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Abstract

The current work is to develop a mathematical model for tool wear. A mathematical model of adhesive tool wear has been developed at
dry machining condition. The model is further validated with the help of experimental results for 25 minutes. The maximum error in the
prediction is limited to 7% for the current model and set of process parameters. It is expected that the current model can be extended for

other set of tool material, coating and workpiece at different cutting conditions (flood, cryogenic and MQL).
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1. INTRODUCTION

Ti and its alloys are mostly used in aerospace application for
manufacturing of engine spares, compressors, and frames due
to their excellent mechanical characteristics and high
corrosion resistance [1]. It is widely used in biomedical
applications and chemical industries [2]. Despite all valuable
properties Ti shows poor machinability. Poor thermal
conductivity and high hardness results in high rate of tool
wear that hampers surface quality, dimensional accuracy and
increase in the machining cost. Lim S et.al. [3] Suggested that
either have more flank wear resistance tools or improve
machining environments will result in lower tool damage. The
flank wear mechanism of hard coated carbide tool during
machining of Ti6Al4V have reported by Wang et.al.[4].
According to them, flank wear occurs in a non-uniform
manner and the adhesion is the major cause of the flank wear
of the tool. Venugopal et. al. [5] have performed the
machinability test which shown that the high cutting
temperature throughout the machining leads to damage of the
tool. Lee et.al. [6] shown the effect of the machining condition
on the tool life by taking three types of machining
environment as dry, cryogenic and cryogenic plus preheated
workpiece in their experiment. Zhao et.al. [7] have studied the
effect of internal cooling on tool flank wear in orthogonal
machining.

In machining tool wear at cutting edge is classified as crater
wear, flank wear, nose wear, and chipping of material. Tool
life is more frequently determined by the amount of flank
wear because it has the direct effect on surface finish and
dimensional accuracy of the final product [8]. Several
analytical models are developed by various researchers to
predict the tool wear rate and tool life for different tool work
piece combination. Literature survey showed that the
mathematical modeling of tool wear with hard coating is not
reported in the open literature. The tool wear prediction can
help in improving machining parameters and hence can
reduce the cost of the product.
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2. FLANK WEAR MODELING FOR MACHINING
TITANIUM ALLOY (TI6AL4V)

Flank wear occurs due to abrasion wear, adhesive wear,
diffusion wear, fatigue and delamination wear. It depends on
the various factor such as cutting temperature, cutting speed,
tool and workpiece material, machining environment and tool
geometry. Abrasive wear is the damage to a surface, which
arises due to the motion relative to the surface of either harder
asperities or perhaps hard particles trapped at the interface [9].
Relative hardness is the key factor for the wear rate of metals.
Rabinowicz [10] found that three body divided abrasive wear
behavior is mainly depend on the relative hardness. Based on
the Rabinowicz [10] analysis, Kramer [11] summarized that
the abrasive wear volume per unit sliding distance was related

to K(P™ /PPy where P, and P, are the hardness of
abrasive particle and tool material respectively, n and K are
constants that depend upon the ratio of abrasive and tool
hardness. Wang et.al. [4] showed that no symptom of abrasive
wear was detected on the tool in turning of Ti alloy. The
measured hardness of Ti6Al4V alloy is in the range of 380-
390 HV and the Hardness of hard coated CrTiAIN carbide
tool is 30 GPa [12]. Due to the significant difference in the
hardness of job and tool the abrasive wear can be ignored.
Adhesive wear can be considered as key mechanism for tool
wear, due to the highly chemical reactivity of Ti alloy [13].
Arched Equation for Adhesive wear is given by Shaw and
Drike [14] as:

aw = AriZdL (1)

Where dW = wear volume for sliding distance dL, A, = real
contact area, ¢ = postulated plate height corresponding wear
particle, b= mean spacing of asperities and Z= Holm’s
probability.

For defining the normal stress at contact surface Usui and
Shirakashi [15] revised equation (1) as follows:
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aw =2 7dL, @)

Where g, = normal stress on flank face (assumed) and H=
Hardness of the metal

The apparent area of the flank wear

Where, w is the width of the cut and hy is the flank wear land
on the tool

Hence,
=h__F
Ot =7 = why 4)

Here F; is the thrust force in cutting.

So, rewriting the equation (2) as

aw = £ZdL (5)

wheH b

From the literature survey, it has been found that the tool wear
depends on hardness and normal stress/thrust force. Thus,
consider K = (c¢/b)Z in equation (5), we have:

F K

dw = -4, (6)
whyeH

Assume the cutting speed is v and the distance travelled in dt

time is dL by equation (6) the final wear equation can be
written as:

__FKv
= o At @

Geometric Flank Wear Loss:

The following assumptions have been considered to convert
end milling cutting (oblique cutting) into 2-D orthogonal for
simplicity as suggested by Shaw [16].

