gd—%&)\&sb

8.7.1 Types of Cutting Fluids and Methods of Application

HElp 4l iinond
There are four basic types (r)gagelc}ting fluids ﬁ:-:)mmo'nly used/in machin-
ing operations: oils, emulgla(t).;ls, semisyn thetics, and synthetics (see Section
4.4.4). Cutting-fluid Tecommendations for specific machining operations
are given througholit the rest of this chapter. In selecting an appropriate

Oil bosed
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cutting fluid, considerations should be given to its/possible detrimen-
tal effects on the workpiece material (such as corrosion, stress-corrosion
T eI

localized corrosion Cracking, staining), machine tool components, biological and environmen-®

tal effects, and recycling and disposal of chiEs.@ "

The most common method of applying cutting fluids is flood cool-

average of Lluid < 225 +10 more thom 00L. &——— ¢ ing. Flow rates typically range from 10 L/min for single=point tools, to
)

100 | /min. - = very “3“ *

*#F
,«-jrina(lnj ~~y small depth of cut
Cless heat acncmteo? ~~ So Mist Cooling-
Finishing process.
* bub Mist cooling is wob efPective when
the heat gencalion. is hid/v

225 L/min per cutter for multiple-tooth cutters, as in milling. In such oper-
ations as gun drilling and end milling (see Section 8.10.1), fluid pressures
in the range of 700-14,000 kPa are used to flush away the chips.

Mist cooling involves delivery of fluid as small droplets suspended in

55 ol s
(Fudpoiw

g‘u

SO no
interferen
ce

happens

air, and is generally used with[water-base|fluids. Although it requires vent-—~ & , 5

ing (to prevent inhalation of fluid particles by the machine operator and
others nearby) and hasllimited cooling capacity) mist cooling supplies fluid
to otherwisc inaccessible areas and provides better visibility of the work-
piece being machined. It is particularly effective in grinding operations (see
Chapter 9), using air pressures in the range of 70=600 kPa.

— High-pressure refrigerated coolant systems can be used to improve the

€ooling then breaking

yack as chip breaker .
buf not mechanical chip breaker,
(Force with vefrigerated (luid )-

Extention from
Misk cooling-

“tine misk -

rate of heat removal from the cutting zone. Pressures on the order of 35
MPa are used to deliver the fluid, via specially-designed nozzles that aim a
powerfulljet of fluid to the zone. This action breaks up the chips (thus the
fluid also acts as a chip breaker) in situations where the chips produced
would otherwise be too long and continuous, and thus interfere with the
machining operation.

. One method to overcome the difficulty of
supplying cutting fluids into the cutting zone and flushing away the chips is
to provide them through the cutting tool [ EIEONIDassages are produced
in the citNgItOONANANIERENOOIRBIERE chrough which the cutting fluid is
applied ENASHRIEATPIESSHRE.

8.7.2 Near-Dry and Dry Machining

For economic and environmental reasons, there is a continuing trend to
minimize or eliminate the use of metalworking fluids. This trend has lead to
the practice of near-dry machining (NDM), where coolant use is eliminated
or reduced significantly. The significance of this approach is apparent when
the global metalworking fluids market was expected to grow from USD
9.95 billion in 2020 to USD 10.71 billion in 2021 and is expected to reach
USD 13.06 billion in 2025. Moreover, it has been estimated that metal-
working fluids constitute about 7 t0 17% of the total machining Costs.
# The major benefits of NDM include: -

1. Reducing the environmental impact of using cutting fluids, improving
air quality in manufacturing plants, and reducing health hazards.

2. Reducing the cost of machining operations, including the cost of
maintaining, recycling, and disposing of cutting fluids.

The principle behind near-dry machining is the application of a fine
mist of air and fluid mixture, containing a very small amount of cutting
*%

for Sﬂfel-j'
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fluid. The mixture is delivered to the cutting zone, through the spindle of (oce= oLt
the machine tool, typically through a 1-mm diameter nozzle and under b max. per b
a pressure of 600 kPa. The fluid is applied at rates of 1 to 100 cc/hr, ml (Low)-
which is estimated to be, at most, one ten-thousandth of that used in flood
with Fne mist of cooling; consequently, the process is also known as minimum quantity
air & Flid mixkuve - ¥ lubrication (MQL).
With continued advances in cutting-tool materials, dry machining has
+ in ey mochinng 3 been shown to be effective, especially in turning, milling, and gear cutting
- &a( ot fo'ch- the 6¢?0L it self of steels, alloys gteels, gnd cast irons, although gegerally not for aluminum low melting points
lose its thM‘S) alloys, good with materials having acceptable tool life at high temperatures
Extvem hat handeniney: For Yne ool Recall that one of the functions of a cutting fluid is to flush chips away
2- used for gleels & cast iren .. from the cutting zone. Although it first appears that this may present diffi-
(ot for aluminum ) (WP.) - culties in dry machining, tools have been designed to allow the application
because of e Wigh degece of of pressurized_air, often through holes in the tool shank (See Fig. 8.46).
Softening Lm fhe wonkpiece modenial. Th%&)-mair provides limited cooling of the cutting zone, but it is

very effective at clearing chips away from the cutting zone.

8.7.3 Cryogenic Machining Sub zero very cold —~~ below Wecz‘mg

In the interest of reducing or eliminating the adverse environmental impact
of using metalworking fluids, liquid nitrogen can be used as a coolant in
s effective coolang-- Mmachining, as well as in grinding (see Section 9.6.9). With appropriate
small-diameter nozzles, liquid nitrogen is injected at a temperature of about
(=30,~40)  —200°C into the tool-workpiece interface, reducing its temperature. As a
result, tool hardness is maintained, and tool life is enhanced, thus allow-
ing for higher cutting speeds. Moreover, the chips become more brittle and
easier to flush from the cutting zone. Because no fluids are involved and the
liquid nitrogen simply evaporates, the chips can be recycled more easily.

8.8 High-Speed Machining

With continuing demands for higher productivity and lower martufactur-
ing costs, much effort has been expended in increasing the-cttting speed.
Although high-speed machining (HSM) is a relative , an approximate
range of cutting speeds are:

1. High speed: 600-1800 m/min;
2. Very high speed: 1800-18,000"m/min; and
3. Ultrahigh speed: >18 m/min.

Spindle rotation
The spindle
which is
ra

Speeds in machine tools range up to 60,000 rpm.
er required is generally on the order of 0.004 W/rpm,
ch lower than in traditional machining which is typically in the
of 0.2 to 0.4 W/rpm. The maximum workpiece speed in high-speed
achining is on the order of 1 m/s, and the acceleration of machine-tool
components is very high.

Spindles for high rotational speeds require high stiffness and accuracy,
and generally involve an integral electric motor. The armature is built
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onto the shaft and the stator is placed in the wall of the spindle hous-
ing. The bearings may be rolling element or hydrostatic; the latter is more
desirable because it requires less space than the former. Because of inertitl
effects during acceleration and deceleration of machine-tool componénts,
the use of lightweight materials, including ceramics and composigé mate-
rials, is important. Selection of appropriate cutting-tool mategials also is
a major consideration. Depending on the workpiece material; multiphase
coated carbides, ceramics, cubic boron nitride, and diam6nd are typical
tool materials for high-speed machining.

High-speed machining should be considered primarily for operations
where cutting time is a significant portion of the time in the overall
machining operation. As described in Section 8.15, non-cutting time and
various other factors (e.g. tool material costs, capital equipment costs,
labor costs, etc.) are important considepdtions in the overall assessment
of the benefits of high-speed machinifig for a particular application. It
has, for example, been implemented in machining (a) aluminum struc-
tural components for aircraft; (b) submarine propellers of 6 m diam-
eter, made of nickel-aluminyfh-bronze alloy and weighing 55,000 kg;
and (c) automotive engines; with five to ten times the productivity of
traditional machining.

Another major factér in the adoption of high-speed machining has been
the requirement to frther improve dimensional tolerances. As can be seen
in Fig. 8.18, as the cutting speed increases, more and more of the heat

the workpi€ce remain close to ambient temperature. The machine-tool
charactefistics and special requirements that are important in high-speed
machihing may be summarized as follows:

. Spindle design for high stiffness, accuracy, and balance at very high
rotational speeds, and workholding devices that can withstand high
centrifugal forces;

2. Fast feed drives, bearing characteristics, and effects of inertia of the
machine-tool components;

3. Selection of appropriate cutting tools, processing parameters, and
their computer control; and

4. effective chip removal systems at very high rates.

8.9 Cutting Processes and Machine Tools for
Producing Round Shapes Round cross section

This section describes the processes that produce parts that are round in
shape, as outlined in Table 8.7. Typical products machined include parts
as small as miniature screws for eyeglass hinges and as large as_cylin-
ders, gun barrels, and turbine shafts for hydroelectric power plantsi These
processes are generally performed byhe workpiece on a lathe.
Turning means that the part is rotating w hile it is being machined tsing a
cutting tool. The starting material is typically a workpiece that has been
produced by other processes, such as casting, forging, extrusion, and
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TABLE 8.7  General characteristics of machining processes.

Commercial tolerances

Process Characteristics (£mm)
Turning  Turning and facing operations are performed on all types of Fine: 0.025-0.13
v materials; requires skilled labor; low production rate, but Rough: 0.13
medium to high rates can be achieved with turret lathes and Skiving: 0.025-0.05
automatic machines, requiring less skilled labor
Boring Internal surfaces or profiles, with characteristics similar to 0.025
o those produced by turning; stiffness of boring bar is important
to avoid chatter
Drilling  Round holes of various sizes and depths; requires boring and 0.075
reaming for improved accuracy; high production rate, labor
skill required depends on hole location and accuracy specified
Milling Variety of shapes involving contours, flat surfaces, and slots; 0.13-0.25
wide variety of tooling; versatile; low to medium production
rate; requires skilled labor
Planing Flat surfaces and straight contour profiles on large surfaces; 0.08-0.13
suitable for low-quantity production; labor skill required
depends on part shape
Shaping  Flat surfaces and straight contour profiles on relatively small 0.05-0.13
workpieces; suitable for low-quantity production; labor skill
required depends on part shape
Broaching External and internal flat surfaces, slots, and contours with 0.025-0.15
good surface finish; costly tooling; high production rate; labor
skill required depends on part shape
Sawing Straight and contour cuts on flats or structural shapes; not 0.8

suitable for hard materials unless the saw has carbide teeth or is

coated with diamond; low production rate; requires only low
skilled labor

drawing. Turning processes are very versatile and capable of producing
a wide variety of shapes, as outlined in Fig. 8.37.

" o [Turning straight, conical, curved, or grooved workpieces, such as
shafts, spindles, pins, handles, and various machine components;

e Facing, to produce a flat surface at the end of a part, such as for
those that are attached to other components, or to produce grooves
for O-ring seats;

e Producing various shapes by form tools, for functional purposes and
for appearance;

e Boring, to enlarge a hole made by a previous process or in a tubular
workpiece, or to produce internal grooves;

e Drilling, to produce a hole, which may be followed by tapping or by

—+ boring to improve the accuracy of the hole and its surface finish;

e Parting, also called cutting off, to cut a piece from the end of a part,
as in making slugs or blanks for subsequent processing into discrete
parts;

e Threading, to produce external or internal threads in workpieces; and

e Knurling, to produce surface characteristics on cylindrical surfaces,
as in making knurled knobs.

523
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FIGURE 8.37 Examples of the wide variety of machining operations that can
be performed on a lathe and similar machine tools.

