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Figure 21.1

Some examples of common machining operations.
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Figure 21.2

Schematic illustration of the turning operation, showing various features.
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Figure 21.3 (1 of 2)

Schematic illustration of a two-dimensional cutting process, also called orthogonal cutting: 

(a) Orthogonal cutting with a well-defined shear plane, also known as the M.E. Merchant 

model. Note that the tool shape, the depth of cut, to, and the cutting speed, V , are all 

independent variables. 
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Figure 21.3 (2 of 2)

Schematic illustration of a two-dimensional cutting process, also called orthogonal cutting: 

(b) Orthogonal cutting without a well-defined shear plane.
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Figure 21.5
Basic types of chips produced in orthogonal metal cutting, their schematic representation, 

and photomicrographs of the cutting zone: (a) continuous chip, with narrow, straight, and 

primary shear zone, (b) continuous chip, with secondary shear zone at the chip–tool 

interface, (c) built-up edge, (d) segmented or nonhomogeneous chip, and (e) discontinuous 

chip.
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Figure 21.6 (1 of 2)
(a) Hardness distribution in a built-up edge in 3115 steel. Note that some regions within the 

built-up edge are as much as three times harder than the bulk metal being machined, (b) 

Surface finish produced in turning 5130 steel with a built-up edge. (c) Surface finish on 

1018 steel in face milling. Magnifications: 15×.
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Figure 21.7 (1 of 5)

(a) Machining aluminum using an insert without a chip breaker; note the long chips that can 

interfere with the tool and present a safety hazard.

Source: (a) Courtesy of Kennametal, Inc.
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Figure 21.7 (2 of 5)

(b) Machining aluminum with a chip breaker.

Source: (b) Courtesy of Kennametal, Inc.
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Figure 21.7 (3 of 5)

(c) Schematic illustration of the action of a chip breaker; note that the chip breaker 

decreases the radius of curvature of the chip and eventually breaks it.
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Figure 21.7 (4 of 5)

(d) Chip breaker clamped on the rake face of a cutting tool.
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Figure 21.7 (5 of 5)

(e) Grooves in cutting tools acting as chip breakers; the majority of cutting tools are now 

inserts with built-in chip-breaker features.
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Figure 21.8 (1 of 2)
Chips produced in turning: (a) tightly curled chip; (b) chip hits workpiece and breaks, (c) 

continuous chip moving radially away from workpiece; and (d) chip hits tool shank and 

breaks off.
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Figure 21.9 (1 of 3)

(a) Schematic illustration of cutting with an oblique tool; note the direction of chip 

movement. 
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Figure 21.9 (2 of 3)

(b) Top view, showing the inclination angle, i. 
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Figure 21.9 (3 of 3)

(c) Types of chips produced with tools at increasing inclination angles.
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Table 21.2

Approximate Range of Energy Requirements in Cutting Operations at the Drive Motor of 

the Machine Tool, Corrected for 80% Efficiency (for dull tools, multiply by 1.25).
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Figure 21.12

Typical temperature distribution in the cutting zone. Note the severe temperature gradients 

within the tool and the chip, and that the workpiece is relatively cool.
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Figure 21.13 (1 of 2)

Temperatures developed in turning 52100 steel: (a) flank temperature distribution, (b) tool–

chip interface temperature distribution.
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Figure 21.14

Proportion of the heat generated in cutting transferred to the tool, workpiece, and chip as a 

function of the cutting speed. Note that the chip removes most of the heat.
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Figure 21.15 (1 of 5)
(a) Features of tool wear in a turning operation. The VB indicates average flank wear, (b) flank wear, (c) 

crater wear, (d) thermal cracking, (e) flank wear and built-up edge
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Figure 21.16
Effect of workpiece hardness and microstructure on tool life in turning ductile cast iron. 