1. “The effect of rake angle a upon tool life, surface finish is
the same with a milling cutter as it is with a simple 2-D tool.”

2. “Stabler’s rule simply means that the chip will take a
direction relative to the cutting edge so that there is no change
in width as the metal crosses the cutting edge.”

3. To determine the effective rake angle a for any tool with
inclination stabler’s rule is used

sina = sin?i + cos?i.sinay, 8)

Where a = effective rake angle, i = inclination or helix
angle, a, = normal rake angle.

Fig.1 shows the flank wear growth characteristics, the volume
of worn tool can be calculated at any instant (t) through a time
interval of dt [17] . The volume of worn tool mainly depends
upon the tool geometry i.e. tool rake angle, relief angle and
width of cut. Here we consider tool rake angle and clearance

angle as the key factor involved in geometrical flank wear loss

of the tool.
Ndstan a

Fig. 1: Flank wear growth characteristics [17]
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Therefore, the final flank wear rate equation on the basis of
geometry of figure (1) was given by Bhattacharyya A. [17] as
shown below:

daw _  ptany dhy )
dac 1-tanatany far dt

Where a = rake angle, y = relief angle, p =density of the
tool material, dhy = increment of flank wear land growth
during a time interval of time At.

ptany
l-tanatany.
and can be taken as a constant for one type of tool geometry
now rewriting the equation (9) as

The quantity [(p = ] is depend upon tool geometry

aw _ dhy
a = Pwhe = (10)

Now equating equation (7) and equation (10)

dhy _ FKv
pwhy—= = Wi (11)

Rearranging and integrating equation (11),
[ owhy 2H dhy = [} F,Kvdt + ¢ (12)

Applying boundary condition i.e. at t = 0,hs = 0and ¢ = 0,
thus the integration leads to

1

_ [3KFvt]/3

hf_[(pwzH] (13)
Where ¢ = —29Y s 3 constant for one type of tool

1-tanatany
geometry.

The data used in the equation (13) is as p = 14.4 X
103kg/m3[18], y = 7°, a = 21°, v = 25m/min, K is the
experimental coefficient, and the value of thrust force
calculated by the dynamometer is 9.19 N. In the above
formula (13) time (t) and hardness (H) are the variables. H
varies with temperature as well as with the flank wear length.
As wear length increases the hard coating reduces. Since, the
coating thickness is only 3 um and its horizontal length
component is 27 um (rake angle 21° and clearance angle 7°).
It shows after a flank wear length of 27 um the wear will open
to the tool base material (WC). Therefore, after a flank wear
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length more than the length of coating the rate of tool wear
will increase rapidly. Hardness of coating varies between 30
GPa to 20 GPa [19] and hardness of tool material between 17
GPa to 4 GPa [20] with a temperature range of 300°K to
1173°K. Since, the cutting temperature reaches at 1173°K
after few minutes [5], all values of hardness have been taken
at this temperature.

3. EXPERIMENTAL
VALIDATION

WORK  AND  MODEL

Experiments have been performed to validate the formulation.
Fig.2 (a) shows a three-axis desktop vertical milling
machining set up with resolution of 10 um. WC end milling
cutter of size $3 mm coated with CrTiAIN have been taken in
the experiments. Kistler dynamometer (9256C2) was used to
estimate the cutting forces during the machining operation.
The process parameter used in the study were set as cutting
speed 25 m/min, a depth of cut 50 um and a feed rate of 50
pm/tooth/rev. Optical microscope was used to measure the
wear length on flank face. Tool wear image is shown in Fig. 2
(b). Experimental and predicted values of tool wear with time
is plotted in Fig. 3.

Machine tool
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Magnified view

Fig. 2: (a) Experimental set up; (b) Tool wear morphology of the
3mm CrTiAlN-coated tungsten carbide tool under the dry
machining condition.
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Fig. 3: Flank wear comparison between experimental data and
wear model prediction

4. CONCLUSION

A mathematical model has been developed in the current
work. The model is considering adhesive wear while the
abrasive wear was neglected. The model considers the effect
of hard coating and removal of coating. The model is
predicting the tool wear with a maximum error in prediction is
7% at a cutting temperature of 900°C (cutting zone
temperature). It is expected that the model can further
improve to predict the tool wear at different cutting
environments (eg. CNT based coolant and cryogenic).

References

[1] Manjaiah M, Narendranath S, Basavarajappa S., A
review on machining of titanium based alloys using
EDM and WEDM, Rev Adv Mater Sci., 36 (2014)
89-111. d0i:10.1299/jsmec.49.11.

