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A rew approach to the prediction of tool wear
- Dy -

Jd. Cherry, M.3e.

SUMMARY
Cutting teste were conducied on ENSbh and EN9 materials which have
led to the followins hynothezls 'For a given tool and workpiecce combinstion
the wear on the rake fece of the tool is proportional to thc work done in
Y S & i
frietion’ .

Purther tests are being undertakel. to determine the limite of
application of this hypothesis.
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Tool life ig of major concern for eccnaomical production in the metal
cutting industriesg and a simple method of predicting the tool wearability
of materisls would be of considerable valve in cnabling optimum cutting
conditions to be determined.

It has been shown'that tool life for minirmm cost per piece = (; -1)X
where 'n' i the exponen: in the speed/life relationship VI! = C¢.

Since 'n' is eubstantially constant for a given tool material and chip
thicknecs, and K is constant for given operating conditions then the life
of the tool (T) has an unique value under these circumstances. Also since
tool 1life (T) will be determined by a specific magnitude of tool wear, a
gimple method by which the time to arrive at this criterion could be
predicted would be very useful. In the experimental work to be described
it has Dbeen possible from simple cutting tests to vredict tool wear over
a limited range of conditions. Much more extensive research is required
to establish the range of the technique.

In nmetal cutting processce where tool wear ig the criterion of tool
life, wear may be caused by various Tactors e.g.

(a) plowhing by hardened nctal or inclusiong®
(b) schearing of the welds betwcen chip and tool?

(¢) aiffusion of tool material into the chip®s*.

Plouching by hardened netal occurs predominantly at slow speeds when
a built up edge is Tormed, and vear by diffusion occurs predominantly at high
epeeds where tenmperatures are high. Between thecge extremes is the normal
cubting speed zone where wecar iz mainly caused by shearing:

It is to this practical zone that the present technigve is coniincd.

In the course of an invectigation into oblique r-.iachining2 ceries of
exnerinents was conducted on test material ENOL using a tungsten titanium
carbide tool to examine the relationchip between the work done on friction
on thc ralie face of the tool and the actual wear of the tool. High correlation
vas establiched and led to the hypothezis 'For a given tool and workpiece
combination the wear on the rake face of the tool is pronortional to the
work done in friction'.

Tecte were extended to a cecond material ENQ and high correlation was
found between EN8bL and EN9 naterials. Further testes are being undertaken
to determine the limite of appiication of this hynothesis.



2.0 IExperimental procedurc for cutting force neacurement
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2.1 Dymamometer

As previously mentioned the original test prograrme was to investipgate
oblique machining (as illustrated in Fig. 1), with particular reference to
cutting forcee and tool wear. Since the validity of any conclusions would
depend on the accuracy of the teet results, consideravle attention was paid
to the design, manufacture and calibration of a three-dimensional dynamometer
for use on a lathe. The instrument in position on the machine is shown in
Fig. 2 and a diagram of the principle of operation is shown in Fig. 3.

In the calibration of the dynamomcter the conventional method of
independent loading in cach of the thrce principal directions was not
considered sufficient, as this gives no guarantee of accurate resolution
of the single cutting force during the machining operation, hence en
additional technique was employed as shown in Fig. 4 in vhich an oblique
force wae applied to simulate the actuval force experienced during the cutting
operation.

Oblique forces were applied to cover the range in which the actual
cutting forces were expected to occur as illustrated in Tig. 5 and deflections
recorded in the vertical, F., side F_ and radial F;, directions. TFrom the
known oblique forces, the corresponding forces in the vertical side and radial
directions wcie calculated and a calibration chart drawn as chown in Fig. 6.
As will bLe obgerved the variations in velues over the wide range of loading
ie quite emall, the mean deviations being as follows:-

Vertical force a = 2.5%
Side force Ft = 1.5%
Radial force F, = 2%

Thesc results were considered very satisfactory and average curves computed
by the least squares method were drawn as shown in Fig. 7 and used for
conversion purpoces.

