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NUMERICAL SIMULATION OF TITANIUM ALLOY DRY MACHINING
WITH A STRAIN SOFTENING CONSTITUTIVE LAW

Madalina Calamaz', Dominigue Coupard’, and Frank Girot™?

"Laborataire Matéiaux Endermmagamant Fakilité Ingiiaie des Prooédds (LAMEF P),
Arts & Mdias ParisTech, CER. de Bordeaux, Esplanade des Aris & Mdiars

Talenee Frane

*Department of Mechanical Enginezring, ETSB, Univasty o the Basgue Country,
Alameda de Urcuijo s'n, Bilbao, Sain

In this dudy, the mmmerdal finite dament software FORGE200S | abe o sdve mmplex
thermasmichanical problems i used 1o modd titaniom allay dry madchining. One o the main
machining charadaidics of titanium alloys is to produce a spedal dhip morphdogy namead
“sawdodth chip” o ssrralad chip for a wide range of autting spesds and feds The mechaniam
of sawdooth chip formation is gill not complady underdood. Ameng the two theories about
its formation, this gudy assumes that chip segmentation is only induced by adiabatic shear
band formation and thus no mateial failure oours in the primary shear 2one Basad on the
asumplion of mataial drain sflening a new mateial law was davdopad, The aim o this
dudy is to analyae the nasy devdoped modd's cpadly lo orradly smulate the machining
proces. The modd walidation is bessd on the comparison of expaimantal and s mulatad
results, such as chip formation, doml chip morphdogy, witling foes and garrerical chip
charaderidics A good corrdation was found bawen the epaimantal and numerical results

epedally for autting spesds pmerating low todl wear.

Keywords chip segmentation, finite element method, machining, strain softening

1. INTRODUCTION

Titanium alloys show attractive characterigtics with respect to their
(a) dendly (60% that of a typical deel), (b) mechanical characteridics
(quite high until 600°C), and (c) good corroson resstance. These
outstanding properties allow their use in the aesronautical indudry,
where the material is subjected to extreme loads The aeronautics and
aerospace fields are their firg hisiorical applications because 80% of the
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FEM of Ti6AIY Madhining with a Srain Sdftening Law

titanium alloys have been utilized for these applications Today, titanium
represents 6 to 9% of the aircraft mass Parts used in these areas must
have a high dimensonal accuracy and good surface gquality, which is
achieved by a machining operation. However, titanium alloys are difficult
to machine, mainly because of their poor thermal properties leading
to high temperatures at the toolchip interface and rapid cutting tool
wear. The high chemical reactivity with many tool materials and the weak
elagtic modulus, which generates harmful vibrations for the tool-workpiece
gructure, dso contribute fo the low machinability of this asronautical
material.

It is well known that temperature, together with normal sress
generated at the tool/ chip interface, are critical parameters for the tool
wear and the workpiece material damage. Despite their great importance
on tool life, these parameters are not well understood becauss they
are very difficult to access through experimentation. To overcome these
experimental limits, sgnificant effort has been devoted to the development
of computational models of high-speed machining. The machining
numerical smulation enables these parameters and their evolution with
respect to the cutting conditions to be estimated.

The choice of the material congitutive and tool-chip friction lawsis of
primary importance for the accuracy of the machining process smulation.
The law usually used to describe the workpiece material behavior is based
on the Johnson—Cook model. Thislaw takesinto account the grain and the
grain rate hardening as well as the thermal softening effects It expreses
rather well the material behavior up to strain rates of 10°s ' and strain of
0.3. However, the level of drain and drain rates in machining process is
much higher (grains higher than 1 and grain rates up to 10°s 7). When
machining titanium alloys, serrated chips are obtained at relatively low
cutting speeds and feeds In a previous work {(Calamaz et al., 2008), it was
shown that the use of the Johnson-Cook material model in smulation
leads to a continuous chip, different from the segmented one observed
experimentally.

Some adthors consder that sawdooth chip formation is due to
a thermoplagic indability, while others explain this phenomenon by
conddering initiation and propagation of cracks insde the primary shear
zone of the workpiece material.

