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Abstract

The consequences induced by the cut, in terms of residual stresses, strongly depend on the
operating conditions and the evolution of the wear of the cutting tools. This wear is indeed a
complex phenomenon to study due to the multitude of its origins, in particular physico-
chemical (affinities between certain constituent materials of the plate/part pair, etc.) or thermo-
mechanical (abrasion, diffusion, adhesion, etc.).). Also, the wear of the cutting tools has a
considerable impact on the course of the cutting operation: increased cutting forces, vibrations,
etc. In our work, the main goal is to develop a finite element cutting model, using the
ABAQUS®O calculation code, to simulate the wear of cutting tools. We are interested in the
case of the orthogonal cut of low alloy steel 42CrMo4, widely used in the industrial
environment, and this by an uncoated tungsten carbide tool.

Keywords: Residual Stresses, Cutting Tools, Thermo-Mechanical Cutting Operation, Cutting
Forces, Orthogonal Cut, Tungsten Carbide Tool.

1. INTRODUCTION

Although cutting tool machining is one of the most widespread material removal
processes, modelling this phenomenon is far from trivial. It is particularly complex due to the
diversity of the physical phenomena involved, in particular the presence of large elastoplastic
deformations [1], the complexity of contact and friction characterizing the tool-material
interaction [2, 3], the thermo-mechanical coupling of the process and the diversity of
mechanisms during chip formation [4-10]. Also, the wear of the cutting tools has a considerable
impact on the course of the cutting operation [11-16]: increased cutting forces [17], vibrations
[18], etc.

The chip separation follows a line of separation but which is not determined beforehand
[19-23]. The formation of the chip is modelled either by crack propagation in 2D [24], or by
removal of elements in 2D and 3D [25].

In the field of mechanical manufacturing, the phenomenon of wear is perceived as a
major problem to be solved [26,27]. It is therefore essential to understand the mechanisms that
govern this wear. According to Shaw [28], three modes of wear can be listed: abrasive wear,
adhesive wear and diffusion wear.

Khrais et al [29] observed wear caused by machining 42CrMo4 steel with a coated
cemented carbide tool. Figure 9 illustrates SEM images of wear observed on the flank face for
a cutting speed of 360 m/min, a feed rate of 0.14 mm/rev and a depth of cut of 1 mm.
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The simulated machining time is a key point for estimating the wear of a given insert,
under specific cutting conditions. Indeed, wear appears experimentally after a few seconds,
while most numerical simulations are a few milliseconds under orthogonal (2D) cutting
conditions while requiring several CPU hours of calculation [30-33].

This article is dedicated to the experimental study carried out as part of our work and
which aims to analyze the influence of machining conditions (cutting speed, feed, etc.) on the
phenomenon of wear of cutting inserts in turning and also to see the evolution of this
phenomenon over time. This study will also make it possible to improve and validate the
numerical model developed.

All the tests were carried out according to an orthogonal cutting configuration for
machining 42CrMo4 steel, a material frequently used in the industrial environment. Machining
is done with an uncoated tungsten carbide insert. The experimental device deployed within the
framework of this study is presented, namely the materials studied and the experimental means
implemented (machines, measuring devices, etc.) [34].

The presentation of the test protocol and in particular of the preliminary test campaign
which was conducted to be within a range of cutting speeds conducive to the observation of
the phenomenon of wear with reasonable machining times are submitted. Having chosen the
cutting conditions to be varied, 36 trials with a different torque (V., f) were carried out at
machining times ranging from 10 to 40 seconds.

The effect of variation in cutting conditions on the machining of 42CrMo4 steel has been
the subject of several studies. Machining 42CrMo4 steel, known for its high hardness, presents
challenges due to its material properties [35-38]. Furthermore, research has been conducted on
the influence of flank wear on forces in orthogonal turning of 42CrMo4 steel, evaluating the
capacity of finite element analysis in understanding the effect of flank wear evolution on
machining forces 5. These studies collectively demonstrate the significance of cutting
conditions on the machining of 42CrMo4 steel, particularly in relation to cutting force
components, surface roughness, and the influence of flank wear.

The morphology of the chip is also part of this study. The chips collected following each
machining operation were analyzed in order to determine the effect of the variation of the
cutting conditions on the machining of 42CrMo4 steel. During these experimental tests, the
evolutions of the wear on the rake face and the relief face and this by 3D microscopy were also
analyzed. The influence of each parameter cutting (V, and f) is evaluated on the evolution of
wear. The main results from the test campaign are presented.