2.2 Cutting forces
The range of tools used during the test is shovn in Fig. 3 and the
uperimental set-up ic shown in Fig. 2. Diagrammatic renresentation of the

position ol the tools relative to the workpiece is shown in Fig. G.

A1l tools had 30° primary rake (normal to the cutting edge) and 5°
trve clearance. Surface finich in all casce was less than 5 C.L.A.

Tects were conducted Tor each tool at .0025"” and .005" feed per rev
employing a cutting speed of 70 f.p.m. The megnitude and direction of
the resultant force (cutting Torce) was calculated as showm in Fig. 10 and
results are given in Figs. 11 and 12.



Exanination of these resvlts will revesl that the angle '0' (the
angle the Cchlng Torce Ra zakec with R,) ie approximately half the angle
of obliguity '*" e.g.

Obliquity .0025" Feed/rev .003" Fecd/rev
angle 'O angle 'O
30° 15°29 15°20
45 2h°1l 25°19
60° 29°30 %0°7

2.3 Encrgy relationships
L2 . : - +
Az shown by E. Merchant~the total work donc in cutting W

ig comPOﬂed
of the sum of the work done in chear W_ and the work done in io

n W
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where S chear stress

n

chear strain
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In chliqgue nach_n;ng

g . Sin ¢ Cos y(zﬂc Sin 7 - Fy Cos 7)
s A_Sin®
vhere & = angle of shear
stress
r, cos &
1e = = i i
aleo Tan ¢ 1% o T, cutting ratio
t _ 5
>
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and Tan & = == X Lo éiq é oo p Bin 7 = angle of obliquity
B = angle of chip flow

therefore in order to obtaln reliable values of shear giress it was necessary
to be able to neasurc ry and B with a high degree of accuracy. To enable
thie bto be done a new technique was deviged in wiiich the test piece was
vrepared as ghown in Fig. 1% and nounted on a vertical broaching machine as
shown in Fig. 1k. The test piece is machined with a numbder of slots to make
each cutting length equal at 1”. Typical chine produced by this technique
are shown in Fig. 15.

By rubbing a chip on an ink pad and rolling it subseq on paper the

ntly
developed shape of the chip can be oviained as ghovn In T 1

uent!?

o~ f’
Measurement can then be made of the width of the chip after cutting Vs,

and the length of the chip alter cutting Ls. Examination of Fig. 16 will



also reveal that the ends of the chip are not square with the sides but
form an angle approximating to half the angle of obliquity. Thie leature
is ured as a check on the accuracy of measurement of Wo and L, since the
distance across the corners of the chip C; (Fig. 16) can be measured as
shown in Fig. 17 and used to calculate the angle 'e' of the end of the chip.
agreenent between calculated 'e' and measured 'e' would indicate correct
valuves. Having verified such measurement and knowing the original volume
of the chip then the chip thickness ratio r, can be obtained as shown in
Fig. 18. The angle of chip flow is found as follows: -

Cos B = ¥I Cos 7

A surmary of the results of these calculations is shown in Fig. 19.
Examination of these results chow close agreement with the angle of chip
flow ' ' as obtained by G. Stapler >»%sS,

Work done in Friction Wf per unit volume

L L L L T e

Fc giny - F; cos 7
Sin B

txf
|

A summary of the results obtained is given in Fig. 20. A graph of Force/
Energy V_ Angle of obliquity is given in Fig. 21. It will be observed that
the work done in friction is a minimum at 30° obliquity.

4.0 Wear Tests

- e

Cutting teste were conducted to investigate the effect of the angle of
obliguity on the wear of both flank face and rake face of the tool as
illuetrated in Fig. 22.

The measurement criteria adopted were as follows:=

Flank = True wear

Preliminary teste showed that rapid wear and final breakdown for each
of the four angles of obliquity occurred when true wearland, as measured in



the direction of cut, reached a critical magnitude and that wearland
ncasured normal to the cutting edge was not a geaneral criterion; therefore
true wearland was chosen as the criterion for flank wear. To obtain the
values for true wearland, direct measurement was made of the normal wearland
ag shown in Fig. 23 which was then converted to true wearland as chown in
Fig. 2.