Shaw et al. {1954) and Komanduri and Turkovich {1981) consder that
thiskind of chip morphology isdue to a plagtic ingtability occurring during
the cutting process This phenomenon would result from a competition
between thermal softening and work hardening in the primary shear zone.

In most cases, the simulation of serrated chip is possible through the
implementation of afailure model in the numerical machining smulation.
The bhnson—Cook (Arrazola et al., 2006; Barge et al., 2005; Li and He,
2006; Pantalé et al., 2004), Latham and Cockroft (Ceretti et al., 1999;
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Hua and Shivpuri, 2004; Umbrello, 2008), Brozzo's (Umbrello et al., 2004)
damage models efc., are some criteria used to smulate the crack initiation
and propagation into the primary shear zone during the chip formation.
For example, Brozzo's criterion takes into account the effect of hydrogatic
dress on the chip segmentation during orthogonal cutting (Umbrello
et al., 2004).

In the gudy of Obikawa and Usui {1996), when the plagic grain in
a mesh node reaches a critical pI'EBdEﬁHE!d value, this element isremoved,
indicating the initiation of a crack within the primary shear band. Marusch
and Ortiz (1995) consider that damage happens when a critical dress
depending on the material toughness is reached. Guo et al. (2006) used
the Baumann-Chiesa-bhnson material law and a cumulative damage
model to smulate serrated chip formation during the cutting of the AlS
52100 steel. In their work, it is not clear whether the serrated morphology
resulis from the pladic flow according to the used material law or is
a consequence of the damage criterion, giving rise to damaged finite
element removal.

Baker et al. (2002) studied the numerical smulation of serrated chips
without making any comparison with experimental chips For the Ti-
BAI-4V, they use equivalent sgtressstrain curves showing strain softening
phenomenon. No damage criterion is introduced in the smulations and
the segmented chip results from a localization of the pladic grain. This
sudy does not propose any mathematical formulation for the material
behavior law

During machining, the workpiece material is subjected to high
drain and temperature levels which may generate microdructure
trandormations, such as dynamic recovery and/ or recrystallisation. This
type of microgtructure evolution during deformation at high temperature
often leads to a dressstrain curve showing a drain-softening phenomenon.
This drain-softening phenomenon is characterized by dressdrain curves
showing strain hardening followed by a decrease of stress after a given
gtrain.

This drain =oftening phenomenon was identified by carrying out
torsgon teds at high temperature on pure aluminum (Kasner et a.,
2002) and on different Al-Mg—S alloys (Pettersen and Nes, 1954). Kassner
et al. (2002) confirm that for pure aluminum, the peak dress is reached
at grains less than 0.5. Increasng the drain further leads to a gradual
material softening. Then, the dress reaches a nearly condant level,
becoming independent of grain.

The dymamic recovery and/ or recrystallization hawve been observed
in Ti-BAl-4Y titanium aloy microdructure after hot processing at
temperatures beyond the 4ransus temperature (Ding and Guo, 2004).
According to Ding and Guo (2004), the dynamic recrystallization is more



pronounced when the material undergoes high strains which is the cas
during the machining process.

Based on the assumption of srain softening phenomenon, a fird
formulation of the material law was developed by Calamaz et al.
(2008). This firg formulation had to be improved because, in this case,
grain softening was observed at room temperature, whereas it should
appear from about 0.3 times the melting temperature, as shown in
experimental results of Doege et al. (1986). Despite this problem, the
preliminary formulation (MJZ), has undoubtedly improved the gquality
of the numerical machining predictions under cutting speeds where the
Johnson—Cook law has shown its limits

The purpose of this dudy is to analyze the newy developed model's
capacity to correctly smulate the machining process for a wide range of
cutting speeds The criteria used to validate the numerical amulation are:
{a) the chip formation, (b) the global chip morphology, (c) the cutting
forcesand (d) the geometrical characteristics of the chip, i.e., the segment
width Ls {cutting length/ number of ssgments), the maximum (h;) and
minimum (h:) segment height. The parameter h: was measured on the
experimental chip without taking into account the possible exisence of
cracks insde the shear bands because no damage criterion was infroduced
in the smulation.

The commercial finite element software FORGE 2005 , which is able
to solve complex thermomechanical problems, is used in this dudy to
amulate the Ti-6Al-4V dry machining.