Qéyp&s of cuts
b %ujle CM@S

Eo remove fhe mayx- possible amount These machining operations may be performed at various rotational speeds
of the mateniad regandless of ( r\vﬂ“")) ' of the workpiece, depths of cut, d, and feed, f (See Fig. 8.19), depending
S’wfacc Fnish % Dim. accuracy: proces® on the workpiece and tool materials, the surface finish and dimensional

accuracy required and the capacity of the machine tool.

/\’*M /1 g ~> CJ om b
7 wigh Feed 5 vpm Rotation Roughing cuts are performed for large-scale material removal, and typ-

= Finishing cuks: slow ically involve depths of cut greater thaﬂQ)rFrHlm and feeds on the order
Finishing ~—s Small Reedy ~pm 1t ' tati 0f/0.2=2 mm/rev. Finishing cuts usually involve smaller depths of cut and
7 (gu.w%p ss) rotation feed. Most machining operations consist of rougﬁung cuts to define the part

(high rotationd gpeed) ot faster shape, followed by a finishing cut to meet spec1ﬁc dimensional tolerances

and surface finish requirements.
Lm’jcf“ thon Mol
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Section 8.9

8.9.1 Turning Parameters

The majority of turning operations involve the use of single-point cutting
tools. Figure 8.38 shows the geometry of a typical right-hand cutting tool
for turning; such tools are identified by a standardized nomenclature. Each
group of tool and workpiece materials has an optimum set of tool angles,
that have been developed through many years of industrial experience.
Some data on tool geometry can be found in Table 8.8.

Cutting Processes and Machine Tools for Producing Round Shapes
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— Tl G@mc#j — Em % fing les

— Muberial remaving vake —» c’epﬁn of
Cu
K feed rate

"‘:;"CES in burnin

~ Tool. material. , feeds , culbing speedls

1. Tool geometry. The various angles on a cutting tool have important
functions in machining operations. (a) Rake angles are important in
controlling the direction of chip flow and in the strength of the tool

En_g__\iiew Side view
Side rake Back rake
angle (RA) angle (BRA)
N o
Wedge Shank
flank angle Choldler)-
.\
-~ \A/ \ Flank face
End relief
) angle (ERA)

@ (o)

Nose angle between

. % rake
Top view end face Face
Sl =R

End cutting-edge
angle (ECEA)

J~

Nose "4
radius Nose
\t\ angle

Side cutting-edge

C angle (SCEA)
between rake foce
X the vertical -

Rake face

{
\ .
® cuft ingy ﬁﬂ:;e

©

FIGURE 8.38 Designations and symbols for a right-hand cutting tool. The
designation “right hand” means that the tool travels from right to left, as shown

in Fig. 8.19.

TABLE 8.8 General recommendations for tool angles (in degrees) in turning.

High-speed steel

Carbide inserts

Back Side End Side Sideandend Back Side End Side  Side and end

Material rake rake relief relief cutting edge rake rake relief relief cutting edge
Aluminum and 20 15 12 10 5 0 5 5 5 15

magnesium alloys
Copper alloys 5 10 8 8 5 0 5 5 5 15
Steels 10 12 S S 15 -5 -5 5 S 15
Stainless steels 5 8-10 5 5 15 —5-0 —5-5 5 5 15
High-temperature 0 10 5 5 15 5 0 5 5 45

alloys
Refractory alloys 0 20 5 N 5 0 0 5 5 15
Titanium alloys 0 5 5 5 15 =5 -5 5 S N
Cast irons S 10 S S 15 -5 -5 S 5 15
Thermoplastics 0 0 20-30 15-20 10 0 0 20-30 15-20 10
Thermosets 0 0 20-30 15-20 10 0 15 S S 15
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tip. Positive-rake angles improve the cutting operation by reducing

x 7o the bool Shrength ~~s Side-vake angle forces and temperatures; however, positive angles also have a small
included angle of the tool tip (See Fig. 8.2). Depending on the tough-

% 2 independent angtes (Tool parameters). ness of the tool material, a small included angle may cause premature
- Side-rake *  tool chipping and failure. (b) Side-rake angle is more important than

« Relief angle ’] back-rake angle, although the latter usually controls the direction of

chip flow. (c) Relief angles control interference and rubbing at the

tool-workpiece interface. If the relief angle is too large, the tool tip

may chip off, and if it is too small, flank wear may be excessive.

# large nose rodius require (d) Cutting-edge angles affect chip formation, tool strength, and cut-
bigh energy ~> ool ting forces. (e) Nose radius affects surface finish and tool-tip sl?é’ﬁﬁﬁ.ec'ency
chabper The smaller the radius, the rougher the surface finish of th@'%’op[le area of
piece, and the lower the strength of the tool; on the other ha‘ﬁ%orﬁeﬁé;%olfcgge
(MRR ) : depth of cub 5 Led vate. nose radii can lead to tool chattef (see Section 8.12). gross '@'9
2. Material-removal rate. The material-removal rate (MRR) is the|vol-
¥ makenial removed pev awe vevolulion 3 ume of material removed per unit time, such as mm3/min. Referring
. Lo L to Fig. 8.39a, note that for each revolution of the workpiece, a ring-
Y D“‘D " S shaped layer of material is removed; its cross-sectional area is the
. ol vabe = makenial m@wi) . (3:"\"’::*‘“11: > product of the axial distance the tool travels in one revolution (known
x makerial remou Eerateeeliton as the feed, f) and the depth of cut, d. The volume of this ring is the
product of the cross-sectional area (fd) and the average circumfer-
ence of the ring (7 Dayg), where Dayg = (Do, + Dy)/2. For light cuts
on large-diameter workpieces, the average diameter can be replaced
by D,.

The material-removal rate per revolution is 7 D,yedf. Since the
rotational speed of the workpiece is N revolutions per minute, the
removal rate is

* Fovces Fram work piece ack on MRR = JTDandi. (8.38)
Hhe tool -

(<]
Chuck °
Tool Cuiring Tavce
00 Feed, f
Feed, f fnu,jen(-ial s when the
= inane kurn- cubling kool touch the wPp-

@ () ‘ on Hhe cubing erc
FIGURE 8.39 (a) Schematic illustration of a turning operation, showing depth

of cut, d, and feed, f. Cutting speed is the surface speed of the workpiece at the

tool tip. (b) Forces acting on a cutting tool in turning. F. is the cutting force; F; is

the thrust or feed force (in the direction of feed); and F, is the radial force that

tends to push the tool away from the workpiece being machined. Compare this

figure with Fig. 8.11 for a two-dimensional cutting operation.
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Similarly, the cutting time, ¢, for a workpiece of length / can be
calculated by noting that the tool travels at a feed rate of fN =
(mm/rev)(rev/min) = mm/min. Since the distance traveled is [ mm,

the cutting time is (tenga oF)
l

Distance cut —_ = machin\n [

B s i 9 bme 8.39

Velocity (L,.""_ ) ) fN ( )
speed

The cutting time does not include (a) the time required for tool
approach; and (b) retraction during the overall machining operation.
Using computer controls, modern machine tools are designed and
constructed to minimize the nonproductive time. A typical method
employed in practice is to first quickly move the tool and then to
slow it down as the tool engages with the workpiece.

3) Forces in turning. The three principal forces acting on a cutting tool

power
required for
machining

in turning are illustrated in Fig. 8.39b. These forces are important in
the design of machine tools and in determining the tool deflection,
which is especially important in precision machining operations. The
cutting force, F., acts downward on the tool and thus tends to deflect
the tool downward; note that the cutting force is the force that sup-
plies the energy required for the cutting operation. As can be seen in
Example 8.4, the cutting force can be calculated (a) from the energy
per unit volume of material machined, described in Section 8.2.5; and
(b) by using the data given in Table 8.3.

The thrust force, F;, acts in the longitudinal direction; this force is
also called the feed force because it is in the feed direction. The radial
force, F,, is in the radial direction; it tends to push the tool away from
the workpiece.

as a pavameber o — 4, Tool materials, feeds, and cutting speeds. The general characteris-

in the turning
process

tics of cutting-tool materials are described in Section 8.6. Figure 8.40

Choose path

Ranges and there is overlap

OUUI‘O‘ ¢
A * higher feed rake ~~ less speed
900 F
Cubic boron nitride,
diamond and
600 - ceramics
=
S
£
£ 300 Coated one increases
? oate other decreases
1o} carbides K
a constant material
o - removal rate
%
(@)
100 [
50

Feed (mm/rev) materials.

! . . | | FIGURE 8.40 The range of applicable cutting
0.10 020 030 050 0.75 speeds and feeds for a variety of cutting-tool
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Cutting speed | A
Workpiece material m/min | bangenkial speed V= TONV (mfmin) ™ wmin Of .
Aluminum alloys 200-1000 . , _
Cast iron, gray 60-900 : bine = (1 /i specd J v
Copper alloys 50-700 | MRR- (ax,a( sp«&’)( Oo_bp).-’?’-(l)od-bp. > Y
High-temperature alloys 20-400 | Y 2 2
Steels 50-500 | = L2-TC. Davg +N (mm®/min)
Stainless steels 50-300 | specific s
Thermoplastics and thermosets 90-240 | Power = (c"“g") ) (HrR) ("""3 J(5F ) =4 -W
Titanium alloys 10-100 | 60 (s) Ok
Tungsten alloys 60-150 |
TR Y ] | T Power Power
Note: (a) The speeds given in this table are for carbides and ceramic | = m. 5 P=U¥
cutting tools. Speeds for high-speed steel tools are lower than indi- | ( e
cated. The higher ranges are for coated carbides and cermets. Speeds | At
for diamond tools are significantly higher than any of the values indi- | C P ( =) g T ¢2)
cated in the table. : _2 v( 3@_) - - Dova) =KN

# EXAMPLE 8.4 Material-Removal Rate and Cutting Force in Turning

Given: A 150-mm-long, 10-mm-diameter, 304 stainless-steel rod is being reduced in diameter to
8o feed ¢ , 8 mm by turning on a lathe. The spindle rotates at N = 400 rpm, and the tool is traveling at an

200% ) (F"J)(qw ) axial sEeed of 200 mm/min.

Find: Calculate the cutting speed, material-removal rate, cutting time, power dissipated, and

. . cutting force.
ﬁ'tJ =09 % g S

Solution: The cutting speed is the tangential speed of the workpiece. The maximum cutting speed
e . - 4 : B e s T N N
is at the outer diameter, D,, and is obtained from the expression

R WP I ]

V = 2 D,N.

Thus,
= (7)(0.010)(400) = 12.57 m/min.

The cutting speed at the machined diameter is
= ()(0.008)(400) = 10.05 m/min.
From the information given, note that the depth of cut is

10 -8

d=T=1mm=0.001m,
WP e
and the feed is
HellS f— —— = 0.5 mm/rev = 0.0005 m/rev.
Pz VF o~ v:z;‘_,r.w-yp:f\.’s:’ 400
Thus, according to Eq. (8.38), the material-removal rate is
Fo b~ (3__@..«)
t4 =223k 3 o
L;‘;;‘* T MRR = (7)(9)(1)(0.5)(400) = 5655 mm’/min.

min 608

The actual time to cut, according to Eq. (8.39), is lewglh ot the ok (not aways IR ..

