale or work hardened 
surface of a workpiece is spread over a larger area of the cutting edge. A zero lead angle results 
in sudden loading and unloading of the cutting edge as it enters or exits the workpiece. Geometric 
considerations aside, the maximum lead angle, which can be used in a given operation, depends on 
the rigidity of the machining system. An increase in the lead angle results in higher radial forces 
and lower axial (feed) forces, and can lead to increased tool or workpiece de�ections and the occur-
rence of chatter. 15°–30° lead angles are normally used in general purpose machining, while 0° lead 
angles may be used for long, slender workpieces. The lead angle often determines the size of the 
insert for a given depth of cut. Typical insert setups with the corresponding lead angle are shown 
in Figure 4.19. The ECEA must be positive to reduce the tool contact area with the metal being cut 
and to prevent vibration and chatter, which result in poor surface �nish and tool life. The effect of 
SCEA and ECEA on surface �nish is discussed in Chapter 10.

Other major features of the tool geometry are the relief angles and rake angles shown in 
Figure 4.16. The end and side relief angles protect the tool from rubbing on the cut surface. 

S Screw clamp M Multilock

C Clamp lock P Pinlock

FIGURE 4.22  Basic insert locking (holding) methods. (Courtesy of Carboloy/Seco, Warren, MI, and Sumitomo 
Electric Corp., Osaka, Japan.)
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Both these angles are a function of the workpiece material hardness and the tensile strength of 
the tool material; and they are usually kept to a minimum to provide suf�cient support on the 
cutting edge especially for positive rake tools. The relief angles for tools used in hard materials 
are low and approach 5° when small feeds are also used. However, higher angles are required 
with soft materials and higher feeds. Angles of 12°–15° are not uncommon with soft materials 
such aluminum and occasionally cast iron. In general purpose machining, the relief angle is 
typically 6°–8°.

Both the back and side rake angles, which provide inclination between the face of the tool and the 
workpiece, have a strong in�uence on tool performance. The rake angles can be positive, neutral, 
or negative as shown in Figure 4.20. The rake angles affect the magnitude and direction of cutting 
forces, edge strength, chip formation, chip �ow direction, chip breaking characteristics, and surface 
�nish. A positive angle moves the chip away from the machined surface of the workpiece while a 
negative angle directs the chip toward the workpiece. The combination of the rake angle and relief 
angle determines the wedge angle. A positive rake angle reduces the wedge angle, which results 
in smaller shear cross sectional area of the cutting edge, reducing edge strength. However, positive 
rakes increase the shear angle of the chip, reducing the chip thickness and resulting in lower cutting 
forces. Positive rake inserts therefore require less cutting power and exert less stress on the work-
piece, tool, and the machine spindle and ways. They also generate less vibration and help control 
chatter. Negative rake inserts alter the direction of forces in a manner that places the cutting edge 
under compression, which is desirable since the compressive strength of most cutting tool materials 
is more than twice as large as the transverse rupture strength. Traditionally, negative rake tooling is 
used whenever it is allowed by the workpiece and the machine tool. Typically, a 1° increase in the 
rake angle results in 2% decrease in power consumption. Therefore, a tool with +5° rake requires 
about 20% less power than a tool with �5° rake angle. A positive geometry should be considered 
when it can reduce production cost while improving the quality of the work. Negative side rake 
angles are preferred for interrupted cuts, heavy feeds, hard metals, and some nonferrous metals. 
Positive side rake angles are often necessary for work-hardening alloys, slow surface speeds, soft 
metals, and nonmetals, and when the rigidity or strength of workpiece and/or �xture is limited.

The rake angle of a �at-top surface insert is determined solely by the rake angle of the toolholder. 
The rake angle can also be pressed directly into the insert by using chip groove geometries, which 
provides a positive rake cutting action when used in a negative rake toolholder as shown in Figure 4.20. 
Even though the range of rake angles is generally �5° to +15°, higher positive angles are slowly being 
used to improve productivity. Positive-geometry inserts are most commonly made of WC; ceramic 
materials are very brittle and commonly available only in negative rake varieties. The rake angle of 
and insert is speci�ed in the second letter of an insert designation. An SPE-422 insert can be used in a 
neutral or positive (P) rake holder, while and TNG-333 insert must be used in a negative (N) rake holder.

4.5.7 T HREaD TURNING TOOLS

Thread turning can be performed in several ways. The three popular ways to machine thread-vees 
(using several passes) are discussed in Chapter 2 and illustrated in Figure 2.22. The cutting speeds 
for the tool material recommended in ordinary turning are usually reduced by 25% in thread turn-
ing to maintain an acceptable cutting temperature.

Typical threading type inserts are shown in Figure 4.23. Multi-toothed inserts cut the vee in 
a single pass, using the radial infeed method, because the succeeding teeth cut deeper than the 
teeth preceding them. Full-pro�le inserts cut a complete thread including the crest. V-pro�le inserts 
are used for various pitches with same thread angle, but the crest is generated by a pre-turning 
operation. The insert is inclined an amount equal to the thread’s helix angle (� ) to best match the 
lead angle of the thread, which varies along the thread height; this ensures uniform edge wear of both 
�anks and therefore longer tool life as well as better surface �nish. The inclination angle of an insert 
is between 0° and 4°; a value of 1° generally produces a satisfactory thread. The relief angles on the 
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�ank of the insert depend on the inclination angle; the side relief angle in the direction of the feed 
must be greater than the thread helix angle to prevent the insert from rubbing. The effective rake 
angle varies along the cutting edge; it is positive at the leading edge and negative at the trailing 
edge. Standard triangular turning inserts (60° included angle) are often used for roughing; they 
generate a thread form of slightly more than 60° when the tool is set with a negative rake angle. 
Cermet cutting tools produce better surface �nish and size control than WC tools. Ceramic inserts 
are generally not as effective in conventional thread turning as in hard thread turning.

4.5.8 G ROOVING aND CUTOFF TOOLS

Grooving and cutoff tools are similar to threading tools in that the tool is surrounded on three 
sides by the workpiece, so that the cutting forces and heat are concentrated on the weakest part 
of the insert. Grooving inserts and tool holders are narrow and must be relieved on all the three 
sides (as shown in Figure 4.24), and therefore do not provide as much support as other types of 
turning inserts. The lead angle can be neutral, right or left (of a few degrees). The ratio of radial 
depth to insert width should be less than 10 to maintain stability. The lead angle provides more 
stable cutting. Inserts with lead are used to reduce the small diameter protrusion left at the center 
in cutoff operations. Special inserts with and without chipbreaking grooves are available for these 
operations.

V-profile Multi-tooth insert Full-profile

Partial- profile Full-profile

FIGURE 4.23  Typical threading insert forms. (Courtesy of Carboloy/Seco, Warren, MI.)

Relief

FIGURE 4.24  Multiple relief weakens grooving or cutoff inserts. (Courtesy of Valenite Corporation, Troy, MI.)
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4.5.9 F ORm TOOLS

Form tools are used to cut a speci�c pro�le on a rotating workpiece in a single plunge cut 
(Figure�4.25). Grooving and cutoff tools are types of form tools. A form tool is fed perpendicular 
to the surface of the workpiece and contacts the workpiece at multiple points. Form tools produce 
shapes with less machining time than single-point turning tools can because multiple passes must 
be used with single-point tools to maintain accuracy. The surface �nish obtained with form tools is 
usually about four times rougher than the �nish on the form tool itself.

Form tools are designed in various sizes and can range in width from 4 to 200�mm. The maxi-
mum effective width of a form tool depends on its geometry, the workpiece material, infeed rate, 

Endcutting
Profile

Conical

Convex BallConcave

Radius

Chamfering

Solid Complex profile Split

FIGURE 4.25  Form tools for complex pro�les on a rotating workpiece. (Courtesy of Sandvik Coromant, 
Fairlawn, NJ.)
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and the available machine power. Combined grooving and form tools are used for wide grooves or 
for generating wide shapes. One form tool can replace several single-point turning tools and provide 
increased dimensional accuracy and repeatability for complex pro�les. Form tools are produced by 
electodischarge machining (EDM) or by grinding in the case of thin inserts. Tool materials used for 
form tools include brazed or clamped WC, HSS, and PM tool steels. Form tools can be manufac-
tured with 5 �m dimensional repeatability using EDM.

4.6  BORING TOOLS

4.6.1 S INGLE POINT BORING TOOLS

Boring tools have the same insert or point geometry as turning tools, and most of the information 
reviewed in the previous section is applicable to boring as well as turning. One exception concerns the 
nomenclature of cutting angles; the end (rather than the side) cutting edge is the major cutting edge 
in boring, so that the ECEA in boring corresponds to the SCEA in turning and is generally negative. 
Edge clamping methods for boring are similar to those discussed in the previous section for turning.

In single point boring, however, the boring bar is long and compliant compared to a turning tool 
holder. In fact, due to their length to diameter ratios, boring bars and end mills are the least rigid of 
all cutting tools. The rigidity or compliance of the boring bar is often the primary factor determin-
ing boring process performance in single-point boring; de�ections of the bar constrain its reach, 
affect the bored hole diameter and accuracy, and may lead to vibration and chatter. Displacement 
of the boring bar due to cutting forces, especially in interrupted cuts, may result from (1) bending 
de�ection of the bar structure; (2) deformation in any joint(s) between the parts of a composite bar; 
(3) deformation in the joint between the spindle and the bar �ange; and (4) deformation of the 
spindle and its bearings. Factors affecting boring system rigidity therefore include the basic machine 
design; the drive mechanism design; the spindle stiffness; the boring bar diameter, length, 
overhang, and material; and the workpiece material, structure, and �xturing.

In many general purpose applications, the de�ection of the bar itself is larger than the other com-
ponents. The de�ection of a simple single-point bar, rigidly mounted (cantilevered) to the machine 
structure, with an overhang L and radial force Fr, can be calculated using the equation
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E is the modulus of elasticity of the material
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The de�ection under 100 N load for a cylindrical cross-section single or step diameter bar is illus-
trated in Figure 4.26; this �gure illustrates the importance of minimizing tool overhang and/or 
L/D ratio. As a rule of thumb, de�ections should be less than 0.025�mm to ensure adequate system 
performance.

Two major problems related to bar rigidity are often encountered with boring: springback and 
chatter. Bar springback is caused by insuf�cient stiffness and the resulting de�ection or deforma-
tion of the bar due to cutting forces. Excessive springback (or elastic recovery) of the boring bar 
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will result in a smaller bore or scratch marks during tool retraction. Spingback and chatter during 
tool retraction can be eliminated by designing the tool to permit a minor (0.02–0.04�mm) shift in 
the cutting-edge position during the tool retraction; the shift should not change the rotational axis 
of the tool. Due to the small size of the tool, the shifting mechanism is dif�cult to package and may 
cause balancing problems at high rpms. In CNC applications, the shift can be accomplished by a 
radial offset.

Chatter can occur either during the feed or retract portions of the cycle. The resonant frequencies 
and chatter resistance of a bar depend strongly on the bar length to diameter (or overhang) ratio; 
overhang ratios greater than 4 or 5 (4 for steel bodies) are especially susceptible to chatter. On a 
more basic level, chatter resistance is strongly affected by the value of the quantity k · � where k is 
the effective dynamic stiffness and � is the damping ratio of the system. The stiffness of the boring 
bar can be increased by using the largest diameter and shortest shank length bar permitted by the 
bore geometry, and by using bar materials with a high elastic modulus. De�ections can also be 
minimized by reducing cutting forces through the use of tip geometries designed to ensure free 
cutting. The damping characteristics of a boring bar system depend on the structural damping of 
the bar (a�material property) and the interfacial frictional damping between the bar, the tool holder, 
and their connection or mounting technique. In a conventional setup the boring bar is mounted in 
a holder, which is subsequently mounted to the spindle. An improved but less �exible approach is 
to bolt the tool directly to the spindle via a �ange. In designing a boring bar system, a trade-off 
between stiffness and damping characteristics may be required. Solid bars made of rigid materials 
enhance stiffness, but often have relatively poor damping properties, which reduce chatter resis-
tance. Composite extended bars provide increased damping but often reduced stiffness. The stiff-
ness and damping (chatter-resistance) characteristics of a boring tool can also be enhanced using 
anisotropic mandrels with directionally enhanced stiffness axes [85], and by using passive [86] 
or�active [87] vibration control methods.

The use of optimal materials and geometries is often the preferred approach to enhancing the 
stability of boring bars, and cantilever tools is general [88–90]. Several composite boring bar struc-
tures using tool steels, heavy metals, hard carbides, and light alloy materials can be used effectively 
as shown in Figure 4.27. Composite bars generally consist of a heavy metal root segment (which 
is machinable) with a relatively high Young modulus. The overhang segment at the end of the tool, 
which holds the tool bit or insert, is designed to be light, and may be made of aluminum, titanium, 
or similar materials to increase the natural frequency of the cutting point without signi�cantly 
affecting bar stiffness. The middle section is often made of carbide. These designs are compro-
mises between economical solid steel and costly solid carbide bars (see Examples 4.4 through 4.6). 
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Generally, solid steel boring bars are used for L/D < 4, composite bars are used with L/D < 6 or 7, 
and composite bars with dynamic vibration absorption are used for L/D > 6 [87].

Boring tools may be �xed or adjustable as shown in Figure 4.28. Fixed boring tools generate 
a particular diameter predetermined by the radial distance of the cutting tip from the tool axis. 
Such tools may be made of solid HSS, WC, PCD, or PCBN tips brazed to a solid bar, solid WC, 
or indexable inserts of various materials set in pocketed bars. They may have one or more cutting 
edges depending on the bore size and bore quality and surface �nish requirements. As discussed 
in the following, adjustable boring tools are equipped with heads containing precision mechanisms 
to offset the cutting edge to compensate for tool wear or de�ections. Insert size tolerances and bor-
ing bar manufacturing tolerances often make it dif�cult to control the size of resulting bored holes. 
Therefore, a size adjustment capability is often necessary. The conventional approach for adjusting 
the size of boring bars is to use manually or automatically adjustable boring heads mounted at the 
end of the boring bar.

A manual boring head uses a precision micrometer adjustment or a cartridge. The former uses 
a dial (micrometer spindle) that offsets the insert or the boring bar in 0.0025–0.01�mm increments 
per division on the diameter. The latter design does not provide any indication for size adjustment 
and uses a cam underneath the cartridge, which permits a small range of adjustments (Figure 4.29). 
The dial system has a graduated head (Figure 4.30) attached on a set screw or on a ring around the 
head. To set the boring diameter, the dial is turned to the desired setting. In cartridge-type systems, 
adjustments are made using a preloaded screw without any indication of tool offset; a gage is there-
fore required for any subsequent adjustments. Manual adjustable tooling is set up by trial and error 
and is generally unsuitable for mass production.

The automated approach for transfer of machine applications requires a complex tooling system 
to automatically perform small adjustments in the boring bar size, as well as precise in-line gaging 
capability. The boring bar requires a built-in mechanical or hydraulic tool compensating system for 
offsetting the tool to adjust size as shown in Figure 4.31. Mechanical systems are generally actuated 
by a drawbar in a spindle. The tool positioner is complex and can be �t only in boring bars with 
diameters larger than 50�mm. Many of the available designs have a weak link between the boring 

FIGURE 4.27  Combination structure boring bar.
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bar and the tool adjustment mechanism and therefore have signi�cantly lower static and dynamic 
stiffness (20%–50%) compared to nonadjustable solid boring bars. As an alternative, an adjustable 
boring bar assembly in which the cutting radius can be altered by predetermined increments simply 
by releasing and turning the bar within a sleeve can be used. The holder sleeve is located slightly 
eccentric relative to the spindle axis, so that turning of the bar effectively changes the working 
radius of the cutting point as shown in Figure 4.32.

In CNC systems, size compensation for precision bores is accomplished using a boring head with 
an adjustment mechanism actuated by a screw to control radial cartridge position. In-line gaging 
is used to monitor bore size, and when compensation is required, the bar is moved to a set of pins 
or similar feature on the machine table or �xture, which engages holes or slots in the adjustment 
mechanism of the boring head. The machine positions the head over the feature and rotates the 
spindle through precise increments to index the micrometer head. This approach requires spindle 
clocking and rotation control capability.

Multiple-step tool bars using several cutting edges, as shown in Figure 4.33, are designed to gen-
erate concentric bores with varying diameters and/or to bore and counterbore in one pass. Similarly, 
a boring bar with a roughing or semi�nishing tool ahead of a �nishing tool (axially staggered inserts 
and/or radial spacing) can be used to rough and �nish a bore in one pass.

Taper solid arbor

Modular/reducer

Twin bore

Borehead

Boring bar

FIGURE 4.28  Various types of boring bars with and without diameter adjustments.
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FIGURE 4.29  Manual adjustable cartridge. (Courtesy of Master Tool Corporation, Grand River, OH.)

FIGURE 4.30  Single point boring bar with a diameter adjustment dial cartridge. (Courtesy of Valenite 
Corporation, Troy, MI.)
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4.6.2  MULTIpOINT BORING TOOLS

Multipoint boring bars are often used to improve stability and to increase productivity in high-
volume applications. Adjustable twin bars are used in general purpose machining. These bars have 
a caliper head on the end with a pair of opposing inserts mounted on each side. Adjusting a dial 
changes the span between the inserts and the cutting diameter. These bars have low radial stiffness 
compared to single-point bars, but the opposing inserts balance radial loading, leading to increased 
stability and accuracy in many applications.

Multipoint bars are used extensively in automotive cylinder boring and other high volume appli-
cations. Multipoint bars can be run at higher feed rates than single point bars, and spread tool wear 
over multiple tool edges, increasing tool life. In transfer line applications, semi�nish and �nish 
boring are commonly performed in one operation using a bar with multiple inserts for the down 
(semi�nish) pass, and a single insert actuated by a drawbar for the return (�nish) pass. In this 
system, size compensation is accomplished using methods similar to those described for single 
point bars earlier. In CNC applications, multipoint semi�nish bars are used, generally followed 
by single point �nishing bars. Size compensation for the multipoint �nish bars is accomplished by 
mounting an adjustment head on the bar and actuating it through a controlled spindle rotation using 
pins mounted on the �xture as described earlier for single point boring.

Draglines (withdrawal or witness marks) are generated during the reversal of �xed bars from 
the bottom of the bore. Draglines reduce tool life and leave surface damage, which usually must 
be removed by later operations. In transfer line applications, a cam or pivot system activated by a 
drawbar may be used to withdraw inserts to a smaller radius prior to tool retraction to eliminate draglines. 
In�coolant activated bars, the inserts are pushed clear of the machined surface by springs when the 
coolant pressure is removed after they exit the bore but prior to retraction. In some transfer line 
and many CNC applications, draglines are tolerated in rough and semi�nish boring, although extra 
machined stock may be left for subsequent �nish boring and honing operations to ensure cleanup.

4.7  MILLING TOOLS

Milling is carried out using a rotary tool with multiple cutting edges. Both solid cutters with ground 
cutting edges and pocketed cutter bodies �tted with inserts are used as shown in Figure 4.34. Design cri-
teria for milling tools are similar to those for turning tools in many ways, but milling involves additional 

FIGURE 4.33  Multiple operation boring/counterboring/chamfering tooling. (Courtesy of Rigibore Tooling 
Systems, Mukwonago, WI.)
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concerns because it is an interrupted cutting process. The cutting edges on a milling cutter enter and 
leave the cut each rotation and are actually cutting for less than half of the total machining time.

This section discusses common cutter designs and geometric factors that affect cutter and insert 
selection [91–96]. The nomenclature used follows the American National Standard for face and end 
mills [97].

4.7.1 T YpES OF MILLING CUTTERS

Several types of milling cutters are used for different operations. Face milling cutters are used to 
produce �at surfaces. They are usually �tted with indexable inserts or inserted blades. Indexable 
face mills are the most common and versatile type because they can be used with a variety of insert 
materials. Conventionally, indexable inserts are �xed in pockets in the cutter body, although they 
may also be mounted in cartridges. The geometry and nomenclature of a face milling cutter is 
shown in Figure 4.35.

Slot milling cutters are used for grooving, slotting, and side and face milling. Slot cutter designs 
and manufacturing methods vary depending on their size and application. Solid HSS, solid WC, and 
WC tipped designs are often used for small diameter cutters (<100�mm), while indexable cutters are 
preferred for larger diameters. Several insert geometries are available with or without chip breakers 
for indexable cutter bodies. The cutting edges of such cutters are similar to those used on circular 
saws or hole saws. Both full- and single-side slot mills are available. Full-side cutters may have 
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FIGURE 4.34  Indexable milling cutters. (a) Slot milling, (b) slot- and contour-milling, and (c) face milling. 
(Courtesy of Carboloy/Seco, Warren, MI.)
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continuous edges across the width of the cutter, or located alternatively around the cutter periphery. 
The cutting edges of full side cutters can be square, trapezoidal (chamfered on both sides), pointed, 
or radiused. The triple-chip ground-tooth form (in which the �rst tooth cuts a narrow chip�from 
the center of the cut while the second tooth, which follows the �rst, cuts two equal-size chips 
from the�sides of the cut) has become popular because it removes the material much more easily. 
The�edges are generally designed with positive or neutral rake angles.

End milling cutters generate two workpiece surfaces at the same time; cutting edges are 
located on both the end face and the periphery of the cutter body. They are usually used in 
facing, 2D or 3D pro�ling, slotting, shoulder cutting, slabbing, chamfering, and plunging/
pocketing operations and are the most versatile milling tools. When they are used for plunging, 
the teeth must cut all the way to the center of the tool. They are produced in solid HSS, HSS-CO, 
WC, ceramic, PCD/PCBN brazed or veined construction, inserted blade, and indexable insert 
designs. Inserted blade end mills produce better �nishes than indexable WC end mills. Much 
of the previous discussion about stiffness and de�ection of boring bars is also applicable to end 
mills. Shank-type end mills are available in a wide variety of sizes, �ute con�gurations, and 
lengths. The geometry of the end mill is shown in Figure 4.36 [96]; its diameter, �ute length, 
and corner radius must match the dimensions of the pocket to be machined. Generally, two- 
and three-�ute end mills are center cutting, while end mills with a larger number of �utes are 
non-center cutting. The end mill’s core diameter, number of �utes, and �ute space determine 
its rigidity in the manner discussed in the following for drills. The�tooth edge geometry, radial, 

External diameter of cutter body

External diameter of boss

Hole diameter
Width of key way

Depth of
key way

Cutter body

Axial rake angle

Setting ring

Approach angle

Overall
height

Section
A

Section A

Cutting
edge

Inclination
angle

Major cutting edge

Chamfered cornerWiper �at

Face
angle

Setting ring

Radial
rake

angle

Clamp
Locator

Radial
reliefDiameter of cutter

Chip pocket

Bolt

Insert

Front relief
angle

True
rake

angle

Back
locating

face

FIGURE 4.35  Milling cutter nomenclature. (Courtesy of Sumitomo Electric Corporation, Osaka, Japan.)
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and axial rakes, relief angles, and �ute forms are important, and for solid end mills should be 
designed according to the same guidelines used for single-point turning tools, indexable milling 
cutters, and drills. End mills with helical rather than straight �utes have a reduced tendency to 
chatter because one or more points of the helical �utes remain in contact with the workpiece at 
all times.
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Rotary milling cutters can be used in some applications to improve productivity. Rotary mill-
ing cutters are equipped with round inserts, which are secured in interchangeable cartridges and 
which are free to rotate as they cut. The insert rotates on a bearing attached on the cartridge. The 
rotation of the insert alters chip formation on the rake face by increasing the effective inclina-
tion angle. The insert rotation is caused by the action of the cutting forces and chip �ow over 
the insert face; a separate drive mechanism is not required. The contact edge length between the 
chip and the tool changes during cutting, leading to reduced wear distributed evenly around the 
periphery of the insert, and ultimately to increased tool life. Their chief attraction is that they can 
be run at much higher feed rates than conventional cutters, reducing cycle times and potentially 
machine counts in automotive applications. They can also produce smoother �nishes due to the 
large radius on the inserts.