Note the rapid decrease in tool life (approaching zero) as the cutting speed increases. Tool 

materials have been developed that resist high temperatures, such as carbides, ceramics, 

and cubic boron nitride, as described in Chapter 22.
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Figure 21.17
Tool-life curves for a variety of cutting-tool materials. The negative reciprocal of the slope of 

these curves is the exponent n in the Taylor tool-life equation [Eq. (21.25)], and C is the 

cutting speed at T = 1 min, ranging from about 200 to 10,000 ft/min in this figure.
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Table 21.4

Allowable Average Wear Land (see VB in Fig. 21.15a) for Cutting Tools in Various 

Machining Operations.
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Figure 21.18
(a) Schematic illustrations of types of wear observed on various cutting tools, (b) Schematic 

illustrations of catastrophic tool failures. A wide range of parameters influence these wear 

and failure patterns.
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Figure 21.19
Relationship between crater-wear rate and average tool–chip interface temperature: (1) 

highspeed steel, (2) C1 carbide, and (3) C5 carbide (see Table 22.5). Note how rapidly 

crater-wear rate increases with an incremental increase in temperature.

Source: After B.T. Chao and K.J. Trigger.



Copyright © 2020, 2016 Pearson Education, Inc. All Rights Reserved

Figure 21.20
Interface of a cutting tool (right) and chip (left) in machining plain-carbon steel. The 

discoloration of the tool indicates the presence of high temperatures. Compare this figure 

with the temperature profiles shown in Fig. 21.12.

Source: After P.K. Wright.
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Figure 22.1

The hardness of various cutting-tool materials as a function of temperature. The wide range 

in each group of materials is due to the variety of tool compositions and treatments 

available for that particular group.
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Table 22.1 (1 of 2)

General Characteristics of Tool Materials.

⃰ The values for polycrystalline diamond are generally lower, except for impact strength, which is higher.
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Table 22.1 (2 of 2)

General Characteristics of Tool Materials.

⃰ The values for polycrystalline diamond are generally lower, except for impact strength, which is higher.
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Table 22.2

General Characteristics of Cutting-tool Materials. These Materials Have a Wide Range of

Compositions and Properties; Overlapping Characteristics Exist in Many Categories of Tool 

Materials.
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Table 22.3

General Operating Characteristics of Cutting-tool Materials.
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Figure 22.2

Typical cutting tool inserts with various shapes and chip-breaker features: Round inserts 

also are available, as can be seen in Figures. 22.3c and 22.4. The holes in the inserts are 

standardized for interchangeability in toolholders.

Source: Courtesy of Kennametal, Inc.
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Figure 22.3 (1 of 2)

Methods of mounting inserts on toolholders: (a) clamping.
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Figure 22.3 (2 of 2)

Methods of mounting inserts on toolholders: (b) wing lockpins. 
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Figure 22.4
Relative edge strength and tendency for chipping of inserts with various shapes. Strength 

refers to the cutting edge indicated by the included angles.

Source: Courtesy of Kennametal Inc.
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Figure 22.5

Edge preparation for inserts to improve edge strength.

Source: Courtesy of Kennametal Inc.
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Figure 22.6

Relative time required to machine with various cutting-tool materials, indicating the year the 

tool materials were first introduced. Note that machining time has been reduced by two 

orders of magnitude within a hundred years.

Source: Courtesy of Sandvik.
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Figure 22.7

Schematic illustration of typical wear patterns on uncoated high-speed steel tools and 

titanium nitride-coated tools. Note that flank wear is significantly lower for the coated tool.
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Figure 22.8

Multiphase coatings on a tungsten-carbide substrate. Three alternating layers of aluminum

oxide are separated by very thin layers of titanium nitride. Inserts with as many as 13 layers 

of coatings have been made. Coating thicknesses are typically in the range from 2 to 10 

μm.