The scanning electron microscope (SEM) analyss of tool surfaces
after machining was also used to measure toolchip contact length. This
parameter is measured by consdering the length of contact over the tool
rake face. Experimental re=ults showed that the feed force was greatly
influenced by this parameter, so it isimportant to take it into account for
experimental/ numerical comparisons.

NUMERICAL AND EXPERIMENTAL APPROACHES

The new behavior law we have developed is expressed below. The flow
gress is defined as a function of drain, drain rate and temperature by
equation (1):

=(A+B- ") 14C:ln — - 1-
|{ ] n I|:| Tm—Tr

Lhnsn=Caak

D+ (1- D) tanh
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Thislaw will be called hereafter as TANH, from the tangent hyperbolic
function introduced into this equation. With respect to the Johnson—-Cook
law, an additional term (S5) modeling the strain softening has been added.
The values of condants in the bhnson-Cook law (A, B, C, n, m) are
obtained from Shivpuri and Hua (2001). ", representsthe reference grain
rate, Tr and Tm, the room and melting temperatures, respectively. The
congtant 5 can modulate the srain corresponding to the peak dress

The drain softening phenomenon being dependent on the equivalent
drain and temperature, the parameter D in equation (1) is function of
these two variables

p- T-T, °
1 T+ p tanh —

(2)

The constant p controls the dope of the dressdrain curve after
the peak dress T,.. the onset temperature for the drain softening
phenomenon, and q, the temperature range over which the grain
softening phenomenon develops

Figure 1 shows a comparison between the Johnson—Cook and TAMNH
laws for different temperatures and a srain rate of 10°s . The consant
values are presented in Table 1. At room temperature (Figure 1), the flow
dress is the same for both material laws When the temperature rises to
225 C (Figure 1), the TANH flow gressis dightly lower than that given by
the ohnson—Cook law, but there is gill no appearance of strain softening,
=0 the flow sress increases with srain.

For a temperature of 305 C (Figure 1) and a low strain, both laws are
smilar until a given srain level (0.7). Abowve this value, the Johnson—-Cook
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FIGURE 1 Equivalent sresssrain curves of Ti8AILN for bhnson—Cook (U2 and TANH laws for
different temperatures and a drain rate of 10551



TABLE 1 Parameters Used for TANH and Johnson-Cook Laws {Shivpuri and Hua, 2001)

Behavior law A (MPa) B (MPa) [ n m 1 [+] Tz (K] r 0
TaMH 870 490 0,011 0,25 1 07 06 GO0 1 5
o a7 Qa0 0,011 0,25 1 - - - - -

flow stress increases with strain while the TANH flow stress decreases until
a quasi-dationary date. This type of macroscopic behavior corresponds to
the appearance of the dynamic recovery recrystallisation phenomena. For
a higher temperature, the TANH flow dress evolves in the same way, but
the gress decrease after the peak is more pronounced.

Creating a new material model by only consdering an additional term
to the Johnson-Cook (JC) law is interesting because the JC parameters
are already identified for many materials The number of parameters
to be identified is thus reduced to those of the new term S. They are
identified by inverse analyss based on the experimental cutting reslts
for 60m/ min and 180 m/ min cutting speed (the global chip morphology,
the cutting forces and the geometrical characteridics of the chip, i.e., the
segment width Ls — cutting length/ number of segments —, the maximum
{hy) and minimum (h;) segment heights). In other terms machining
amulations with different values of material law parameters (only the S
term parameters A, B, C, n and m are constant) were carried out and
the predicted results were compared with the experimental ones The
combination of parameters which fitted better the experimental realts
(at these 2 speeds) has been chosen. For smulations with cutting speeds
between 21m/ min and 235 m/ min, the Sterm parameters are the s=ame as
those identified for the two cutting speeds (s=e Table 1).

The Ti-6AlI-4V thermal properties depend on temperature. The specific
heat increaseslinearly from 565 .J Kgk at room temperature to 10680 .JF Kgk
at 980 C. The thermal conductivity also increases linearly from 6.6 W/ mK
at 20 C to 21.5W/ mK at 1050'C. The coefficient of thermal expansion
is sowy modified with temperature (between 94e006K™' at room
temperature and 1.07e005K"" at 1000 C).