Research on rotary cutting tools began in the 1950s. The initial research was done for turning 
with a powered rotating tool [98,99], an idea which has recently been revived by Kennametal and 
DMG-Mori Seiki with their “Spinning Tool” product [100]. Free spinning rotary tools were developed 
later, mainly for milling. GE-Carboloy investigated them as part of the Defense Advanced Research 
Program Administration (DARPA) high speed machining project in the early 1980s [101]. There is 
a large patent literature on free-spinning cartridges, mainly for milling [102,103]. Rotary tooling for 
boring was developed in the mid-1990s by Rotary Technologies of Rancho Dominguez, CA [104]. 
Rotary technologies also manufactures rotary boring and turning tools.

4.7.2 C UTTER DESIGN

Factors to be selected in designing a milling cutter for a speci�c operation include the cutting edge 
geometry (rake and lead angles), cutter density, cutter diameter, entry and exit angles, and cutter 
construction (indexable, inserted blade, etc.) [76,105–107]. For slot and end mills, the helix angle 
also strongly affects cutter performance.

The standard angles used to describe the cutting geometry of rotary tools such as milling cut-
ters are the radial (side) and axial (back) rake angles (Figure 4.35). The axial rake angle affects 
the chip �ow direction and the thrust force, while the radial rake angle has a strong effect on the 
cutting power and tool life. The radial (
 f) and axial (
 p) rakes determine two additional angles, the 
inclination�(� s) and orthogonal (top) rake (
 o) angles (Figure 4.37). The orthogonal rake is the true 
top rake, which in�uences cutting forces and power requirements. The true rake angle is measured 
from, and perpendicular to, the lead angle. The inclination angle is similar to the helix angle and is 
measured from the cutting edge face to the reference plane on a line parallel to the lead angle 
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� r
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FIGURE 4.37  Radial and axial rake angle in a rotary tool. (Courtesy of Sandvik Coromant, Fairlawn, NJ.)
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cutting edge. This angle determines the chip �ow direction and signi�cantly affects cutting forces 
and tool life. These angles are related through equations:

	
tan cos sin� � � � �o = tan + tanf r p r� � 	 (4.3)

	
tan cos sin� � � � � �s p r f r= tan tan� � 	 (4.4)

where � r is the bevel angle, which is related to the lead angle as discussed as follows. For example, 
a combination of 
p = 7°, 
 f = 0°, and �r = 15° results in 
o = 2° and �s = 7°. Three common com-
binations of these two angles are used on standard milling cutters as shown in Figure 4.38. Chip 
formation for each of the con�gurations is shown in Figure 4.39:

	 1.	Cutters with positive axial and radial rake angles are called double-positive cutters. The 
positive axial rake lifts the chip and curls it away from the �nished workpiece surface and 
toward the inside of the cutter body. The positive radial rake provides a sharper cutting 
edge that tends to pull the tool into the work (free cutting). Double positive cutters reduce 
the cutting pressure, consume less power, create less heat, reduce de�ection, and result in 
less strain on the machine bearings, ways, and spindle. This geometry creates a true shear-
ing action, which is suitable for �nish milling of free-cutting steel, aluminum, and brass; 
for materials which form a continuous chip; and for work-hardening materials and many 
soft stainless steels.

	 2.	Cutters with negative axial and radial rake angles are called double-negative cutters and 
are the most common type of cutters. The double-negative geometry offers several advan-
tages: �rst, negative rake inserts with twice as many cutting corners as positive inserts are 
used; second, the strongest part of the insert, away from the cutting edge, enters the work 
�rst, whereas with positive rake cutters the edge enters �rst. Also, the high edge strength 
permits use of harder, more wear resistant insert materials. Double-negative cutters tend 
to push the work away from the tool, and therefore require greater power and higher sys-
tem rigidity than positive cutters. Moreover, with a double negative cutter, the chip is bent 
forward and downward under pressure, which can cause chip evacuation problems for soft 
steels. Double negative cutters are effective in rough and �nish milling of steel and cast 
iron, including hard and high-strength grades.

	 3.	Cutters with positive axial and negative radial rake angles are called shear-angle cutters. 
These cutters combine some of the advantages of both negative and positive rake cutters. 
The negative radial rake provides a strong cutting edge, while the positive axial rake angle, 
combined with the bevel on the cutter body, lifts chips up and directs them away from the 
surfaces being machined. They are most often used for rough and �nish milling of the 
tougher grades of aluminum and other nonferrous materials, and for free machining of 
cast iron, steels, stainless steels, and most high-temperature alloys, which are milled with 
dif�culty using double-negative cutters.

The lead angle, shown in Figure 4.35, is equivalent to the SCEA or approach angle in turning, and 
is equal to 90° minus bevel angle (� r) shown in Figure 4.37. The best lead angle for a speci�c opera-
tion depends on several factors including the part con�guration, the distribution of cutting forces, 
and the chip thickness. An increase in the lead angle results in an increase in the axial force and a 
reduction of the radial force. A proper lead angle also allows a cutter to enter and exit the cut more 
smoothly, reducing the shock load on the cutting edge. Proper selection of the lead angle is espe-
cially important for shear-angle cutters. A 15° lead is often used for face milling. Larger lead angles 
are used in shear-angle cutters because they provide a large inclination angle. A 45° lead provides 
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the strongest cutting edge for heavy duty milling; in this case the radial force will be approximately 
equal to the axial force. Large lead angles should also be used when the spindle is weak radially 
(e.g., due to a long spindle overhang), and when the radial stiffness of the part or �xture is limited.

The cutter density or tooth pitch is determined by the number of teeth in the cutter body. 
Cutters are classi�ed as having either �ne (3–5 inserts per 25�mm of diameter), medium, or coarse 
(1–1.5�inserts per 25�mm of diameter) pitch. A �ne-pitch cutter has about half the chip clearance of 
a coarse pitch cutter. The milling cutter with the highest number of teeth allowed by the workpiece 
and machine tool is most ef�cient. However, coarse pitch cutters allow higher chip thickness or feed 
per tooth, resulting in fewer teeth in the cut to prevent machine overloading. Therefore, a coarse 
pitch is usually used for large diameter cutters and/or for heavy duty applications, while �ne pitch 
cutters are often used in high production rate applications, when machining thin wall sections, 
and when the depth of cut does not exceed 7�mm. The amount of chip space required for a speci�c 
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FIGURE 4.38  Three milling cutter geometries with differing radial and axial rake angles. (Courtesy of 
Valenite Corporation, Troy, MI.)



203Cutting Tools

operation is determined by the workpiece material and the width of cut. Two essential requirements 
must be considered in selecting the cutter density: (1) at least one (and preferably two) cutting edge 
(insert) must be in the cut at all times to prevent instability of the tool as it enters and exits the 
workpiece; and (2) adequate chip space and cutting edge support must be provided. Cast iron and 
titanium require little chip space, but steel and aluminum require relatively large chip slots. A larger 
number of �utes on an end mill reduces chip loads and improves the workpiece �nish, but reduces 
radial rigidity or chip space, depending on the depth of the �utes.

Staggered or white-noise cutters, with unequal spacing of cutting edges around the cutter, can 
reduce or eliminate chatter by varying the chip load on each insert and reducing the effective tooth 
passing frequency. They effectively eliminate excitation of the tooling and part structures at the tooth 
passing frequency and its harmonics. Differential helix angles on successive �utes can be used for long 
edge end mills to reduce vibration during cutting. Roughing shell end mills may have a spirally stag-
gered arrangement of indexable cutting edges to provide smooth cutting action and quiet operation.

The required diameter of a face, end, side, or slot mill depends on the radial depth or width of cut 
(or part), axial depth of cut, and feed, which also determine the required number of cutting edges per 
mm of diameter (e.g., deep slots require low-density cutters). The cutter diameter should allow for 
optimum feed per tooth and depth of cut based on the available power. The cutter diameter for a face 
mill should generally be at least 1.3–1.6 times the width of the part. This allows the cutter to be offset 
from the centerline of the workpiece and to overhang it on the tooth entry side. Symmetrical position-
ing of the cutter should be avoided especially when the engagement width is considerably smaller than 
the cutter diameter in order to prevent vibration due to pulse loading of the machine tool especially 
for light duty machines and positive tools. Pulse loading could lead to excitation of various structural 
vibration modes that may cause transient vibrations during the entry and exit of the cutter. Coarse 
pitch cutters are normally the �rst choice for diameters larger than 120�mm. The bending moment on 
the cutter is affected by its diameter and overhang and should be below the maximum allowed by the 
spindle interface to avoid cutter vibration and de�ection. When a long tool overhang must be used, the 
smallest diameter cutter possible should be selected. Therefore, it may be preferable to use a smaller 
diameter cutter and to cover the width of the workpiece in two or more passes, unless this arrangement 
produces an uneven surface �nish.

The diameter of the cutter also affects the chip thickness. As discussed in Chapter 2, the chip thinning 
effect is very important in milling. The maximum radial chip thickness is affected by the cutter geometry, 
the lead angle, and (most signi�cantly) by the position of the cutter on the workpiece (see Section 2.6). 
The average chip thickness should generally be greater than 0.07�mm, and if it is less than 0.025�mm, a 
mixture of rubbing and cutting may occur resulting in greater heat generation and excessive �ank wear. 
More details on the chip-thinning effect are discussed in Examples 2.5 through 2.8.

Negative axial, negative radial Positive radial, positive axial Positive axial, negative radial

– 0

+

+–

FIGURE 4.39  Chip formation for the milling cutter geometries shown in Figure 4.38. (Courtesy of 
Carboloy/Seco, Warren, MI.)



204 Metal Cutting Theory and Practice

The selection of the cutter density and diameter in contour or pocket milling is more complex 
than in straight-line milling because the cutter engagement during convex and concave arcs must be 
considered. This is true, for example, when traveling around a 90° corner in pocket milling.

Cutter designs and feed rates that produce narrow chips with a heavy cross section can be used to 
improve metal removal rates and tool life when machining relatively deep cuts using machines with 
limited power and rigidity. Either step cutters or chipbreaker cutters can be used for this purpose. Inserts 
are stepped radially and axially in step cutters, as shown in Figure 4.40. This arrangement increases 
the chip thickness at reduced feedrates by breaking up each chip among several inserts in a sequence. 
The use of a step cutter reduces the effective number of cutting edges [108]. Chipbreaker cutters are 
designed with grooves around the body that are either semicircular or sinusoidal in shape. They are 
also called hogging cutters. Such designs are used in solid and ball nose end mills (Figure 4.41) and 
in indexable face, slot, and helical end mills equipped with scalloped inserts (Figure 4.42). The design 
of the chipbreaker grooves, speci�cally coarse or �ne pitches, controls the chip size. The grooves are 
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FIGURE 4.40  Milling cutter with four radial and axial steps and the corresponding chip cross sections. 
(Courtesy of Ingersoll Cutting Tool Division, Rockford, IL.)
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arranged so that every other edge removes the ridges left on the part by the preceding insert, as shown 
in Figures�4.41 and 4.42. The use of chipbreaker cutters lowers cutting forces and reduces tool de�ection 
caused by long cutter overhangs, and therefore permits use of higher feed rates in roughing operations.

The insert contact angles during entrance (especially in down milling) and exit have a strong 
in�uence on tool life and burr formation. These angles are a function of the relative dimensions of 
the cutter and workpiece, the cutter overhang on the entry/exit side, and the radial rake angle of the 
cutting edge. The insert contact angle is

	 � � � �c � 90°+ 	 (4.5)

where the insert entry angle, 
, is de�ned by a line through the cutter axis and perpendicular to the 
entrance surface and a line through the cutter axis passing through the cutting point:
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where
R is the cutter radius
ws its overhang on the entry side (Figure 4.43)
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FIGURE 4.42  Sequential cutting action of a milling cutter with scalloped inserts. (Courtesy of Carboloy/Seco, 
Warren, MI.)
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The sign of the insert contact angle determines the location of the initial impact between the tool 
and the workpiece in down milling. The initial contact occurs on the cutting edge (the weak-
est section of tool) when 
 c is positive and on the rake face when 
c is negative as shown in 
Figure�4.44. A�positive 
 c should be avoided unless the work material is soft and ductile. The cutter 
position relative to the workpiece should be controlled so that the insert contact angle is negative. 
However, 
 c is often positive at the beginning of the workpiece cut while negative at exit and re-
entry (see�Figure�4.44). Tool entry angle problems are often encountered when the cutter reenters 
the workpiece after crossing cavities or holes in the workpiece, as is often the case in face milling 
automotive powertrain components. Generally, having the centerline of the cutter well inside the 
workpiece width is considered good practice for face milling. Reentry in peripheral shoulder and 
through-slot end-milling operations often results in severe entry angle conditions, which can lead 
to tool failure. Various tool routing approaches can be used to reduce tool entry or re-entry prob-
lems. Improper exit angles can cause burr formation as discussed in Section 11.4. Burr formation 
is a major concern in milling and has been the limiting factor preventing milling operations from 
providing part quality equivalent to grinding in many applications.

Indexable and inserted blade milling cutters can be designed for roughing and �nishing in one 
cut. This can be done by using either a combined rough and �nish cutter, or by using roughing 
and �nishing inserts on the periphery of the tool as shown in Figure 4.45. Combination cutters 
use roughing inserts around the tool periphery and �nishing inserts mounted on the tool face. 
In some cases �nishing inserts with wiper �ats are substituted for some of the roughing inserts. 
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FIGURE 4.43  Schematic view of initial cutting edge contact at the entrance of a workpiece. (Courtesy of 
Carboloy/Seco, Warren, MI.)
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Finishes equivalent to grinding can be produced when milling with wipers, especially when wip-
ers are located precisely with respect to the cutter’s axial plane. These cutters perform best at 
light depths of cut and medium-to-high feed rates. The �at wiping surface of the insert is often 
crowned with a large radius to prevent the formation of a sawtooth workpiece surface pro�le, 
which may occur when the �at land is not exactly parallel to the direction of feed.

In end and slot milling, the helix angle of the cutting edges or �utes determines how rapidly 
cutting forces increase and decrease as the cutting edges enter and exit the cut. Higher helix angles 
increase the length of the cutting edge engaged in the cut and allow for coarser tooth spacings 
because they insure continuous cutter-workpiece contact; they often improve the surface �nish and 
permit use of increased speeds and feed rates (see Examples in Chapter 8). Helix angles up to 60° 
may be used in order to reduce cutting forces for materials such as stainless steel, titanium, and 
inconel. However, lower helix angles provide higher edge strength in corner areas and reduce edge 
chipping or �aking. Left-hand helix angles are used to change the direction of the cutting forces 
of the workpiece in some applications. Tapered end mills (0.5°–25° per side) are used for complex 
pro�les and mold making.

Both square and ballnose end mills are used. Ballnose end mills require consideration of the 
effective diameters affected by the DOC as explained in Problem 2.6. The radial depth of cut affects 
the surface �nish because the tool leaves behind scallops on the surface that vary in height accord-
ing to the stepover distance. The stepover is given by

	
Stepover 2 ( /2) ( /2 )2 2 0.5

� � �� �D D h 	 (4.7)

where h is the height of peaks.

–

–

+

+

Insert contact angle (�c)

Workpiece

Cutter

True rake angle (�)

Insert entry
angle (�)

FIGURE 4.44  Schematic view of cutting edge contact during milling at the entrance and exit of a workpiece.
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4.7.3  MILLING INSERTS aND EDGE CLampING METHODS

The criteria for selecting inserts in milling are very similar to those used in turning, although 
additional considerations also apply. There are several insert shapes available for milling that are 
not often used for turning due to the nature of the operation. The cutting insert nomenclature is 
described in Figure 4.46. The insert corner con�guration can be a radius, a chamfer, a double cham-
fer, or a �at. The proper selection of the edge preparation (up-sharp, hone, chamfer, or combined 
hone plus chamfer) has a strong in�uence on tool life as discussed in Section 4.5.

The methods of holding the insert in the cutter body is very critical to cutter performance 
especially at higher speeds due to centrifugal force of the clamping components. The most com-
mon methods are (1) nonadjustable insert pockets, (2) axially or radially adjustable designs using 
either a pocket, a precision rail and wedge lock, or a cartridge, and (3) brazed tips. Some of these 
systems are illustrated in Figure 4.34. An on-edge insert held in �xed pockets by a single screw 
provides secure locking against movement, permits simple, accurate indexing, and allows for the 
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strongest section of the carbide to support the cutting forces. The adjustable designs generally 
reduce insert strength and stiffness but permit signi�cant reduction in insert axial and radial 
runout. Brazed teeth are usually used on smaller cutters and provide the lowest edge height and 
roundness error.

4.8  DRILLING TOOLS

A drill is an end-cutting tool with one or more straight or helical �utes, which may have a hollow 
body for the passage of cutting �uid and/or chips during the generation of a hole in a solid or cored 
part. Drills vary widely in form, dimension, and tolerance. Drills are classi�ed according to the 
materials from which they are made, their lengths, shapes, number of �utes, point characteristics, 
shank style, and size series [109]. The best type of drill for a given application depends on the 
material to be drilled, its structural characteristics, the hole dimensions, whether the material to be 
drilled is cored or solid, whether a through or blind hole is required, the entrance and exit charac-
teristics of the workpiece (Figure 4.47), the expected hole quality, the characteristics of the machine 
tool and �xture, and the cutting conditions. Selecting the proper style of drill for a given application 
requires consideration of all these factors.

Three types of conventional drills are widely used: regrindable drills, spade drills, and 
indexable insert and tipped drills. As shown in Figure 4.48, there are several types of regrind-
able drills including twist (or regular) drills, gun drills, counter drills, and pilot drills. Twist 
drills (Figure 4.49) differ widely in the number of �utes they contain, and in geometric charac-
teristics such as the helix angle, relief (clearance) angle, point style, �ute shape, web taper, web 
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thickness, and margin width. A standardized system of identifying or classifying twist drills 
made by different manufactures has not yet been developed.

This section describes the basic types of drills and factors affecting drill design and selection. 
Much of the material pertains speci�cally to twist drills, which are the most widely used drills in 
practice, but other types of drills are discussed as well.

Blind Through Cored Rough drilled

InterruptedOblique entry
and exit

Oblique
exit

Deep

FIGURE 4.47  In�uence of workpiece and hole form characteristics. (Courtesy of Guhring Inc., Brook�eld, WI.)
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FIGURE 4.48  Regrindable drill types. (a) Regular drill, (b) gun drill, (c) pilot drill, and (d) counter drill.
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4.8.1 T WIST DRILL STRUCTURaL PROpERTIES

The structural properties of the drill have a direct bearing on drilling performance. From a struc-
tural viewpoint, several features of a twist drill are signi�cant as illustrated in Figure 4.49:

	 1.	Shank or drive type. The butt end of the drill is generally held in a holder or the spindle 
and driven. Driver design is important because it determines the roundness accuracy and 
stiffness of the drill-holder system, as well as the limiting speeds and coolant pressures, 
which can be used in some applications. Maximizing the driver length improves rigidity 
and concentricity.

		    Straight shank drills with or without ground �ats are mounted in end mill holders, 
collets, chucks, or special hydraulically or mechanically clamped holders described in 
Chapter 5. Tapered shank drills are mounted directly into the spindle with or without 
intermediate sleeves or adapters.

	 2.	Helix angle. The helix angle is the angle between the leading edge of the land and the 
drill�axis.

		    Standard helix drills have a helix angle of approximately 30° and are used for drill-
ing malleable and cast irons, carbon steels, stainless steels, hard aluminum alloys, brass, 
and bronze. Low (slow) helix drills have helix angles of approximately 12°. They have 
increased cutting edge strength and are used for drilling high temperature alloys and other 
hard-to-machine materials. They are also used for brass, magnesium, aluminum alloys and 
similar materials, since they provide for quick ejection of chips at high penetration rates, 
especially for shallow holes. High (quick) helix drills have helix angles of approximately 
40°, as well as wide, polished �utes and narrow lands. They are used for drilling low-
strength nonferrous materials such as aluminum, magnesium, copper, and zinc, and for 
low-carbon steels. Zero helix (straight �ute) drills have a 0° helix angle. They are used for 
materials that produce short chips such as brass, other nonferrous materials, and cast iron. 
They are especially common in horizontal drilling applications. Low or zero helix drills 
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can be used for holes with length-to-diameter ratios exceeding four provided pressure-fed 
through the tool coolants are used to evacuate chips.

		    The helix angle affects not only the chip ejection capability of a drill, but also its cross-
sectional strength, area moments of inertia, rigidity, and rake angle. A left-hand spiral on a 
right-hand cutting drill resists the winding up of the shank at higher feed rates, especially 
for long drills. Left-hand helix is also used for taper drills to prevent chatter occurring with 
right-hand drills under right-hand rotation. The torsional stiffness of a drill varies para-
bolically with the helix angle and reaches a maximum at a helix angle of approximately 
28° [110]. The radial stiffness of a drill decreases with increasing helix angle and reaches a 
minimum at a helix angle of approximately 35° [111]. The axial stiffness also varies para-
bolically with the helix angle, with a minimum occurring at approximately 20° [111]. The 
allowable thrust and critical cutting speed are also affected by the helix angle, especially 
for small diameter drills. An increase in helix angle results in increased rake angles and 
lower torque and thrust. The helix angle in�uences drill life in a complex fashion depend-
ing on other parameters and the workpiece material [112,113].

	 3.	Hand or direction of rotation. The vast majority of drills are right-handed and rotate in a 
clockwise direction when viewed from the shank end.

	 4.	Number of �utes. The number of �utes may vary from one to four, with two being the most 
common choice. The optimum number of �utes on a drill depends on the drill diameter, 
the work material, required hole quality, and hole exit conditions. Generally, one-�ute 
drills are used for deep hole drilling, two-�ute drills are used for most general purpose 
applications, and (as discussed below) three- and four- �ute drills are used for close toler-
ance work and for drilling interrupted holes or through holes in workpieces with inclined 
exit surfaces.

	 5.	Coolant hole(s). Solid drills without coolant holes are used for shallow holes (up to two 
diameters deep) and for conventional tool penetration rates (using feeds in the range of 
0.008–0.011�mm per cutting edge per mm of drill diameter). Solid drills with coolant feed-
ing hole(s), called coolant-fed or oil-hole drills, have passages that run through the drill 
body. Cutting �uid is fed through these passages to improve chip ejection and cool the 
cutting edges, which permits use of higher cutting speeds and penetration rates.