150
o m— .7 1 .
= 05)@op) — 073 min

The power required can be calculated by referring to Table 8.3 and taking an average value for

stainless steel as 4.1 W-s/mm?>. Therefore, the power dissipated is

3
WS« J o~ specific 4.1 Jd -w
mat B39 Power = (—)6(‘(5)6—52 386 W. o

s
The cutting force, F,, is the tangential force exerted by the tool. Since power is the product of

torque, T, and rotational speed in radians per unit time, we have
e Same masmg-d, as exerted by
Powers - + buw ite diveckion
. radial T = ﬂ = 9.2 Nm. wP. buk Opposite divectio
pehel =) (400)(27/60)

‘Des(ancc = from the centen of Since T = ( c)(Davg/Z),
vobedion o fhe poink of (, F, = m= 2.0 kN.
ackion of the force (MD?W'S‘)' p""ﬁ ' (0.009)
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components, using polycrystalline cubic-boron-nitride (PcBX] tools.
Called hard turning, this process produces machined pares’'with good
dimensional accuracy, surface finish, and surface integfity. It has been
shown that it can compete successfully with grinding the same com-
ponents, from both technical and economic aSpects. A comparative
example of hard turning vs. grinding is given in Example 9.4.
6. Cutting screw threads. External threads are produced primarily by
(a) thread rolling (See Fig. 6.42),but also by (b) cutting, as shown
produced externally or internally by
thread cutting or threading. When the
threads are cut interngty with a special threaded tool (zap), the pro-

ugh it adds considerably to the cost of the operation,
ay be ground for high accuracy and surface finish.

achines are also capable of producing other components, they are
generally called automatic bar machines. All operations are per-
formed automatically, with tools clamped to a special turret. The bar
stock is automatically fed forward through an opening in the head-
stock, after each screw or part is machined to finished dimensions and
then cut off. The machines may be equipped with single or multiple
spindles, and capacities range from 3-150-mm diameter bar stock.

o
Al
~

I

8.9.3 Boring and Boring Machines

The basic boring operation, shown in Fig. 8.37h, consists of producing
circular internal profiles in hollow workpieces and enlarging or finishing
a hole made by another process, such as drilling. It is carried out using
cutting tools that are similar to those used in turning. Note that the boring *

524 ()

carries boring bar has to reach the full length of the bore, thus tool deflection and main-

tool most imp taining dimensional accuracy can be a concern. The boring bar must also
E)t;f?selsosnags St(f)]e be sufﬁcientlx‘ stiff, and i.s rpade of a.material Wi’th high glastig modulus Rigid
e TV ClE (such as carbides) to minimize deflection and avoid vibration and chatter.

radial forces (DA, Boring bars have been designed with capabilities for damping vibrations

SF) (see Section 8.12).

Although boring operations on relatively small workpieces can be car-
ried out on a lathe, boring mills are used for large workpieces. These
machines are either yertical or horizontal in design and are also capable
of performing such operations as turning, facing, grooving, and chamfer-
ing. A vertical boring machine (Fig. 8.44) is similar to a lathe, but with
a vertical axis of workpiece rotation. In horizontal boring machines, the
workpiece is mounted on a table that can move horizontally, in both axial
and radial directions. The cutting tool is mounted on a spindle that rotates
in the headstock, and is capable of both vertical and longitudinal move-
ments. Drills, reamers, taps, and milling cutters can also be mounted on
the spindle.
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8.9.4 Drilling, Reaming, and Tapping

One of the most common machining processes is drilling. Drills typically
have a high length-to-diameter ratio (Fig. 8.45) and are capable of produc-

id L>> > > ing deep holes. They are, however, somewhat flexible, depending on their

D<<<<

length and diameter. Moreover, note that chips produced move through

more flex the flutes in a direction opposite to the axial movement of the drill; conse-

HRR turning = fode 0N
Ming = £ (TT0%) e 0
a?r{l»'ﬁ £ (T)

F- g

quently, chip disposal in drilling and selecting an effective cutting fluid are
important.

The most common drill is the standard—pointg?@%ll (Fig. 8.45). The
main features of the drill point are the point angle, the lip-relief angle, the
chisel-edge angle, and the helix angle. The geometry of the drill tip is such
that the normal rake angle and the yvelocity of the cutting edge vary with
the distance from the center of the drill. Other types of drills include the
step drill, core drill, counterboring and countersinking drills, center drill,
and spade drill (See Fig. 8.46).

Crankshaft drills have good centering ability, and because the chips they
produce tend to break up easily, they are suitable for drilling deep holes. In
gun drilling, a special drill is used for drilling deep holes; depth-to-diameter
ratios produced can be 300 or higher. In the trepanning technique, a cutting
tool produces a hole by removing a disk-shaped piece of material (core),
usually from flat plates; the hole is produced without reducing all the mate-
rial to be removed to chips. The trepanning process can be used to make
disks up to 150 mm in diameter from flat sheet or plate.

The material-removal rate in drilling can be expressed as

D2 [
MRR = 22N, (8.40)
7
where D is the drill diameter, f is the feed (in mm/revolution), and N is the
rpm of the[drill] Recommendations for speed and feed in drilling are given
in Table 8.11.

FIGURE 8.44 Schematic illustration of the
components of a vertical boring mill.

lateral/vertical +dimensional
accuracy

Thelthrust force in drilling is the force that acts in the drilling direction; *

if excessive, this force can cause the drill to bend and break. The thrust
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FIGURE 8.45 Two common types of drills: (a) Chisel-point 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 into the workpiece. Drills with four margins
(double-margin) are available for improved drill guidance and accuracy. Drills
with chip-breaker features are also available. (b) Crankshaft drill. These drills
have good centering ability, and because chips tend to break up easily, they are
suitable for producing deep holes.
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Reaming is an operation that makes an existing
hole dimensionally more accurate than can be achieved by drilling alone;
it also improves the surface finish of the hole. The most accurate holes
are produced by the following sequence of operations: centering, drilling,
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in high production.

lr)jo{r\iﬁg, and reaming. For even better dimensional accuracy and surface fin-
ish, holes may be internally ground and honed (see Section 9.7). A reamer
(Fig. 8.47) is a multiple-cutting-edge tool with straight or helically fluted
edges that removes very little material. The shanks may be straight or
tapered, as they are in drills. The basic types of reamers are hand and
machine (chucking) reamers; other types include rose reamers, with cut-
ting edges that have wide margins and no relief angle, and fluted, shell,
expansion, and adjustable reamers.

Tapping and'taps. Internal threads can be produced by tapping; a tap is
basically a threading tool with multiple cutting teeth (Fig. 8.48). Taps are
typically available with three or four flutes; three-fluted taps are stronger

because their flute is wider. Tg%elej.@ps are designed to reduce the rorque
required for tapping through-holes, and bottomin% taps are designed for
tapping}l)égl%les Eggtlﬁ?ﬁTrdepth. ollapsible taps are used for
lar%e—dl eter holes; after tapping is comp etei the\tap is mechanically

collapsed axfd removed from the hole, without having\to be rotated. Tap
sizes range up to 100 mm.
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+38.10 Cutting Processes and Machine Tools
for Producing Various Shapes
Several machining processes and machine tools are used for produc-
ing complex shapes, typically with the use of multitooth cutting tools

(Fig. 8.49 and Table 8.7).

8.10.1 Milling Operations

D i
#of chip per = g of teehh Milling includes a number of/versatile machining operations that use a

ey

Sfrwylé' teeth ~ parallel to
the centerline o0 fhe tool
(orﬂwaom«.l cuH-Mﬂ) .

hefesd ~r~s Obligque cutting -

milling cutter, a multitooth tool that produces a number of chips per rev-
olution, to machine a wide variety of part geometries. Parts such as the
ones shown in Fig. 8.49 can be machined efficiently and repetitively using
various milling cutters.

=Number of edges

The basic types of milling operations are described as follows. Diametric let's say

1. Slab milling. In slab milling, also called peripheral milling, the axis
of cutter rotation is parallel to the surface of the workpiece to be
machined, as shown in Fig. 8.50a. The cutter, called a plain mill, has
a number of teeth along its periphery, each tooth acting as a single-
point cutting tool. Cutters used in slab milling may have straight or

better as F < SF> helical teeth, producing an orthogonal or an oblique cutting action,
in case straight respectively. Figure 8.1c shows the helical teeth on a milling cutter.
all the cutting  In conventional milling, also called up milling, the maximum chip
sggtealcst I\Ir\1llth thickness is at the end of the cut (Fig. 8.50b). The advantages of
workpiece thus conventional milling are that tooth engagement is not a function of
higher forces  \yorkpiece geometry, and contamination or scale on the surface does

ired (onl : s . .
;ﬁﬁ:ﬁ:ﬁg (C?RS))/ not affect tool life. The machining process is smooth, provided that

gives flat surface

in helical only a small
portion is in contact
with cutting edge
and thus less force
(Roughing cuts)

FIGURE 8.49 Typical parts and
shapes produced by the machining

539

@ © processes described in Section 8.10.
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FIGURE 8.50 (a) Illustration showing the difference between conventional
milling and climb milling. (b) Slab-milling operation, showing depth of cut, d;
feed per tooth, f; chip depth of cut, ¢, and workpiece speed, v. (c) Schematic
illustration of cutter travel distance, /., to reach full depth of cut.

the cutter teeth are sharp. There is, however, a tendency for the tool
to chatter, and for the workpiece to be pulled away from the surface,
and thus proper clamping is important.

In climb milling, also called down milling, cutting starts at the
thickest location of the chip. The advantage of climb milling is that
the downward component of cutting forces holds the workpiece in
place, particularly fqr Slender parts. However, because of the result-
ing high-impact for;\sm%he teeth/first engage the workpiece, this
operation requires a rigid setup, and baecrigfgesf in the table feed mech-
anism must be eliminated. Climb milling is not suitable for machining
workpieces that have surface scale, such as hot-worked metals, forg-
ings, and castings; the scale is hard and abrasive, and causes excessive
wear and damage to the cutter teeth. In general, climb milling is
recommended for applications such as finishing cuts on aluminum
workpieces. T

The cutting speed in milling, V, is the peripheral speed of the cutter,
that is,

V = DN, (8.41)

where D is the cutter diameter and N is the rotational speed of the
cutter (Fig. 8.50b). Note that the thickness of the chip in slab milling
varies along its length, because of the relative longitudinal movement
between the cutter and the workpiece. For a straight-tooth cutter, the
approximate undeformed chip thickness, t. (called chip depth of cut),
can be determined from the equation

feed tormd
tC = Zf Ba
‘ *
where f is the feed per tooth of the cutter (measured along the work-
piece surface, that is, the distance the workpiece travels per tooth of

depth of cut
(8.42)

Cutter diameter

[eed = per ey

#of teetin = feed per ot

i)
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the cutter, in mm/tooth), and d is the depth of cut. With increasing
t, the force on the cutter tooth also|increases.
Feed per tooth is determined from the equation
f= % B 8 (8.43)

where v is the linear speed (feed rate) of the workpiece and #
is the number of teeth on the cutter periphery. The dimensional
accuracy of this equation can be checked by substituting appropri-
ate units for the individual terms; thus, (mm/tooth) = (m/min)(103
mm/m)/(rev/min)(number of teeth/rev), which is correct. The cutting
time, ¢, is given by the expression

until the m

actual’ PPN oclual Distance

cutting t= v velocity - (8-44)

starts
where [ is the length of the workpiece (Fig. 8.50c) and /. is the extent
of the cutter’s first contact with the workpiece. Based on the assump-
tion that [, < [ (although this may not be always reasonable), the
material-removal rate is

@ volumw
MRR = o= wd, Yo (8.45)
where w is the width of the cut, which is the same as the workpiece
width if it is narrower than the cutter. The distance that the cut-
ter travels in the noncutting-cycle of the operation is an important
economic consideration and should be minimized.

Face milling. In this operation, the cutter is mounted on a| spindle
with an axis of rotation perpendicular to the workpiece surface, and
removes material in the manner shown in Fig. 8.51a. The cutter
rotates at a speed of N, and the workpiece moves along a straight
path and at a linear speed of v. When the cutter rotates in the direc-
tion shown in Fig. 8.51b, the operation is called climb milling; when
it rotates in the opposite direction (Fig. 8.51c), it 1s conventional
milling.