2. EXPERIMENTAL DEVICE

The material studied is 42CrMod4. It is a low strength steel alloyed with chromium and
molybdenum, which offers a good compromise between hardness and resilience in the
guenched and tempered state. This material also has good wear resistance. This steel is
frequently used in the industrial sector with very varied fields of application, in particular for
the production of shafts, gears and mechanical parts working to wear. This material is delivered
in the form of bars as part of this study by the manufacturer COUZON ACIERS SERVICE.
The chemical composition of the batch studied is presented in Table 1.
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Table 1: Designation of 42CrMo4 steel according to the standard.

Elements C Si Mn S P Cr Mo Ni
% 041 | 0,27 | 0,82 0,028 0,015 1,02 0,198 0,05

The cutting tool used in this study is a cutting insert from the manufacturer SANDVICK
COROMONT. This is an uncoated triangular insert reference TPUN 16 03 08 H10F with
tungsten carbide (WC) as substrate is shown in Figure 1.

60°
.S L
§=3.175
_ I1C=9.525mm
L LE=15.6978
a=|° RE=0.7938mm

Figure 1: Geometric characteristics of the TPN 16 03 08 H10F insert [Sandvik].
With:
IC: diameter of the inscribed circle
LE: Effective cutting edge length
RE: Nose radius
S: Insert thickness

The machining was carried out on a TOS model SN40C universal lathe from the
technological hall of the University Abou Bekr Blkaid Tlemcen Algeria, whose electric motor
power is 6.8 KW. The latter is equipped with a spindle whose rotation frequency can reach 3500
rpm with a maximum power of 30 Kw Figure 2. Given that the material to be studied is in the
form of 42CrMo4 bars 500 mm long and 200 mm in diameter and that the tests will be carried
out on discs 3 mm thick, it was decided to make grooves on these cylinders so as to obtain
discs, the machining is done without lubrication.

Figure 2: General view of machining.
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The wear measurement on the pads is done using an ALICONA® Infinite Focus 3D
surface measurement system given in Figure 3, which provides both shape and roughness
measurement by optical method with a high resolution of up to at 20 nm. The operating
principle of this system is to combine an optical microscope and a camera. It uses a color
contrast sensor and makes it possible, from the variation of focus, to generate topographic
information combined with a color image. An accurate 3D measurement is given by the
software from this information. On the other hand, the force measurements are carried out using
a KISTLER type 9257A dynamometer.

alice
INFINITEY G -\-

/7
Z

Figure 3: ALICONA surface measuring equipment.

The observation of crater wear on the turning inserts is done using the 3D microscopy
measurement system: ALICONA®. To measure the characteristic quantities of wear, both on
the rake face and on the clearance face, a special set-up was designed Figure 4 (c). This saves
considerable time by automatically turning the insert, which avoids its manual repositioning.
The measurement system allows the reconstruction of the cutting edge: cutting face, clearance
face and the junction between the 2 Figure 4 (b). Figure 4 (d) shows the various parameters to
be measured on the wafer.

)

Alicona

Tool cutting face

Figure 4: Measurement of wear parameters via ALICONA: (a). Experimental device (b).
Reconstruction of the leading and clearance faces (c). Special assembly for wear measurement (d).
Wear parameters to be measured.
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The cutting parameters to be adopted for the wear tests are presented by the diagram in
Figure 5. The choice for the cutting speeds will be limited to only 3 values so as not to have a
very high number of trials. Thus, the cutting speeds chosen for this study are 1.=120, 150 and
180m/min.

The selected feeds are f=0.1, 0.15 and 0.2 mm/rev. For each couple (V, f) indicated in
Figure 5 by a number (from 1 to 9), a series of tests is carried out at different machining times:
T,, =[10s, 20s, 30s, 40s].
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Figure 5: Cutting parameters chosen for wear tests.

3. RESULTS AND DISCUSSIONS

On the rake face, the wear parameters KM and KT are measured on the considered insert
as shown in the Figure 6.
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Figure 6: Crater wear profile: V. = 180m/min; f = 0.2mm/rev; a, = 3mm; T,, = 40s.

For each of the combinations of the tests (I, f), the wear on the rake face of the tool was
measured via ALICONA. Figure 7 illustrates the evolution of crater wear over time (10s, 20s,
30s, 40s) for the following cutting conditions: V;=180m/min, f=0.2mm/rev and a,=3mm.
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Figure 7: Evolution of crater wear over time at V. = 180m/min, f = 0.2mm/rev and a,, = 3mm (a).
T, =10s; (b). T, = 20s; (vs). T,, = 30s; (d). T,, = 40s.

In order to better understand the wear of the tool and to establish a law of wear (in
particular the law of Preston-Archard) [39], the volume of the worn surface on the cutting face
of the tool is measured through ALICONA.