	 6.	Web and �ute geometry. The strength of a drill is largely determined by its web and �ute 
sizes. The two main con�icting parameters in drill body design are adequate �ute area for 
ef�cient chip disposal and high drill rigidity to reduce de�ection and increase dynamic 
stability. The ratio of the web thickness to the drill diameter directly affects the drill’s 
torsional and bending strength. For conventional two-�ute drills, this ratio is usually about 
0.21:1. The �ute-to-land ratio also signi�cantly affects the drill’s strength. Conventional 
two-�ute drills have a �ute to land ratio of about 1.1:1, which provides a �ute space area 
between 45% and 55% of the total cross-sectional area. This amount of �ute space is suf-
�cient for general purpose applications with most work materials. The diameter of the 
inscribed circle (on each side of the thin web section) tangent to the drill radius ending 
at the two intersections the �ute forms with the drill periphery and the web of the drill 
has been found to be related to the measured torsional stiffness of the drill section [114]. 
These ratios can be optimized for speci�c work materials and hole depths as shown in 
Figure�4.50. On the other hand, the inscribed circle diameter of the �ute cross section is 
also a critical design parameter since the drill chip has a conical shape [113]. The area 
moments of inertia of the drill cross section are very important because they affect drill 
de�ection; the moments of inertia for two-�ute drills are 50%–65% of the value for a solid 
shaft in one principal direction, and 10%–15% of the solid shaft value in the other princi-
pal direction. Two-�ute drills therefore tend to de�ect signi�cantly in the weaker principal 
direction. A comparison of the two-, three-, and four-�ute drills with respect to the area 
moments of inertia in both principal directions is given in Table 4.6 [115,116]; in this table, 
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the ratio Af represents the ratio of the �ute area over the drill diametrical area. The stiff-
ness of the three- and four-�ute drills in both principal directions is the same because the 
principal area moments of inertia are equal.

		    Parabolic (rolled-heel) �ute forms increase the chip space and enhance chip ejection 
and are therefore widely used for dry and deep hole applications. The use of the�para-
bolic �utes with high helix angles (greater than 30°) further improves chip ejection. 
Parabolic drills have a heavier core, approximately 40% of the diameter compared to 
20% of standard twist drills; the heavier core adds rigidity and increases stability when 
drilling deep holes and/or harder materials [117]. Drills of this type are used not only 
for soft materials, such as aluminum, copper, and low-carbon steel, but also for stainless 
steel, cast iron, and nodular iron.

	 7.	Material. Twist drills are most commonly made of HSS, HSS-CO, solid WC, or with WC 
tips or heads brazed on a steel body. Twist drills made of solid ceramics, PCD edges or 
tips brazed on a steel body, PCD heads brazed on a WC body, PCBN and ceramic tips, and 
PCD veined on a WC body are also used in specialized applications.

Signi�cant improvements in productivity have resulted from the acceptance of solid carbide drills 
[118,119]. Compared to HSS drills, carbide drills permit an increase in productivity by a factor 
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TABLE 4.6
Comparison of Area Moment of Inertia between Two-, Three-, and Four-Flute 21�mm 
Diameter Drills

Number 
of Flutes 

Web Diameter 
(mm) 

Land Width 
(mm) 

Inscribed Circle Diameter 
(mm) Ratio Af 

Moments of Inertia 

Principal Directions

I II

2 7.00 10.4 6.96 0.45 5180 1224
3(I) 8.73 11.2 6.10 0.40 4100 4100
3(II) 12.73 5.0 4.10 0.36 4005 4005
4 11.5 5.2 5.00 0.40 4329 4239
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of 2–10, and/or increase in hole quality. Solid carbide drills are especially well suited for high 
throughput precision hole manufacturing.

Solid ceramic and CBN- and PCD-tipped drills are used at higher speeds than carbide drills. 
Ceramic drills can be used for �ber-reinforced composites, but their application in ferrous materi-
als (e.g., cast iron) has been limited by a lack of machine tools with suf�cient speed capability and 
acc/dec rates for the spindle slide reversal in blind holes. PCD-veined drills eliminate concerns 
about the integrity of the braze interface with the carbide blank [29]. PCD drills have been used 
extensively to drill aluminum alloys, other nonferrous alloys, and �ber reinforced composites at 
conventional and high speeds.

Generally, improved drill rigidity has a positive effect on most aspects of the drilling operation. 
A stiffer drill exhibits less of vibration and de�ection, which allows the use of higher speeds and 
feed rates, and produces better hole quality and longer tool life. This property of solid carbide drills 
usually eliminates the need for a guide bushing, which is often required with HSS drills to maintain 
hole location accuracy. The use of bushings with long solid carbide drills is usually avoided because 
any misalignment between the drill and the bushing can result in drill breakage. Carbide head drills 
or brazed carbide drills should be used for deep hole applications which require a bushing.

Three-�ute drills produce holes with precision hole size, �nish, and roundness tolerances. The 
three-�ute design is a compromise between the conventional two-�ute and four-�ute drills [116]. 
A�larger number of �utes provide additional guidance for the drill. The �ute cross section is the criti-
cal design parameter because there are three �utes compared to two �utes for standard drills. Only 
conical and planer (three-facet chisel) points can be ground on three-�ute drills because of the odd 
number of cutting edges. A planar point (Figure 4.51) has three V-shaped chisel edges. Notch web 
thinning is used because the web (core diameter) at the point is a large percentage (usually 40%) of 
the drill’s diameter. The residual length of the three chisel edges after web thinning is usually 5% 
of�the diameter, which nonetheless results in much higher thrust than that obtained with a conven-
tional two-�ute drill. The residual chisel can be thinned further when drilling soft, nonferrous mate-
rials, assuming that chips do not pack in the notched areas. In some cases, a thick chisel at the center 
is avoided by continuing only one or two of the three edges all the way in to center [120]. However, 
a three-�ute drill can be ground with inverted center point to which eliminate the chisel edges as 
shown in Figure 4.51 [116]. The inverted point reduces the drill thrust force by up to a factor of two 
compared to the planer notch web-thinned point. In an alternative design, all three cutting edges are 
brought together into a pyramid-shaped spur at the center [121]. This design reduces thrust but has 
two drawbacks: the center spur is too weak for many hard materials, and the axial rake angle of the 
cutting edge shifts from positive to negative at the chisel edge.

Four-�ute drills generate even better hole quality than the three-�ute drill because they have 
four margins guiding the tool. The additional margins act as a bushing and increase drill stability 
during interrupted cuts. The best four-�ute design has two �utes that cut to center and two �utes 
separated from the chisel edge by an undercut as shown in Figure 4.51 [115,122]. The chisel edge 
is generated by the intersection of the major �anks from only two cutting edges 180° apart. Also, a 
wider range of point geometries can be ground on a four-�ute drill than on a three-�ute drill; this 
range includes two facet, four-facet, and helical points. The �ute space is more restricted than on a 
three-�ute drill, however, making four-�ute drills most attractive for drilling materials such as cast 
iron, which form short chips. Either two or four coolant holes can be used in a four-�ute drill to 
improve chip evacuation.

4.8.2 T WIST DRILL POINT GEOmETRIES

One very important feature of a twist drill is its point geometry. The geometry of the point deter-
mines the characteristics of the drill’s three cutting edges: the main cutting edges or cutting lips, 
the chisel edge, and the marginal cutting edges. The geometry of the main cutting edges affects 
the drilling torque, thrust force, radial forces, power consumption, drilling temperature, and entry 
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and exit burr formation [123,124]. The chisel edge positions the drill before the main cutting edges 
begin to cut, and stabilizes the drill throughout the cutting process; it also affects the drill’s center-
ing characteristics (skidding and wandering at entry) and the thrust force. The margins guide and 
locate the drill and affect the hole straightness and roundness errors and the drilled surface �nish.

The best point geometry for a given application depends most strongly on the drill and work-
piece materials, hole depth and size, required hole quality, and expected chip form. Other 
factors to be considered include the entrance and exit surface orientation with respect to hole axis, 
hole interruption, burr formation and tool life concerns, and the presence or absence of a bushing 
(Figure�4.47). The principle geometric features of the point are the point angle, the chisel edge 
angle, and the relief angle.

The cutting edge length is inversely related to the point angle. An optimum point angle that 
yields maximum drill life and hole quality exists for every work material. A standard 118° point 
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is used for general purpose drilling of readily machined materials. Point angles smaller than 118° 
are preferred for many cast irons, copper, fiber aluminum alloys, die castings, and abrasive 
materials. Point angles greater than 118° are used for hard steels and other dif�cult materials. 
Generally, a lower point angle reduces the thrust force while increasing the torque (Figure 4.52) 
and radial forces; the torque increases signi�cantly at point angles below 118°, the value used on 
standard drills. The cutting edge is formed by the intersection of the �ute face and the �ank face; 
the shape of the lip is determined by the point angle, helix angle, and �ute contour. The �ute contour 
and helix angle are usually designed to provide a straight lip with a 118° point angle. A straight lip 
is desirable because it generally provides maximum tool life. Specialized drill designs with concave 
lips (e.g., racon point drills) are used for some steels, since a concave lip induces more strain in the 
chip and improves chip breaking.

Photographs of the point geometries of several solid carbide drills used for machining alu-
minum are shown in Figure 4.53. The corresponding relief and rake angles for the drills in 
Figure�4.53 are shown in Figure 4.54. Similarly, photographs of the point geometries of several 
solid carbide drills used for machining cast iron are shown in Figure 4.55. The corresponding 
relief and rake angles for the drills in Figure 4.55 are shown in Figure 4.56. The rake angle 
distribution across the main cutting edges depends on the �ute helix angle. The �ute helix reaches 
its maximum at the margin and decreases to zero at the center. Similarly, the rake angle decreases 
near the web; it is typically negative at the center of a drill and roughly equal to the helix angle at 
the outer corner as shown in Figures 4.54 and 4.56. Lip correction can be used to reduce the rake 
angle and increase edge strength along the main cutting edge; it generates a constant rake (helix) 
angle along the entire length of the cutting edge. Lip correction is used especially for inhomo-
geneous materials such as cast iron, and when small, discontinuous chips are desired. A 0°–5° 
positive rake angle produced by lip correction or the use of straight �ute drills provides a strong 
edge for general purpose drilling of hard and brittle materials such as cast iron, aluminum metal 
matrix composites, stainless steel, steel alloys, nickel-chrome steel, titanium alloys, and high 
temperature alloys. A small or neutral rake angle will not help chip evacuation and may cause 
build-up at the point in softer materials. The strength of a positive rake lip can be increased by 
grinding a 0.025–0.1�mm hone on the edge [123,124].

The corresponding cross-sectional pro�les and the characteristics of the chisel edge for the 
solid carbide drills in Figure 4.53 are shown in Figure 4.57. The ratio of the web or core diam-
eter to the drill diameter is usually large. The optimal web thickness depends primarily on the 
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work�material. The web thickness is usually about 20% of the drill diameter for large drills but 
may reach 50% of the diameter for small drills, which require a proportionately heavier web to 
maintain stiffness.

Because it cuts slowly and has a large negative rake angle, the chisel edge produces a chip by an 
extrusion or smearing action, rather than by cutting (Figure 4.58). Because chisel edge chips have a 
less direct path to the �utes, they are more likely to pack and build up in the hole. The chisel edge 
contributes substantially to the thrust force; the size of the contribution depends on the relative 
lengths of the chisel and main cutting edges. The chisel edge contributes roughly 50% of the thrust 
for a drill with a typical drill with a web thickness equal to 20% of the diameter (Figure 4.57). If the 
web thickness to diameter ratio is increased to 30%, the chisel edge thrust doubles; if this ratio is 
further increased to a 40%, it will increase by an additional factor of two (or to a factor of four total 
as compared to a 20% web drill). The three common approaches to reducing problems associated 
with the chisel edge are (1) reducing the chisel edge length by thinning or splitting the drill point; 
(2) changing the shape of the chisel edge to improve its cutting action; and (3) eliminating the chisel 
edge altogether.

Edge preparation follows guidelines similar to those used for turning and milling as shown 
in Figure 4.59 for the drills in Figure 4.55. The edge treatment is very critical to drill perfor-
mance. The cutting forces will be excessive if the edge treatment is excessive (even if the rake 
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FIGURE 4.53  Photographs of 8.5�mm solid carbide drills for machining aluminum alloys. (From Agapiou,�J., 
High Speed Drilling of Aluminum Workpiece Material, High Speed Machining 2003 Technical Conference, 
Chicago, IL, April 7–9, 2003.)
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angle is�large). For�example, drill C01 (in Figure 4.55) with a 29° helix angle and chamfered and 
honing edge (shown�in Figure 4.59) produces a 40% higher thrust force than drill C18 with a 14° 
helix angle and honed edge (also shown in Figure 4.59). In general, cutting forces depend mainly 
on three geometric parameters: the rake angle distribution (Figures 4.54 and 4.56), edge treatment, 
and chisel edge length.

A wide variety of drill point and body con�gurations have been developed (as shown in 
Figures�4.53, 4.55, and 4.57) to improve aspects of drill performance such as the drill’s centering 
ability, thrust force, and rigidity. The effect of drill point geometry on drill performance and cutting 
forces is discussed in detail in the references [97,123,124] and in Chapter 8. Some common drill 
point geometries and their range of application are shown in Figure 4.60. Brie�y, the common types 
of points include:

Conventional point: The conventional or conical point is the most common type of drill point 
ground on standard, 118° point drills. The chisel edge is usually either conventional (with conical 
relief) or two faceted (which results in a �at or blunt chisel) [113], and has a high negative rake angle 
(�50° to �60°). Conventional drills tend to walk or drift during entry and thus often require a center-
ing hole. Conventional point drills are most often used in operations, which do not require high pre-
cision or production rates. The conical point can be ground to provide a small crown (0.07–0.2�mm 
depending on the drill diameter) along the chisel edge, which results in signi�cant improvement in 
the chisel edge cutting action and centering characteristics.

Radial/Racon point: This type of drill has an arch-shaped radiused point, resulting in a more 
positive rake angle at the center. The radial lip provides a self-centering effect; it can therefore 

(a) r/Rd

10

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

20

30

25

15

A11

A12

A01

A02

A08

R
el

ie
f a

ng
le

A04

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

A16

A13
A18

A20

A14
A19

20

10

30

25

15

R
el

ie
f a

ng
le

r/Rd

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r/Rd

A02

A11A13

A12 A04 A01

A08

–60

–40

–20

20

40

60

0

N
or

m
al

 r
ak

e 
an

gl
e

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r/Rd

A14A19

A16

–60

–40

–20

20

40

60

0
N

or
m

al
 r

ak
e 

an
gl

e A18

A20

FIGURE 4.54  Measured values of (a) nominal relief angle and (b) nominal rake angle along the cutting 
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drill more accurate holes than a conventional drill. The cutting edge is longer than on a conven-
tional point, resulting in slightly higher torque and/or thrust, but also lower edge temperatures 
and stresses since the heat and forces generated during drilling are spread out over a larger area. 
Radial points thin the chip at the outer corner, protecting the corner and margin from wear, reduc-
ing burr formation, and improving drilled surface �nish and tool life.

Web thinned point: In this point the chisel edge is thinned by grinding a notch at the chisel edge 
corner with a radiused wheel. There are several variations of web thinning such as those described 
in DIN-Standard 1412 [125]. Web thinning reduces the chisel edge length, reducing thrust and 

C01

C05 C06
C08 C13

C20C18
C16C15

C02 C03 C04

Cross sectional pro�les

C01 C02 C03 C04

C05

C15 C16 C18

C06 C08 C13

C20

FIGURE 4.55  Photographs and cross-sectional pro�les of 8�mm solid carbide drills for machining cast 
irons. (From Takama, H., and Hayase, T., Rotary Cutting Tool, US Patent 5,505,568, April 9, 1996.)



220 Metal Cutting Theory and Practice

improving chip evacuation from the center of the drill. Reducing the chisel edge length also 
improves drill centering properties. The web is typically thinned to a diameter between 8% and 
12% of the drill diameter. Lip correction can be used to thin the chisel edge as described in DIN-
standard 1412 Form B.

Split point: The split point is often referred to as a crankshaft drill. It is produced by notch type 
web thinning as described in DIN-standard 1412 Form C. There are two or three similar varia-
tions of this point style. The most common split point type is a special case of the web-thinned 
point with a much smaller residual chisel edge length (typically 2%–3% of the diameter). There 
are however a number of drill point designs, produced by the Hosoi grinding technique, which use 
a modi�ed split with an S-shaped secondary cutting edges; these include the Dijet-Hosoi, Sandvik 
Delta, OSG Ex-Gold, Mitsubishi New Point, Sumitomo Multi Point, Tungaloy Spiral Jet DSC, and 
Guhring RT 80, RT100, and Precision Twist Drill points [126]. The S-form split reduces second-
ary edge wear and drill failures when drilling hard materials. The notches in split point drills are 
prone to build-up when drilling soft materials; the split point is also prone to edge chipping when 
drilling tough alloys.

The notches on the crankshaft or true split point often do not reduce the chisel edge length, but 
generate two small cutting edges, one on each side of the chisel edge passing ahead of center. This 
point is self-centering and also reduces the thrust force, especially when drilling work hardening 
materials. The split point is especially common on long drills, such as crankshaft oil hole drills, and 
on small diameter (<12�mm) drills. It is also a preferred point con�guration for drilling titanium, 
stainless steel, and high temperature alloys.
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Helical/Spiral point: This point has an “S” contour with a radiused crown chisel that reduces 
the thrust force and makes the drills self-centering [127]. It eliminates the need for web thin-
ning. In�general, a spiral point drill has a thicker web than a conventional drill because a thin 
S-shape chisel limits its effectiveness when drilling soft materials. The main advantage of this 
point is that it reduces burr formation at drill exit. Helical points are weaker than split points 
and require a special drill grinder. The Hertel SE point is a special type of the helical point with 
concave lips.

Bickford point: The Bickford point geometry is a combination of the helical and racon point 
geometries. The helical point is ground on the center of the drill, while the racon point is used 
for the outer portion of the drill. This point combines the bene�ts of both the helical and racon 
points.
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FIGURE 4.59  Edge treatment measurements for the cast iron drills in Figure 4.54. (From Agapiou, J., High 
Speed Drilling of Gray Cast Iron Workpiece Material, High Speed Machining 2003 Technical Conference, 
Chicago, IL, April 7–9, 2003.)
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Four-Facet Chisel point: Also called the bevel ground point, this point has a chisel edge formed by 
the intersection of primary and secondary relief planes ground on the �ank, producing a less nega-
tive rake angle as compared to the conventional point. The more favorable chisel edge geometry 
reduces the thrust force, improves centering accuracy, and increases drill life. This is the most com-
mon point on microdrills and can be used successfully with most workpiece materials.

Double angle points: These points are ground with a corner break (chamfer) to reduce the included 
point angle at the drill periphery, resulting in four-facet lips. This is the DIN-standard 1412 Form D 
point [125]. The reduced peripheral point angle reduces corner wear and burr formation at break-
through and improves size accuracy; the abrupt change in the point angle also serves to split or 
break the chip. This point is particularly effective when drilling brittle ferrous or hard materials 
with severe breakthrough conditions.

Multifacet point: Several types of multifacet points are available [128]; they are most easily classi-
�ed by the number of facets, or the number of primary and secondary relief surfaces ground on the 
�ank. The six-facet Avyac point resembles a four-facet chisel point with an additional web thinning 
notch at the chisel edge [129]. A number of 8 and 10-facet drills were developed by S. M. Wu and his 
colleagues for different workpiece materials [130]. As the number of facets is increased, the point 
becomes increasingly dif�cult to grind consistently.

Brad point: The brad point (DIN-standard 1412 Form E [125]) has a web-thinned center point 
ground at an acute point angle (less than 120° and usually 90°) and slightly concave main lips. The 
outer corner functions as a trepanning tool. The center point length is usually equal to 20%–30% of 
the drill diameter. The brad point is designed for drilling accurate, round holes in sheet metal with 
minimal burr formation. A disk or slug of material is produced at the exit.

Non-Chisel edge drills: Drills can be ground without a chisel edge to reduce the thrust force. This 
type of point is sometimes called an inverted point because the point angle near the drill’s center 
is inverted (greater than 180°). Grinding the inverted center section splits the cutting lips into two 
segments and serves to split the chip. Similar points include: (1) the New Point (Figure 4.60), which 
produces a small diameter core at the drill center that breaks off as drilling proceeds; (2) three-�ute 
inverted or �shtail point (Figure 4.51, inverted three-�ute), which produces less than half the thrust 
force of a standard three-�ute drill.

Multi-margin drills: These drills have two or more margins per �ute, depending on their diameter 
(Figure 4.61), in contrast to the conventional single margin drills. The most common double margin 
drill, at least for diameters less than 25�mm, resembles a multiple �ute version of the pressure fed 
gun drill used for deep hole drilling (described as follows under multi-tip drills). They provide twice 
the number of contact points on the hole surface, which serves to guide the drill and results in higher 
drill stability and stiffness in the hole; the drill de�ection therefore is signi�cantly reduced, espe-
cially for interrupted holes. The secondary margins also burnish the hole and produce a smoother 
�nish. Very accurate holes can be produced with diameters close to the drill size. The drill point 
geometry is generally independent of the number of margins. The G-Drill  (Figure 4.60) is a double 
margin drill with straight �utes. This design has been successfully applied to several materials, 
especially aluminum and cast iron. The back taper of the margins should be two to four times that 
of single margin drill to maximize drill life and to prevent early margin build-up and cracking.

4.8.3 S paDE aND INDEXabLE DRILLS

Spade and indexable drills [131] have �xed lengths, which can reduce setup time. They are similar 
to brazed drills in that they employ a steel body. They are available in diameters from 9 to 75�mm for 
L/D ratios from 2 to 10. Many point geometries that can be ground on a twist drill are not available 
on spade and indexable drills.
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“Spade drills” consist of a body and a removable (throw-away) cutting blade or bit, which is pre-
cisely located and clamped in a special slot at the end of the drill body (Figure 4.62). The blade may 
be clamped with either one or two screws, with the two-screw system usually being more stable. 
Spade drills are available in diameters greater than 9�mm diameter. Spade drills can be used at high 
penetration rates and are comparatively rigid. In general, spade drills are not used for �nishing 
operations requiring tolerances better than 0.08�mm on the diameter unless special care is used to 
set the blade in the drill body. Spade drills increase the range of possible cutting edge materials as 
compared to conventional twist drills; the blade may be made of solid HSS, HSS-Co, WC, cermets, 
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or ceramic, or may be PCD or PCBN tipped. This drill type offers the economic bene�t of throw-
away inserts, and eliminates geometric variations due to regrinding.

“Indexable insert drills” consist of a steel body and shank with indexable inserts replacing the 
cutting edges at the end of the body (Figure 4.62). They also eliminate the need for a pilot or center 
hole, which may be required with conventional twist drills. These drills have a point angle between 
170° and 200° and may generate a round slug during breakthrough for through holes. Indexable 
drills can be used for solid drilling, core drilling, counterboring, and back boring (i.e., drilling a 
pilot hole and boring either a straight or tapered hole on the backstroke).

Indexable drills can be used with most workpiece materials because several insert geometries 
can be applied. As in turning and milling, inserts can be coated and provided with formed-in chip-
breakers. Indexable drills are used mainly for holes less than two or three diameters deep. The feed 
per revolution used is typically half that for multi�ute twist drills because the inserts on the two 
opposite edges do not overlap across the radius. However, the inserts can withstand higher speeds 
than solid twist drills because a larger selection of tool materials and coatings is available. One 
concern when using indexable drills is the reliability of the center insert; the cutting speed drops to 
zero at the center, which may result in insert breakage due to increased cutting forces and poor chip 
removal. To prevent such failures, the center insert should have a stronger edge geometry and be 
made of a tougher material than the outer corner insert.

Indexable head (replaceable tip or crown) drills consist of a steel body and shank with a 
replaceable carbide head (Figure 4.62). They are very similar to the carbide brazed head drills (see 
Figure�4.15). They provide a head with a complex point geometry in an indexable design. The head 
is replaced by rotating the holding clamp; the alignment repeatability is typically within 0.05�mm.

Replaceable head drills offer greater accuracy (as shown in Table 4.7) than indexable drills 
because the head is ground to a precise diameter; they are also more stable in large L/D applications 
and run at higher feeds than the indexable insert drills. They provide a faster tool changes and better 
coolant �ow compared to carbide head brazed drills.