Because of the relative movement between the cutting teeth and the
workpiece, a face-milling cutter leaves| feed marks on the machined
surface, much as in turning operations (See Fig. 8.19). Surface rough-
ness depends on insert corner geometry and feed per tooth [see also
EqS. (8.35) to (837)] * increases lead to roughness

The terminology for a face-milling cutter and its various angles is
given in Fig. 8.52; the side view of the cutter is shown in Fig. 8.53.
Note that, (a) as in turning operations, the lead angle of the insert has

a direct influence on the undeformed chip thickness; (b) as the lead

angle (positive, as shown in the figure) increases, the undeformed
chip thickness (thus also t.he thickness of the actual chip) ‘decreases,'
(c) the length of contact increases; and (d) the cross-sectional area

of the undeformed chip remains constant. The range of lead angles
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3. End milling. The cutter in end milling, shown in Fig. 8.1d, has eithera , . o
: e . helic
straight or a tapered shank for smaller and larger cutter sizes, respec- "~ .,
tively. The cutter usually rotates on an axis perpendicular to the .
workpiece, but it can be tilted to produce inclined surfaces. Some  steight

beeth -

R<= end mills have cutting teeth on their end faces, allowing the end mill
to be used as a drill to start a cavity. End mills are also available
with hemispherical ends (called ball-nose end mills), for producing
curved surfaces, as in making molds and dies. Hollow end mills have
internal cutting teeth and are used for machining the eylindrical sur-  Or for coolant to pass
face of solid round workpieces, as in preparing stock with accurate
diameters for automatic bar machines.

Work
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Overarm S}GID Face mi".'nj ;
mil)z'nﬂ
Column —
P — Work table
Column — Workpiece
Workpiece — Saddle Saddle
Knee Knee

(a) (b)

FIGURE 8.56 (a) Schematic illustration of a horizontal-spindle
column-and-knee-type milling machine. (b) Schematic illustration
of a vertical-spindle column-and-knee-type milling machine.
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FIGURE 8.58 (a) Cutting action of a broach, showing various features. (b)
Terminology for a broach.



Abrasive and
Other Material
Removal Processes

CHAPTER

9.1 Introduction

In all the machining operations described in detail in Chapter 8, the cut-
ting tool is made of a certain material and has a clearly defined geometry.
Moreover, the machining process involves chip removal, the mechanics
of which can be fairly complicated. There are, however, many situa-
tions in manufacturing where the workpiece material is either too hard
or too brittle, or its shape is difficult to produce with sufficient dimen-
sional accuracy and surface finish by any of the machining methods
described previously. One of the best methods for producing such parts
% is by using abrasives. An abrasive is a small, hard particle that has sharp
edges and an irregular shape. Abrasives are capable of removing small
amounts of material from a surface by a cutting process that produces
tiny chips! Sand/Emery paper finishing
Abrasive machining processes are generally among the last operations
performed on manufactured products, although they are not necessarily
confined to fine or small-scale material removal from workpieces, and they
can indeed compete economically with some of the machining processes
Aﬂ"a/?)wap . described in Chapter 8. Because they are hard, abrasives are also suitable
potrts for (a) finishing very hard or]heat-treated parts; (b) shaping hard nonmetal-
lic materials, such as ceramics and glasses; (c) cutting off lengths of bars,
structural shapes, masonry, and concrete; (d) cleaning surfaces, using jets
of air or water containing abrasive particles; and (e) removing unwanted

weld beads.

and
complex
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In addition to abrasive machining, several advanced machining pro-
cesses have been developed, starting in the 1940s. Also called nontradi-
tional or unconventional machining, these processes are based on electrical,
chemical, fluid, and thermal principles, and are advantageous when:

1. The hardness and strength of the workpiece material is very high,
typlcally above 400 HB. like vickers

2. The part is too flexible or slender to support the machining or
grinding forces, or it is difficult to clamp in workholding devices.

3. The shape of the part is complex, such as internal and external
features or deep small-diameter holes.

4. Surface finish and dimensional accuracy requirements are better than
those obtainable by other processes.

5. Temperature rise or residual stresses developed in the workpiece is
undesirable or unacceptable.

When selected and applied properly, advanced machining processes
offer significant technological and economic advantages over the tradi-
tional machining methods.

9.2 Abrasives

The abrasives commonly used in manufacturing are:
1. Conventional abrasives:

o Aluminum oxide (Al,03); — Less g‘fab‘f“("j Hran SiC-
e Silicon carbide (SiC). (Q\iabiﬁl:j) ‘

2./ Superabrasives:

o Cubic boron nitride (cBN); l ha/‘dﬂwﬁss .

e Diamond.

The last two of the four abrasives listed above are the two hardest materials
known, hence the term superabrasives. Abrasives are significantly harder
than conventional cutting-tool materials, as can be seen by comparing
Table 8.6 with Table 9.1. In addition to hardness, an important charac-
teristic of an abrasive is friability, that is, the ability of an abrasive grain
to fracture (break down) into smaller fragments. Friability gives abrasives
Self-sharpening characteristics, important in maintaining the cutting effi-
ciency of the abrasives during use. High friability indicates low strength or
low fracture resistance of the abrasive; thus, under the grinding forces, a
highly friable abrasive grain fragments more rapidly than an abrasive grain
with low friability. Aluminum oxide, for example, has lower friability than
silicon cgrbide. 7 T Tstrong

The si/ape and size of an abrasive grain also affect its friability. For
example, blocky grains, which are analogous to negative-rake-angle cut-
ting tools (Fig. 8.26), are less friable than plate-like grains. As for grain

h:’j’u Fm‘wb"’ﬁj
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Abrasive and Other Material Removal Processes

measure the howduess-

TABLE 9.1  Knoop hardness range for various materials and abrasives.
Knoop Knoop

Material hardness Material hardness
Common glass 350-500 Titanium nitride 2000
Flint, quartz 800-1100 Titanium carbide 1800-3200
Zirconium oxide 1000 Silicon carbide 2100-3000
Hardened steels 700-1300 Boron carbide 2800
Tungsten carbide 1800-2400 Cubic boron nitride 4000-5000
Aluminum oxide 2000-3000 Diamond 7000-8000

size T > probabiliby of defect T

_size, because the probability of defects existing in smaller grains is lower
(due to the size effect; Section 3.8.3), they are stronger and less friable # “'«* g
than larger grains. The importance of friability in abrasive machining is
described further in Section 9.5.

% bype of abrasive :
- Al

Types of abrasives.
dum (alumina), quartz, garnet, and diamond. However because natural
abrasives contain unknown amounts of 1mEur1tles and typically have
nonuniform properties,

consuming resources//costly

Abrasives found in mature include emery, corun-

their performance is inconsistent and unreli-

able. Consequently, aluminum oxides and silicon carbides abrasives are
made synthetically, in order to produce high-performance abrasives with
consistent behavior.

Ernsed —~—>mixed under high temp- ¢l
» 5 but nok high
Lill melking.

mt'bmg

O(nfuseo( eyl ¥ 2w o«

> Parest foora —v seeded gel

as they will
fracture a lot

1.

Synthetic aluminum oxide (Al;O3), first made in 1893, is made by
fusing bauxite, iron filings, and coke. Aluminum oxide is divided into
two groups: fused and unfused. Fused aluminum oxide is categorized
as white (very friable), dark (less friable), and Mmﬂl@ (single

’*#V\ov:’.es’f‘
waterial .

crystal). Unfused alumina, also known as ceramic aluminum oxide, ¥-

can be harder than fused alumina. The purest form of fused alumina

is seeded gel. First introduced in 1987, seeded gel has a particle size™

on the order of 0.2 um, which is much smaller than abrasive grains Fnishe o

commonly used in industry. Seeded gels are sintered (Section 11.4)
to form larger sizes. Because of their Hardfiess and relatively Righ
friability, seeded gels maintain their sharpness and thus are used for
difficult-to-grind materials.

. Silicon carbide (SiC), first discovered in 1891, is made with silica

sand, petroleum coke, and small amounts of sodium chloride. Silicon
carbides are available in green (more friable) and in black (less friable)
types. Silicon carbide generally has higher friability than aluminum
oxide, hence a higher tendency to fracture and thus remain sharp
longer.

. Cubic boron nitride (cBN) was first produced in the 1970s. Its

properties and characteristics are described in Section 11.8.1.

. Diamond was first used as an abrasive in 1955. When produced syn-

thetically, it is called synthetic or industrial diamond. Its properties
and characteristics are described in Sections 8.6.9 and 11.13.2.

sunface -
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*Giroin sise wed wsing Grain size. As used in manufacturing operations, abrasives are gen-
g —F MEaAS . . . .
Grit. number erally very small compared with the size of typical cutting tools and

, . . inserts described in Section 8.6. Also,
*Girik qumber = =k of partical per unit
area

(See

* Higher gri number = less (qrow Size.

Figs. 8.24 and 9.28). The size of an abrasive grain is identified by a
Gz RERBEE] which is a function of Sievelsize. [DHESHallEHthESievesize, the

P — ; for example, grit number 10 is rated as very coarse,
100 as fine, and 500 as very fine. As commonly observed,
also are identified in this manner, with the grit number printed
on the back of the abrasive paper or cloth.

9.3 Bonded Abrasives

cutoff wheel
Bonded abrasives are typically in the form of 2|gfinidingiwheel (Fig. 9.1).
, various types
of which are described in Section 9.3.1; the bonding material acts as §lip-

POTEREIPOSEIORIBIAtes between the grains. Some essential in

bonded abrasives to provide

dieed, as L

Porosity can easily be observed by looking at the surface of any grind-

Abrasive ing wheel with a magnifying glass or microscope. Other features of the

grains grinding wheel shown in Fig. 9.1 are described in Sections 9.4 and 9.5.

Some of the more commonly used types of grinding wheels are shown

5 allofit in Fig. 9.2 for and in Fig. 9.3 for

wekallic # Note that, because of their associated igHWEO8E, superabrasives make

super Pbragies SO up only a _ of the wheels. Bonded abrasives

are marked with a standardized system of letters and numbers, indicat-

wbtonal - abracies 2 A ing the type of abrasive, grain size, grade, structure, and bond type.

isks fram the «brasive Figure 9.4 shows the marking system for aluminum-oxide and silicon-

carbide bonded abrasives, and Fig. 9.5 for diamond and cubic-boron-
nitride bonded abrasives.

*t

* In fhe ce

v 1y
Fee wheel

2 bovcoxinj sy< Fems
(- Conventional
2. &pef‘ abrotsiv es .

Important
Not completely solid

FIGURE 9.1 Schematic illustration of a physical model of a grinding wheel,
showing its structure and grain wear and fracture patterns.
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FIGURE 9.2 Some common types of grinding

wheels made with conventional abrasives
(aluminum oxide and silicon carbide).

Note that each wheel has a specific grinding
face; grinding on other surfaces is improper
and unsafe.