Volune of Flank Wear

From the calculations =0 established for true flank wearland,
calculations were made to establish the volume of flank wear as illustrated
in Fig. 25.

Rake Face

The volume of material worn from the rake face of the tool as illustrated
in Fig. 22 was chosen ag the criterion for wear on the rake face. To obtain
thie volume the contour of the crater was traced on a Talysurf Surface Finis
ingtrument ueing the datum attachment and measurements were made of the depth
and width of crater from which the volume was calculated.

et procetire

Wear tests were conducted using a square tool as shown in Fig. 26
mounted in a toolholder which permitted angular setting of the tool. All
four angles of obliquity 0°, 30°, 45° and 60° could then be tested on one end
of the tool. Radial adjustments were made to the setting angle Tor each angle
of obliquity in order to maintain uniform width of chirp. The external
diameter of the workpiece was machined by each tool in a randomised sequence.
Measurements were made of the progression of both the flank wearland and the
crater contour.

Flank Wear

Normal fiank wearland was measured after each edge had cut one length
of the workpiece. From these results the true wearland Wy was calculated,
also the volume lost by wear.

A surmary of these resuvlts is shown in Fig. 27. A graph of True Flank
Wearland V. Time is shown in Fig. 25 and Fig. 29 shows a graph of Flank Wear
(Volme) V_ Time. It will be observed tha® least wear occurs when the tool is

set at 30° obliquity.

Grater NWear

After each test run a trace of the crater contour fomed normal to the
cutting edge was taken as shown in Fig. 30. From each trace the depth of
crater 'h' and the width of crater 'c' were measured. 1In the cases of 30°,
L5° and 60° angle of obliquity the normel width of crater was converted to
give the true width of crater in the direction of cutting thus keeping the



volumetric relationship comparable. A sumary of the results is given in
Fig. 5. These results are chown graphically in Fig. 72. It will be
observed that least wear occurs when the tool haz %0° obliguity.

From the Talysurl traces of the crater wear as shown in Fig. 30,
a graph was drawn as cshown in Fig. 23 to illustrate the growth of wear
for each cutting edge. It will be observed that the width of crater
remained substantially constant throughout the test period, although the
depth of crater increased progressively.

A graph showingz the volume of metal removed in relation to angle of
obliquity ie shown in Fig. Zk. Again it ig seen that minimum wear occurs
at 30° obliquity.

%0 Qompazison of vear wilh york Sore fn £ristion

Comparison of this curved with the curve in Fig. 21 showing the work
done in friction is made in Fig. 75 whence it will be observed that there is
considerable correspondence hetween these curves which gives rise to the
hypotheses 'For a given work material and tool material combination under
identical cutting conditions the volume of metal removed from the rake face
of the tool is proportionel to the work done in friction'. To test this
hypotheses further, a series of tests was conducted on EN9 material to
measure the work done in friction V for the range of angles of obliqulty
previously used; thece tests were £ollowed by wear tects on the 0° tool
and comparison made with the results obtained from the EN8b material.

A summary of the cutting force measurements and the work done in friction
is given in Fig. 36. A graph of work done in friction Y Angle of obliquity
igs shown in Fig. 37.

The results of crater wear are chown in Fig. 38 and a graph of these
results is shown in Fig. 39. A similar wear pattern as for EN8b is obtained.

Comparison of these results for EN9 material with the results ENS(b)
naterial give the following relationship.

EN3(b) Bhn 164 EN9 Bhn 205 Ratio
Work done in
Friction W, 107,000 132,000 1.23
Crater volume o -
after 10 mins. 2.8 x10°° 3.4 x 10 1.22

From which it will be seen that the ratio of the work done in friction
approximates to the ratio of crater volume hence support ie given to the
extension of the hypotheses to read 'TFor a given tool material and work
material of similar composition under identical cutting conditione the volume
of metal removed from the rake face is proportional to the work done in
friction' .