4.8.4 S UbLaND aND STEp DRILLS

Subland drills are special tools for drilling multi-diameter holes [132]. Each diameter has its own 
�ute and land as shown in Figure 4.63; this results in a complex �ute geometry, which is neces-
sary for what is effectively two or more tools sharing a common axis and core. In a conventional 
multistep drill (Figure 4.64), the smaller diameter ends at the larger diameter’s cutting lips, and 
both share common �utes, lands, and margins; it is thus a modi�ed standard drill. The advantage 
of the subland drill over the step drill is they maintain a consistent geometry for all diameters after 
regrinding, which increases the number of possible regrinds.

TABLE 4.7
Comparison of Hole Tolerance from Nominal Diameter for Different Drill Types 
Based on Drill Size Tolerances

Drill 
Diameter 
(mm) 

Solid 
Carbide 

X3 

Brazed 
Carbide Tipped 

L/D < 3 

Brazed 
Carbide Tipped 

L/D < 5 
Indexable 

Inserta 
Replaceable 

Head X1 
Replaceable 

Head X2 
Replaceable 

Head 

<10 +0.035 +0.055
<17 +0.030 +0.042 +0.070 +0.10 +0.042 +0.070 +0.0
<25 +0.040 +0.050 +0.080 +0.15 +0.050 +0.080 0.40

Note:	 X1 replaceable heads are higher quality than the X2 heads.
a	 These have the largest tolerance depending on L/D ratio.
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Subland and step drills are usually used for manufacturing blind multistep holes in one pass 
as shown in Figure 4.65, but they can also be used as a combined drill and reamer (shown in 
Figure�4.66) to generate close tolerance through holes in a single pass. In this case a straight or 
helical two-�ute drill is followed by a reamer section with several straight or helical �utes; when 
the length of the drill section is a little longer than the part thickness to be drilled, the reamer 
can generate its own hole location (i.e., does not follow the drilled hole). Drill/reamers gener-
ally are used to produce relatively shallow through holes (with depths less than 2–2.5 times the 
reamer diameter). Though the tool coolant is usually necessary for drill/reamers to improve chip 
evacuation and prevent the damage of the hole surface by chips trapped between the lands and 
the wall.

4.8.5  MULTI-TIp (DEEp HOLE) DRILLS

Multi-tip drills have segmented cutting edges as illustrated in Figure 4.67. Types of multi-tip drills 
include indexable insert drills (described earlier), gun drills, and BTA and ejector drills. Most are 
essentially two-�uted drills with one or more tips arranged on each �ute; the number of tips is a func-
tion of the drill diameter. For sizes less than 35�mm, two tips, one cutting at the center and one at the 
periphery, are usually used. For larger diameters, a third tip cutting in the gap between the �rst two 
may be added. Multi-tip drills generally use either brazed or indexable WC tips. Multiple-lip heads 
provide better chip control than single tip heads and reduce power requirements due to a reduction in 
friction on the bearing pads. A large hole is present above the cutting edge(s) to accommodate chip 
disposal. The pads burnish and work-harden the hole wall surface, which acts as a pilot�bushing. 
These tools are ideal when hole straightness is critical or when �ne surface �nishes are required. 
Multi-tip designs are classified as either balanced or unbalanced. The tip of a balanced drill 
is symmetric, resulting in minimal radial loads and unbalanced torque. Unbalanced drills generate 
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larger radial forces and require guide pads to support the resultant force. Some indexable drills are 
nominally balanced like spade or twist drills, but even in this case radial forces may result due to 
manufacturing tolerances in the inserts and insert pockets. Most gun drills, BTA, and ejector drills 
are unbalanced. The unbalanced forces generated by twist drills, gun drills, and BTA drills are 
shown in Figure 4.67.

BTA and Ejector drill heads [133,134] are used in single and double tube deep hole drilling sys-
tems (respectively) with high pressure coolant. The difference between these two drilling heads is 
illustrated in Figure 4.68. BTA heads are preferable for materials with poor chip formation charac-
teristics such as low-carbon steels and stainless steels. They can be used at much higher penetration 
rates than twist drills for holes more than �ve diameters deep. Ejector drills are only available in 
sizes larger than 18�mm.

Gun drills [135] traditionally have a single lip with carbide wear (bearing) pads to support and 
guide the tool as shown in Figure 4.69. Two-�uted double margin or multiple-lip high pressure coolant 
tools, which are becoming increasingly common, are also often called gun drills. The two-�uted drill 
is guided by margins approximately 90° from each cutting edge as shown in Figures�4.68 and�4.69. 
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FIGURE 4.64  Comparison between subland and step drills. (a) Differences between subland and step drills. 
(Courtesy of Metcut Tools) and (b) subland drill-reamer geometry. (Courtesy of Kennametal Inc., Latrobe, PA.)
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The�maximum practical hole depth depends on the torsional stiffness of the drill body, which is 
made of either single- or double-crimped 4130 aircraft quality steel tubing bodies (heat treated to 
35–40 Rc) or solid single- or double-milled style bodies (Figure 4.70). The crimped tubing design 
provides for larger �ute space and coolant holes than the milled �ute type. Single- or double-
crimped tube designs are used in severe applications where high coolant volume and large �ute 
cross section are required to improve chip-removal ef�ciency. However, the milled style body pro-
vides higher torsional stiffness. The drill tip is supported by the drilled hole wall since it cannot be 
fully supported by its body. Tool life is affected by the body design because it controls the volume of 
the coolant, the �ute space, and the drill stiffness. Although gun drills usually have straight �utes, 
a spiral �ute may be used to reduce the drills tendency to whip.

Two types of gun drill constructions are common. In the �rst, a molded solid WC head is 
brazed onto a tubular steel body; in the other, WC tips are brazed onto a steel head attached to a 
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FIGURE 4.66  Comparison between step and subland drill/reamer designs. (Courtesy of Metcut Tools, 
Cincinnati, OH.)
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FIGURE 4.67  Comparison of the radial cutting force for balanced and unbalanced drills. (Courtesy of 
Sandvik Coromant, Fairlawn, NJ.)
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tubular body. Solid carbide heads are normally used for holes less than 37�mm in diameter; for 
larger holes the insert-carbide tips are often used to reduce tool cost.

Due to the nature of the deep-hole drilling process, gun drills often have distinctive point geom-
etries. A multifacet point is often ground on single-lip gun drills in order to break the chips in two or 
more segments. While notch style (double ground) cutting edges are very common, a triple ground 
edge (shown in Figure 4.70) is often used to distribute cutting forces more evenly at the cutting edge 
and to permit use of higher penetration rates. The triple-ground design is used especially for tough 
work materials such as stainless steel and high temperature alloys. Single-�ute drills are designed 
for materials with long and stringy chips such as tool steels. Double �ute drills are preferred for 
materials with small or soft chips such as cast iron and aluminum.

Double-jet gun drills (Figure 4.70) have two holes for coolant through the carbide head instead of 
the single hole in conventional gun drills. This design improves chip ejection by increasing coolant 
volume and properly directing the coolant to the cutting edges.

The practical cutting speeds of gun drills are similar to that of conventional drills made of 
comparable tool materials. However, gun drills are used at lower penetration rates than the con-
ventional two-�ute drills since they are often a single �ute drills with tubular bodies that may twist 
at higher feeds. Common feeds for gun drills are 0.05–0.125�mm/rev for single-�ute designs and 
0.125–0.25�mm/rev for two-�ute designs.

4.8.6 O THER TYpES OF DRILLS

Half-round drills are constructed from a round rod with roughly half the diameter ground away to 
provide the �ute area; they are normally tipped with a conical point. The ground �at is of approxi-
mate the same length as the �utes of a conventional drill, and results in a zero rake angle at the 
cutting edge. The conical point is ground on the centerline, resulting in no chisel edge. This drill 
works on the same principle as the gun drill and requires a bushing for guidance at entry unless 
the drill is very short or has a very small diameter (i.e., for microdrilling). This drill produces 
reamed hole surface quality due to its gun drilling-like support. However, its range of applicabil-
ity is limited due to the dif�culty of ejecting chips through the straight �at �ute with only �ood 
coolant. The practical depth-to-diameter ratio is usually below 10:1 in horizontal drilling and 3:1 
in vertical drilling.

Trepanning drills cut only an annular groove at the hole periphery and leave a solid core or slug at 
the hole center. Trepanning drills cut more ef�ciently than conventional and gun drills because they 
cut less material overall and no material at low velocities near the center of the hole. Trepanning 
drills are most often used for holes larger than 40�mm even though they are available in drills down 
to 12�mm. Trepanning drills produce less chips and therefore require less power and thrust capabil-
ity. Types of trepanning drills include single-edge with wear pads (with a solid WC head, brazed 
carbide tips, or indexable tip and wear pads; Figure 4.71) and multiple-edge. A�Rotabroach drill is 
a trepanning drill (Figure 4.71) with several teeth depending on the tool diameter; the cut is distrib-
uted over a greater number of cutting edges resulting in longer tool life.

Microdrills are small diameter drills (<4�mm) [136]. The design of microdrills is especially 
critical in applications such as printed circuit board manufacturing in which accurate, high-quality 
holes must be drilled in composite materials. Hole damage such as delamination, �ber pull out, 
strain, and phase change must be avoided in these applications.

Both the drill point and body geometry are critical to microdrill performance. Complex point 
designs such as the spiral point, split point, notched point, etc. cannot be ground on small drills. 
The most common microdrill designs include conventional twist drill designs with a four-facet 
point�[137], half-round designs, and pivot (spade) drill designs. Proper �ute space is required for 
adequate chip ejection so that such drills can be used at comparatively large penetration rates. 
The microdrill should have a point angle smaller than or equal to that of the pilot drill.
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4.8.7 C HIp REmOVaL

Chip control in drilling is critical because often determines hole quality and drill wear and reliabil-
ity. The importance of chip control increases with hole depth. Chips should be rapidly ejected out 
of the hole to prevent heat buildup and �ute packing, which can cause accelerated tool wear, plastic 
deformation of the cutting edge, or drill breakage.

Several techniques are used to expedite chip ejection. Proper design of the drill point geometry 
and �ute shape can facilitate chip breakage and ef�cient chip �ow up the �utes. For example, a 
parabolic �ute drill, made by modifying the heel shape on the land of a high-helix twist drill, has 
larger �ute space than standard high-helix drills, providing signi�cantly improved chip �ow and 
coolant access. Chip breakers or chip splitters (Section 11.3) or convex cutting edges can be used to 
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break chips in smaller segments (if this cannot be accomplished by adjusting the feed and speed) to 
improve chip ejection, especially for mild and alloy steels which often generate long chips.

Chips can also be �ushed from holes by properly applied coolant. Either �ood coolant or internal 
(through the tool) coolant can be used. Internal coolant is more effective; this method cools and 
lubricates the cutting edge and reduces thermal shock in addition to removing chips, and therefore 
often results in improved tool life and productivity. Flood coolant is usually suf�cient for drilling 
holes less than two diameters deep at moderate feeds and speeds. However, three- and four-�ute 
drills may require through the tool coolant for holes deeper than 1–1.5 diameters depending on 
spindle orientation (vertical or horizontal) and penetration rate. A safe drilling length for the index-
able drills with �ood coolant is less than 0.75 diameters. Spade drills usually require internal cool-
ant. High pressure coolant (300–1500 psi) is often required with soft and alloy steels or for high 
speed drilling of aluminum in order to clear chips. Through the tool coolant is generally required 
for high penetration rate and high speed drilling.

Internal coolant can be introduced either through the spindle or through a rotary coolant inducer 
attached between the tool holder and the spindle. The latter approach is simpler to implement but 
reduces the coolant pressure, the system stiffness, and (generally) the allowable rotational speed. 
The coolant holes on the drill may extend to the �ank faces on the drill point, or may exit on the 
�utes. Some drills have a central coolant hole through the web and which branches near the �ank, 
while others have one spiral coolant hole per �ute. Coolant holes on the �ank should be located as 
close to the outer diameter as possible so that the outer portion of the drill is cooled during exit for 
through holes, and to minimize coolant spray into the air during exit. Drill margin damage during 
breakthrough is also a concern when using coolant fed drills. Additional �ood coolant or coolant 
through holes exiting in the �utes during breakthrough can help reduce or prevent outer corner wear 
and welding of chips on the margins.

Flood coolant is applied from nozzles located above the spindle, around the spindle housing, on 
the tool holder, or around the tool shank through grooves in the holder collet. The nozzles should be 
directed so that some apply a coolant stream to the drill point while other direct a stream behind the 
point; this results in more effective cooling as the drill travels into the hole.

The pressure and especially the volume of the coolant have a strong impact on drill per-
formance. Increasing volume is required as the drill diameter increases. Larger diameter drills 
require increased coolant volumes or �ow rates because the size of the coolant holes increases 
with diameter; for deep holes or vertical spindle setups, coolant pressure should also be increased. 
The required pressure and volume depends on the drill geometry, the size and shape of the chips 
produced for the particular workpiece material, and the number and size of the coolant holes 
through the drill [138]. As a general rule 0.5 gal/min of coolant per cutting horsepower (0.746 W) 
is acceptable [139]. The force of the liquid exerted on the chips (through the impulse-momentum 
equation) is proportional to the coolant mass �ow rate and velocity in the cutting area. The veloc-
ity is proportional to the square root of pressure from the Bernoulli equation. This means that a 
100% increase in pressure will result in 40% increase in the force pushing the chips. On the other 
hand, a 100% increase in the �ow rate will increases the force by 100%. Therefore, it is preferable 
to increase the �ow rate rather than the pressure. Figure 4.72 can be used to estimate the required 
coolant pressure and volume as a function of diameter for coolant fed two-�ute solid carbide, 
brazed tipped, and replaceable head drills. The low limit is used for L/D < 2 while the high limit 
for L/D > 3. Indexable insert and spade drills require �ow rates near the high limit and pressures 
closer to the lower limit.

The coolant �ow rate at 7 and 4.2 MPa pressures for the various drills measured in a test is given 
in Table 4.8. The test was performed in a machine tool with the capability to vary the coolant pres-
sure at the above two levels. A 40% coolant pressure drop from 7 to 4.2 MPa resulted in a 25% 
drop in the �ow rate as expected. A 20% drop in the coolant hole diameter size resulted in 50% 
reduction in the �ow rate, while the theoretical drop should be 36%; the higher reduction in �ow rate 
may result from the surface roughness of the coolant holes. Straight-�ute drills have larger coolant 
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holes than the corresponding helical-�ute drills; this means that the straight-�ute drills can deliver 
higher coolant �ows rate than helical-�ute drills as shown in the Table 4.8.

The required coolant �ow rate and pressure for BTA and Ejector type drills can be estimated 
from Figure 4.73. The maximum conveyable �ow rate as a function of pressure for different 
diameters and type drills can be estimated from Figure 4.74. The top Figure 4.74a shows that the 
two-�ute solid carbide helical-�ute drills with two large coolant holes can deliver higher �ow 
rates than the three smaller coolant holes in the three-�ute drills. However, straight-�ute carbide 
drills have larger coolant holes than the corresponding helical-�ute drills; this means that the 
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FIGURE 4.72  Coolant volume and pressure required as a function of drill diameter for coolant fed drills.

TABLE 4.8
Flow Rate for Drills with Various Coolant Hole Sizes

Drill Type Coolant Dia. (mm) OAL (mm) 

Flow Rate (L/min)

7 MPa (1000 psi) 4.2 MPa (600 psi)

5.5�mm diameter
G1, SF 1 145 5.1 3.9
G1b, SF 0.8 145 2.5
G2, HF 0.88 145 3.4 2.6
M1, HF 0.60 185 1.2
O1, HF 0.74 150 2.1 1.6
T1, HF 0.60 170 2.1 1.6

3.2�mm diameter 
G3, HF 0.60 145 0.5 0.4
G4, SF 0.88 145 3.4 2.5
M2, HF 0.60 71 0.5 0.41

Note:	 OAL, overall length; SF, straight �ute; HF, helical �ute.
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straight-�ute drills can deliver higher coolant �ow rate than helical-�ute drills as shown in the 
bottom �gure. Indexable drills can deliver higher �ow rates at lower pressures than solid carbide 
drills as shown with the replaceable head drills at the bottom Figure 4.74b. Indexable insert drills 
having similar coolant supply characteristics as replaceable head drills. However, a spade drill 
can provide a higher �ow rate at lower pressures than the replaceable head or indexable insert 
drills, especially at the larger sizes (>20�mm). The required �ow rate as a function of the drill 
diameter for different hole depths (applicable especially to gun drilling) can be estimated from 
Figure 4.75.

Spray mist systems that provide small amount of lubricant at low pressure can be used success-
fully on machines lacking a coolant recovery system. Compressed air can also be used to clear chips 
on such machines even though the noise level increases due to air �ow.

An interrupted feed cycle can be used if the above approaches do not evacuate chips effectively. 
The most common method is peck drilling, or periodically retracting the drill to break and clear 
chips from the hole. Peck drilling is often necessary when drilling deep holes with �ood coolant. 
Clearing all chips before the drill reenters is critical in peck drilling to ensure that chips do not 
become wedged beneath the cutting edges. An alternative method is to allow the drill to dwell for 
an extremely short period every two or three revolutions to break chips into short segments; this is 
not an optimum approach, however, because it increases drill wear.

4.8.8 D RILL LIFE aND ACCURaCY

From a drill life viewpoint, through holes are easier to drill than blind holes because they elimi-
nate drill dwell at the bottom of hole when the drill reverses direction. However, drill chatter or 
breakage can occur during breakthrough when drilling through holes, due to feed surging (i.e., 
the occurrence of higher effective feed rates due to the tendency of the drilling machine to spring 
back because of a sudden reduction in the thrust force). In such cases, slowing the feed during exit, 
coolant fed drills, or a drill point geometry change may be required. A conventional practice with 
certain work materials that generate long, continuous chips (e.g., high strength and stainless steels) 
is to retract the drill before breakthrough to clear chips and relax the strain on the system; this pre-
vents feed surging at breakthrough. Whirling vibrations may also occur during initial penetration, 
especially for high spindle speeds or long, slender drills [140,141].

Precision holes can be produced in a single pass (i.e., without subsequent boring and reaming) 
when a proper drill design is used. Although the typical diametrical tolerance for drilled holes is 
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between 0.05 and 0.13�mm, tolerance of 0.015�mm can be achieved if the drill geometry, tool holder, 
and machine are properly designed. Some of the important parameters controlling the accuracy of 
the drill are the roundness accuracy or T.I.R., which should be within 0.005�mm, the lip height error, 
which should be less than 20% of the feed per �ute, and the symmetry of the cutting edges (�ute 
spacing, web centrality, and chisel centrality). Many drilling operations are carried out with HSS or 
HSS-Co drills. These are generally not produced to tight tolerances. The concentricity/runout toler-
ance of HSS and HSCO drills is a function of the drill diameter, size and length. Typically, a 6�mm 
drill with 20�mm length has a 0.06�mm runout error speci�cation, while a 200�mm long drill of the 
same diameter has 0.3�mm runout speci�cation.
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Hole location accuracy is a function of drill point geometry (especially the chisel edge), the drill 
stiffness, and the rigidity of the tool holder, �xture, spindle, and machine structure. Of all the drill 
types, solid carbide drills have the tightest tolerances and produce the best holes as summarized 
in Table 4.7. This makes them the best choice for extremely close tolerance holes. Brazed tipped 
drills and replaceable head drills produce hole tolerances about twice those of solid carbide drills. 
Indexable drills have the largest tolerances and hole variations, especially at high L/D ratios.

As discussed above, the web, �ute geometry, chisel edge geometry, drill length, and entry 
condition play the most signi�cant role in hole quality and drill life. The in�uences of web, �ute 
geometry, and length have been discussed here. The entry condition (surface orientation with 
respect to drill axis) and chisel edge geometry are very to drill de�ection and the maximum 
allowable thrust force. Often a starting bushing or pilot hole is used to support the drill point in 
order to reduce the de�ection and increase the critical buckling force by four to eight times. The 
critical buckling Euler force is

	
F

k EI
L

max �
� 2

2 	 (4.8)

where k de�nes the drill entry condition; k is 0.2–0.25 for drill free-point and k is 1–2 using 
a starting bushing or pilot hole. For this reason, long drill require either a starting bushing or 
pilot hole. Furthermore, carbide drills (E = 650,000 MPa) are three times stiffer than HSS drills 
(E = 220,000�MPa) of identical design. The optimization of the �ute geometry together with the 
drill length has the strongest in�uence on drill performance. In many cases the �ute geometry 
incorporates tapered web in order to provide a gradual increase of the moment of inertia. In other 
cases, when drilling hard or bridle materials, wide-web drills are used to increase the moment of 
inertia.

4.8.9 H OLE DEbURRING TOOLS

There are several types of general deburring tools as discussed brie�y in Chapter 2. For deburring 
holes, special chamfering tools are used either independently or in combination on drill or reamer 
bodies as illustrated in Figures 4.76 and 4.77. These tools chamfer the entrance and/or exit of hole. 
There are several variations of such tools.
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Feed-in Feed-through Feed-out

Feed-in Feed-through Feed-out

FIGURE 4.76  Deburring and/or chamfering tools for holes. (Courtesy of Cogsdill Tool Products, Inc., 
Camden, SC.)
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FIGURE 4.77  Deburring and chamfering tool used in combination with other hole making tooling. 
(Courtesy of Heley, Cincinnati, OH.)
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4.9  REAMERS

Reamers are rotary single- or multi-edged cutting tools used to enlarge holes and improve hole 
quality. The geometry of a typical reamer is shown in Figure 4.78 [142]. Reamers are similar to 
drills without a chisel edge, and speci�cally to core drills; they are also quite similar to boring 
tools. Reaming tools generally do not affect the location and straightness of the starting hole since 
they usually have a chamfer angle and follow the centerline of the existing hole. In addition, the 
reamer is supported primarily by the workpiece during cutting through circular margins, which 
are not present on boring tools. The cutting edge geometry of reamers is speci�ed in the same 
way as for boring, milling, and drilling tools. The major grinding parameters are the edge prepa-
ration at the outer corner (i.e., the dimensions of the chamfer), the axial and radial rake angles, 
the primary and secondary relief angles, the helix angle and direction, and the margin design.

The major difference between a reamer and a boring tool has traditionally been the way in which 
they are applied. The reamer traditionally is held in a radial �oating holder that allows it to locate in 
the existing bore; it follows the centerline of the hole being reamed and does not correct the center-
line of the hole in relation to the centerline of the machine spindle. However, rigid reamers are also 
common. Boring tools are held rigidly in order to correct the centerline of the hole being enlarged. 
A reamer usually operates at lower speeds and higher feedrates than a boring tool because the cut-
ting speed must be kept low for a reamer used in a �oating holder to improve hole roundness, and 
because reamers are usually designed with more cutting edges than boring tools.

The quality of reamed holes depends primarily on the condition of the pre-reamed hole, the 
geometry of the reamer, the stiffness of the reamer, machine and �xture, and on the cutting condi-
tions, coolant application, and compatibility of the coolant with the workpiece. Reamers can pro-
duce holes with a size and roundness variation of less than 0.025�mm; a gun reamer can generate 
holes with size tolerances less than 0.012�mm.

Most reaming tools are of solid or brazed construction. Indexable inserts and heads have also 
been used in reaming tools to reduce tooling cost and eliminate regrinding. Inserted-blade reamers 
are also used when size control is critical, since they allow for size adjustments. As with indexable 
boring tools, the blade is mounted directly into the tool body for small diameter tools (<15�mm) and 
in a cartridge for larger tools.
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FIGURE 4.78  Reamer nomenclature. (Courtesy of Precision Twist Drill Co., Crystal Lake, IL.)
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4.9.1 T YpES OF REamERS

Different types of reamers include single- and multi-�ute reamers, straight and tapered reamers, 
single- and multistep (multi-diameter) reamers, and expansion or adjustable reamers (Figure 4.79) 
[143]. This section describes mainly single-�ute, multi-�ute, and multistep straight reamers; design 
concerns for tapered reamers are similar.