[2] Lee TM, Chang E, Yang CY., Attachment and
proliferation of neonatal rat calvarial osteoblasts on
Ti6Al4V: Effect of surface chemistries of the alloy,
Biomaterials, 25 (2004) 23-32. d0i:10.1016/S0142-
9612(03)00465-4.

[3] Lim SC, Liu YB, Lee SH, Seah KHW, Mapping the
wear of some cutting-tool materials, Wear, 971-4
(1993) 162-164. doi:10.1016/0043-1648(93)90105-
u.

[4] Wang BL, Ai X, Liu ZQ, Liu JG, Wear Mechanism
of PVD TiAIN Coated Cemented Carbide Tool in
Dry Turning Titanium Alloy TC4, Adv Mater Res,
2200-4 (2013)652-654.

[5] Venugopal KA, Paul S, Chattopadhyay AB, Growth
of tool wear in turning of Ti-6Al-4V alloy under
cryogenic cooling, Wear, 262 (2007) 1071-8.
doi:10.1016/j.wear.2006.11.010.

[6] Lee I, Bajpai VV, Moon S, Byun J, Lee Y, Park HW,
Tool life improvement in cryogenic cooled milling of
the preheated Ti-6Al-4V, Int J Adv Manuf Technol,
79 (2015) 665-73. doi:10.1007/s00170-015-6849-0.

[7] Zhao H, Barber GC, Zou Q., A study of flank wear in
orthogonal cutting with internal cooling, Wear, 253
(2002) 957-62.d0i:10.1016/S00431648(02)00248-X.

[8] Singh D, Rao PV., Flank wear prediction of ceramic
tools in hard turning, Int J Adv Manuf Technol, 50
(2010) 479-93. doi:10.1007/s00170-010-2550-5.

[9] Huang Y, Dawson TG., Tool crater wear depth
modeling in CBN hard turning, Wear, 258 (2005)
1455-61. doi:10.1016/j.wear.2004.08.010.

[10] Rabinowicz E, Dunn LA, Russell PG., A study of
abrasive wear under three-body conditions, Wear, 4
(1961) 345-55. doi:10.1016/0043-1648(61)90002-3.

299



[11]

Kramer BM., Predicted wear resistances of binary
carbide coatings, J Vac Sci Technol A Vacuum,
Surfaces, Film, 4 (1986). doi:10.1116/1.573650.

[12] Lu L, Wang Q, Chen B, Ao Y, Yu D, Wang C, et al.,
Microstructure and cutting performance of CrTiAIN
coating for high-speed dry milling, Trans.
Nonferrous Met. Soc. China 24 (2014) 1800-6.
d0i:10.1016/S1003-6326(14)63256-8.

[13] Chetan, Narasimhulu a., Ghosh S, Rao P V., Study of
Tool Wear Mechanisms and Mathematical Modeling
of Flank Wear During Machining of Ti Alloy
(Ti6AI4V), J Inst Eng Ser C, 96 (2014) 279-85.
d0i:10.1007/s40032-014-0162-9.

[14] Shaw MC, Dirke S., On the Wear of Cutting Tools,
Int Inst Prod Eng Res — Microtec, 10 (1956) 187-93.

[15] Usui E, Shirakashi T, Kitagawa T., Analytical
prediction of cutting tool wear, Wear, 100 (1984)
129-51. doi:10.1016/0043-1648(84)90010-3.

[16] Milton S., Metal cutting Principles, Oxford university
press, New York, second edition, 2005.

[17] A. B., Metal cutting theory and practice, New central
book agency, Calcutta, 1st edition, 1984.

[18] Cui X, Wang D, Guo J., Performance optimization
for cemented carbide tool in high-speed milling of
hardened steel with initial microstructure considered,
Int  J Mech Sci, 114 (2016) 52-9.
doi:10.1016/j.ijmecsci.2016.05.017.

[19] Zhou ZF, Tam PL, Shum PW, Li KY., High
temperature oxidation of CrTiAIN hard coatings
prepared by unbalanced magnetron sputtering, Thin
Solid Films, 517 (2009) 5243-7.
d0i:10.1016/j.tsf.2009.03.115.

[20] Lee M., High Temperature Hardness Of Tungsten
Carbide, Metal Trans A, 14A (1983) 1625-9.

NOMENCLATURE

dw  Wear volume for sliding distance

A, Real contact area

c Postulated plate height corresponding wear particle

b Mean spacing of asperities

Z Holm’s probability

Ot Normal stress on flank face

H Hardness of the metal

Time

Width of the cut

Flank wear land on the tool

Thrust force in cutting
Cutting speed

Effective rake angle
Inclination or helix angle
Normal rake angle
Relief angle

Density of the tool material

Increment of flank wear land growth during a time
interval of At.

Coefficient of experiment

Constant for one type of tool geometry
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