Source: Courtesy of Kennametal Inc.
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Figure 22.9

Ranges of mechanical properties for various groups of tool materials (see also Tables 22.1 

through 22.5).
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Figure 22.10
An insert of a polycrystalline cubic boron nitride or a diamond layer on tungsten carbide.
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Figure 22.11 (1 of 3)
Microphotographs of diamond compacts: (a) fine-grained diamond, with mean grain size 

around 2 μm, (b) medium grain, with mean grain size around  10 μm, (c) coarse grain, with 

grain size around 25 μm.
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Figure 22.12

Schematic illustration of the proper methods of applying cutting fluids (flooding) in various

machining operations: (a) turning, (b) milling, (c) thread grinding, (d) drilling 



Copyright © 2020, 2016 Pearson Education, Inc. All Rights Reserved

Figure 22.13 (1 of 3)
(a) A turning insert with coolant applied through the tool, (b) comparison of temperature 

distributions for conventional and through-the-tool application.
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Figure 23.1 (1 of 6)

Miscellaneous cutting operations that can be performed on a lathe. Note that all parts are 

axisymmetric. The tools used, their shape, and the processing parameters are described in 

detail throughout this chapter.
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Figure 23.1 (2 of 6)
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Figure 23.1 (3 of 6)
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Figure 23.1 (4 of 6)
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Figure 23.1 (5 of 6)
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Figure 23.1 (6 of 6)
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Table 23.1

General Characteristics of Machining Processes and Typical Dimensional Tolerances.



Copyright © 2020, 2016 Pearson Education, Inc. All Rights Reserved

Figure 23.2

General view of a typical lathe, showing various components.

Source: Courtesy of South Bend Lathe Co.
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Figure 23.3
(a) Photograph of a turning operation, showing insert and discontinuous chips. The cutting 

tool is traveling from right to left in this photograph, (b) Schematic illustration of the basic 

turning operation, showing depth of cut, d; feed, f; and spindle rotational speed, N, in 

rev/min. The cutting speed is the surface speed of the workpiece at the tool tip.
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Figure 23.11
(a) A computer-numerical-control lathe with two turrets, (b) A typical turret equipped with 10 

tools, some of which are powered.
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Table 23.9

Typical Production Rates for Various Machining Operations.
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Figure 23.14 (1 of 2)

The range of surface roughnesses obtained in various processes; note the wide range 

within each group, especially in turning and boring.
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Figure 23.15 (1 of 2)

Range of dimensional tolerances in various machining processes as a function of 

workpiece size. Note that there is one order of magnitude difference between small and 

large workpieces.
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Table 23.10

General Troubleshooting Guide for Turning Operations.
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Figure 23.19

Schematic illustration of a vertical boring mill. Such a machine can accommodate 

workpiece sizes as large as 2.5 m (98 in.) in diameter.
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Vertical Boring Machine

https://youtu.be/daqYyzPC1Rs
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Figure 23.20 (1 of 2)

Two common types of drills: (a) Chisel-edge drill. The function of the pair of margins is to 

provide a bearing surface for the drill against walls of the hole as it penetrates the 

workpiece. Drills with four margins (double-margin) are available for improved guidance 

and accuracy. Drills can have chip-breaker features.
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Figure 23.20 (2 of 2)

Two common types of drills: (b) Crankshaft drill. These drills have good centering ability, 

and because the chips tend to break up easily, crankshaft drills are suitable for producing 

deep holes.
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Table 23.13

General Troubleshooting Guide for Drilling Operations.
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Figure 24.1

Typical parts and shapes that can be produced with the machining processes described in 

this chapter.
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Figure 24.2 (1 of 6)
Some basic types of milling cutters and milling operations. (a) Face milling, (b) end or 

shoulder milling, (c) profile milling, (d) slot milling, (e) slot and groove milling, (f) thread 

milling and tapping
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Figure 24.3

Photograph of the cutting action of a milling cutter that uses a number of inserts to remove 

metal in the form of chips.

Source: Courtesy of Sandvik Coromant.
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Figure 24.4

Schematic illustration of peripheral milling.
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Figure 24.5 (1 of 3)
(a) Schematic illustration of conventional milling and climb milling, (b) Slab-milling operation 

showing depth of cut, d; feed per tooth, f; chip depth of cut, tc, and workpiece speed, v, (c) 

Schematic illustration of cutter travel distance, lc, to reach full depth of cut.
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Figure 24.7 

A face-milling cutter with indexable inserts.