A single-�ute reamer is self-guiding and follows its own centerline. It therefore corrects 
straightness, angularity, and location errors in the initial hole within narrow limits. The WC wear 
pad, guide pad, and peripheral tip determine the diameter of the reamed hole and may also bur-
nish the hole surface to improve roundness. A two-�ute reamer with secondary support margins 
(Figure 4.80) provides similar cutting performance.

(a)

(b)

(c)

FIGURE 4.79  Con�gurations of reamers for short and deep holes. (a) Multistep PCD tip gun reamer, 
(b)�multistep, multi�ute PCD tip reamer, and (c) multistep inserted blade gun reamer.

Primary clearance

Cutting face

MarginOutside angle

Cutting
diameter

Relief

Relief

Center Coolant holes
Two-flute gun reamer

FIGURE 4.80  Con�guration of two-�ute double margin gun reamers. (Courtesy of Star Cutter Co., 
Farmington Hills, MI.)
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Single-�ute reamers, often called gun reamers or gun bores, generally produce bores with lower 
roundness errors than multi-�ute reamers. Gun reamers can often be used to produce tight tolerance 
holes without microsizing. A gun reamer acts as a reamer when mounted in a �oating holder, as 
a �ne boring tool when it is held in a rigid holder, and as a gun reamer when a bushing is used to 
control its motion at hole entry.

Multi-�ute reamers remove metal faster and have a longer effective tool life than single-�ute 
reamers, but usually produce bores with higher roundness errors. A multi-�ute reamer gener-
ally produces a multicornered “lobed” hole pro�le due to radial vibrations of the tool axis, 
which result in deviations in the initial hole diameter, misalignment of the cutting portion of 
the reamer with respect to the hole axis, and differences in the widths of tool margins [144,145]. 
A�reamer is often guided through a bushing or pilot surfaces to follow the desired path; when 
this approach is not feasible, a radially and/or axially �oating holder is used to align the reamer 
in the hole and allow the reamer to follow the pre-reamed hole. The use of a short entering taper 
on the front of the reamer, or a short pilot section, guides the reamer into the hole and reduces 
chatter and vibration. Increasing the number of �utes on a reamer produces a hole pro�le with a 
larger number of corners or lobes; this in turn reduces the out-of-roundness errors of the reamed 
hole. Multi-�ute reamers usually run at higher feed per revolution than a drill due to larger 
number of �utes. Occasionally, reamers with staggered (irregularly spaced) teeth are used to 
prevent chatter.

Reamers are also used to produce holes with stepped diameters concentric to each other. Step 
or subland designs can be used for multi-diameter reamers; the design selection depends on the 
required number of �utes for each step. Subland reamers provide fewer �utes per diameter than step 
reamers because step reamers use a single set of �utes for all diameters (Figures 4.60 and 4.61). The 
design of multi-diameter reamers is also in�uenced by the length of each step, depending on the 
con�guration of the pre-reamed hole [146].

Multistep reamers can be also used to bore and ream a hole or to double ream a through hole 
in order to improve hole quality, especially when the stock remaining for reaming is exces-
sive due to misalignment concerns between machining stations (see Figure 4.81). A drill-reamer 
(dreamer) is used mainly for through holes to drill and ream holes in a single pass as explained 
in Section 4.8.

4.9.2 R EamER GEOmETRY

Generally, a reamer has a chamfer at the outer corner of the cutting edges to guide it into the hole. 
The chamfer angle, shown in Figure 4.78, is complementary to the lead angle used in turning and 
milling tools. A standard chamfer of 45° is used for most applications. However, a chamfers between 

Braze “C” multipoint
bore

Eight straight �utes
Four flutes to bore

TL2
 = 50 mm

TL1
 = 58 mm

45° 45°

D1 D2

FIGURE 4.81  Con�guration of a bore-reaming tool.
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30° and 45° can be used for steel, while chamfers up to 20° are used for cast iron and aluminum. 
When the reamer is being used as a boring tool (with a �xed holder), a large initial chamfer angle 
followed by a secondary angle smaller than 20° is used so that the tool acts as an end cutting tool 
(as shown in Figure 4.82), which further improves hole size and surface �nish by a scraping action. 
A reamer with a 45° or smaller primary chamfer will not completely correct hole location and 
straightness errors. Higher chamfer angles result in reduced tool life when cutting ferrous materials, 
especially for interrupted cuts, due to rapid tool corner wear and a higher susceptibility to corner 
chipping. The chamfer angle also affects the rake angle. Left-hand reamers are often designed with 
a 30° chamfer, which results in a positive rake angle. The length of the secondary chamfer is very 
critical to the tool performance; it can generate chatter when it is too long depending on its relief 
angle, the workpiece material, and part-�xture stiffness. The chamfer width along the cutting edge 
should be larger than the depth of cut. Smaller secondary and primary chamfer angles and longer 
secondary lengths result in better surface �nish.

The chamfer relief angle has a strong impact on tool life and can vary from 6° to 12° and 10° to 20°, 
respectively, for the primary and secondary relief angles. Reamers usually have a narrow circular land 
with a width that varies with the reamer diameter and the workpiece material. The width increases 
with diameter (i.e., 0.17–0.6�mm, respectively, for a tool diameter ranging from 6 to 50�mm).

Reamers have axial and radial rake angles de�ned in the same way as for end mills (Figures�4.35, 
4.36, and 4.38). The axial rake is determined by the �ute helix. A left-hand helix (LHH) on a right-
hand cut (RHC) results in a negative axial rake; conversely, a right-hand helix (RHH) on a RHC 
provides a positive axial rake. A straight �ute reamer has a zero axial rake angle. Reamers with a 
negative axial rake angle require higher feed forces and produce rougher hole surfaces. Reamers 
with a positive axial rake angle are more susceptible to chatter, especially when the machine tool is 
in poor condition or a �oating holder is used. However, a freer cut is generated with a positive axial 
rake reamer. In a RHC, a RHH pushes the chips to the top of the hole through the �utes, while a 
LHH pushes the chips ahead of the tool. A LHH is therefore often used for through holes. RHH/
RHC reamers are necessary for blind holes or deep holes and also produce a better �nish. They are 
preferred for cutting nonferrous materials such as aluminum. LHH/LHC reamers are well suited for 
cutting steels and cast irons, and are more prone to chatter. Tapered reamers should be designed with 
a helix direction opposite the rotation to prevent the tool from pushing material ahead of the edge.

A back taper is a small taper (or longitudinal relief) on the diameter along the �utes. Generally, a 
back taper of 0.005�mm/mm of �ute length is suf�cient, but larger values can be used when binding 
is a problem.

2°–10°
Secondary
chamfer

(optional)

30°–45°
Primary
chamfer

Flute length

Short full
diameter
section

(optional)

Back taper behind
full diameter section

FIGURE 4.82  Several features of the point of a reamer to improve hole quality and/or surface �nish.
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Reamers can produce precision holes only if they run true on the spindle and are squared to the 
workpiece, which is most easily accomplished through the use of axially and radially adjustable hold-
ers. Radially �oating holders are often used (especially on transfer lines) to ensure alignment with the 
pre-reamed hole. The holder for a �xed reamer may have radial and/or axial adjustments to zero out any 
misalignment or roundness errors between the spindle axis and the reamer as discussed in Chapter 5.

4.10  THREADING TOOLS

Types of threading tools include cut taps, roll form taps, thread mills, thread turning inserts, thread 
chasers, and dies. This section describes taps, chasers, and thread mills; thread turning inserts have 
been discussed in Section 4.5.

4.10.1 T apS

A tap is a rotary tool with a geometry similar to that of a screw. The size and geometry style are 
the two major considerations in selecting the correct tap for a particular material and machine/part 
setup. The tap style is de�ned by the number of �utes, rake or hook angle, chamfer length, land, and 
helix angle [147,148] as shown in Figure 4.83. Cut and roll form taps (Figure 4.84) are the major tap 
styles used for internal threading. Cut taps cut and remove metal to produce threads; roll form taps 
displace or deform metal to form the thread pro�le.

A cut tap has a series of single point cutting edges arranged linearly and radially on the tool 
periphery as shown in Figure 4.85. Only the chamfered teeth on the front end portion the tap con-
tribute to the cutting action as shown in Figure 4.85; the threads behind the tapered portion guide 
the tap by bearing on the threads already generated. The equivalent of one revolution of full thread 
form is produced with each revolution of the tap after all of the chamfered teeth are engaged in the 
workpiece. However, the actual work is spread out along the full length of the chamfer. The cham-
fered teeth and the tap’s �rst full thread cut or deform the material. Each succeeding chamfered 

(a)

(b)

(c)

(d)

FIGURE 4.83  Con�guration of cut and roll form taps. (a) Straight �ute bottoming style, (b) spiral pointed 
plug style, (c) spiral �ute bottoming style, and (d) roll form plug style.
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tooth makes a deeper cut until the full thread is generated. The chamfer has a direct relationship to 
the chip load as shown in Figure 4.86. Therefore, it is important to use the proper chamfer depend-
ing on the thread pitch, workpiece material, percentage of thread and type of hole. Commonly used 
chamfers include taper, plug and bottoming, which are illustrated in Figure 4.87. The taper chamfer 
is designed for dif�cult-to-machine materials because it provides a better distribution of chip load 
per tooth, resulting in better thread quality. The chamfer should not exceed 3–5 threads for taps 
used in work hardening materials such as superalloys and stainless steels, so as to produce chips 
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that are thick enough to allow the cutting edges to undercut any previously work hardened surface. 
The plug chamfer, with an average chip load per tooth, is used for through holes in most materials 
at conventional or higher speeds. The bottoming chamfer results in a large chip load over its few 
cutting teeth, which requires less torque, and is used mainly for blind holes. The longest chamfer 
possible should be used to improve tap’s ef�ciency, dimensional accuracy, and life, even though a 
long chamfer increases the cycle time and/or requires a deeper drilled hole. Titanium alloys often 
require longer chamfers to prevent galling on the chamfer relief surfaces. The geometry of the tran-
sition from the chamfer to the tap’s full diameter also affects tap performance.

The number of �utes generally varies from two to four and affects the chip load and the avail-
able chip and coolant space. As with drills and reamers, several factors affect the optimum number 
of �utes. The chip load per tooth is reduced either by increasing the �ute number or increasing the 
chamfer length as shown in Figure 4.86; a four-�ute tap removes about 20% less chips per �ute 
than a three-�ute tap. However, larger number of �utes produces a larger core diameter, reduces the 
land width, and reduces the chip space, which increases the likelihood of tap breakage due to chip 
clogging. Nevertheless, when chips are manageable (easily broken or powdery), an increase in the 
number of �utes should be considered; too wide a land will produce excessive friction, so that it is 
better to use a larger number of narrow lands on larger taps. Deeper holes require more chip space 
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on the tool, especially when tapping blind holes or when a vertical setup is used; in these cases a 
three-�ute tap is often the best choice. As in drilling, the nature of the chips produced often dictates 
the number of �utes. High speed tapping requires wider �utes, narrower lands, and a smaller core 
diameter than conventional tapping.

The radial rake or hook angle, de�ned on the face of the teeth in the �utes of the tap (Figure�4.88), 
is equivalent to the side rake angle on a single-point tool; the rake angle may be positive at the outer 
diameter, but decreases to negative values near the center. It should be selected based on the char-
acteristics of the workpiece material. A positive rake angle provides the best cutting action in soft 
and ductile materials, but results in a weaker cutting edge. A positive rake reduces torque and forms 
chips, which are more easily disposed of. Zero or negative rake taps should be used for hard and 
brittle materials to prevent chipping of the thread crests, which usually occurs during tap reversal. 
The �ute shape and rake at thread crest of conventional taps are often modi�ed to provide increased 
support to the thread crest edges to reduce chipping. A spiral point at the end of the tap along each 
�ute face, as shown in Figures 4.83 and 4.84, is used to provide a positive rake along the secondary 
face that covers the whole taper length. Spiral-pointed taps form the chip into a tight curl and eject 
chip ahead of the tap; this keeps the �utes as clean as possible, allows adequate coolant access to the 
cutting edge, and eliminates chip interference during tap retraction or backing out. Special shear 
grinds have been developed to provide a progressively changing rake angle (variable rake) over the 
entire thread and to improve tap performance as compared to conventional spiral points. Spiral 
point taps are designed primarily for tapping through holes.
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The �ute helix is important especially when tapping blind holes. The �ute helix angle varies with 
the workpiece material. Slow helix angles of about 15° with low rake angles between 3° and 5° are used 
for titanium alloys and monel; the same helix with higher rake angles between 14° and 18° are used for 
tapping short holes (<1.5 × D) in structural, carbon and alloyed steels, nodular and malleable cast irons, 
brass, bronze, and copper. Faster helix angles between 35° and 45° with 7°–13° rake angles are used for 
deeper holes (<2.5 × D) in structural, carbon and alloyed steels and for all stainless steels. A medium 
helix angle of 25° with a small rake angle between 3° and 5° are used in hardened and tempered alloy 
steels and nickel-based alloys. Finally, fast spirals of about 40° with high rake angles between 15° 
and 25° are used for low silicon aluminum, long chip brass and thermoplastics. Spiral �uted taps are 
designed to draw chips smoothly out of blind holes, resulting in faster chip removal and less clogging. 
Spiral �utes reduce torque requirements and breakage. Spiral �ute taps with multiple chamfered teeth 
may result in poor chip control because they produce multiple chips with different radii of curl, which 
can become entangled in the �utes or (eventually) the tool, resulting in damage to the threads during tap 
reversal. Spiral �ute taps with as few �utes as possible and a short chamfer length to increase the cut-
ting volume per tooth may alleviate some tapping problems, especially when tapping brittle materials 
such as cast iron, work-hardening materials such as stainless steel, or soft materials such as aluminum.

The thread relief corresponds to side clearance angle on single point cutting tools. Several types of 
thread relief have been developed, as shown in Figure 4.89, to provide radial clearance in the thread form 
at the pitch diameter of the �anks in order to reduce the contact between the tap’s land and workpiece, 
thereby lessening the forces and heat generated. The actual thread size and quality are strongly affected 
by the amount of thread relief. Concentric relief provides zero relief; it supports the tap well during 
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cutting and produces threads that are not oversized. It is used for soft materials. Eccentric relief provides 
radial clearance in the threads from the cutting edge to the heel of the land; this type tends to cut over-
sized threads and is used mainly on tougher materials. Con-eccentric type thread relief is a combination 
of the above two types; the �rst third of the land has concentric relief, while the remaining two-thirds of 
the land has the eccentric relief. This design provides support to prevent oversize and results in a freer 
cutting tap. Double eccentric thread relief is a combination of a slight radial relief starting at the cutting 
edge and continuing for a portion of the land width, and a greater radial relief for the balance of the land.

There are also several types of land relief (Figure 4.89) that provide clearance on the thread crest. 
Flat land relief truncates the crest between the cutting edge and heel so that there is contact of the 
crest only at the cutting edge and the heel. Concave grooved land relief is similar to �at relief but 
provides a groove in the center of the land, which does not quite reach to the pitch diameter. The 
center relief design has a wider and deeper groove (going down to the root of the thread form) than 
grooved land relief; it supplies more coolant to the cutting area. V grooved land relief is similar to 
the other grooved types but uses a longitudinal V-notch at the center of the land. Chamfer or straight 
land relief provides a gradual decrease in land height from some distance of the cutting edge to heel.

The combination of the rake angle, thread relief, and land relief largely determine the cutting 
action and life of the tap. As with other rotary tools, back taper is also used on tap threads to mini-
mize drag between the material being threaded and the tap. Increased back taper is required for 
materials with small elastic moduli.

In some cases, negative relief is substituted for the more common radial (positive) relief to effec-
tively form the thread’s �nal dimension. This design has a lobe or concentric land at the center of the 
conventional land, which results in a combined cutting and roll forming action in a single operation 
that is completed during the �rst full thread. The roll form component tends to eliminate any tap 
unbalance, which is often present due to radial forces imposed by grinding errors between the teeth 
of different �utes. In addition, it reduces the tendency of chips to re-enter the hole and damage the 
cut threads or the tap. A cut tap with roll forming action requires higher torque than a plain cut tap.

An interrupted thread design, produced by removing every other tooth from a standard tap, can 
be used to break chips in smaller sections and assist in chip ejection. In addition, it improves coolant 
supply to the cutting edges as compared to standard designs.

Coolant-fed cut taps have coolant exit holes in each of the tap’s �utes or a center hole through the 
body that exits at the front end face and are used for through and deep blind holes to improve chip ejec-
tion. Coolant-fed taps are also used to improve lubrication in soft materials such as low-carbon steels.

External or internal threads can also be cut using collapsible or solid adjustable taps with blades or 
chasers as shown in Figure 4.90. Collapsible taps with blade or circular chasers are made in several 
designs and are used for cutting threads in stationary or rotating workpieces. The chasers are mounted 
on a die head. A single collapsible tap die head can be designed to accommodate both multiple blades 
or circular chasers. The circular shape of the chaser permits only enough rubbing action immediately 
behind the cutting edge to ensure proper lead control. Blades and chasers are designed using principles 
similar to those used for cut taps. They are used for both conventional threading applications and for 
deep hole tapping. A single chaser threading tool cuts threading time by half compared to single point 
threading, while its multiple cutting edges increase the tool life proportionately. More than �ve chasers 
are generally used when the workpiece has either an unusually wide �at or more than one keyway or 
groove on the diameter to be threaded, to provide a steady threading action and produce round, accu-
rate threads. Figure 2.28 shows two die heads with two and three circular chasers. A range of thread 
diameters and pitches may be cut with each die head simply by changing chasers.

Roll form taps have neither �utes nor cutting edges. Some of the important geometric features 
are the number and geometry of lobes located around the periphery of the threads and vent groove 
(Figures 4.83 and 4.84). The torque required for roll taps is generally up to a factor of �ve higher 
than that required for cut taps. The design of roll taps signi�cantly affects their torque require-
ments [149–151]. The frictional heat generated with roll taps is higher than that for cut taps, so that 
the lubricity of the cutting �uid becomes a critical concern, particularly at higher tapping speeds. 
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Some medium to high carbon steels including alloy steels produce severe tool galling and high 
torques when threaded using roll taps. Roll form taps are best suited for use on ductile materials 
such as aluminum, brass, tellurium, malleable iron, low carbon steels, and die-cast zinc.

A roll tap requires a tighter size control of the pre-tapped hole than cut tap. If the pre-drilled hole 
is too large the tap will not generate the intended thread height; if it is too small, it will increase 
tapping torque. Porosity in cast materials affects the required tap drill diameter for a given roll form 
tap; diecast materials, for example, tend to have more porosity and thus require smaller tap drills. 
Tap manufacturers provide guidance on tap drill diameter requirements for speci�c designs.

The chamfer geometry for form taps is the same as for cut taps. The tap diameters are radially 
relieved to form a lobed structure as shown in Figure 4.84. The tap diameter determines the number 
of lobes; there are always at least two. Taps can have either a cylindrical or polygonal geometry. The 
lobe shape can be cylindrical or spiral. A concentric land width is critical because it contacts the 
formed threads and may lead to galling. One or more vent grooves are generally used to provide a 
path for lubrication and to act as a vent for blind hole tapping. Extra vents may be required in deep 
hole tapping to increase lubricant �ow to the chamfer portion of the tap. There is approximately a 
2%–5% variation on the generated % thread by any roll tap as compared to only 2% variation by most 
of cut taps. Generally, taps with either higher thread relief or lower thread length require lower torque.

Excessive torque is the most common cause of tap failure. The torque depends on the tool geom-
etry and the tapping speed. In general, the torque is in�uenced more signi�cantly by the tap design 
in roll form tapping than in cut tapping.

(a)
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FIGURE 4.90  Con�guration of collapsible and solid adjustable taps with blades or chasers. (a) Single head 
chaser, (b) solid adjustable tap, (c) tap with blade chasers, (d) circular chaser, (e) axial-rolling head, and 
(f)�radial-rolling head. (Courtesy of Cleaveland Twist Drill Corporation, Cleveland, OH.)
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HSS is the most common material for taps, followed by HSS-Co, brazed WC, and solid WC. 
Brazed WC taps are used for holes larger than 10�mm in diameter. Solid micrograin WC taps were 
initially developed for smaller holes, but are now used in a large range of sizes. Solid micrograin 
WC taps perform well in abrasive workpiece materials such as sintered metals, laminated materials, 
cast iron, wrought and cast aluminum, brass, and titanium, but should not be used in cast materials 
with hard spots. Solid WC taps also perform best in high speed applications. Solid WC taps have 
traditionally cut cleaner, lasted longer, and achieved higher metal removal rates than taps made of 
other materials, although recently coating developments have allowed HSS taps to match carbide 
performance in some applications. Diamond taps have been manufactured either by brazing the 
diamond along the �ute for larger size taps or sintering the diamond into a slot cut in a WC body; in 
the latter method, the thread is formed on the diamond using EDM.

Tap class speci�cations are based on the thread �t and the thread tolerance. A tap’s thread toler-
ance depends on its basic pitch diameter. The letters H and L or D and DU are used, respectively, 
for uni�ed inch or metric screw threads for high and low limits. The number next to letters H or 
D represent an even multiple of 0.0005 in. or 0.0127�mm, respectively, above basic diameter and 
likewise for L and DU below basic pitch diameter. The class �t determines the total tolerance zone 
of the thread for the pitch diameter and the minor diameter (drilled hole size for cut taps) in the case 
of an internal thread [152], which controls the percent thread. For each class of thread there are a 
maximum of 12 different “D” tolerance limits (D0 to D12). If no tolerances are speci�ed, the D5 
or D6 are used to meet the common 6�H class. Improved control of tap tolerances can signi�cantly 
reduce tapping dif�culty. The use of the full thread tolerance allows (1) an increase in tap life by 
specifying a higher H or D number, and (2) the selection of the proper drill size for generating the 
correct percent thread (thread height). For example, use of a lower “D” number in soft materials 
without chip ejection limitations can relax the class speci�cation for the minor diameter. A wide 
tolerance range within speci�cations [152] can reduce the % thread and therefore the tapping torque; 
the percent change in torque is normally approximately equal to the percent change in % thread. 
This in turn can increase tool life and eliminate tap breakage and galling problems, which are gen-
erally associated with chip ejection limitations and high thread percentages.

4.10.2 T HREaD MILLS

Thread mills for internal or external threading may be solid or indexable. Indexable thread mills 
(Figure 4.91) have one or more inserts peripherally depending on the tool diameter; each insert may 
have one or multiple teeth. More than one insert can be used, one above the other and offset sym-
metrically, to mill longer threads. Solid thread mills are similar to end mills with either a single 
row or multiple rows of teeth [153]. The geometry of solid multi-thread milling tools is similar to 
that of cut taps from the point of view of the helix angle, thread relief, land relief, and rake or hook 
angle. However, there is no backtaper or chamfer at the end point as in cut taps. Indexable internal 
thread mills are used for holes larger than 12�mm, and provide the same �exibility as indexable bor-
ing or drilling tools. However, solid thread mills reduce machining cycle times because they have 
more �utes and because their teeth generally cover the full threaded length, so that the threads are 
completed in one revolution or orbiting cycle. The number of orbiting cycles for an indexable tool 
is equal to the ratio of the threaded workpiece length to the length of the teeth on the insert. The 
smallest possible cutter diameter should normally be used to minimize the cutting time and the chip 
length; shorter chips reduce vibration and thus may improve tool life. On the other hand, a larger 
tool diameter is sometimes used to minimize tool de�ection and produce an equal thread height 
from all teeth. The optimum tool diameter depends on a trade-off between these factors and can be 
estimated in the same way as for an end mill. Tool de�ection can also be reduced by using an inter-
rupted (staggered) thread design on a two-�uted geometry as in cut taps.