The measurements also make it possible to see the evolution of the wear profile on the
cutting face of the tool over time. By way of example, Figure 8 illustrates the evolution of this
profile at different machining times: 10s, 20s, 30s and 40s and this for the following cutting
conditions: V;=150m/min; f=0.2mm/rev; a,=3mm.
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Figure 8: Evolution of crater wear over time for V. = 150m/min; f = 0.2mm/rev; a, =3mm.

The evolution of crater wear over time as a function of the cutting parameters V, and f is
illustrated in Figure 9.
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Figure 9: Evolution of KT crater wear over time: (a). depending on the cutting speed at constant
feed: f=0.2mm/rev (b). depending on the feed at constant cutting speed: V.=180m/min.

By analyzing Figure 9, we notice that the crater wear KT increases strongly with the
cutting speed. This can be explained by the high temperatures, at the tool/chip interface, which
occur for the highest cutting speeds and which promote wear by diffusion, among other things.

The crater wear KT also increases with the feed f given the increase in the volume of
material to be removed. Unlike the KM and KT parameters measured on the rake face of the
tool, flank wear VB is measured directly. Figure 10 illustrates the evolution of flank wear over
time at 10s, 20s, 30s and 40s for the following cutting conditions: 1.=180m/min, f=0.2mm/rev
and a,=3mm.

] 224 2767pm

-

Figure 10: Evolution of flank wear over time: V. = 180m/min; f = 0.1mm/rev; a,, = 3mm (a). T, =
10s; (b). T,, = 20s; (vs). T, = 30s; (d). T,, = 40s.

The evolution of flank wear over time as a function of the cutting parameters V, and f is
given in Figure 11.
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Figure 11: Evolution of flank wear VB over time: (a). depending on the cutting speed at constant
feed: f=0.2mm/rev (b). depending on the feed at constant cutting speed: V.=180m/min.

Figure 12 clearly shows that the flank wear VB is greater for the highest cutting speeds
but it is also less sensitive to the increase in feed. For the measurement of the cutting and feed
forces, the machining time is fixed at 40 seconds, only the cutting parameters V, and f change:
V. = [120; 150; 180] m/min and f = [0.1; 0.2; 0.3] mm/rev. The evolution of the cutting forces
and the feed forces over time is given respectively by Figure 10, and this for a cutting speed V,
=120m/min, a feed f = 0.1mm/rev, a depth of pass a, = 3mm and a machining time T, = 40s.
Given that the machining forces are very unstable over time, a filtering function (moving
average) was applied to obtain the average forces over time.
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Figure 12: Machining forces for ¥, = 120m/min; f = 0.1mm/rev; a,, = 3mm: (a). Cutting forces,
(b). Efforts advance.

To better see the evolution of the cutting and feed forces, the average values for a
different torque (V. and f) after each test are grouped together in Table 2.
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Table 2: Evolution of cutting and feed forces over time.

V. =m/min f=mm/rev Fa average (N) Fc average (N)
120 0,1 574 760
120 0,15 825 1173
120 0,2 984 1463
150 0,1 792 982
150 0,15 874 1190
150 0,2 893 1507
180 0,1 708 913
180 0,15 798 1164
180 0,2 820 1390

The Figures 13and 14, show the influence of the cutting parameters, in particular the
cutting speed and the feed, on the evolution of the cutting and feed forces.

1600 -
1400
g
.3 1200 - Fa for Vc=120m/min
E === F ¢ for Vc=120nV/min
£ 1000 % = 4= Fa for Vc=150m/min
s i FC fOF VC=150mVmin
500 «m= Fafor Vc=180m/min
€00 wstes FC fOr Vc=180m/min
400 . .
0,1 0,15 0,2

Feed (mm/rev)

Figure 13: Evolution of the cutting and feed forces as a function of the feed f for different cutting
speeds.

The first observation that can be seen from the curves in Figures 13 and 14 is that the
cutting forces Fc are always higher than the feed forces Fa, regardless of the cutting parameters
used. We can also say that the forces Fc increase strongly and almost linearly with the feed,
whatever the cutting speed used. This is due to the fact that the volume of material to be
removed is greater when the advance increases. Moreover, it is clearly noted that the advance
forces Fa are less sensitive to the advance than the forces Fc but nevertheless increase when
the advance increases. It should also be noted that the cutting forces vary slightly when the
cutting speed increases. This evolution is almost stable. This evolution of the machining forces
is found in the work of Moussaoui for the machining in orthogonal cut of the titanium alloy
Ti6AI4V [40].
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Figure 14: Evolution of the cutting and feed forces as a function of the cutting speed for different
feeds.

Analysis of the experimental results reveals an almost linear evolution of the volume of
wear over time, under the cutting conditions adopted: V,=[120, 150, 180] m/min; f=[0.1; 0.15;
0.2] mm/rev and T,,= [10, 20, 30, 40] s.