Source: Courtesy of Ingersoll Cutting Tool Company.
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Figure 24.8 (1 of 4)

Schematic illustration of the effect of insert shape on feed marks on a face-milled surface: 

(a) small corner radius, (b) corner flat on insert, (c) wiper, consisting of a small radius 

followed by a large radius, resulting in smoother feed marks, (d) Feed marks due to various 

insert shapes
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Figure 24.14 

Cutters for (a) straddle milling, (b) form milling, (c) slotting.
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Figure 24.15

(a) T-slot cutting with a milling cutter, (b) A shell mill.
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Table 24.2 (1 of 2)

General Recommendations for Milling Operations. Note that these values are for a 

particular machining geometry and are often exceeded in practice.

Source: Based on data from Kennametal, Inc.

Note: Depths of cut, d, usually are in the range of 1–8 mm (0.04 to 0.3 in.). PcBN: 

polycrystalline cubic-boron nitride. PCD: polycrystalline diamond. See also Table 23.4 for 

range of cutting speeds within tool material groups.
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Table 24.2 (2 of 2)

General Recommendations for Milling Operations. Note that these values are for a 

particular machining geometry and are often exceeded in practice.

Source: Based on data from Kennametal, Inc.

Note: Depths of cut, d, usually are in the range of 1–8 mm (0.04 to 0.3 in.). PcBN: 

polycrystalline cubic-boron nitride. PCD: polycrystalline diamond. See also Table 23.4 for 

range of cutting speeds within tool material groups.
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Table 24.3 
General Troubleshooting Guide for Milling Operations.
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Figure 24.16

Machined surface features in face milling (see also Fig. 24.8).
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Figure 24.18

Schematic illustration of (a) a horizontal-spindle column-and-knee-type milling machine, (b) 

vertical-spindle column-and-knee-type milling machine.
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Figure 24.19 

Schematic illustration of a bed-type milling machine.
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Figure 24.20 

A computer numerical-control (C N C) vertical-spindle milling machine. This is one of the 

most versatile machine tools.

Source: Haas Automation, Inc.
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Figure 24.21 

Schematic illustration of a five-axis profilemilling machine. Note that there are three 

principal linear and two angular movements of machine components.



Copyright © 2020, 2016 Pearson Education, Inc. All Rights Reserved

Figure 24.22 

Typical parts that can be made on a planer.
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Figure 24.23
(a) Typical parts made by internal broaching, (b) Parts made by surface broaching, (c) 

Vertical broaching machine.

Source: (a) Courtesy of General Broach and Engineering Company.
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Figure 24.24

(a) Cutting action of a broach, showing various features, (b) Terminology for a broach.
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Figure 24.25 (1 of 2)

Chip breaker features on (a) a flat broach, (b) a round broach.
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Figure 24.26 

Terminology for a pull-type internal broach used for enlarging long holes.
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Broaching Machine

https://youtu.be/jKi_oiiFd7c
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Figure 24.28

Examples of various sawing operations.
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Figure 24.30
(a) High-speed-steel teeth welded onto a steel blade, (b) Carbide inserts brazed to blade 

teeth.
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Figure 24.33
(a) Producing gear teeth on a blank by form cutting, (b) Schematic illustration of gear 

generating with a pinion-shaped gear cutter, (c) Gear generating in a gear shaper using a 

pinion-shaped cutter. Note that the cutter reciprocates vertically, (d) Gear generating in a 

gear shaper using a pinion-shaped cutter. Note that the cutter reciprocates vertically, (e) 

Gear generating with rack-shaped cutter.
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Figure 24.34

(a) Hobs, used to machine gear teeth, (b) schematic illustration of gear cutting with a hob.