The contact at the tool-chip interface ismodeled by a Coulomb friction
law with a congant friction coefficient (0.3) for all smulations. The heat
generated by friction at the tool/ chip interface is disspated insde these
two bodies according to their regpective effudvities Thermal exchanges
are consdered between (a) the tool and the workpiece through a heat
exchange coefficient hy,, and (b) the workpiece and the enmvironment
through another exchange coefficient h,..

FORGEZ2005 is based on a mixed velocitypressure formulation and
the discretization of the workpiece is performed using the so-called



Mini-element (P1+ /P1). It is based on linear isoparametric triangle
and a bubble function is added at the element level in order to satisfy
the Brezz/ Babuska condition (Breza and Fortin, 1991). An automatic
remeshing procedure, based on mesh topology improvement {Gruau and
Coupez, 2003), isused to awoid excessve element distortion induced by the
cutting process

The FORGE2005 software allowsthe definition of areaswith arefined
mesh. A preliminary medh senstivity study was done and the results have
shown that mesh sizes lower than 2 m do not affect much (differences
less than 9%) the sSmulation results in terms of chip segmentation,
temperature, etc. Thus a2 m sze mesh wasused around the primary and
secondary shear zones to detect drain localization (Figure 2).

The tool discretization would also increase the sze of the problem
and therefore the computation time. Therefore, the simulations are often
carried out by consdering a rigid tool to which the cutting speed Vo is
imposed. In the present sudy, this approach has also been followed. In all
smulations, the cutting length isfixed to 1 mm to reduce the computation
time.

The experimental turning tests were carried out in orthogonal cutting
configuration. In this configuration, the workpiece is a Ti-6Al-4V billet and
it isprepared by making grooves. The tool material istungsten carbide and
itsgeometryisdefined by arake angle of 0, aclearance angle of 11" and an
edge radiusof 20 m. The experimental and smulated cutting conditions
congdered in this sudy are: (a) cutting speeds between 21 m/ min and
235m/ min and, (b) a feed of 0.1mm/ rev.

Deetail of the mesh in the
primary shear band

FIGURE 2 Example of workpiece mesh during the chip farmation
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FIGURE 3 Numerically smulated (a ¢} and sxperimentally cbserved (b, d) chips cbtaned for
machining with a cutting speed of 33md min (a b) and 235m/ min (e d); (feed: 001 mmd rev).

RESULTS AND DISCUSSION
Experimental and Predicted Chip Morphology

Figure 3 showsthe experimentally obssrved and numerically amulated
chips obtained at low and high cutting speeds It can be seen that the
global morphology of the predicted chip issimilar to the experimental one
for both low and high cutting speeds

Figure 4(a) shows a comparison between the maximum segment height
{hy) of predicted and experimental chips A good correlation is obtained
over the range of cutting speeds studied. The most difficult chip parameter
to predict by numerical dmulations is the minimum segment height
(hs). For cutting speeds of 75m/ min and 94m/ min this parameter is
overegimated, but a very good correlation is obtained for higher cutting
speeds (Figure 4(b)).

* P O TAMNH *EXF S TANH
20 1
120 7
1H) -
150 A
prd b d g eliftd oy
E [ E o0
= s S
m -
L) - I 1] :
k1 1443 150 200 250 B 10dF 150 200 250
Curting speed (m/min) Cutting speed (m/min)

(a) {b)

FIGURE 4 Comparison betwesn the characierigics of experimental (EXP) and predicted (TAMH)
chips for different cutting speeds
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FIGURE & Comparison betwssn the ssgment average width of experimentd (EXPF) and predicted
(TANH) chips for diferent cutting speeds

The segment average width (Ls) of numerically smulated chips is
also in accordance with experiments (Figure 5) for all the cutting speeds
dudied. Therefore, the use of the TAMH law improves dsgnificantly
the egimation of geometrical chip parameters for all smulated cutting
conditions, which is not the case when using the Johnson—Cook law
(Calamaz et al., 2008). During machining, the use of a high-gpeed
CCD camera allows the wvisualization of the different gages of a chip
formation. Figure 6 shows a comparison between experimentally observed
and numerically smulated chip formation.