Combined drilling and thread milling tools (Figure 4.92) can be used to drill and thread a hole in 
a single stroke. In this case, the drill point is designed based on the principles discussed in drilling 
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FIGURE 4.91  Indexable thread milling tools. (Courtesy of Kennametal Inc., Latrobe, PA.)
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FIGURE 4.92  Con�guration of a drill/threadmill tool.
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section, while the thread mill is added behind the drill point. The diameter of the thread mill is 
slightly smaller than the drill diameter, and an undercut is generated at the bottom of the hole during 
thread milling. A drill/threadmill is weaker than a plain thread mill because it has deeper �utes for 
proper chip ejection during the drilling phase; the tool diameter in relation to the hole size is more 
critical especially for small holes. The tool body stiffness can be optimized by varying the diameter, 
web back taper along the �ute length, number of �utes, and chip load. When used at high speeds in 
nonferrous materials, either coolant through the tool or an effective �ood coolant is required.

4.11  GRINDING WHEELS

Grinding wheels are composed of abrasive grains, which provide cutting edges, and a bond material, 
which holds the abrasive grains and thus acts as a toolholder. Factors to consider in selecting grinding 
wheels include the abrasive (type, properties, particle size, distribution, and content/concentration), 
bond (hardness/grade, stiffness, porosity, and thermal conductivity) and wheel design (shape/size 
and core material). The wheel matrix exhibits porosity, which is important for the effectiveness of 
the coolant and chip disposal. Production speed and cutting ef�ciency are in�uenced by the abrasive 
type, grain size, hardness and brittleness, and dressing or sharpening properties; and by the bond-
ing material type and its grain retaining and renewal properties. Grinding wheels must be hard and 
tough to withstand cutting forces, but also be designed to break down gradually, shedding worn cut-
ting edges and exposing new ones to maintain consistent cutting ef�ciency. Grinding wheels range 
in size from 6�mm to 1 m in diameter and from 1 to 525�mm in thickness. Several wheel shapes, 
some of which are shown in Figure 4.93, are available.

4.11.1  AbRaSIVES

Practically important properties of the abrasive grains include their hardness, abrasion resistance, 
crystal structure, and size/shape, which affect the relative friability and durability of the abrasive. 
Friability describes the ability of an abrasive grain to fracture under certain grinding conditions. 
The friability index increases with increasing hardness. A grain with good toughness can sustain 
wear and high cutting pressures but may result in excessive heat generation and (eventually) sur-
face or wheel damage. On the other hand, easily friable grains tends to wear away very rapidly. 
Therefore, the objective should be to use grains with suf�cient toughness that are not too friable.

In order of increasing hardness, the available abrasive grain materials include aluminum oxide 
(Al 2O3), silicon carbide (SiC), zirconia alumina, cubic boron nitride (CBN), and diamond; the last two 
are often referred to as superabrasives, while the �rst three are called conventional abrasives [154,155].

Aluminum oxide is the most widely used abrasive and is used to grind carbon steel, alloy steel, 
malleable iron, and superalloys. There are various types of aluminum oxide grains using several 
impurities (such as titanium, sodium, and chromium), which affect the friability of the grains. 
Recently developed types include “sol-gel” and “seeded-gel” abrasives (ceramic aluminum oxide—
a high purity grain manufactured in a gel sintering process), which consist of aluminum oxide 
grains with a randomly oriented microcrystalline structure [156]. They are used for precision grind-
ing for steels, particularly dif�cult alloys. Zirconia alumina (a mixture of aluminum oxide and 
zirconium oxide) grains are used for rough grinding, particularly of ferrous metals. Silicon carbide 
is used to grind low tensile strength materials such as aluminum, copper, bronze, gray and chilled 
iron, cemented tungsten carbide, and nonmetallic materials such as ceramics. Silicon carbide grains 
are generally black, but green in purer forms; green SiC is used for heat-sensitive nonferrous materi-
als. Silicon carbide is not effective for grinding steel due to the high chemical solubility of carbon 
in iron, which leads to rapid wear.

The superior hardness, abrasion resistance, thermal conductivity, and compressive strength of 
the superabrasives make them the best candidates for grinding hard metals, carbides, ceramics and 
many other hard, tough materials, especially at higher cutting speeds. Superabrasive wheels can 
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be used at peripheral speeds over 150 m/s. They can be used at MRRs one to two orders of magni-
tude greater than those achievable with conventional abrasives without overheating the workpiece. 
Diamond and CBN superabrasives are much harder than the other abrasives and can be used to cut 
a variety of materials faster than aluminum oxide, silicon carbide, and zirconia alumina with slower 
wheel wear rates [157,158].

Aluminum oxide is often replaced by CBN for hardened steels (>45 HRc), superalloys (nickel, 
cobalt, or iron base with hardness greater than 35 HRc), high speed steels, and cast iron. CBN 
has four times the abrasion resistance of aluminum oxide. The high thermal conductivity of CBN 
prevents heat buildup and associated problems such as wheel glazing and workpiece metallurgi-
cal damage. CBN abrasives are available in several types to match the bond system and grinding 
application. Medium and high toughness uncoated CBN abrasives are used in vitri�ed, metal, and 
electroplated bond grinding wheels. Nickel coated CBN abrasives are used for resin bonds and 
are available in two types: medium and high toughness single-crystal (monocrystalline) and tough 
microcrystalline. Monocrystals (consist of single CBN crystals) tend to fracture macroscopically 
after dulling under high grinding forces, which provides a continuous supply of sharp cutting edges. 
Microcrystalline CBN particles fracture on a microscopic scale after dulling, and thus produce 
lower wheel wear rates.
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Diamond has three times the abrasion resistance of silicon carbide and is used effectively in 
grinding cemented carbide tools, ceramics, and glass. Like silicon carbide, diamond is not effective 
for grinding steel due to the high chemical solubility of carbon in iron. Three types of diamond 
crystals are available: RVG, MBG, and MBS. RVG, medium friability diamond, is used in resin 
and vitreous wheels primarily for grinding tungsten carbide. MBG is used in metal bonded wheels, 
which are tougher and less friable than RVG wheels; MBG wheels are used for glass and ceramic 
materials. MBS is used in metal bonded saws for cutting stone and concrete. RVG diamond abra-
sives may be used in an uncoated state, with a nickel coating to improve grain retention in resin 
bonded wheels, or with a copper coating to reduce resin temperatures in dry grinding. Copper 
coated wheels generally contain 50% copper by weight; Nickel coated grains contain between 30% 
and 56% nickel by weight; the lower concentration is used for steel-carbide composites, while the 
56% concentration is used for wet grinding tungsten carbide.

4.11.2  BONDS

Bonds hold the abrasive grains together in the wheel. Bonds should have suf�cient rigidity and 
the ability to retain sharp abrasive grains during cutting, yet release dulled grains. The bond must 
withstand grinding forces and temperatures and resist chemical attack by the cutting �uid. The bond 
type also determines the wheel’s maximum safe rotational speed.

There are three major types of bonds: vitri�ed, organic, and metal [4,155,159]. Vitri�ed bonds 
are made of inorganic materials, generally glass or silicates. Organic bond materials include resin, 
shellac, rubber, and oxychloride. Organic bonds are �exible on a microscopic scale, which allows 
grains to translate and rotate during grinding. Metal bonds are more heat resistant than organic 
bonds and more impact resistant than vitri�ed bonds. Bronze, nickel, and iron are used as metal 
bonds; sintered bronze is the most common material.

Vitri�ed and organic bonds are used with conventional abrasive grades wheels. Vitri�ed wheels 
are used mainly for precision grinding, while organic (resinoid) wheels are used in high stock 
removal operations and all dry applications because they have a much higher resistance to thermal 
shock and can sustain high pressures. High porosity bond structures can be used for aggressive 
removal of material without burning because the pores absorb coolant and disperse it readily in the 
cutting zone, improving heat removal and reducing clogging of the cutting edges with swarf [160]. 
Vitri�ed wheels traditionally can be used safely at wheel speeds up to 2000 m/min. The maximum 
safe speed for resinoid wheels is typically approximately 3000 m/min. Speeds between 4000 and 
5000 m/min have become possible with recent advances in vitri�ed bonds and reinforced bonds that 
combine glass and ceramic materials.

Resinoid, vitri�ed, and metal bonds are used with superabrasive wheels. Electroplated metal bonds, 
usually composed of a matrix of nickel or nickel alloy, produce single-layer superabrasive wheels by 
attaching individual grains of diamond or CBN to a steel preform; the layer of abrasive particles is 
only partly submerged in the metal matrix, rather than being fully encapsulated, so that they cannot 
be dressed or trued on a grinding machine. This eliminates friction between the bond material and 
workpiece and therefore reduces grinding temperatures. Electroplating technology produces complex-
shaped wheels more easily and less expensively than other methods. These wheels perform well in 
high speed grinding operations (with peripheral wheel speeds between 5,000 and 10,000 m/min) since 
grinding speeds can be increased by 20%–50% compared to other bonded wheels. Detailed discus-
sions of the selection of abrasives and bond types is available in the literature [4,161,162].

4.11.3 W HEEL GRaDES aND GRIT SIZES

The strength of the bond holding the abrasive grains in the wheel is de�ned as the wheel grade. The 
grade depends on the percent of grain and bond in the wheel. The wheel is characterized as hard or 
soft depending on the strength of the bond and its ability to withstand cutting forces. Hard�wheels 
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retain grains more strongly, while soft-grade wheels lose their grains easily. Several factors, such 
as wheel speed, work speed, workpiece hardness and ductility, grinder structural condition, and the 
contact area between the wheel and the workpiece, determine whether the wheel acts as a hard or 
soft wheel. A decrease or an increase of the infeed rate, traverse speed, work speed, and/or thrufeed 
rate can make a wheel act harder or softer, respectively. An increase in the workpiece or wheel 
diameter causes the wheel to act harder because the larger contact area distributes the stock removal 
over a larger number of grains, which reduces the speci�c force on individual grains. Soft grades 
are preferred for rough grinding, vertical-spindle surface grinding, and for machines that are rela-
tively free for vibration. Hard grades are used in internal grinding, peripheral surface grinding, and 
peripheral cylindrical grinding.

The strength of a bond is controlled by the number and size of the microscopic �aws that are 
inherent in the bond material. The strength of vitri�ed or organic bond wheels sometimes decreases 
over time as the wheel is placed under stress due to stress-corrosion mechanisms that act on the 
bond when water in the coolant meets the bond material at the exposed edges of the �aws. The fac-
tors to be considered in selecting the proper wheel grade are the workpiece material, diameter, and 
size; the size of grinding wheel; the grinding contact area; the stock removal; the required surface 
�nish; the coolant; the wheel speed; power requirements; and wheel safety. Detailed discussions of 
the impact of these factors on wheel selection are available in the literature [4,159,162,163].

Wheels with a �ner grit and a harder bond are preferred for pro�le grinding of intricate shapes 
and/or �nely detailed workpieces. Harder bond wheels are required to obtain tight workpiece size 
tolerances. Resinoid or rubber bonded wheels, rather than more commonly used vitri�ed bond 
wheels, may be needed when excessive variations in the size and condition of the workpiece are 
present in centerless grinding.

Conventional grinding wheels are characterized by their grit size; for example, 80-grit size 
means that the average size of the abrasive grains is approximately 80 particles per inch. Grit sizes 
below 50 are considered coarse, those between 50 and 90 are considered medium, and grit sizes 
above 90 are classi�ed as �ne. Generally, the percentage of grains coarser than the speci�ed average 
grain size is smaller than the percentage of smaller grains.

Coarse grains generally remove more stock per unit time than �ne grains. However, this is not 
always true when grinding very hard work materials; in this case a medium or �ne grain may be 
preferred because they provide more cutting edges on the wheel. In addition, coarse grains produce 
scratches on the surface that it may be impossible to remove with �ner grade wheels in subsequent 
processing.

The grain compaction, or grain spacing, density, or concentration, is a measure of the number 
of grains per unit volume of the grinding wheel. The compaction is not as critical for conventional 
wheels as for diamond and CBN wheels. Single-layer wheels offer a higher density of abrasive 
grains and more grain exposure than other bonded superabrasives.

A chart of the standard marking system for conventional wheels is shown in Figure 4.94. The 
maximum stock removal rate depends primarily on the wheel characteristics, work material, and 
the coolant type (oil or water); variables such as the wheel speed, truing method, and coolant appli-
cation method also affect wheel capability to a lesser degree. Wheel selection becomes less critical 
when grinding using a high G-ratio. Some general rules are wet grinding is preferable to dry grind-
ing, especially in heavy stock applications; a coarser grained wheel with a more open structure and 
a less friable abrasive can be used to increase the MRR; a harder grade with a coarser grain wheel 
is preferred for soft metals, while a softer grade and a �ner grained wheel should be used for hard 
metals; a �ner grain wheel with a denser structure and a less friable abrasive generates smoother 
�nish; and �ner wheel dressing results in better surface �nish on the workpiece.

Small workpiece diameters require �ner and harder wheels than larger diameters. In internal 
grinding, wheel diameters close to that of the hole that allow the proper coolant application should 
be used for increased wheel life, particularly for small holes (<60�mm diameter); a larger wheel 
diameter produces better part size and form tolerance. Organic bonded (Al2O3 and SiC) wheels are 
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very effective in internal grinding because they effectively withstand the high temperatures often 
generated in such operations; organic bonded wheels are also used when �ne �nishes are required. 
Vitri�ed bonded wheels are used primarily in peripheral surface grinding. Resinoid bonds are 
most frequently used in disc grinding because they can withstand higher speeds and greater shocks 
than vitri�ed bonds. Vitri�ed bonded Al2O3 and SiC wheels are used in conventional creep-feed 
grinding.

4.11.4 O pERaTIONaL FaCTORS

Operational factors such as wheel balancing, truing/dressing, grinding cycle design, and coolant 
application also affect and are affected by grinding wheel selection. Wheel truing and dressing in 
particular have a strong impact on wheel performance and life. The truing operation removes mate-
rial from the cutting face of the wheel to generate a particular pro�le (or to maintain a �at pro�le), to 
minimize wheel runout, and remove lobes or irregularities. Truing is necessary if the wheel runout 
exceeds 0.013�mm after mounting. The dressing operation conditions the wheel surface to main-
tain particular cutting characteristics; it removes loaded material and glaze from a dull wheel face 
[4,164] to control the surface �nish of the workpiece. A smooth wheel face containing dulled grains 
is called glazed. In some cases, the same wheel is used for rough and �nish grinding a part; in these 
cases the course wheel is dressed to generate dull grains so that it can produce a �nish normally 
produced by a �ne grain wheel.

Truing can be carried out either when the wheel is mounted on the machine spindle or on a �xed 
wheel-holding device. The wheel should be trued every time it is removed from its holder or, when 
used without a holder, removed from the spindle. For conventional wheels, truing and dressing are 
commonly carried out in a single process using the same tool; in this case the combined process is 
simply referred to as dressing. Superabrasive wheels usually require separate truing and dressing 
operations.

1 2 3 4 5 6
Standard marking system chart

Sequence

Pre�x Abrasive
type

Grade Structure Bond
type

Manufacturer’s
record

Abrasive
(grain)

51 80 0A

Coarse

8
10
12
14
16
20
24

30
36
46
54
60

70
80
90

100
120
150
180

220
240
260
320
400
500
600

Medium Fine
Very
�ne

3 23

Manufacturer's
private marking
to identify wheel

B

V     

B Resinoid

E
O Oxychloride
R
RF
S

BF Resinoid reinforced

Manufacturer's
symbol

indicating exact
kind of abrasive
(use optional)

Aluminum
oxide-A
Silicon

carbide-c

Soft Medium Hard
A B C D E F G H I J K L M N O P Q R S T U V W X Y Z

Dense
to

open

1 2 3 4 5 6 7 8

9 10 11 12 13 14 15 etc.

-- -- -- -- -- --

Rubber
Rubber reinforced

Shellac

Vitri�ed
Silicate

FIGURE 4.94  Standard making system for aluminum oxide and silicon carbide grinding wheels. (After 
Malkin, S., Grinding Technology—Theory and Applications of Machining with Abrasives, Ellis Horwood 
Limited, Chichester, U.K., 1989.)
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Conventional wheels may be trued using several methods, including those employing an abrasive 
stick, brake controlled truing device, soft steel block, or crush rolls manufactured with conventional 
abrasive grains. Diamond truing tools such as single-point or multipoint diamond tools, diamond 
blocks, and diamond rolls are also common. In general, dressing tools are similar to truing tools. 
Dressing tools should be softer and �ner than the wheel being dressed. Crush dressing can increase 
the free-cutting properties of the grinding wheel and therefore allows the use of a harder bond, �ner 
grain, or denser structure than recommended for similar applications when dressing by conven-
tional diamond methods.

Truing and dressing of diamond and CBN wheels are critical operations that strongly impact 
grinding effectiveness and wheel cost. The most common devices for truing and dressing super-
abrasive wheels are brake-controlled silicon carbide, aluminum oxide, or diamond-impregnated 
nibs. The truing frequency is controlled by the grinding G-ratio. Continuous-dress is used in some 
aggressive applications, such as creep-feed grinding using a diamond-roll dressing wheel, so that 
the wheel is dressed continuously as it grinds to maintain consistent edge sharpness. The traverse 
rate for a diamond truing tool is 250–500�mm/min for rough grinding and 100–180�mm/min for 
�nish grinding; the rate of travel for metallic truing tools is 1000–1500�mm/min for rough grinding 
and 250–500�mm/min for �nish grinding. Wet truing is often necessary to remove heat and abrasive 
grits. The depth per pass should be approximately 0.012�mm on average and less than 0.025�mm 
across the face of the wheel. In side truing, the traverse travel distance per wheel revolution should 
be approximately 0.005�mm. Further information on truing and dressing is available in the literature 
[159,161,165,166].

4.12  MICROSIZING AND HONING TOOLS

Microsizing tools for bore finishing (Figure 4.95) hold a fixed diameter during a single stroke 
operation with or without size compensation. The tool is usually allowed to float on a floating 
holder, although two universal joints in the tool body or attached to the spindle can also be 
used. Types of microsizing tools include one-piece arbor, adjustable arbor and auto-expansion 

FIGURE 4.95  Various styles of superabrasive bore �nishing tools. (Courtesy of Engis Corporation, 
Wheeling, IL.)
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arbor�tools [167]. They generally consist of two major components: a cast iron or steel sleeve, 
and a corresponding tapered arbor. The sleeve, which is the cutting portion, has a barrel shape 
with electro-chemically plated abrasives. The sleeve also has a helical slot for expansion of 
its diameter. Once the sleeve is mounted on the corresponding tapered arbor, the tool can be 
brought to size and adjusted for wear by moving the sleeve up the arbor. An auto-expansion 
arbor with a mechanism similar to those found in automatic adjustable boring bars (Figure�4.31) 
can also be used. One-piece arbor designs are recommended when other types are not avail-
able, such as for very small diameter bores. Various styles of coolant flutes, tool lengths, and 
size adjusting features can be incorporated to improve tool performance in a particular appli-
cation as illustrated in Figure 4.95. The sleeve is replaced by a multiple-stone tool (carrying a 
number of abrasive stones around the periphery of the arbor) for larger bores between 25 and 
300�mm in diameter.

Unlike microsizing tools, honing tools are generally multi-stroke tools, which are passed through 
the bore repeatedly. They consist of abrasive stones held in a tool body; the stones are not held at 
a constant diameter, but expand to exert pressure on the bore wall. Common honing tool designs 
[168] include single-stone, multi-stone, and Krossgrinding tool designs. Single-stone tools have 
a single stone, as illustrated in Figure 4.96, and are commonly used for small bores (diameter 
<25�mm). Multi-stone tools are used for larger bores (50–300�mm diameter) and have multiple 
contact points in order to provide better force distribution, better geometry, longer tool life, and 
faster stock removal; they are similar to large microsizing tools. Multi-stone tools are comprised of 
a number of guide shoes and stones. The arrangement of the shoes and stones on the tool periphery 
is very important to tool performance (Figure 4.97). Cone-fed expansion mechanisms (Figure 4.98) 
are commonly used. The angular spacing of the contact lines for the guide shoes and stones is also 
important. A�three-point tool (two �xed guide shoes and one abrasive stone) is usually better than 

Honing
stone

Guide
shoe

(a)

Guide

Stone

(b)

Stone

Guide

(c)

Stone

Guide

(d)

FIGURE 4.96  End view of honing tool designs. (a) Single row of stones tool with two guide shoes, (b) four-
point contact tool with two rows of stones and two guide shoes, (c) six-point contact tool with four rows of 
stones and two guide shoes, and (d) multipoint contact tool. (After Fischer, H., Tutorial, International Honing 
Conference, SME, Dearborn, MI, April 26–27, 1994.)
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the four-point contact design (two �xed guide shoes and two sticks) [168,169]. Honing tools for 
automotive engine bores generally have 6–12 stones.

The Krossgrinding tool [168] is a multi-stroke superabrasive design for small bores (10–32�mm 
diameter), which combines the best features of multi-stroke honing tools and single-stroke micro-
sizing tools; it is equipped with a plated superabrasive sleeve.

Successful honing depends not only on the tool design but also on the use of the proper honing stone. 
The selection of the stone is based on the same principles as the selection of a grinding wheel:�grit size, 

FIGURE 4.97  Typical multiple-point honing tool.

Pv

Honing stick

Workpiece

Expanding cone
Stick holder

�

FIGURE 4.98  Honing tool design principle.
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hardness, bond type, and abrasive material [4,159,169]. In honing, unlike grinding, the abrasive stones 
cannot be dressed, and so must be self-dressing; this requires a close control of both the reciprocation 
and rotational speed. Abrasives are generally viti�ed conventional abrasives used with oil, or bonded 
diamond superabrasives used with oil or water-based cutting �uids.

Finally, two types of abrasive brushes are used for brush honing [170]. The �rst is the ball type 
designed with clusters of abrasives attached to the ends of �exible �laments as shown in Figure 4.99. 
This tool is readily adapted to any machine tool with a rotating spindle. The second is the bristle 
type, made of nylon bristles impregnated with abrasives (Figure 4.99). The bristles are mounted on 
the same kind of honing shoes and tools as abrasive sticks; they are designed to be adjustable either 
manually or automatically for interference setting and tool compensation.

4.13  BURNISHING TOOLS

Roller and ball burnishing tools consist of a series of hardened, highly polished rollers positioned in 
slots in a hardened mandrel or cage; they resemble roller or ball bearings in construction. They are 
made either with �xed diameter, which remains constant during the operation (interference tools) 
or with a diameter that can be changed by exerting a predetermined burnishing pressure (expander 
tooling) [171]. Fixed diameter tools provide tolerance control, but produce surface �nishes, which 
depend on the pre-burnished surface dimension and quality. Typical designs for various applica-
tions are shown in Figure 4.100.

Burnishing induces plastic �ow of the surface asperities when the yield point of the surface mate-
rial is exceeded. Therefore, asperities are �attened and compressive stresses are also induced in the 
surface layer, giving several improvements to mechanical properties. Burnishing will improve both 
the surface strength and roughness [172].