#
substrate for toughness

Superabrasive

Type
1A1
Substréte
(@)
Superabrasive,
: 11A2
Substrate
(C)

Abrasive and Other Material Removal Processes

(@) Type 1—straight

c) Type 6—straight cup

e Grinding faces

(f) Type 28 —depressed center

e) Type 27 —depressed center

e

(9) Mounted

Superabrasive

O r————11

Substrate
(b)

1A1RSS

Superabrasive

AN Substrate

DW
(e)

Grinding face

Grinding face

Grinding face

(b) Type 2—cylinder

Grinding face

(d) Type 11—flaring cup

Grinding faces

Superabrasive
A

: 2A2

Substrate
(©

Superabrasive
Substrate

DWSE
)

FIGURE 9.3 Examples of superabrasive wheel configurations. The rim consists
of superabrasives and the wheel itself (core) is generally made of metal or
composites. Note that the basic numbering of wheel types (such as 1, 2, and 11)
is the same as that shown in Fig. 9.2. The bonding materials for the
superabrasives are: (a), (d), and (e) resinoid, metal, or vitrified; (b) metal; (c)
vitrified; and (f) resinoid.
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Section 9.3  Bonded Abrasives
Example: 51 - A - 36 - 14 - 5 - Vv - 23
Prefix Abrasive Abrasive Grade Structure Bond Manufacturer’s
type grain size like proportion of type record
| | pores |
Manufacturer’s symbol Coarse Medium Fine Very Dense 1 Manufacturer’s
(indicating exact fine 2 private marking
kind of abrasive) 8 30 70 220 3 (to identify wheel)
(use optional) 10 36 80 240 4 (use optional)
12 46 90 280 5
14 54 100 320 6
16 60 120 400 7
¢ A Aluminium oxide 20 150 500 8
CDPLUCVLéIOVlak 2 C Silicon carbide 24 180 600 9
10
i B noid
12 BF Resinefd reinforced
13 E Shellac
14 O  Oxychloride
Open 15 R Rybber
Soft Medium Hard - 16 RF RukBér reinforced
Silicate
Vitrigied

# Gk size —sabrasive

# Gram size 5 Convenkional
% Ojamond concenbrakian
=3 Opposibe of - perasity:

ABCDEFGHIJKLMNOPQRSTUVWXYZ etc. S
de scal (use optional) v
high parosity

FIGURE 9.4 Standard marking system for aluminum-oxide and silicon-carbide

bonded abrasives.

— in superabragives

Example: M D

100 - P

100 - B

1/8

Abrasive
type
I I
Manufacturer’s
symbol
(to indicate type
of diamond)

Prefix

nitride
D Diamond

SUPG"O bV‘O\SI\ICS .

B Cubic boron

@ Grade

24
30
36
46
54
60
80
9

100

120

150

180

220

240

280

320

400

500

600

800

1000  Fine

to

A (soft)

Z (hard)

concentration

Diamond Bond

I I
25 (low) B Resinoid
50 M Metal
75 V' Vitrified
100 (high)

Bond
modification depth (mm)

Diamond

I
1.56
3.12
6.25
Absence of depth
symbol indicates
solid diamond

A letter or numeral
or combination

(used here will indicate
a variation from
standard bond)

FIGURE 9.5 Standard marking system for diamond and cubic-boron-nitride
bonded abrasives.
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9.3.1 Bond Types

The common bond types for bonded abrasives are vitrified, resinoid, rub-
ber, and metal, and are used for conventional abrasives as well as for
superabrasives.

1. Vitrified. Essentially a vitrified bond is also called a ceramic

bond, particularly outside the United States; it is the most common
and widely used bond. The bond consists of feldspar (a crystalline
mineral) and various clays. These materials are first mixed with
the abrasives, moistened, and then molded under pressure into
the shape of grinding wheels. These “green” products, similar to
powder-metallurgy parts (Section 11.3); are then slowly fired, up to
a temperature of about 1250°C, to fuse the glass and develop struc-
tural strength. The wheels are then cooled slowly, to prevent thermal
cracking, then finished to size, inspected for quality and dimensional
accuracy, and tested for defects.

Vitrified bonds produce wheels that are strong, stiff, porous, and
resistant to oils, acids, and water; however, because the wheels are
# (brittle) they lack resistance to mechanical andrhermalshock. Vitrified

wheels are also available with steel backing plates or cups for better
like bones if heated burned

structural support during their use.
2.%d bonding materials are ! (Section 10.4),

and are available in a wide range of compositions and properties. flexible

Because the BOTdISIENNOIEanichcomponnd, these wheels are also compared

like plastic

called . The basic manufacturing procedure consists :)Olatgi?o'
of (a) but
Curing 3 flexible
bonds form el of compared
e hgh"eemg Because the to vitrified

elastic modulus of thermosetting resins is lower than that of glasses, =
g -~ M Vetrified
re§inoid”wheels are more flexible than viotfied wheels. Polyiiide
(Section 10.6) can be a substitute for the phenolic in resinoid wheels;
the polymer is tough and has good resistance to high temperatures.
wsssks Reinforced resinoid wheels consist of one or more layers of [lBgF-
. The main
purpose of the reinforcement is to provide SCHEHNANAIPICVCIHCAtas-

[ECPRICHAINEE of the whee! JUIEEERIIAMEEEE wheels can additionally
be supported with one or more _ (made of round- Cost

B&E) that are inserted during wheel production.for super abrasives  to prevent
«——— 3./Rubbet. The(most flexibié) bond used in abrasive wheels is zubberac "
The wheels are made by (a) mixing crude rubber, sulfur, and abrasive btc','r',gﬁ,g
grains together; (b) rolling the mixture into sheets; (c) cutting out \happened
circles; and (d) heating them under pressure to vulcanize the rubber.” strength
Thin wheels (called cut-off blades) are made in this manner, and ar];e‘S Sumns.

used like saws for cutting-off operations.

Burns
bonding

usually Gor diamend 3 cBVo 4 Metal bonds. Abrasive grains, usually diamond or cubic boron happens

(Superablasives )

nitride, are bonded in a metal matrix to the periphery of a metal
disc, typically to depths of 6 mm or less (See Fig. 9.3). Bonding is car-
ried out under high pressure and temperature. The wheel itself (core)




nd Eypes
Wheel Guade X Sirachare

Grindling—r = chip removal. precess
- e is an individual
abrasive gpoin

+Coolant

Section 9.4

may be made of aluminum, bronze, steel, ceramic, or composite

material, depending on special Féquitements for the wheel, such as
strength, stiffaess;Tand dimensional stability. Superabrasive wheels

may be layered so that a single abrasive layer is plated or brazed to a
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X

metal disc. low melting point of connection

3¢ Other types of bonds. In addition to those described above, other
types of bonds include silicate, shellac, and oxychloride bonds. These
bonds are far less common, but use the same abrasives as other

wheels. howdress
1
9.3.2 Wheel Grade and Structure

The grade of a bonded abrasive is a measure of the strength of the bond,
and it includes both the type and the gmount of bond in the wheel. Because
strength and hardness are directly related, the grade is also referred to
as the hardness of a bonded abrasive; thus, a hard wheel has a stronger
bond and/or a larger amount of bonding material than a soft wheel. The
Structure is a measure of the porosity, the spacing between the grains
(Fig. 9.1) of the bonded abrasive. Some porosity is essential to provide
space for the grinding chips as otherwise they would interfere with the
grinding operation. The structure of bonded abrasives ranges from dense
to open (Fig. 9.6). High P low P

9.4 Mechanics of Grinding

Grinding is a chip removal process in which the cutting tool is an individual
abrasive grain. The following are major factors that differentiate the action
of a single grain from that of a single-point cutting tool (See Fig. 8.2):

1. Conventional abrasive grains have an irregular geometry and are
spaced randomly along the periphery of the wheel (Fig. 9.6). Newly
developed shaped abrasives are available that provide less random
and more aggressive machining surfaces.

2. The average rake angle of the grains is highly negative, typically —60°

and lower, thus the shear angles are very low (Section 8.2.4).

Source: After S. Kalpakjian.

X

é,ov\q’}e = g'ﬂﬂ * D“ﬁ«nce

o will nok have the same
=
farque

FIGURE 9.6 The grinding surface of an abrasive wheel
(A46-J8V), showing grains, porosity, wear flats on grains
(See also Fig. 9.7b), and metal chips from the workpiece
adhering to the grains. Note the random distribution and
shape of the abrasive grains. Magnification: 50 x.
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o

Sparcks s 0xidakion L fhe hot metalic chips.
(“5" temp. chps —> w\cléwj)

ek or pass. (Top view:

)

Yo

2

Won't get along rake
face

3. Depths of cut are very shallow, and chips are small and always
discontinuous.

4. Temperatures are much higher in grinding than in metal cutting; the
temperatures can be high enough for some chips to react with oxygen
in air, often leading to ‘sparks’ (see Section 9.4.2).

5. The grains in the periphery of a grinding wheel have different radial
positions from the center of the wheel.

6. The cutting speeds of grinding wheels are very high (Table 9.2),
typically on the order of 30 m/s.

An example of chip formation by an abrasive grain is shown in Fig. 9.7.
Note the negative rake angle, the low shear angle, and the very small size
of the chip (see also Example 9.1). Grinding chips can easily be collected
on an adhesive tape, which is held against the sparks of a grinding wheel;
from direct observation of the tape, it will be noted that a variety of metal

chips are produced in grinding.

The mechanics of grinding chip formation and the variables involved
can best be studied by analyzing the surface-grinding operation shown in
Fig. 9.9. In this figure, a grinding wheel, with a diameter of D, is'remov-
ing a layer of material at a depth d, known as the wheel depth of cut.

we) TABLE 9.2  Typical ranges of speeds and feeds for abrasive processes.

Process variable

Conventional grinding Creep-feed grinding

Buffing Polishing

Wheel speed (m/min)

wheel . Work speed (m/min)

Feed (mm/pass)

1500-3000

10-60
0.01-0.05

1500-3000 1800-3600 1500-2400
0.1-1 - =
1-6 A d

Small
1o (-VE) Pock angle -
20 [ow Shear angle
3. Small size of chips-

i
% ollected
i adhesive tape

P S
-

¥4-~5‘M;/t S/!ea;" omsle_ - E\I‘]a”ﬂ
Workpiece
(@)
FIGURE 9.7

GrE= -~ ~ :

Negative (—Ve) rake angle.

Abrasive grain

10 um

same as
flemk  wear

Wear flat
————

Effeciency reduces

(a) Grinding chip being produced by a single abrasive grain.
Note the large negative rake angle of the grain. Source: After M.E. Merchant.
(b) Schematic illustration of chip formation by an abrasive grain. Note the
negative rake angle, the small shear angle, and the wear flat on the grain.
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®) ()
melted chip

\4\3\:\ tewme .

FIGURE 9.8 Typical chips, or swarf, from grinding operations. (a) Swarf from
grinding a conventional HSS drill bit; (b) swarf from a tungsten carbide )
workpiece using a diamond wheel; and (c) swarf of cast iron, showing a melted with Qv

globule among the chips. Source: Courtesy of J. Badger.
%kan.g:wéml_ velociby {fz7c p-N

* nok finear velocity ()

Some as the max- fe M

# mechanics % variable inwolved t
convenbional cuthing

(ickness). o
Grinding

_ Diameter of the wheel -
wheel - Wheel Depn o cuk-
= Gorain Deptin of et (undelormed fhickness ) -

# Grain depth of cut Grains — undelormed lengfh-

as diff Distance from C\ X | & _______

¥ Y,
4\ d wheel depth of cut /
I um‘tﬁma’l‘ + /

FIGURE 9.9" Basic variables in surface grinding. In actual
Relati\‘;e ve|'ocity (Contact Iength) Workpiece “grinding operations, the wheel depth of cut, d, and contact
between wp and wheel

length, I, are much smaller than the wheel diameter, D.
The dimension t is called the grain depth of cut.

/

4¢  An individual grain on the periphery of the wheel is rotating at a tangen- ~ #
tial velocity V; the workpiece is moving at a velocity v. As shown, it is
called up or conventional grinding (see also milling, Section 8.10.1). The
abrasive grain is removing a chip with an undeformed thickness (grain
depth of cut), ¢, and an undeformed length, /.