Source: (a) Courtesy of Sandvik Coromant.
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Figure 24.35

(a) Cutting a straight bevel-gear blank with two cutters, (b) Cutting a helical bevel gear.
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Figure 24.36
Finishing gears by grinding: (a) form grinding with shaped grinding wheels, (b) grinding by 

generating, using two wheels.
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Gear Hobbing Machine

https://youtu.be/0rnTh6c19HM
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Figure 24.38
(a) The Ping Anser® golf putter, (b) C A D model of rough machining of the putter outer 

surface, (c) rough machining on a vertical machining center, (d) machining of the lettering in 

a vertical machining center; the operation was paused to take the photo, as normally the 

cutting zone is flooded with a coolant.
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Figure 25.1

Examples of parts that can be machined on machining centers, using processes such as 

turning, facing, milling, drilling, boring, reaming, and threading. Such parts ordinarily would 

require the use of a variety of machine tools. Forged motorcycle wheel, finish machined to 

tolerance and subsequently polished and coated.

Source: Courtesy of R.C. Components.
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Figure 25.2

A horizontal-spindle machining center equipped with an automatic tool changer. Tool 

magazines can store up to 200 cutting tools of various functions and sizes.

Source: Courtesy Haas Automation, Inc.



Copyright © 2020, 2016 Pearson Education, Inc. All Rights Reserved

Figure 25.3

Schematic illustration of the principle of a five-axis machining center. The pallet, which 

supports and transfers the workpiece, has three axes of movement and can be swiveled 

around two axes (thus a total of five axes), allowing the machining of complex shapes, such 

as those shown in Fig. 25.1.

Source: Courtesy of Toyoda Machinery.
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Figure 25.4 (1 of 3)

(a) Schematic illustration of the top view of a horizontal-spindle machining center, showing 

the pallet pool, setup station for a pallet, pallet carrier, and an active pallet in operation 

(shown directly below the spindle of the machine). 

Source: (a) Courtesy of Hitachi Seiki Co., Ltd.
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Figure 25.4 (2 of 3)

(b) Schematic illustration of two machining centers, with a common pallet pool.

Source: (b) Courtesy of Hitachi Seiki Co., Ltd.
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Figure 25.4 (3 of 3)

(c) A pallet pool for a horizontal-spindle machining center. Various other pallet 

arrangements are possible in such systems.
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Figure 25.5
Swing-around tool changer on a horizontal-spindle machining center. (a) The tool-exchange 

arm is placing a toolholder, with a cutting tool, into the machine spindle. Note the axial and 

rotational movements of the arm, (b) The arm is returning to its home position. Note its 

rotation along a vertical axis after placing the tool, and the two degrees of freedom in its 

home position. 
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Figure 25.7

A vertical-spindle machining center. The tool changer is on the left of the machine, and has 

a 40 tool magazine.

Source: Courtesy of Haas Automation, Inc.
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Figure 25.10 

Schematic illustration of a reconfigurable modular machining center capable of 

accommodating workpieces of different shapes and sizes and requiring different machining 

operations on their various surfaces.
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Figure 25.11

Schematic illustration of the assembly of different components of a reconfigurable 

machining center.

Source: After Y. Koren.
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Figure 25.12
(a) A hexapod machine tool, showing its major components, (b) A detailed view of the 

cutting tool in a hexapod machining center.

Source: National Institute of Standards and Technology.
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Hexapod

https://youtu.be/nebJ59TcYlQ



Copyright © 2020, 2016 Pearson Education, Inc. All Rights Reserved

Figure 25.14
The relative damping capacity of (a) gray cast iron, (b) an epoxy–granite composite 

material. The vertical scale is the amplitude of vibration and the horizontal scale is time.
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Figure 25.15

The damping of vibrations as a function of the number of components on a lathe. Joints 

dissipate energy; the greater the number of joints, the higher is the damping capacity of the 

machine.

Source: After J. Peters.



Copyright © 2020, 2016 Pearson Education, Inc. All Rights Reserved

Figure 25.17

Improvements in machining accuracy over the years, using ultraprecision machining 

technologies.

Source: After C.J. McKeown, N. Taniguchi, G. Byrne, D. Dornfeld, and B. Denkena.
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Figure 25.18

Graphs showing (a) cost per piece and (b) 

time per piece in machining. Note the 

optimum speeds for both cost and time. 

The range between the two is known as 

the high-efficiency machining range.