4.14  EXAMPLES

Example 4.1 A 20�mm deep hole is drilled and tapped with a M10 × 1�mm cutting tap in a cast iron 
workpiece. A solid carbide drill and a HSS tap are used. Estimate the machining time required to 
drill and tap the hole. What is the MRR for both the drill and the tap?

Solution: The cutting speed for both tools can be selected from Figure 4.4. A cutting speed of 
100�m/min for an uncoated carbide drill is typical for cast iron. The cutting speed for the HSS tap 

(b)

(a)

FIGURE 4.99  Brush honing tools: (a) ball, (b) bristle. (After Lin, Y.T., Honing with Abrasive Brushes, 
International Honing Clinic, SME, Dearborn, MI, April 7–9, 1992.)
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is assumed to be 30 m/min. The depth of the drilled hole must be deeper than the tapping length to 
provide clearance for the chips and the front taper of the tap (the �rst few taper threads) at the bot-
tom of the blind hole, and is assumed to be 27�mm. The spindle speeds for drilling and tapping are

	 Nd = Vd/(� D) = (100 m/min)(1000�mm/m)/(3.14)(9�mm) = 3839 rpm	

(Assuming the drill diameter for a 10�mm tap is about 9�mm), and

	 Nt = Vt/(� D) = (30 m/min)(1000�mm/m)/(3.14)(10�mm) = 955 rpm

The feed for drilling cast iron is assumed to be 0.15�mm/�ute. The feed rate is then

	 fr = nt · f · N = (2)(0.15�mm/rev/tooth)(3839 rpm) = 1152�mm/min

and for tapping the feed rate is determined by the pitch of the tap (given from Equation 2.46). The 
pitch for the M10 × 1�mm tap is 1�mm.

	 fr = p · N = (1�mm)(955 rpm) = 955�mm/min

Flat surface
roller burnishing
tools

Taper roller burnishing
tool for internal application

Pressure controlled external
roller burnishing tool
... self-feeding

Pressure controlled internal
and through-hole roller
burnishing tools

Internal expanding and external contracting
tools for roller burnishing surfaces of parts
with wide tolerance variations ... under
controlled condition

FIGURE 4.100  Internal and external roller burnishing tools. (Courtesy of Cogsdill Tool Products, Inc., 
Camden, SC.)
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The cutting time for drilling with 120° point drill is
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and for tapping is
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Le is assumed to be 2�mm since a hole is made. The total machining time to drill and tap the hole 
is the sum of the drilling and tapping times plus several other tool travel times (i.e., retract the tool 
from the bottom of hole, approach time, etc.) as discussed in Chapter 13. Let us assume that the total 
time is tT = 1.78 + 1.57 + �t = (3.35 + � t) s.

The MRR for the drill can be calculated from Equation 2.15:
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The MRR for tapping is given by Equation 2.57
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Example 4.2 Estimate the change in machining time for drilling and tapping the hole in Example�4.1 
if both the drill and tap are made from HSS.

Solution: The cutting speed for the tap is the same. The cutting time for the drill will be differ-
ent because the maximum cutting speed allowed for HSS drills is much lower than carbide drills 
as shown in Figure 4.4. A cutting speed of 30 m/min for an uncoated HSS drill is common for 
cast iron.

The spindle rpm for drilling is

	 Nd = Vd/(�  · D) = (30 m/min)(1000�mm/m)/(3.14)(9�mm) = 1152 rpm

The feed for drilling cast iron with HSS drill can be the same as that with carbide drill, 0.15�mm/�ute. 
The feed rate is then

	 fr = nt · f · N = (2)(0.15�mm/rev/tooth)(1152 rpm) = 346�mm/min
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The cutting time for drilling with 120 degrees point drill is

	

t L L f L D L fmd e r r� �� � � � �

� � � � �

/ ( / )/

( / ) / /

tan

27 9 tan6 2 346 mmmin

� �

0 �� � �0 0. ,1  min 6 s

The total machining time to drill and tap the hole is then

	 tT2 = 6 + 1.57 + �t = (7.57 + � t) s.

The change in machining time between HSS and carbide drill is

	 tTX = tT2 � t T1 = (7.57 + � t) � (3.35 + � t) = 4.22 s.

Therefore, the total machining time is reduced by 53% when a carbide drill is used instead of HSS.

Example 4.3 Evaluate the effect of using CBN inserts instead of aluminum oxide CVD coated 
carbide inserts on a boring bar used to �nish bore a 25�mm diameter hole 50�mm deep in cast iron.

Solution: A good cutting speed for Al2O3 multi-coating carbide inserts is 220 m/min for cast iron, 
while for CBN inserts it is 1000 m/min. Therefore, the carbide inserts will be run at 2,800 rpm and 
the CBN inserts at 12,750 rpm. The cutting time will be 5.46 times lower for CBN inserts since 
the feed rate ( fr = f · N) for the CBN bar ( fr = [ f (12,750 rpm)] mm/min) is 5.46 higher than that of 
carbide bar ( fr = [ f · (2800 rpm)] mm/min).

However, the MRR with the CBN boring bar will be 5.46 higher than that for the boring bar 
using carbide coated inserts. This means that the power required for boring with CBN inserts will 
be about 5.46 times higher than the boring bar with carbide coated inserts even though the torque 
and force for both boring bars will be about the same. (Generally, the torque required to remove the 
same material at higher speeds is slightly lower than that required at lower speeds because the chip 
removal is more ef�cient at higher speeds.) This illustrates the importance of checking the spindle 
power and torque availability as a function of speed as explained in Chapter 3.

Example 4.4 A 55�mm diameter hole is being bored to a 59�mm �nal diameter using a single point 
boring bar. The workpiece material is gray cast iron. A carbide insert is used in the indexable bor-
ing bar made of steel. The cutting speed for the bar is 100 m/min and the feed is 0.2�mm/rev. Two 
different boring bar designs (A) and (B) are used as shown in Figure 4.101.

	 (a)	 Estimate the de�ection at the tool point for bar (A) due to radial force in order to determine 
the effective bore diameter.

	 (b)	 Check the effect of cutting conditions on improving hole size control.
	 (c)	 Calculate the hole size improvement by changing the boring bar (A) material from steel to 

heavy metal.
	 (d)	 Calculate the improvement on bore size by optimizing the boring bar design to (b).

The material properties are Esteel = 206,700 MPa and Eheavymetal = 330,000 MPa

Solution: In order to understand the effect of the bar design and cutting conditions on de�ection, a 
rigidly clamped beam with a force acting at the free end is considered.

	 (a)	 In order to �nd the tool point de�ection to determine the hole size quality, the radial cutting 
force acting on the boring bar should be estimated. It is known from previous work that 
in roughing and semi-�nishing operations the feed and radial forces are smaller than half 
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of the cutting force along the speed vector, (Fr � 0.5  · Fc). The radial force in this problem 
can be equated to half the cutting force since the DOC is 2�mm (the worst case scenario is 
Fr = Fc). The cutting force is estimated from the torque and power required for the cut as 
explained in Chapter 2. Thus,

	 � = F c R = 2 Fr R and

	 P = ��  = 2 Fr R (2 � N) = (MRR) us which yields Fr = (MRR) us/(4 � R N)

	 N = V/(� D avg) = (100 m/min)(1000�mm/m)/(3.14)[(59 + 54)/2] = 559 rpm
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	The de�ection at the cutting tool point for bar A is calculated using Equation 4.2
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FIGURE 4.101  Boring bar con�gurations (a) and (b) used for machining the bore in Example 4.4.
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		  The calculated de�ection is an approximation because the clamping is never absolutely 
rigid and it is impossible to predict the cutting and radial forces exactly. The contribu-
tion of the �exibility from the toolholder–spindle interface connection(s) is discussed in 
Chapter 5. The radial de�ection can be compensated by offsetting the turning machine at a 
cutting depth equal to Do + 2� . However, the retraction marks could be a concern especially 
if the spring back of the bar is signi�cant as explained in Section 4.6.

	 (b)	 The de�ection of 0.246� mm is very large and the hole diameter will be smaller by 
0.492� mm and will generate the scratch marks during tool retraction. Therefore, the 
de�ection should be reduced by reducing the radial force Fr, which is proportional to the 
area of cut. Hence, the doc or feed must be changed in order to reduce the force. Since a 
large reduction on the de�ection is required, both doc and feed will be reduced by 50%. 
However, the reduction of the DOC by 50% will require two passes to remove the 2�mm 
full depth from the bore. The reduction of the feed from 0.2 to 0.1�mm/rev is acceptable 
but the machining time will be doubled. The reduction of the cutting conditions results in 
lower productivity.
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		  Hence, the power required at the above lighter cut is 25% of the power at the original con-
ditions. Likewise, the radial force is reduced by 75%. Thus,

	 Fr2 = 0.5 Fc2 = Fr1/4 = (720/4) = 180 N and �2 = � 1/4 = (0.246/4) = 0.062�mm.

	 (c)	 The effect of heavy metal boring bar on de�ection is

	 � hm1 =�� 1 (Esteel/Eheavymetal) = 0.246 (206,700/330,000) = 0.155�mm

		  or using the 50% reduced feed and DOC, the de�ection is reduced to

	 �� hm2 = � hm1/4 = 0.155/4 = 0.039�mm

		  Therefore, the substitution results in a signi�cant reduction on de�ection and in better hole 
size control and quality.

	 (d)	 The boring bar geometry can be changed from (A) to (B) to reduce its de�ection by increas-
ing its stiffness. The bar (B) has two different diameter cross sections along its length. The 
front diameter is the same as bar (A) to have an effective chip clearance between the bar 
and the hole since it is a horizontal boring operation. The de�ection of bar (B) is:

	
� B rF

L
E I

L
E I

L L
E I

L L�
� �

�
� �

�
�

�� ��

�
�

�

�
�

1
3

1 1

2
3

2 2

1 2

2 2
1 2

3 3

where 
L1 = L2 = 125�mm
E1 = E2 = 206,700 MPa
Fr = 720 N
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and the moment of inertia for the two cross sections are
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hence, the de�ection for boring bar B is

	 � B = 720 [4.28 + 1.03 + 6.16] 10�5  = 0.083�mm

which is much lower than the de�ection for bar A. If the bar is made from heavy metal the de�ection 
is calculated to be 0.052�mm.

Example 4.5 Consider the boring bar (A) in Example 4.4 and discuss all the factors in�uencing the 
de�ection due to forces acting on the free end.

Discussion: The previous Example 4.4 was a simple case of a real problem because the parameters 
considered were the bar material, diameter and overhang, and the radial force. However, the radial 
force (and therefore the tool/bar de�ection) is also dependent on the geometry of the insert (lead 
angle, rake angle, corner radius, and edge preparation).

The cutting (tangential) force, Fc, will push the tool downward and away from the centerline by �T 
(vertical de�ection) as shown in Figure 4.102. The radial force, Fr, will push the tool away from the 
workpiece � R in a radial direction. The tool point de�ection in the direction of the cutting force will 
reduce the clearance angle Y (side relief angle in Figure 4.17) on the �ank face of the insert as shown in 
Figure 4.103. Therefore, the clearance angle of the tool should be large enough to avoid contact between 
the �ank face of the tool and the wall of the hole; this becomes very important with small diameter 
holes due to the small radius of curvature of the internal diameter. As explained in Section�4.5, the 
selection of the rake angle 
, wedge angle w, and the relief angle Y  have a decisive in�uence on cutting 
ef�ciency and tool strength. The de�ection �T can be compensated for by positioning the cutting edge 
above the centerline of the workpiece in a turning machine. However, the change of the bore radius due 
to the �T is small and it is estimated for the boring bar (A) in Example 4.4(a) to be:
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FIGURE 4.102  Free body diagram of the forces and corresponding de�ections at the cutting edge of a 
boring bar.
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The � T of 0.004�mm is very small compared to the radial de�ection of 0.246�mm due to the 
radial force. Therefore, the effect of the �T in the bore diameter is generally neglected. In addition, 
this error cannot be compensated for in a machining center with a rotating tool. However, the clear-
ance angle is reduced by an amount equal to 	 = sin� 1(� T /R) that is equivalent to 1° for the above 
Example�4.4(a). This means that the 7° clearance angle of the tool is reduced to 6° during cutting.

The radial force effects the radial (horizontal) de�ection, which reduces the depth of cut since 
the tool moves and affects the diametrical accuracy of the hole as shown in Figure 4.104 and ana-
lyzed in Example 4.4. In addition, the chip thickness will change with the varying size of the cutting 
forces, which causes vibration and may lead to chatter. Adjusting the DOC to be � r greater than 
the designed DOC, compensates for the de�ection. Likewise, the programmed boring diameter 
should be adjusted to be 2� r larger than the desired diameter. The programmed boring diameter in 
Example�4.4(a) should be adjusted to 59.493�mm in order to generate the desired 59�mm bore.

The lead angle affects the feed and radial components of the cutting forces as explained in 
Section 4.5. If the lead angle is zero, the radial force is a function of the corner radius of the insert 
and the DOC when it is smaller than the corner radius. As the lead angle increases, the radial force 
component increases while the feed force decreases. Therefore, a small lead angle is better in boring 
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FIGURE 4.103  Free body diagram of the cutting (tangential) force and the corresponding de�ection at 
the cutting edge of a boring bar. (From Modern Metal Cutting—A Practical Handbook, Sandvik Coromant, 
Fair Lawn, NJ, 1996.)
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edge of a boring bar.
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even though it affects the chip thickness and the direction of the chip �ow, so that a compromise 
often has to be made. It is suggested that a lead angle of 15° or less is used [105]; a 15° lead angle 
will generate twice the radial force that a 0° lead angle produces.

The noise radius of the insert also affects the radial force; the greater the nose radius, the greater 
the radial and cutting forces. The de�ection of the tool in the radial direction is affected by the rela-
tionship between the nose radius and the depth of cut. The radial force increases most strongly with 
increased depth of cut as long as the nose radius is smaller than the depth of cut. The effect of the 
lead angle is present on the radial de�ection only when the nose radius is smaller than the depth of 
cut. Therefore, it is better to select a nose radius somewhat smaller than the depth of cut.

Edge rounding on the primary cutting edge of the insert has a signi�cant in�uence on the size of 
the all forces (cutting, radial, and feed forces).

Example 4.6 Optimize the static stiffness and the dynamic characteristics of the boring bar in 
Example 4.4(a).

Solution: The static stiffness of a solid boring bar can be increased by maximizing its diameter 
and/or reducing its length. The static stiffness is also dependent on the modulus of elasticity and 
moment of inertia as shown in Equation 4.1. The dynamic characteristics of the bar include its �rst 
(bending) natural frequency and dynamic stiffness and damping. Considering forced vibrations, the 
amplitude of the vibration force depends upon the static stiffness and the natural frequency of the bar. 
If the tooth passing frequency is near the natural frequency of the bar, resonance will occur and 
the amplitude of vibration tends to be very high. The natural frequency of vibration of a cylindrical 
cantilevered bar with a center hole is approximated by equation
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The natural frequency of vibration for the boring bar is affected by the same parameters as the static 
stiffness and the mass of the bar. Therefore, a hollow bar could improve the dynamic characteristics 
since it reduces the mass of the bar. The stiffness at the end of the bar is de�ned by Equation 4.1 as
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The difference in static stiffness between the solid and hollow bars is estimated as
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The difference in natural frequency between the solid bar and the hollow bar is
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There is trade-off between the static stiffness and the natural frequency when selecting the diam-
eter of the center hole in the boring bar. Therefore, the solution is obtained by equating the above 
two equations (� K = �� ). If the equations are plotted, the solution indicates that �K = ��  when 
the hole diameter (inner diameter) is approximately 67% of the bar diameter. Therefore, the 35�mm 
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diameter bar in Example 4.4(a) will require a 23.5�mm hole in which case the static stiffness will 
be reduced by 20%:
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and the corresponding natural frequency of the bar will be increased by 20%. However, it is important 
to note that the dynamic stiffness is also of interest in designing a boring bar. For example, the dynamic 
stiffness of a boring bar with an internal chatter suppression system [173] is shown in Figure�4.105 
for different overhangs of a 38.1�mm diameter boring bar. This boring bar has a center hole with an 
internal device that consists of several spring loaded high inertia discs as illustrated in Figure 4.106. 
The internal device suppresses chatter by increasing the damping of the bar. The dynamic stiffness is 
a function of static stiffness, natural frequency, and damping characteristics. In addition, the moment 
of inertia of the boring bar at the end can be increased by placing the cutting edge of the insert above 
the neutral axis of the bored hole without affecting the cutting tool geometry [174].

Example 4.7 A 25�mm hole is made in solid aluminum with a required size tolerance of �0.025�mm, 
location tolerance of �0.025�mm, and a surface �nish of Ra = 0.002�mm. The hole depth is 50�mm. 
De�ne the process and the corresponding cutting tool(s) required to manufacture this hole.

Solution: Generally, the hole is roughed with a drill and if the required tolerances are tight, a �nish-
ing operation is used such as boring, reaming, or circular interpolating with an end mill. The L/D 
is 2:1 and the tolerance requirement allows any one of the above operations to be used. Note that 
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FIGURE 4.105  Dynamic stiffness of a 38.1�mm diameter boring bar. (From Alev, A., and Eversole, W., 
Design and Devices for Chatter Free Boring Bars, ASTME Technical Paper MR69-266, 1969.)

FIGURE 4.106  Illustration of a boring bar with a active vibration control. (Courtesy of Kennametal Inc., 
Latrobe, PA.)
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in general, reaming is applied to any L/D hole, boring for L/D < 10, and circular-interpolation for 
L/D < 4. In addition, boring and reaming can hold tighter tolerances than circular interpolation.

Generally, using the largest drill with the proper stock allowance for the �nish pass is the fastest 
approach for the �rst operation. The second operation could be either a semi-�nish or a �nish opera-
tion depending on the hole quality generated by the drill. The semi-�nish operation is generally not 
needed if a solid carbide drill is used with the proper chisel edge (web thinned) for aluminum. The 
semi-�nish operation, if needed, could be either end milling (with 0.75–1�mm doc) or reaming (with 
0.3–0.5�mm doc). The �nish pass could be any one of the above three suggested operations depend-
ing on the �nished hole requirements.

End milling cannot produce surface �nishes equivalent to boring and reaming operations. The 
surface �nish marks for milling are around the perimeter of the bore, while for boring/reaming they 
are along the bore length as explained in Chapter 10. A 15–20�mm three �ute end mill will generate 
an ideal surface �nish of about 0.0012�mm. However, the contribution of the milling tool runout 
in the spindle is very signi�cant because it directly affects the surface �nish. If the tool runout is 
0.003–0.010�mm, the surface �nish will be at best equivalent to the runout value.

The surface �nish requirement of 2 �m can be obtained by boring but the reaming and end mill-
ing operations are questionable. Only multi-�ute reamers with double margins or gun reamers can 
obtain consistently 2 �m �nish (see Equation 10.8).

Finally, the location tolerance of �0.025�mm can be obtained by all three operations, although 
meeting tolerance with a reamer will require the proper toolholder and cutting edge geometry 
unless the hole is semi-�nished with an end mill because conventional reamers tend to follow the 
pre-drilled hole location.

Example 4.8 A thin-walled aluminum part is being machined in a 50�mm thick plate using a 10�mm 
solid carbide end mill. The wall height and thickness are 30 and 0.4�mm, respectively. Select the 
process and the corresponding cutting conditions.

Solution: The wall of the part is machined from both sides using an alternating approach as shown 
in Figure 4.107 to reduce the de�ection of the wall. The axial doc of the �rst cut on one side is 1�mm. 

1
32

4

FIGURE 4.107  Illustration of the end milling tool path (process) for machining a thin wall in a part. (1–4) 
showing the location of the �rst four passes. (From Productive Metal Cutting, Sandvik Coromant, Fair Lawn, 
NJ, 1998.)
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The second is done on the other side with an axial doc of 2�mm. Cutting proceeds with 2�mm axial 
doc until the whole 30�mm is machined. Climb (down) milling is preferable for this application with 
a square-shoulder end mill. Higher speeds are also preferable to reduce the contact time of the cut-
ting edge with the wall. Therefore, the maximum spindle speed (rpm) is selected that is stable for 
the particular mill geometry, overhang, and cutting conditions as is explained in Chapter 12. Let us 
assume that a 20,000 rpm spindle is used and 18,000 rpm is acceptable for the rough end mill that 
corresponds to a 565 m/min cutting speed, which is acceptable for aluminum with carbide tooling. 
A feed of 0.12�mm/tooth is selected for the two-�ute mill in the roughing passes and 0.1�mm/tooth 
for the four-�ute mill in the �nishing cuts.

The axial doc of 5�mm with a radial doc of 6–10�mm are selected for the roughing cut based on 
the spindle capability and tool stability. The analysis of Example 2.4 is used here to evaluate the 
spindle power and tool de�ection. The 10�mm radial doc is used to initiate a groove through the 
solid material during the initial contact with the part. During the full cut the tool de�ection is about 
0.12�mm while for the remaining cuts with a 6�mm radial doc the de�ection is 0.07�mm.

A 2�mm axial doc and 1�mm radial doc are selected for the �nish cut. The tool de�ection in 
this case using a four-�ute end mill is about 0.008�mm. The axial doc can be increased as long as 
the de�ection of the end mill and/or the wall is acceptable and the tool does not chatter. The cut-
ter diameter for the �nish cut should be also reduced to 8�mm to reduce the chip thinning effect 
(estimated by Equation 2.21).

Example 4.9 Machine a groove that is closed at both ends. The dimensions of the �nished groove 
are 25�mm wide by 200�mm long by 6�mm deep. The workpiece material is low-alloy steel with 
hardness 180 HB. Select the process and the corresponding cutting conditions.

Solution: This operation requires an end mill rather than a side and face mill because the groove 
is closed at least at one end. A center-cutting end mill (having overlapping cutting edges on the 
axial end face) allows the end mill to be fed axially (as a drill) into the workpiece for a small 
depth of 6�mm in this case. A solid carbide or indexable end mill can be used for this operation. 
There are three alternatives with respect to the cutter pitch or number of cutting edges: two-�ute 
(coarse pitch), three-�ute, and four-�ute (dense pitch). The two-�ute cutter has only one tooth in cut, 
while the three- and four-�ute have two cutting edges in cut. The general rule is to use less �utes 
for deeper cuts, with four or higher �utes for light cuts (depth < 0.2 D). Estimation of the cutting 
forces, power and stability will help in cutter selection (more detailed discussion on this is given in 
Examples 8.1 through 8.3 of Chapter 8). In this case, a three-�ute end mill should be used in order to 
increase the cutting edge engagement and to avoid chip thinning that may cause vibration especially 
when extended tool overhang is used to reach in the slot. In addition, the three-�ute cutter ensures 
good chip evacuation out of the grooves.

The cutting edge geometry is either a zero or 30° helix indexable end mill with a corner radius 
of 0.75�mm on the inserts, or an equivalent solid carbide end mill. A down milling process is used 
to achieve the most favorable cutting action. A feed of 0.12� mm/tooth and the cutting speed of 
200�m/min are selected based on tooling manufacturer recommendations for coated inserts or a coated 
solid carbide end-mill. The cutter diameter is 25�mm for a conventional slot milling operation. If the slot 
is generated through circular interpolation, a 13�mm end mill with three �utes should be used instead.

4.15  PROBLEMS

Problem 4.1 A 40�mm diameter by 100�mm long hole (shown in Figure 4.108) is being bored to 
42�mm diameter with a single point boring bar. The bar should enter from the 90�mm cavity due to 
the complexity of the part. The workpiece material is medium-carbon steel. A carbide insert is used 
in the indexable boring bar made of steel or heavy metal. The boring bar is integral to a CAT-50 
toolholder and extends 220�mm. The cross section of the solid boring bar is cylindrical with 30�mm 
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diameter. The cutting speed for the bar is 80 m/min while the feed is 0.2�mm/rev. Design a boring 
bar and minimize the de�ection as much as possible. What should be the size of the boring bar in 
order to obtain a bore with tolerance of �0.05 mm?