Obviously rmuch more work will be required to subetantiate this
hypothesis and to establish the limits of variation in material composition
which can be tolerated within one Tamily group also the relationships between
family groups.

However, the usual criterion which determines tool life is flank wear-
land and comparison was made between the flank wear produced vhen machining
ENSH and when machining EN9 under identical conditions.

No direct measurement was made of the work done in friection on the flank
face but it would be reasonable to ascsume the following rclationship: -

\ r 5 3 \ T
W, Rake Face (ENG) W, Flank (EN9) Flenk Wearland (ENQ)

W_ Rake Face (BN8b) W, Flank (BIf:) T Flank Wearland (EN3DH)

L

To test this assu ption measurements were made of the width of flank
wearland when machining EN9 with an orthogonal tool (obliquity = 0°) and
these are charted on Fig. L0.

Exanination of the curves of flank wearland when machining EN8b shown
in Fir. 23 reveal the equation to be of the Form mT + C and the wearland for
0° tool after 12 mimutes cutting is .0087 .

Applying the relationship:
W EK9

Flanic wearland EN9Q
Flank weariand ENSb ~ W _Ei2b

then Flank Wearland EI9 = Flank Wearland EN3b = 1.23
= 0087 x 1.25

= 0107
Reference Lo Fig. 40 will show the actual wearland as .011" vhich is in very
close agreencnt.

5.0 Conclusions and Recomnicndations

From the resulte of these tests it 1g anvarent that for the materials
used (EN8b and ENQ) it can be stated 'For a given tool and work material of
similar composition under comnarable cutting conditions the volume of metal
removed from the rake face of the tool is proportional to the work done in
friction on the rake face'.

It iz supzeszted that fTurther investigation into a machinability/vearability
index based on the relationsghip of work done in Triction would be Truitful
and might lead to a practical gquantitative index.



co

List of symbols

=] normal rake angle of tocl

= angle of chip flow

= angle of chear plane

= angle of inclination of cutting cdge

= angle between dircction of shear of metal on shear plare and
a perpendicular to the cutting edge of tool, as measured in
plane of surface generated

= shearing strain undergone by chip

= coelficient of friction acting bLetween gliding chip and tool face.

= cutting force

= thruet force
= resultant force
= cutting speed (feet/min)

= tool life (mins.)



7.0 References

W.W. Gilbert
Bowden and Tabor

E.M. Trent

H. Opitz and M. Gappisch

M.E. Merchant
G.V. Stabler

G.V. Stabler

O
i

'Economice of Machining'
The Friction and Lubrication of Solids.

Some Factors aifecting wear on cemented
carbide tools.

Some recent research of the wear behaviour
of carbide cutting tools.

'Mechanice of the lMetal Cutting Process'.
'The Basic Nomenclature of Cutting Tools'.

'The Chip Flow Law and its consequences’.



FIG. 2 EXPERIMENTAL SET UP FOR
MEASUREMENT OF CUTTING FORCES
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TO DYNAMOMETER

RANGE OF OBLIQUE LOADS APPLIED

TEST L
(F9) v 30°
(FY) s 60°
(F)) R 60°

TEST 2.

vV 45°
S 45°
R 60°

TIEST 3.

V 60° ALSO R=0°
S 30°

R 60°

FIG.5. OBLIQUE LOADING.
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FIG.6. CALIBRATION OF CANTILEVER DYNAMOMETER  FIG.7. CALIBRATION OF DYNAMOMETER COMBINED LOADING.



FIG.8 RANGE OF TOOLS USED FOR FORCE
MEASUREMENT
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FIG9. CUTTING POSITION OF TOOLS.

VIEW IN DIRECTION
OF ARROW ‘X'

FIG.IO. DIAGRAM OF FORCES RELATIONSHIP.