Typical chips from grinding operations are shown in Fig. 9.8. Note
that the chips, just as in machining, are thin and long. From geomet-
ric relationships, it can be shown that for the condition of v < V, the
undeformed-chip length, I, is approximately

;(.Mwaefm'mej chip LcmgHa

when Hhe (;awjenlr\al, velociby
) 3 R X is Imjkc;r thowr Lineowr~
For external (cylindrical) grinding (see Section 9.6), velocitys

Dd

'=V1T om0 -2
/ Dd

l= 1-(D/D (D/Dw)’ (9.3)

where D,, is the diameter of the workpiece.

(9.1)

and for internal grinding,
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volum of chipt

b The relationship between ¢ and other process variables can be derived

% 2er0 as follows: Let C be the number of cutting points per unit area of wheel
e ) surface, and v and V the surface speeds of the workpiece and the wheel,
: uceck per . . . . o o ~
% ol chips produced pe ok oo respectively (Fig. 9.9). Assuming the width of the workpiece to be unity,

unit time = UC = 10
S w

the number of grinding chips produced per unit time is VC, and the volume
of material removed per unit time is vd.

Assume the chip shown in Fig. 9.9 has a triangular cross section with
a base of ¢ and a constant width of w. The volume of such a chip can be

expressed as
wtl %l
( Volgyp = 2= = 2= ] (9.4)

where 7 is the ratio of the chip width, w, to the average chip thickness. The
volume of material removed per unit time is the product of the volume of
each chip and the number of chips produced per unit time; thus,

/1

il

VCT Ud,

and because | = v/ Dd, the undeformed chip thickness in surface grinding

will be
4v |d
=V v\ 5 (9.5)

Experimental observations have indicated that C is on the order of 0.1 to
10 per mm?. Note that the finer the grain size of the wheel, the larger is
this quantity. The magnitude of 7 is between 10 and 20 for most grinding
operations. Substituting typical values into Egs. (9.1) through (9.5), it will
be found that / and ¢ are very small quantities; typical values of ¢ are in the
range of 0.3-0.4 pm.

EXAMPLE 9.1 Chip Dimensions in Grinding

Given: A typical surface grinding operation is being performed with D = 200 mm, d = 0.05 mm,

2 @undeformed chip Lenghe:
G, O e 25, ~ .. C=2permm? andr=15.
= {0 | 200 a.05 3-2

0= 2/ . . . .

i Find: Estimate the undeformed-chip length and the undeformed chip thickness.
= 3ommin
——_— ‘ A= Solution: The formulas for undeformed length and thickness, respectively, are given by Egs. (9.1)

< omfs Rekahiy and (9.5) as

— 41/\/7
l— Dd and = E B.

From Table 9.2 the following values are selected:

v =30 m/min = 0.5 m/s and V = 1800 m/min = 30 m/s.



V: finear velocity
VT o URRT < ot conhonc
number of grains
force per SM,',L‘{‘

VC s higher number of chips produced
per uwif Eime
or  more chips per uait avea
& mre veleeity
=P less grain forces .
[ P
(single grein Sorce )

Uplowing X Usiidiig ¢
Ao relabion in ehip procluction
Cper procuet) .
(cflect the grain)-
“M'p: Plaskec. oelormedion. o gherin
needed  to produce fhe chip

Wear _Elg; = Flank wean -
Cuﬂ-inj

Griuaf/v:]

ncy reduces

#Energy level :
— Girinding
o _ Culting (Sag e -paint)
- Formng
Lo Because o
= Fze effecr
~ Wear flat
— Chip morphology-

~ o~
Linear 1 wp MRR T > [nce per Guain |

(necded )
AN

D o Grains interacking T Section 9.4

AN
Seb TR (72_;» , cnstant

& Dr =l x Specific cnersy consumed 2
w=

= Gdeat) + (£ (9roove) + (£ (Frickion)
5 Pl Sliding

<hi

Tofn plastic

def.
ofe Formation. wip

remavetd. -

9.4.1

As in machining operations, knowledge of forces is essential not only
in the design of grinding machines and workholding devices, but also
in determining the deflections that the workpiece and the machine will
undergo. Deflections, in turn, adversely affect dimensional accuracy of the
workpiece, which is especially critical in precision grinding.

Based on the discussion of cutting force, F, in Section 8.2.3 and assum-
ing that the force on the grain is proportional to the cross-sectional area
of the undeformed grinding chip, it can be shown that the grain force is

Grinding Forces

v |d
i —J =0 e
Grain force o< eV D Deptn o cut

=N Degtonce (D'nume(;gr)
The grain force is then the product of the expression in Eq. (9.6) and the
strength of the metal being ground. ‘
The specific energy consumed in producing a grinding chip consists of

three components: sl malihgiorgovel . oo

U = Uchip + Uplowing + Ugliding> (9.7)
where the quantity #;, is the specific energy required for chip formation
by plastic deformation; #|4ing is the specific energy required for plowing,
which is plastic deformation without chip removal (Fig. 9.10); and the last
term, ijiding, can best be understood by observing the grain in Fig. 9.7b.
Note that the grain develops a wear flat, similar to flank wear in cutting
tools (see Section 8.3).

Typical specific-energy requirements in grinding are given in Table 9.3.

# Note that these energy levels are much higher than those in machining

operations with single-point tools, as given in Table 8.3. This difference
has been attributed to the following three factors:

Size effect. Recall that the size of grinding chips is very small, as com-
pared with chips produced in machining operations, by about two
orders of magnitude. As described in Section 3.8.3, the smaller the
size of a metal specimen, the higher is its strength; for this reason,
grinding involves higher specific energy than machining operations.

PO D €
[

omounts of plastic dleformodion

- small volume of chips ‘/h:’jk Shrain.
(" 8o the amount of increasing fhe  chips

will be Very high.

(Specific energy requined ~» wach Wighen ).
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7= FR. o
:E(g) _,«M_%(_z-):Q — cav\s;:;:c

(D_i) PpFl =T canskant .

C=num of cutting points per unit area
force distributed on grains easy
cutting if low dragging

Workpiece

FIGURE 9.10 Chip
formation and plowing
(plastic deformation
without chip removal) of
the workpiece surface by
an abrasive grain.
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TABLE 9.3 Approximate specific-energy requirements for
surface grinding.

Specific energy
Workpiece material Hardness W-s/mm?>
Aluminum 150 HB 7-27
Cast iron (class 40) 215 HB 12-60
x wear Flak —> large compare ¢ e Low-carbon steel (1020) 110 HB 14-68
chip wolume =t hgher Friction  (Frichion Sliding ) - Titanium alloy 300 HB 16-55
Tool steel (T15) 67 HRC 18-82

# Flank wesw —o smaf] compove £o alhip wluwe.

=p Jess {rickion- Cm‘cﬁsh S’/Zhj) i

2. Wear flat. The wear flat (Fig. 9.7b) dissipates frictional energy, which
contributes significantly to the total energy consumed. The size of the
wear flat in grinding is much larger than the grinding chip, unlike in
metal cutting by a single-point tool, where flank wear land is small
compared with the size of the chip (Section 8.3).

Wear fat 3. Chip morphology. Recall that the average rake angle of a grain

R is highly negative (Fig. 9.7), thus the shear strains in grinding are
very large. This indicates that the energy required for plastic defor-
mation to produce a grinding chip is higher than in machining
© processes. Moreover, plowing consumes energy without contributing

to grinding chip formation (Fig. 9.10).

#* Small ghear amgﬁ: - la-:jc
lenghh of cut g Areo.

(more onergy requingd ) -

EXAMPLE 9.2 Forces in Surface Grinding

—_ Given: Assume that you are performing a surface-grinding operation on a low-carbon steel work-
. HRR= e . piece using a wheel of diameter D = 250 mm that rotates at N = 4000 rpm. The width of cut is
ot Bz - Vol w = 25 mm, depth of cut is d = 0.05 mm, and the feed rate of the workpiece is v = 1.5 m/s.
time

time

= e (hwn iy ke Find: Calculate the cutting force, F. (the force tangential to the wheel), and the thrust force, F,
« angulae elocity = 1)« (3T }.= dea/s = (the force normal to the workpiece), noting that in general F,, is around 30% higher than F,.

« Power-="Tow 5 T Fc(%}.

Solution: We first determine the material removal rate as follows:

MRR = duw = (0.05)(25)(1500) = 1875 mm?/s.

The power consumed is given by Cnergy _ s bolum _ ¢ x (MRR) -
Power = (#)(MRR),

where u is the specific energy, as obtained from Table 9.3. For low-carbon steel, use an average
value of 41 W-s/mm?3. Hence,

Eime Eime

Power = (41)(1875) = 76.875 kW.

Also note that the angular velocity is
2
w = (4000) (6—’5> — 418.9 deg/s.

Since power is defined as
Power = Tw,
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9.4.2 Temperature

Temperature rise in grinding is an important consideration, because it can
(a) adversely affect workpiece surface properties; (b) cause residual stress;
(c) cause distortion and difficulties in controlling dimensional accuracy;
and (d) when high, it can cause burning and structural changes. The work
expended in grinding is mainly converted into heat. The surface temper-
ature rise, AT, has been found to be a function of the ratio of the total
energy input to the surface area ground. In surface grinding, if w is the
width and L is the length of the surface area that is ground, then

O unie pailns botal energy: with constant J‘PH\ "F CW(.’

for grindling - (uw I.d)
whol's volume AT o (wl) ud.
anest-

Including the size effect and assuming that u varies inversely with the
undeformed-chip thickness, ¢, the temperature rise is

v\ 1/2
Temperature rise o« D1/443/4 <—> . (9.9)

v

The peak temperatures in chip generation during grinding can be as high
as 1650°C; however, because the time involved in producing a chip is
extremely short (on the order of microseconds), melting of the chip may
or may not occur. Because, as in machining, the chips carry away much
of the heat generated (See also Fig. 8.18), only a small fraction of the heat
generated is conducted into the workpiece (see Section 8.2).

Sparks. The sparks observed in grinding metals are actually glowing
chips. The glowing occurs because of the exothermic reaction of the hot
chips with oxygen in the atmosphere; sparks have not been observed with
any metal ground in an oxygen-free environment. The color, intensity, and
shape of the sparks depend on the composition of the metal being ground.
If the heat generated by exothermic reaction is sufficiently high, the chip
may melt and, because of surface tension, solidify as a shiny spherical
particle. Scanning electron microscopy has shown that these particles are
hollow and have a fine dendritic structure (Fig. 5.8), indicating that they
were once molten and have resolidified rapidly. Moreover, some of the
spherical particles may also have been formed by plastic deformation and
rolling of chips at the grain-workpiece interface during grinding.
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9.4.3 Effects of Temperature

The major effects of temperature in grinding are:

®If there is fempering in bigh temp- Any structural change 1. Tempering. Excessive temperature rise caused by grinding can temper
it could  cancel adl the hovdening (Softning) (Section 5.11.5) and soften the surfaces of steel components; they are
=% become gl sheel - often ground in the heat-treated and hardened state. Tempering can
be eliminated by avoiding excessive temperature rise; grinding fluids

(Section 9.6.9) also can effectively control temperatures.
§ b makerial. —» Stecl- 2. Burning. If the temperature rise is excessive, the workpiece surface
b hout el may burn, such as a bluish color on steels, which indicates oxidation at

high temperatures. A burn may not be objectionable in itself; how-
ever, the surface layers may undergo metallurgical transformations,
with martensite formation in high-carbon steels from reausteniza-
tion, followed by rapid cooling (Section 5.11). This phenomenon is
known as metallurgical burn, which is especially serious with nickel-
base alloys.

3. Heat checking. High temperatures in grinding lead to thermal stresses
which may cause thermal eracking of the workpiece surface, known
as heat checking (see also Section 5.10.3). The cracks are usu-
ally perpendicular to the grinding direction; under severe grinding
conditions, however, parallel cracks may also develop.