Problem 4.2 A 100�mm × 100�mm × 35�mm deep cavity is machined in steel with a hardness of 
46 HRC. It is suggested to use rough, semi-�nish and �nish passes to �nish the cavity. A 25�mm 
diameter two-�ute ballnose end mill is used for the rough cut with axial doc of 3�mm and radial doc 
of 10�mm. A 20�mm diameter two-�ute ballnose end mill is used for the semi-�nish cut with axial 
doc of 0.8�mm and radial doc of 0.05�mm. A 12�mm diameter four-�ute ballnose end mill is used 
for the �nish cut with axial doc of 0.3�mm and radial doc of 0.002�mm. Select the cutting conditions 
and estimate the machining time for each tool.
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5 Toolholders and Workholders

5.1  INTRODUCTION

The design and structural properties of toolholders and workholders have a strong in�uence on 
machining cost, accuracy, and stability.

In considering accuracy, the entire tooling structure must be taken into account. The tooling 
structure consists of the tooling itself and the tool/machine interface. The tooling may be a solid 
structure or a composite structure composed of jointed elements; cutting tools may either be mounted 
directly to the spindle/turret, or may be connected through an adapter (arbor or toolholder). The 
spindle connection for a toolholder (or integral cutting tool) is the foundation that supports the cut-
ting edge in any rotating or stationary tool machining system, and may take a variety of forms. The 
toolholder is often the weakest link in the machining system, which has limited full utilization of 
the potential of advanced cutting tool materials in some applications [1,2].

There are several factors in�uencing the design of a connection as shown in Figure 5.1. No single 
style of toolholder and/or cutting tool–toolholder interface is superior for all applications. Each type 
of interface can perform well in particular applications depending on performance requirements. 
Great care must be taken to ensure that the right toolholder is chosen for a particular job. All three 
toolholder-device components (the tool, toolholder, and tool-machine connection) must be given 
equal consideration.

Similarly, the �xture supports, locates, and constrains the part during machining and has a strong 
in�uence on the rigidity and dynamic characteristics of the part/�xture/machine tool structure.

This chapter discusses toolholding and �xturing methods. Section 5.2 describes toolholding 
systems. Sections 5.3 and 5.4 describe toolholder/spindle connections and tool clamping systems. 
Section 5.5 discusses balancing toolholders. Fixtures are described in Section 5.6.

5.2  TOOLHOLDING SYSTEMS

5.2.1 G ENERaL

Properly engineered tool–toolholder and toolholder–spindle interfaces are critical to achieving high 
performance and high throughput. Toolholder quality, dimensional tolerances, and axial alignment 
vary broadly from manufacturer to manufacturer. This is unacceptable in many cases; if these inter-
faces are manufactured improperly or worn (e.g., out of tolerance or improperly �tting, resulting in 
toolholder tilting and out-of-roundness), the performance of the cutting operation degrades, result-
ing in poor accuracy, repeatability, rigidity, and tool life.

The important structural and dynamic characteristics of a tooling structure interface are 
the manufacturing tolerances, static and dynamic runout, radial and axial positioning accuracy 
and repeatability, connection rigidity (static and dynamic stiffness), force transmission capabil-
ity, momentum and torque characteristics, clamping forces, balance requirements, fatigue life and 
durability, retention force requirements, safety, locking/unlocking forces, coolant capability, ease of 
connection and disconnection, chemical and thermal stability, maintenance requirements, sensitiv-
ity to contamination, and cost. Other aspects to be addressed include the ef�ciency of the connec-
tion over a long period, tool presetting requirements, and provisions for data storage modules.

The cutting tool body and toolholder are made either in one solid piece (a monolithic tool) or 
as a mechanically connected modular system (Figure 5.2). The tooling structure is composed of 
attachment devices for the cutting inserts or the tooling itself (Figure 5.3a and b). Integral tool-
holders are used (1) in dedicated machines and transfer lines that produce components that 
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will not change; (2) for tools that recur in several tooling setups, such as face mill arbors and end 
mill holders of �xed gage length; (3) when runout is very critical; and (4) for tooling packages for 
which cost is the primary consideration. Integral tooling is not versatile because it can be used only 
for speci�c applications; it is preferred when the part features in a family of components are com-
monized so that such tools can be applied effectively. In addition, in the event of a crash, the whole 
tool and holder may need to be replaced. Composite or modular systems are preferred in small lot 
production and other applications requiring �exibility without excessive inventory. In the event 
of a crash, composite/modular systems require replacement of only the damaged component or 
adapter. However, modular tooling provides a weaker mounting system than an integral tool, since 
each additional joint or interface reduces stiffness. It is also extremely dif�cult to achieve good 

Type of machine
Cutting forces and torque
Chemical in�uence
Heat, chips, dirt

Type of machine
Structural shape
Speed, torque, thrust, radial force
Static and dynamic behavior
Tool clamping system
Coolant supply
Thermal behavior
Acoustic behavior
Safety devices

Tool management
Tool measuring in the machine
DNC and/or FFS computer
Logging of operational data

Machine tool
connection

Geometry, material
Oscillations
Accuracy requirements
Batch size, batch number

Type of tools
Geometry and weight
Static and dynamic behavior
Thermal behavior
True running accuracy
Surface running accuracy
Repeating and changing accuracy
Colant transmission
Time on machine
Type of coding
Connection with handling device

Positioning accuracy
Changing speed
Tool capacity
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Storage and handling cycles

Machine

Machining process

Cutting tool

Control system

Workpiece

Tool changing system

FIGURE 5.1  Factors in�uencing the design of the toolholder and spindle connection.

Integral Modular

FIGURE 5.2  Comparison between monolithic (solid) and modular toolholding systems. (Courtesy of 
Sandvik Coromant, Fairlawn, NJ.)
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The machine tool interface
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FIGURE 5.3  (a) Modular/�exible tooling system. (Courtesy of TSD.) (b) Modular Machining Center tooling 
system. (Courtesy of Kennametal Inc., Latrobe, PA.)
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alignment with multiple interfaces, especially when the tolerance requirement is high. Generally, 
the more joints or interfaces in a system, the weaker and less accurate it becomes.

Toolholders for turning and machining centers have undergone great changes in the past few 
decades. The range available includes conventional square-shanked toolholders (Figure 5.4), round-
shanked boring bars, and Morse taper round tools loaded manually into a turning center, as well as 
quick-change toolholders that are loaded either manually or automatically. Changes in toolholders 
for machining centers have been even more pronounced because additional design requirements 
have to be met for rotary toolholders. Today, the end user is confronted with a signi�cant challenge 
in choosing an optimum tooling system, since there are currently more than 30 different modular 
and/or quick disconnect systems on the market.

5.2.2  MODULaR aND QUICK-CHaNGE TOOLHOLDING  SYSTEmS

Modular toolholding systems, shown in Figures 5.2 through 5.6, consist of stationary or rotating 
adapters in a variety of con�gurations to �t various machines with a common coupling. There are 
several major types of connections with respect to centering and locating characteristics as shown 
in Figure 5.7. These include different types of cylindrical shafts including single and multiple 
cylinders, face and nonface contacts, as well as different types of tapers and taper/face contact 
systems. There are also several designs of connections with respect to torque transmission, such 
as polygon, straight, and spiral gear designs, the more conventional key and pin drive methods 
(Figure 5.8), and mounting bolt patterns or draw bars. Cylindrical shaft forms and both straight and 
spiral gear designs or pin con�gurations for torque transmission are primarily used as interfaces in 

FIGURE 5.4  Manual tool system used in lathes. (Courtesy of Valenite Inc., Troy, MI.)
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manual or semiautomatic holding systems because the male and female elements of these connec-
tions are dif�cult to assemble automatically. Some toolholders are designed with a �ange ahead of 
the toolholder shank to provide high positioning accuracy.

Modular components can be assembled in different con�gurations to make a variety of tooling 
systems that can be shared by multiple machines. Several assembled modular toolholder systems for 
boring, drilling, reaming, and tapping tooling are shown in Figure 5.9. Rotating toolholders, including 
collet chucks, tap chucks, various milling adapters, and rotating boring tools with a corresponding 
coupling, can be used on any machining center. Extension and reduction adapters facilitate assembling 
tools to the required gage length. Modularity reduces lead time due to the speed with which new tool-
ing assemblies can be built from standard components, and improves tool utilization, management, and 
standardization. The interfaces should be designed/selected so that the decrement in stiffness due to an 
additional connection is not so signi�cant as to counterbalance the bene�ts of such designs.

Generally, modular toolholding connections can provide precision equivalent to the H8/H9 ISO-
tolerance class [3]. The standard industry tolerances for male and female adapters are +0.0 to �0.013 
and +0.013 to �0.0�mm, respectively. However, some manufacturers guarantee +0.0 to �0.004 and 
+0.004 to �0.0�mm tolerances, respectively, for the male and female adapters, which results in a 
worst case eccentricity of 0.008�mm at the front of the adapter with TIR repeatability of �0.008�mm 
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FIGURE 5.5  Automatic modular quick-change tooling system using the VTS (European FTS) adapter. 
(Courtesy of Valenite Inc., Troy, MI.)
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FIGURE 5.6  Advanced modular/�exible boring solutions for all applications. (Courtesy of Parlec, Inc., 
Fairport, NY.)
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FIGURE 5.7  Con�guration of centering and axial locating shaft forms available in the market under various 
trade names. (Courtesy of Valenite, Inc., Troy, MI.)
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FIGURE 5.8  Con�guration of tooling interface forms for torque transmission available in the market under 
various trade names. (Courtesy of Valenite, Inc., Troy, MI.)
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considering a single connection. The runout is a function of the tool axis misalignment with refer-
ence to the spindle axis of rotation and is dependent on the spindle accuracy, and on the squareness 
of the connecting faces (for face contact systems) with respect to their centerline of rotation and/or 
mating surfaces for the male pilot. The runout is also a function of the total tool length, which may 
be comprised of one or more spacer adapters. Tilting errors are much more critical than eccentricity 
errors for extended tools (made of several spacer adapters). Modular tooling systems tend to lose 
accuracy with extended use due to dirt and chip contamination and wear, scratching, or other dam-
age to their interfaces produced during tool change, cleaning, and storage.

Radial and angular errors, caused by the machine spindle itself, the toolholder–spindle nose 
interface, or toolholder–tool interface, can be corrected by an adapter located between the cutting 
tool and the toolholder as shown in Figure 5.10. Four bolts 90° apart are used for each of the radial 
and angular adjustments on individual adapters or a single, integral adapter. The importance of 
accurate angular adjustment increases with increasing L/D ratio (and especially when L/D > 4 as 
explained in Example 5.1).

10

6
4 3

1

D1

L1

10

6

748

Floating
holder

Tap

1

D1

L1

10

4
5 1

D1

Rotation

Sawcut

(c)

L1

1 Tool
4 Adapter

5 Collet
6 Toolholder

7 Extension
8 Extension

FIGURE 5.9 (Continued)  Assembled modular tooling systems using a CAT-V toolholder. (c) Tapping and 
slot milling tooling assemblies.
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An important outgrowth of modular tooling has been quick-change tooling, which has led to 
signi�cant improvements in productivity. A quick-change tooling system (Figures 5.4 through 5.6) 
consists of a tool or holder that can be changed for another as quickly as possible. It allows the cor-
rect length tool to be built off line to maintain maximum performance. The presetting capability of 
quick-change tooling, in conjunction with the repeatability of the coupling between the cutting unit 
and the toolholder, ensures that the cutting edge is properly positioned in relation to the workpiece.

5.3  TOOLHOLDER/SPINDLE CONNECTIONS

This section reviews the most common designs for the connection between the toolholder and the 
spindle [4].

5.3.1 G ENERaL

A cutting tool is most commonly mounted in the spindle using a toolholder. In some cases, a cutting 
tool is mounted directly into the spindle nose to provide accurate location and high stiffness; in such 
cases, the spindle nose designs may include straight or tapered pilot holes with drive keys, pins (but-
tons), or gear teeth, and mounting bolt patterns or drawbars (Figures 5.7 and 5.8). Manually changed 
tooling systems are generally bolted onto the spindle face with one or more screws, supported with 
side screws, held hydraulically, or shrink �t as illustrated in Figure 5.11. Toolholders or cutting 
tools with cylindrical shanks (end mills, drills, reamers, etc.) are mounted directly into the spindle 
shaft using a Weldon connection (Types A). In other cases, the toolholder shank is �attened or has 
a whistle notch and one or two mounting setscrews used to lock the cutter (Types B). Toolholders 
with a centering (taper) shank style adaption (Types F, G, and H) are very common; they are usually 
driven by a radial key on the spindle nose or the drawbar and are secured to the spindle with or with-
out face contact by a drawbar in the spindle head. They can also be bolted to the spindle through 
their �ange, in which case they have a short tapered shank; the bolts may transmit the torque in this 
case. The type H interface provides much higher bending stiffness than Type G due to face contact. 
The �at back Type E or F interfaces have higher bending stiffness than the taper shank Type G.

The American National Acme threaded (automotive) shank with a whistle notch and a key drive 
is used for drilling, reaming, and tapping holders in transfer line applications. The whistle notch on 
automotive shanks or cutting tools does not provide preloaded face contact. However, a preloaded 

Angular adjustment
(4 on diameter)

Toolholder

Radial adjustment
(4 on diameter)

Angularly adjustable adapter

Precision reamer

Tool clamping system

Adapter is bolt on the holder
(6 or 8 on diameter)

Machine spindle

Spindle shaft

FIGURE 5.10  Adjustable adapter for radial and/or angular adjustments of a cutting tool in the spindle.
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A: (Poor) Straight shank without face contact
"Weldon type"

G: (Better) Taper shank without face contact

H: (Best) Simultaneous �t with taper shank

K: (Very good) Shrink-�t toolholder
with a straight shank

B: (Poor) Straight shank without face contact
"whistle notch type"

C: (Better) Simultaneous �t straight shank

D: (Poor) Std. Morse taper shank (ANSI B5.10)

J: (Very good) Hydraulic toolholder 
with a straight shank

E: (Better) Flat back (�ange mounting)
with a straight pilot

Pilot

F: (Very good) Flat back (simultaneous �t)
with paper pilot

Pilot

Retention knob

I: (Very good) Curver �ange mount 
with a retention system 

Straight or helical generated gear set

Spindle
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FIGURE 5.11  Spindle–toolholder connections.
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face contact can be obtained using adaption Type C, in which the screw in the spindle shaft is 
slightly behind the center line of the seat on the shank of the tool or holder; the radial force gener-
ated by the �ne pitch screw results in axial force and pushes the faces of the tool or holder and the 
spindle together under high pressure. Variations of this type of adapter have often been used in 
modular quick-change tooling systems.

The standard Morse taper shank with self-locking characteristics (Type D) is one of the oldest 
connections without face contact, a drawbar, or mounting screws. It has been replaced in many 
applications by the CAT-V taper discussed in the following. Simultaneous �t of the shank and face 
can be obtained by using a tapered or cylindrical pilot for centering the connection and a �at �ange 
to provide the desired stiffness. This is illustrated in the designs E, F, and H.

Standard face milling and boring cutters use the �at back or �ange mount design with a straight 
or tapered pilot center (Types E and F). The centering plug is often an integral part of the spindle 
shaft in which case the milling cutter or adapter is secured to the spindle with lockscrews or mount-
ing bolts. The stiffness of the toolholder interface with �ange connection is a function of the contact 
pressure applied by tightening of the �ange bolts; the axial force (F) and contact pressure (P) acting 
on the contact surfaces can be calculated approximately using the formulas

	
F

n T
D

�
� �5

	 (5.1)

	
P

F
A

� 	 (5.2)

where
T is the tightening torque
D is the bolt diameter
A is the contact area (�ange surface area minus the bolt holes)
n is the number of bolts

The �ange thickness and the waviness of the joint surfaces affect the form of the interface pressure 
distribution [5]. A thick �ange requires a larger tightening force to provide the same interface pres-
sure as a thin �ange.

Figure 5.12 shows a milling cutter with a curvic coupling interface (QCS), consisting of a set of 
mirror-image �at precision helical gears permanently attached to the spindle and to the toolholder, 
mounted directly to the spindle shaft through a bolt-on tool connection; their engagement assures 
a unique position of the toolholder relative to the spindle [6]. The curved gear design makes tool 

(a) (b)

FIGURE 5.12  Spiral toothed curvic coupling interface. (a) Manual system and (b) semiautomatic system. 
(Courtesy of Valenite, Inc., Troy, MI.)
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mounting self-centering, highly rigid, and capable of transmitting as much torque as a steel tube 
of equivalent diameter; such toolholder interfaces can be mounted in a semiautomatic mode using 
a knob at the back of the holder and a retention system in the spindle that clamps the two halves 
together hydraulically (Type I). A curvic �ange mount provides good radial and axial accuracy (bet-
ter than 2 �m) with repeatability of 1 �m. A comparison of the curvic coupling with the CAT-V and 
�at joint is shown in Figure 5.13 (in which the curvic couplings A and B have, respectively, 20 and 
24 teeth [6]). A �at back joint provides higher bending stiffness than an equivalent curvic coupling 
connection (Figure 5.11). A static axial preload markedly increases the joint stiffness of the curvic 
coupling, which in turn increases the natural frequency. A curvic coupling has a natural frequency 
lower than that of a �at joint but higher than that of a tapered connection. On the other hand, a cur-
vic coupling has higher damping capacity than either a �at joint or a tapered connection.

A straight shank holder can be mounted in a hydraulic expansion sleeve in the spindle nose that 
is activated manually or semiautomatically (Type J). This provides 360° uniform pressure, which 
clamps the toolholder concentrically, and uniform contact is achieved over the full length of engage-
ment; the clearance between the toolholder shank and the hydraulic sleeve should be smaller than 
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FIGURE 5.13  Effect of axial preload on static stiffness of various interface systems. (From Hazem, S. et�al., 
A New Modular Tooling System of Curvic Coupling Type, Proceedings of the 26th International Machine 
Tool Design and Research Conference, MacMillan, New York 1987, pp. 261–267.)
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0.015�mm for proper gripping. The normal amount of contraction for a 25�mm diameter arbor is 
0.01–0.03�mm. Contraction is proportionately higher or lower for larger or smaller diameters. 
It is characterized by very low runout (TIR of 3–5 �m, 100�mm from the front face of the spindle) 
and high repeatability (0.0013�mm or better); it is balanced by design and is used for high precision 
operations or higher rotational speeds. It also provides better damping than most of the other inter-
faces. The clamping force for a 70–85 MPa expansion pressure can transmit a torque of 60 and 
500 N m, respectively, for 10 and 32�mm tool shanks. The torque capability can be calculated from 
the available pressure using Equation 5.3 below. The design of the hydraulic compression sleeve 
could signi�cantly affect the tool stiffness based on its geometry.

Another system comparable in performance to monolithic toolholders uses a straight shank that 
is secured in the spindle nose using a shrink �t (Type K). The advantage of this method is that 
the shrinking process is reversible for carbide shank tools. Standard straight shank carbide tools 
are shrunk into the spindle nose shaft with a high interference �t. In this case the spindle nose is 
induction heated; with the proper match of materials, the shank expands less than the spindle shaft, 
eliminating the interference and allowing for removal of the toolholder. A shrink �t provides the best 
possible TIR, inherent balance, and gripping force. However, the shrink �t requires the spindle shaft 
to be extended out of the spindle housing by an amount equal to the tool shank length shrunk into 
the spindle shaft pilot.

The amount of interference can be optimized based on application requirements, but gener-
ally should be less than 0.01�mm to avoid excessive compressive stress on the tool shank and to 
increase the holding ability and safe operating stress in the spindle nose section. The magnitude of 
the shrink-�t or the unit pressure and tangential stress generated by the �t can be calculated from 
Lame’s equations [7]
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	 (5.3)

The tangential stress at the inner surface of the ID of the holder due to the shrink is

	
� t

P b c

c b
  �

� ��� ��
�

2 2

2 2 	 (5.4)

where
� is the diametrical interference
P is the compressive stress (pressure) between the toolholder and the tool shank
Eh and Et are the moduli of elasticity for the holder and tool shank materials
� h and �t are the Poisson’s ratios for the toolholder and tool shank materials
b and c are the inside and outside diameters of the toolholder nose where the tool shank inserted

The torque T that can be transmitted without relative displacement between the tool and tool-
holder is

	
T

P L b
  �

� � � �� �2

2
	 (5.5)

where
L is the contact length of the shrink-�t joint
� is the coef�cient of friction
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17 Gear Machining

17.1  INTRODUCTION

Gears are common mechanical components used for power transmission, speed regulation, and 
motion control. Although gears may be cast, extruded, or roll formed for noncritical applications, 
gear tooth forms and other dimensions must be precisely machined in applications requiring high 
load capacity, long fatigue life, and minimal vibration. Many common mechanisms, such as auto-
motive transmissions and stationary gearboxes, contain multiple machined gear sets, and high-
precision gears are critical components in jet engine, helicopter transmission, wind turbine, and 
oil�eld applications [1–5]. Most precision gears are machined from ferrous alloys or powder metals.

Due to their unique geometry and required precision, gears are manufactured using specialized 
machining and �nishing methods, some of which are also used for splines. The choice of methods 
for a particular application depends on the type of gear, workpiece material, available equipment, 
and required precision. Gear machining has traditionally required specialized gear cutting equip-
ment, and while this is still true for high-volume and high-precision applications, improvements in 
�ve-axis machining centers and multitasking machines have increased options for �exible batch 
machining of general-purpose gears [6].

Because of their wide �eld of application and variety, designing and manufacturing gears is a 
specialized �eld with a large technical literature [1,7–10]. This chapter provides only a broad over-
view of gear machining and �nishing methods for common gear types, concentrating on tooling 
and�process details and ranges of applications. Gear design and inspection methods, heat treatment, 
and dedicated gearmaking machines are not discussed in detail, although for complex gears the 
design, machining, heat treatment, and inspection processes are interrelated and constrained by 
machine capabilities.

17.2  GEAR TYPES AND GEOMETRY

17.2.1 G EaR TYpES

Gears come in a large variety of types and can be classi�ed in several ways. From a machining 
viewpoint, a kinematic classi�cation based on the axes of rotations of gear sets is most useful. Gears 
are usually used in pairs or sets, and the relation between the axes of rotation of individual gears 
in a set in�uences the required orientation and form of the gear teeth and the potential machining 
options. Common gear types used in this classi�cation system include parallel axis, intersecting 
axis, and crossed axis gears.

In parallel axis gears, the rotational axes of the drive and driven gears are parallel. Common 
types of parallel axis gears include spur gears, helical gears, double helical (herringbone) gears, 
and rack gears (Figure 17.1). (A rack gear is a spur gear with an in�nite radius.) Parallel axes gears 
are also called cylindrical gears since they have a cylindrical pitch surface. They are ubiquitous in 
mechanical systems and are the most common type of gear.

In intersecting axis gears, the gear axes are not parallel but intersect. Common types include 
straight bevel gears, spiral bevel gears, and face gears (Figure 17.2). Bevel gears with equal num-
bers of teeth and axes at right angles are also called miter gears. Bevel and spiral bevel gears have 
a conical pitch surface.

In crossed axis gears, the gear axes are not parallel and do not intersect. Common types include 
hypoid bevel gears, worm gears, and crossed helical gears (Figure 17.3). Hypoid bevel gears have 
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