FIGURE 11
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FIG. 13 TEST PIECE FOR BROACHING MACHINE

FIG.14 EXPERIMENTAL SET-UP ON BROACHING
MACHINE



FIG.IS TYPICAL CHIPS FROM BROACHING
TESTS
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FIGURE 19

Sunrary

-
e - e e e e e A e S S S S S B S S

- e o e e e e S S e S e e S G SN S R NI TN T D e e e

e e

0° %0° 45° 60°
Defl 1lbs Defl 1be Defl lbs Defl 1be
V(Fe) 6.85 56 6.33 52 7 57 8.38 72
S%FT) 9.33 35 10.33 Lo 9 ah 15.5 60
R(FL) 0 0 8.66 17 16 30 29.67 53
53° 53 59°12 50°12°
Ry 65 65 66.8 93.
Ro 67 72 110
<0 15°29' a2y %20°50'
<e 15°15) 2113 28°17
<8 197y 27°46! %15
23° L2°4o 58°
Feed .005 Wall thickness -100/ .10k
V(Fe) 11 39 11, 89 12 o8 16 130
sEFT) it 65 15 57 14 5k e 123
R(FL) 0 0 14 27 28 52 56 104
s La 57°2%" 59° L6°32!
Ry 110 106 110 179
Ro 110 122 207
<0 15%21! 25°1gt 30°7!
<e 13°45! 23°37! 28 %2
<3 19°6! 26°19' 30°32!
<B 28° }3°521 58°L40"



FIGURE 20

Summary of work done in Friction Wf per unit volume
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OBLIQUITY O°

VOLUME OF FLANK WEAR = (AREA 'a’+ AREA'S) x LENGTH OF CUT
= Kﬂ_;_’i + E—;Ji)x CONSTANT (ASSUME |)

W2x Tan 6° + x°x Tan 6°
2 2

Tan 6° (W2 + x?)
2
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2

1051 W2+ w?-0ll)
2

1051 x 1-Oll W2
- T2

v S FIG. 26

= 05313 W*
TOOL AND ADAPTOR FOR PROLONGED
WEAR TESTS

FIG.25. VOLUME OF FLANK WEARLAND
FORMULAE FOR CALCULATING VOLUME.



FIGURE 27

e e e e e T B L L T pepp——

ENS_____ TOOL No. 4 ___END A
True Wearland Wy = W 1.154wW 1. h1kow 2xW
h‘fli;lé__(_mins) Edge 1 2 3 N
3.5 W .005 .0025 .0025 .002
W, .005 .003 .0035 .00k
Vol .00000135 .00000048 .00000065 .00000035
7 W .006 .00k .00k .0032
Wy .006 .00k46 .006 .0064
Vol .00000190 .00000122 .00000192 .000002183
10.5 W .0075 .006 .0055 .00k
Wy .0075 .007 .0075 .008
Vol .00000300 .00000260 .000003% .00000340
ik W .010 .007 .0068 Reloll's}
W, .010 .008 .0096 .0096
Vol .00000531 .000003%40 .00000L90 .00000490
1785 W 011 .008 .008 .006
Wy 011 .0092 011 JOiE
Vol .00000640 .00000450 .0000064 .00000762
20.5 W .012 .0085 .0085 .0065
Wy .012 .010 .012 .013
Vol .0000076 .00000531 .0000076 .00000390
23.75 W .01L .009 .009 .0075
Wy L01L .010k 015 .015
Vol .00001042 .000005 76 .00000890 .00001190



FLANK WEARLAND (TRUE) -00I

TOOL Me.d. TOOL Ne. 4. '
4 EDGE I END A focE 2 eno A b
30° v 2000 Ca= 014" v 2000 c=-on" }
/ H 100 = D087 —O0— H iDO b= -0004" ——me— —

RN
X

LY

Z
V.

N

e e Y e

"W’\d\-'\ =

/x - \[f \ 10 el —— 10— —
4
o
u
4 TooL e |, TooL Ned W}
& EDGE 3 END A EDGE 4 END A r
v 2000 C,= OIg” v 2000 Co= 007"
H 100 h = -00045"——0 H 100 n= 00055 —O

FIG.30. TALYSURF TRACES OF CRATER

12 16
TIME MINUTES

FIG.28. WEAR TESTS
FLANK WEARLAND (TRUE)
EN8 TOOL No.4. ENDA

VOLUME Té"

24 28

CONTOUR (SAMPLES).