It therefore appears legitimate to opt for an ‘Archard’ type law for taking into account
the wear phenomenon of the pad in the wear simulation. Once this steady state has been
reached, it is therefore possible to apply Archard's law given by equation (1) on the nodes on
the surface of the tool.

Fy
V=k—d (D
Py
Indeed this law is governed by the relation below which remains valid for the case of a
sliding contact at constant speed [41].

V being the volume of worn material, k being the wear coefficient without units, F,, being
the applied normal force, P, being the flow stress of the softest material and d the distance
covered.

Another form of Archard's law is adopted, it is equation (2) which gives the depth of
wear h [mm] as a function of the distance traveled S [mm] and the contact pressure P [MPa].

h—kSP 2
= =S. @

k being the wear coefficient [without units] and H the hardness of the softest material
[MPa]. For each node of the tool surface, the corresponding wear depth in the x direction is
calculated.

The expression of the wear rate is therefore given by the following equation with Vg the
sliding speed [m/s] and K=k/H the wear coefficient [MPa™1].
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h
-=K.V,.P

t g

(3)

Wear will be taken into account by changing the coordinates of the tool according to

equation (4).

Xuse = Xunit +h
The table 3 summarizes the numerical values of the depth of wear.

(4)

Table 3: Numerical values of wear depths for V¢ = 120m/min; f = 0.1mm/rev and ap =3mm.

Nnode | P(MPa) | Vg(m/s) | T(s) | h(um) | Xinit(mm) [ X use(mm)
326,57 2,2 11 | 0,228604 | 0,04341114 0,0363975
4255,63 2,2 11 | 2,978933 | 0,04341114 0,0363975
2378,32 2,2 11 | 1,664816 | 0,04341114 0,0363975

It should be remembered that the procedure for calculating the depth of wear and
updating the geometry of the tool remains applicable as long as the depth of wear does not
exceed the size of a mesh (18um). Otherwise (h > 18um), a purely elastic calculation is
launched on ABAQUS/Implicit© [42] on a model containing the tool only. The latter will have
as boundary conditions the displacements corresponding to the depths of wear.

Movements on nodes inside the tool are recovered. This will allow to have the new
coordinates of the nodes even inside the tool. The distribution of the temperature fields in the
cutting insert is given by the figure 15.

The new geometry of the tool, after 10 seconds of machining is presented in Figure 16.

NT11
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311,521
285,474
259.427
233319
207,332
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155,237
129.190
103.142
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Figure 15: Temperature fields in the cutting insert and its geometry after the 1st wear calculation
(state at 10 seconds of machining).
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Figure 16: Update of the mesh after the calculation Implicit purely elastic (a). Initial and
deformed mesh superimposed (b). Deformed mesh.

This figure show the strain generated by the wear of 42CrMo4 steel tool destined to the
machining. The understanding of the wear mechanism of these tools lays a foundation for
further research on the wear law of tools and for exploring the methods of prolonging the
service life of tools [18].

4. CONCLUSION
The overall results can be summarized as follows:

= Our experimental study allowed us to investigate the wear of a cutting tool for the
machining of 42CrMo4 steel. This study began with a test campaign to identify the range
of speeds suitable for studying wear, namely 120, 150 and 180 m/min; the advances being
equal to 0.1, 0.15 and 0.2mm/rev. Subsequently, 36 tests with different torques (V,, f)
were carried out to observe the wear phenomenon of the turning inserts for the different
cutting conditions and also to follow its evolution over time.

= The wear appearing on the inserts following orthogonal cutting tests was observed by 3D
microscopy. This made it possible to measure the wear parameters on the rake face of
the tool (KM, KT and worn volume) and on the clearance face (VB). The influence of
cutting parameters on the evolution of wear parameters was also studied.

= For each test, the machining forces (cutting forces and feed forces) were recovered,
which made it possible to see their evolution as a function of the cutting speed and the
feed.
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This research also made it possible to bring legitimacy to the choice of the application of
Archard's law in the simulation of tool wear, given that the evolution of the volume of
wear during time is almost linear under the mentioned cutting conditions and within a
machining time interval of 40s.

The analysis of the experimental results carried out revealed an almost linear evolution
of the wear volume over time, under the cutting conditions adopted. It is therefore
legitimate to opt for Archard's law to take into account the phenomenon of wear in the
simulation of the cut.

A model called “vertical” was chosen to increase the duration of simulated machining. It
has been implemented in ABAQUS® using the PYTHON® programming tool.

This procedure therefore facilitates the application of Archard's law to take into account
the phenomenon of wear in the simulation of the cut. It is based on the relocation of the
nodes of the surface of the tool after calculation of the depths of wear via Archard's law.
The latter depends on the contact pressure and the sliding speeds on the surface of the
tool and on a wear coefficient K.
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