For both experimental and numerical chips the sme slages of
segment formation can be didinguished: (a) beginning of grain
localization along a curved shear band (Figure 6(a)), (b) shearing in
the primary shear band (Figure 6{b)), and, (c) curvature change of the
primary shear band (Figure &{c)).

Experimental and Mumerical Cutting
Forces and Contact Length

Figure 7 shows a comparison between the measured and predicted
cutting forces for different cutting speeds. The cutting force predicted
for low speeds (33m/min and &7m/ min) is wery close to the
experimental value. For higher cutting speeds, the cutting force is dightly
underestimated but the correlation is ill acceptable.

The model also predicts a dight decrease of the cutting force when the
cutting speed increases, which is not clearly showed by the experimental
results. The trend predicted by the model reflectsthe temperature increase
in the primary shear band leading to a lower flow stress and therefore
a lower cutting force. Experimentally, the tool wear, which is more
pronounced when the cutting speed increases, might change the conditions
at the tool/ chip interface and, therefore, more or less hide this effect.
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FIGURE & Sages of a numerical and experimental ssgmented chip formation: {(a) beginning of
grain locaization along 8 concave shear band, (b} shearing in the primary shear band, and (c)
change of the curvalure of the primary ghesr band,

In Figure 8, the predicted feed force is compared with the
experimental one for different cutting speeds For low cutting speeds, the
correlation isvery good. However, for cutting speeds exceeding 84 m/ min,
there is a great difference between the predicted and experimental feed
forces
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Experimental results showed that the feed force is influenced by the
tool-chip contact length and by the tool wear. The contact length predicted
by the smulation is underestimated, and the mismatch is very important
for speeds exceeding 84 m/ min (Figure 9). In numerical smulation,
the toolchip contact conditions are unchanged for all cutting speeds
snce the friction coefficient is congant and no tool wear is consdered.
Experimentally, these interface conditions evolve with the cutting speed.
In the studies of Haglund et al. (2008) and Filice et al. (2007), the
authors used different friction models to smulate the friction conditions
at the toolchip interface. In both cases the contact length is greatly
underegtimated, regardless of the friction law used. Therefore, the friction
law is not consdered to be the main reason for the mismatch between
predicted and observed tool-chip contact lengths
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FIGURE & Comparison between experimental (EXP) and predicied (TAMH) fesd forces (Ff) for
different cutting speeds
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The increase of tool wear with increasng cutting speed may generate
a local change of the tool geometry and thus a modification of the chip
flow. This mesoscopic phenomenon would induce, at a macroscopic scale,
a modification of the chip rolling, as shown in Figure 9. Because the
tool wear is not taken into account in the smulation, it is not surprising
to observe a mismatch between numerical and experimental feed forces
Despite differences in terms of feed force and contact length, this new
consgtitutive law offers great improvements when compared with actual
resultsin bibliography.

CONCLUSIONS

Taking into account the possbility of a grain softening phenomenon
occurring from a given temperature and deformation level, the TANH
law improves significantly the quality of the predictive model, particularly
regarding the chip morphology. The new conditutive law is able to
correctly predict the chip formation, chip morphology and to give a good
edimation of the chip characteridics over a quite large range of cutting
speeds

Predicted cutting and feed forces are smilar to those recorded
experimentally for low cutting speeds, i.e., when the tool wear remains
low Simulations taking into account the tool wear at high cutting speeds
might give higher feed forces, closer to those recorded experimentally
Experimental results showed that the feed force evolution isrelated to the
modification of the contact length. In this gudy, the interface tool-chip
conditions are smply described by a Coulomb friction law. The use of a
more adaptive friction model at the same time with a tool wear model



might give rise to a better correlation between experimental and predicted
contact length, and hence also feed force, at high cutting speeds.

Based on the assumption of any softening phenomenon, such as
dynamic recovery and/ or recrystallisation for example, a new effective
model was developed showing a good correlation between predictions and
experimental results over a wide range of cutting speeds

However, it should be dated that the Johnson—Cook and a damage
law should be able to give adequate predictions by fitting the damage
parameter.
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