,LL V)
9 s
a 7
? W /7
; A 2 i
’4 AV /,/ )

5 74N
4 /,%//
3 // //'
2 jg%/

o

TIME MINUTES

FIG.29. WEAR TESTS FLANK WEAR (VOLUME)
EN8 TOOL No.4. END A.



Wear Tests

Time
3.5 nmins

7 mine

14 mine

17.25 mins

20.5 mins

Denth
Co

C
Vol

Depth
Co

&

Vol

Depth
Co

c
Vol

Depth
Co

G

Vol

Depth
Co

C

Vol

Depth
Co

¢
Vol

| h.‘

14,1

lhi

lh'l

lhT

Ihl

Edge 1
OD

.00015"
.01y

ory” _u
1.87 x 10°©

.000225
.01k

oLk
2. hx 1078

.000375
.014

.01k
.42 10%

.000k25
L01h
.01k
L x 10 ©

.000575
.014

.014 _
5.t 107

.000675
.01k

14

6.3 x 10°©

Edge 2
30°

(1.1547)

.0001
.010
0115  _
.99 x 10 ©

.00015
.010

Q15
1.96 x 1076

.00025
.0105

.012

2.3 x 1076

.0003
.0105
.012 _
2.65 x 10 %

.00035
.0105
.012
2.75 x 10°®

. 000k

B3

.01%

z.6x 1078

Edge 7
45°

(1.41%2)

.0001
.010
01k
1.2 %30

.000175
.010

.01h i
1.98 x 10 8

.000%
.010
.01L
2,84 x 1076

.00035

.010

.01k

3,26 x 10° 8

. 000k
.010
.01k n
3. 72 x 107

.00045

.010

.01k

.1k x 1078

Edge 4
60°

(x2)

.0001
.003
.016
2.h x 1076

.00015

.008

.016 )
2.5% x 1078

.00035

.009

.018

3.85 x 10°6

.000k
.009
018
43.9x 10°

.0005
.009

018 _
6 x 10 ©

.00055
.009

.018

4.9 x 1076
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FIG.32. WEAR TESTS CRATER VOLUME Vs TIME
EN8 TOOL No.4. END A,

EN 8p TOOL T7.C. WIMET XL 3

TIME INTERVALS 35, 7, {4, i7-25, 20-5, 23-75. MINS
SCALE -HORIZONTAL lem = 001"
VERTICAL !¢m = -0005"
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FIG .33. PICTORIAL GROWTH OF CRATER WEAR.
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FIGURE 36.

Summary of Cutting Forces and Work done in Frictien.

EN9 8Speed 70 F.P.M. Feed .0025 Wall .068"
Obliquity v 3 R Work done
F F F in Friction
c t L
wf

Defl lbs Defl 1lbs Defl 1lbs

0° 5 41 6.5 27 0O 0 132156 1bs/cu.ins.
30° 5 i 7 27 6.33 12 66017 "
45° 5.33 43 6.6 26 12 23 7171y .

60° 6.7 55 6.8 27 19,7 38 137026 "



POUNDS PER CUBIC INCH
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o 159 30% 45°
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FIG.37. WORK DONE IN FRICTION Wf¢
EN9 FEED -0O025

Wear Tests EN9
Crater Tool No. 4 End B
Summary of Results

Edge 1
ou
Time
h = .00015
2m 45 secs C = .014 -
Vol = 1,87 x 10 ©
h = .000%
8m 15 secs. C = .014 _
Vol = 2.84 x 10 6
h = .000375
10m 5 secs. c = .014 -
Vol = 3.4 x 1076
h = .00045
1lm 55 secs. C = .01k -
Vol = 4.1k x 1078

FIGURE 38
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FIG.39. WEAR TESTS FLANK WEARLAND (TRUE)
CRATER VOLUME EN 9 TOOL No.4 END B. EN9 TOOL No.4.END B