4. Residual stresses. Temperature gradients within the workpiece are
mainly responsible for residual stresses in grinding. Other contribut-
ing factors are the physical interactions of the abrasive grain in chip
formation and the sliding of the wear flat along the workpiece surface.
Two examples of residual stresses in grinding are given in Fig. 9.11,
demonstrating the effects of wheel speed and the type of grinding
fluid used. The method and direction of the application of grind-
ing fluid also can have a significant effect on the residual stresses
developed. Because of the deleterious effect of tensile residual stresses
on fatigue strength (see Section 3.8.2), process parameters should
be chosen properly. Residual stresses can usually be lowered by (a)
using softer grade wheels (called free-cutting wheels); (b) lower wheel
speeds; and (c) higher work speeds, a procedure known as low-stress
or gentle grinding.

bluish coler on

thermal shesses Hen thermal cracking

within the wp

9.5 Grinding-Wheel Wear .

Wheel wear is an important consideration because it adversely affects the
shape and dimensional accuracy of ground surfaces, a situation similar
to the wear of cutting tools (Section 8.3). Grinding wheels wear by three
different mechanisms:

1. Attritious wear. The cutting edges of a sharp grain become dull by
attrition (known as attritious wear), developing a wear flat (Fig. 9.7b)
that is similar to flank wear in cutting tools. This type of wear is
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Solubilit

resulting in complex physical #nd chyemical reactions between the
two. These reactions involve (aﬁiiffusion;\(b') chemical degradation
or decomposition of the grains; f fracture at a microscopic scale;
(¢} plastic deformation; and (@) melting. A and B won't happen

Attritious wear is low when the two materials are chemically inert
with respect to each other, much like in cutting tools; the more inert
the two materials, the lower the tendency for adhesion to occur
between the grain, and the workpiece being ground. For example,
because aluminum oxide is relatively inert toiron, its rate of attritious
wear in grinding steels is much lower than that for silicon’carbide and
diamond grains. On the other hand, carbon can dissolve in iron, and
thus diamond is not suitable for grinding steels. Cubic boron \{ﬁde
has a higher inertness to steels, and hence it is suitable for use as an
abrasive. The selection of thetype of abrasive for low attritious wear
should thus be based on the @Zotivity of the grain and the workpiece
materials and their relative meclfZ¥ical properties, especially hard-
ness and toughness. The environment and the type of grinding fluid
used also have an influence on grain-workpiece interactions.

characteristics in grinding are important. If the wear flat caused by
attritious wear is excessive, the grain becomes dull and the grinding
operation becomes inefficient and produces high temperatures.

Grinding-Wheel Wear
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Ideally, the grain should fracture or fragment at a moderate rate,
so that new and sharp cutting edges are produced continuously
during the grinding operation. Note that the fracturing process is
equivalent to breaking a piece of rounded and dull chalk into two
or more pieces in order to expose new sharp edges. Recall that
Section 9.2 has described friability of abrasive grains, giving them
their self-sharpening characteristics, an important consideration in
effective grinding.

The selection of grain type and size for a particular applica-
tion also depends on the attritious-wear rate. Note that a grain-
workpiece material combination with high attritious wear and low
friability caused'dulling)of grains and the development of a large wear
flat. Grinding then becomes inefficient and surface damage is likely
to occur.

The following workpiece material and abrasive combinations are
generally recommended:

a. Aluminum oxide: steels, ferrous alloys, and alloy steels.

b. Silicon carbide cast iron, nonferr s metals, and hard and

yceramics, marble, and glass).
ceramics, cemented-carbide

» 3. [ BONGIIFASHTE. The strength of the bond (grade) is a significant
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parameter in grinding. If the bond is too strong, dull grains cannot
be easily dislodged so that other sharp grains, along the circum-
ference of the grinding wheel, can begin to contact the workpiece
and remove chips; thus the grinding process then becomes ineffi-
cient. On the other hand, if the bond is too weak, the grains can
easily be dislodged and wheel wear increases, thus controlling the
dimensional accuracy of the workpiece becomes difficult. In general,
, and for reducing
residual stresses and thermal damage to the workpiece.
, and for removing large
amounts of material at high rates (see also Section 9.5.3).
J-—prc-sharpening
Dressing, Truing, and Shaping of Grinding Wheels

Dressing is the process of conditioning worn grains on the surface of a

grinding wheel in order to produce sharp new grains, but also will true
an out-of-round wheel (see below). Dressing is necessary when excessive
attritious wear dulls the wheel, called glazing because of the shiny appear-
ance of the wheel surface, or when the wheel becomes loaded. Loading
occurs when the porosities on the grinding surfaces of the wheel (Fig. 9.6)
become filled or clogged with grinding chips. Loading can occur (a) when
grinding soft workpiece materials; (b) by improper selection of the grind-
ing wheel; and (c) by improper selection of grinding parameters. A loaded

X
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-« wheel grinds very inefficiently, generating much frictional heat and causing

surface damage and loss of dimensional accuracy.

Sharpening Dressing is done by the following techniques:

[ Diamond point: (Clusken)

tor shaped

Bl Abrasive sticks :

@) metal -Rond  Dismend

1. A specially shaped diamond-point tool or a diamond cluster is moved
across the width of the grinding face of a rotating wheel, removing
a very small layer from the wheel surface with each pass across the
wheel. This method can be used either dry or wet (using grinding
fluids), depending on whether the wheel is to be used dry or wet,
respectively, during the grinding operation.

2. A set of star-shaped steel disks is pressed against the rotating grinding
wheel, and material is removed from the wheel surface by‘_c;u{}%
the grains. This method produces a goarsg grinding surface on’the
wheel and is used only for rough grinding operations on bench or
pedestal grinders (Section 9.6.5Y.

3. Abrasive sticks may be held against the grinding surface of the wheel.
This is a common method for softer wheels but is not appropriate for
precision grinding operations.

4. For metal-bonded diamond wheels, electrical-discharge and electro-
chemical machining techniques (see Sections 9.11 and 9.13) can be
used to erode very small layers of the metal bond, thus exposing new
diamond cutting edges. For a specific profile

(-ve) to the wheel - ¢—— 5. Dressing for form grinding involves crush dressing, or crush forming;

(Fixed shepe)

out-of
voundwess .

(Toung)
{

Back to the brue
Shap

*Wear in the
circum Ference .

the method consists of pressing a metal roll on the surface of the
(usually vitrified) grinding wheel. The roll is made of high-speed steel,
tungsten carbide, or boron carbide, and has a machined or ground
profile, thus reproducing this profile on the surface of the grinding
wheel being dressed (Fig. 9.12). Dressing is also done to generate a
specific shape on the grinding surface of a wheel for the purpose of
grinding profiles on workpieces (see Section 9.6.2).

Dressing techniques and the frequency at-which the wheel surface is

dressed are significant factors, affecting-grinding forces and workpiece
surface finish. Modern computer-eontrolled grinders (Section 9.6) are
equipped with automatic dressifig features that dress the wheel during
the grinding operation. For"a typical aluminum-oxide wheel, the depth
removed during dressirig is on the order of 5 to 15 um, but for a ¢cBN
wheel, it is 2 to 10-um. Modern dressing systems have a resolution as low
as 0.25 to 1 pum.
# Truing is an operation by which a wheel is restored to its original shape.
A round wheel is shaped to make its circumference a true circle, hence
the word truing. Truing can also produce a desired workpiece shape. The
grinding face on the Type 1 straight wheel shown in Fig. 9.2a is cylindrical
and thus produces a flat surface; however, modern grinders are equipped
with computer-controlled shaping features, whereby the diamond dressing
tool automatically traverses the wheel face along a certain prescribed path
(Fig. 9.12). Note in this figure that the axis of the diamond dressing tool
remains normal to the wheel face at the point of contact. The result of the
operation is a profile that can be produced in a workpiece.

Grinding-Wheel Wear

——orough-
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L

Single-point
dressing diamond
for dressing forms
up to 60° on both
sides of the
grinding wheel

Fixed-angle
swivelling dresser
to dress forms

up to 90° on both
sides of the
grinding wheel

Grinding wheel

Precision
radius dresser
for single- and

Formed diamond
roll dressing for
high-volume

high-volume
production

Rotary dressing
unit for dressing
hard grinding
wheels or for

Silicon carbide
or diamond dressing
wheel for dressing

twin-track production either diamond or
bearing CBN grinding
production wheels
Dressing tool Dressing tool
C\_"Moi shap
(V€] bo the

wheel
""5“ produchon volwme -

Diamond
dressing tool

Grinding
face

Grinding wheel

FIGURE 9.12 (a) Methods of grinding wheel dressing. (b) Shaping the grinding
face of a wheel by dressing it with computer-controlled shaping features. Note
that the diamond dressing tool is normal to the wheel surface at point of contact.
Source: OKUMA America Corporation.

r_,,E{'(-'icienfy a@ Gm\cﬂms
9.5.2 Grinding Ratio
Grinding-wheel wear is generally correlated to the amount of material

ground; it is expressed by the grinding ratio, G, which is defined as

- Volume of material removed
= \LVolume of wheel wear

(9.10)

. R X . . become dull
In practice, grinding ratios vary widely, ranging from 2 to 200 and higher,

depending on (a) the type of wheel; (b) workpiece material; (c) grinding
fluid; and (d) process parameters, such as depth of cut and speeds of the
wheel and the workpiece. Attempting to obtain a high grinding ratio in
practice is not necessarily desirable because high ratios may indicate grain
dulling, leading to possible surface damage. A lower ratio may well be
acceptable if an overall econoesic analysis justifies it.

] They don't break but they
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= ftfhard > depend Soft-acting or hard-acting wheels. Durmg a grmdmg operation, a par-
ticular wheel may act soft heaning its Wear rate is high) or hard (wear
rate is low), regardless o W is behavior is a function of the force
\7 .
. on the grain. The higher the Torce, the greater the tendency for the grains

U

Grinding-Wheel Wear 603

s
to undergo fracture or to be dislodged from the wheel surface, hence the Removed

wh o FTaedt higher the wheel wear and the lower the grinding ratio. Equation (9.6)

== S indicates that the grain force increases with %e (a)usfrength of the work-
(@b acnstant wiume of ) piece material; (b) Work speed; gnd (c) depth of cut, and decreases with
3 makerial pemoved -3/ increasing (& wheel speed and (b) wheel diameter.
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EXAMPLE 9.3 Action of a Grinding Wheel
€x:9-3
# pavameker changes wit
— ineel surface speed- b
- wheel Diameter ¥

J\c/r‘)\‘ e 1

spindle speed.

Find: Will the wheel act soft or act hard as it wears down over a period of time?

Given: A surface-grinding operation is being carried out with the wheel rotating at a constant

Solution: Referring to Eq. (9.6), it will be noted that the parameters that change with time in this
operation are the wheel surface speed, V, and the wheel diameter, D. As both become smaller
with time, the relative grain force increases, and therefore the wheel acts softer. Some grinding
machines are equipped with variable-speed spindle motors to accommodate these changes and to

make provisions for wheels of different diameter.

I——»w./u:c( & wp
9.5.3 Wheel Selection and Grindability of Materials

Proper selection of a grinding wheel for a given application greatly influ-
ences the quality of surfaces produced and the economics of the operation.
Selection involves not only the shape of the wheel with respect to the shape
of the part, but also the characteristics of the workpiece material. The

grindability of materials, like machinability (Section 8.5) or forgeability
(Section 6.2.5), is difficult to define precisely. It is a general indication
of how easy it is to grind a particular material; it includes such considera-
tions as surface finish, surface integrity, wheel wear, cycle time, and overall
economics of the operation.

Specific recommendations for selecting wheels and process parame-
ters can be found in various handbooks. Examples of recommendations
are: C60-L6V for cast irons, A60-M6V for steels, C60-I19V or D150-
R75B for carbides, A60-K8V for titanium, and D150-N50M (diamond)
for ceramics.

Ductile regime grinding. It is possible to obtain edntinuous chips in
grinding ceramics using light passes and rigid atachine tools with good
damping capacity (Figs. 9.7b and 9.10). Known as ductile regime grind-
ing, this technique produces good werkpiece surface integrity; however,
because ceramic chips are typicalty 1-10 um in size, they are more diffi-
cult to remove from grinding fluids than are machining chips, requiring
fine filtration.

# Wheel. Seleckion /Grindability -

Fe ot

de how easy it is ko
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EXAMPLE 9.4 Grinding vs. Hard Turning

It is evident that grinding and hard turning (Section 8.9.2) can be competitive in specific applica-
tions. Hard turning continues to be increasingly competitive with“grinding, and the dimensional
tolerances and surface finish produced are approaching thosefor grinding. Furthermore, (a) turn-
ing requires much less energy than grinding (See Tables 8:3 and 9.3); (b) thermal and other damage
to the workpiece surface is less likely to occur; (c) cutting fluids may not be necessary; and (d) the
machine tools are less expensive.

In addition, finishing the part while i¢is7still chucked in the lathe or turning center eliminates
the need for material handling and setfing the part in the grinder. On the other hand, workhold-
ing devices for large and slender-workpieces for hard turning can present difficulties because the
machining forces are high an those in grinding and the workpiece will tend to distort. Tool
wear and its control inhard turning also can be a significant problem as compared with automatic
dressing of grindipg wheels.

(o ® i 2

Fined Oim. X Fomal
9.7 Finishing Operations Surface Coighed:

In addition to the abrasive machining processes described thus far, sev-
eral processes can be used on workpieces as the final finishing operation,
using mainly abrasive grains. However, finishing operations can contribute
significantly to production time and product cost, hence they should
be specified with due consideration to their economic drawbacks and
performance benefits.

Commonly used finishing operations are described below.

(D Coated abrasives. Typical examples of coated abrasives are sand-

paper and emery cloth. The grains in coated abrasives are more

*pointed than those used for grinding wheels; they are electrostati-

7 cally deposited on flexible backing materials, such as paper or cloth
(Fig. 9.19), with their long axes perpendicular to the plane of the

backing. Coated abrasives are available as sheets, belts, and disks,

and usually have a much more open structure than the abrasives used

in bonded wheels. They are used extensively in finishing flat or curved

surfaces of metallic and nonmetallic parts, in finishing metallographic

specimens, and in woodworking. The surface finish obtained depends

Open sless dense (h,‘gh porosity )

primarily on grain size. —> proportional with Giwain Size
Coated abrasives are also used as belts for high-rate material & adlversely with Gwit Size -

removal. Belt grinding is an important production process and in

. L ; . in S 1 it S
some cases has replaced conventional grinding operations, such as in Grain 8- 1 = Gorit 84

Abrasive grains

G Size coat FIGURE 9.19 Schematic illustration of the structure
Make coat of a coated abrasive. Sandpaper, developed in the
\ 16th century, and emery cloth are common

Backing examples of coated abrasives.

pemmey
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FIGURE 9.20 Schematic illustration of a honing
tool to improve the surface finish of bored or

ground holes.

Abrasive and Other Material Removal Processes

grinding camshafts, with 8 to 16 lobes (of approximately elliptic shape)
per shaft. Belt speeds are usually in the range of 700-1800 m/min.
Machines for abrasive-belt operations require proper belt support and
rigid construction to minimize vibrations.

In microreplication, aluminum-oxide abrasives in the shape of
tiny pyramids are placed in a predetermined orderly arrangement
on the belt surface. When used on stainless steels and superalloys,
their performance is more consistent, and the temperature rise is
lower than when using other coated abrasives. Typical applications
include surgical implants, turbine blades, and medical and dental
instruments.

2. Wire brushing. In this procw/ﬂg workpiece is held against a circular
wire brush rotating igh speed, producing longitudinal scratches

Honing. This is an operation used primarily to produce fine sur-
face finish in holes. The honing tool (Fig. 9.20) consists of a set of
aluminum-oxide or silicon-carbide bonded abrasives, called stones.
The stones are mounted on a mandrel that rotates in the hole, apply-
ing a radial force, with a reciprocating axial motion, thus producing
a crosshatched pattern. The stones can be adjusted radially for dif-
ferent hole sizes. The surface finish can be controlled by the type and
size of abrasive used, the speed of rotation, and the pressure applied.
A fluid is used to remove chips and to keep temperatures low. If not
implemented properly, honing can produce holes that may not be
straight and cylindrical, but rather bellmouthed, wavy, barrel shaped,
or tapered. Honing is also used on external cylindrical or flat surfaces,
and to remove sharp edges on cutting tools and inserts (See Fig. 8.31).

«— g In superfinishing, the pressure applied is very low, and the motion

of the honing stone has a short stroke. The operation is controlled
such that the grains do not travel along the same path across the
surface of the workpiece. Figure 9.21 shows examples of external
superfinishing of a round part.

4. Electrochemical honing. This process combines the fine abrasive
action of honing with electrochemical action. Although the equip-
ment is costly, the process is as much as S times faster than con-
ventional honing, and the tool lasts up to 10 times longer. Electro-
chemical honing is used primarily for finishing internal cylindrical
surfaces.

5. Lapping. Lapping is a finishing operation on flat or cylindrical sur-
faces. The lap (Fig. 9.22a) is usually made of cast iron, copper, leather,

Spindle Stone

0P 4 ===

.

Nonabrading
bronze guide
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FIGURE 9.21 Schematic illustration of the superfinishing process for a
cylindrical part: (a) cylindrical microhoning; and (b) centerless microhoning.
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FIGURE 9.22 (a) Schematic illustration of the lapping process. (b) Production
lapping on flat surfaces. (c) Production lapping on cylindrical surfaces.

or cloth. The abrasive particles are embedded in the lap or they may
be carried through a slurry. Depending on workpiece hardness, lap-
ping pressures range from 7-140 kPa. Dimensional tolerances on the
order of 0.4 um can be obtained with the use of fine abrasives, up
to size 900. Surface finish can be as smooth as 0.025-0.1 um. Pro-
duction lapping on flat or cylindrical workpieces is done on machines
such as those shown in Figs. 9.22b and c. Lapping is also performed

on curved surfaces, such as spherical objects and glass lenses, using Softening X smeaving
specially shaped laps. Running-in of mating gears also can be done (smostning)
wher Lopping 4— by lapping. (oshing with heak
6. Polishing. This is a process that produces a smooth, lustrous surface y
finish. Two basic mechanisms are involved in the polishing process: — —wwwr— = """
© fine-scale abrasive removal and softening and smearing of surface lay-@® +
ers by frictional heating. The shiny appearance of polished surfaces shiny

results from the smearing action. Polishing is done with disks or belts, Sunface

Smeomin.a = spmaol g
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Difficul- to polish shapes

when fher s no access fin fhe polishing made of fabric, leather, or felt, that are coated with fine powders

ol of aluminum oxide or diamond. Parts with irregular shapes, sharp
R ¢ corners, deep recesses, and sharp projections are difficult to polish.

7. Laser polishing. This method involves rapid melting and resolidifica-

tion of a surface, at depths of submicrons, using short laser pulses in

L Laser - the range of micro- or nanoseconds. The melting action smoothens

asperity (Peaks ) “w_swed  the surface by reducing asperity heights (See Fig. 4.4), on ferrous
LA N 4 ; i \nc3lslotior  and nonferrous metallic workpieces as well as on glass and diamond.
tied w!, N> s The surface roughne§s developed .by laser polishing can be as .low
asperiky " as 0.05 um and is suitable for optical use. It also has lower friction,

thus making it attractive for such applications as automotive cylinder

liners. Unlike traditional polishing operations, this process is much

faster and also is applicable to workpieces with uneven surfaces, using
programmable controls.

ng. This process is similar to polishing, with the exception that
very fine sives are used on soft disks typically made of cloth.
The abrasive is stupplied externally from a stick of abrasive com-
pound. Buffing may be doné olished parts to obtain an even finer
surface finish. [~ Extremely Fne Puishing .

9. Electropolishing. Mirrorlike finishes can be ogtalned on metal sur-
faces by electropolishing, a process that is the reverse of electroplating
(Section 4.5.1). Because there is no mechanical contact with the
workpiece, this process is particularly suitable for polishing irregular

 clechro plaking ¢ deposition for
the coating - (~ve) WP

relechropolishing & remave, of fhe
ma;hru (4ve) WP

4
£E+

"m"d“:” solukion relechrolyte & amduchive solubion: shapes. The electrolyte attacks projections and peaks on the work-

Sharp- S . 0
el e x Sharp cornens < high energy size Eavemels PIECE surfact; and at a higher rate than for the rest of the surface,
G 4 ghly reachve places sharp~, _thus pltoducmg a smooth §urface. Electropolishing is also used for

edges eburring operations (Section 9.8).

-— — — — —— —— —— — 10. Chemical-mechanical polishing. Chemical-mechanical polishing
Chemical 3 chemical reackion from Hhe corpogive (CMP) is very important in the semiconductor industry. The process,
Subshances in fhe Solubion: shown in Fig. 9.23, uses a suspension of abrasive particles in a water-

base solution, with a chemistry selected to cause controlled corrosion.
This process removes material from the workpiece surfaces through
combined actions of abrasion and corrosion. The result is exception-
ally fine surface finish and a workpiece that is essentially flat (plane);
for this reason, the process is often referred to as chemical-mechanical
planarization.

A major application of this process is the polishing of silicon wafers
(Section 13.4), in which the primary function of CMP is to polish a
wafer at the miceq-level. To evenly remove material across the whole
walfer, it is held on a ting carrier face down and is pressed against
a polishing pad attached to~a_rotating disk (Fig. 9.23). Both the car-
rier and the pad rotate in order™te.avoid development of a linear lay
(see Section 4.3). The pad contains gfoayes in order to supply slurry
to the wafers.

mechanical ¢ Eceawse of the alborasive particles
in the Slurny -
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remove layers Lrom

Frish meéc.zf far Abrasive slurry  he sinface- Workpiece (disk)
corfogion - — ] ]
Workpiece Workpiece carrier
carrier Polishing pad
Workpiece

Polishing table

FIGURE 9.23 Schematic illustration of the chemical-mechanical polishing
process. This process is widely used in the manufacture of silicon wafers and
integrated circuits, where it is known as chemical-mechanical planarization.
Additional carriers and more disks per carrier also are possible.

particles in a KOH solution or NH4OH is continuously fed to the
pad-wafer interface.

11. Polishing processes using magnetic fields. In this technique, an abra-
sive slurry is supported with and made more effective by magnetic
fields. There are two basic methods:

etic float polishing, also called magnetic fluid finish-
a), a magnetic fluid fills the chamber within a
netic fluid consists of abrasive grains and
extremely fine ferromagnetic particles suspended in a carrier,
such as water or kerosene. Theseramic balls are located between
a drive shaft and a float. The abrast ains, ceramic balls, and
the float (made of a nonmagnetic materia all suspended by % con be used for mekalic
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FIGURE 9.24 Schematic illustration of the use of magnetic fields to polish balls % abrasive parkicles -
and rollers: (a) magnetic float polishing of ceramic balls and (b)

magnetic-field-assisted polishing of rollers. Source: After R. Komanduri,

M. Doc, and M. Fox.



