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ABSTRACT

Finite Element-based simulations provide good c#éipabo predict the outcomes of machining processand their value
soar when utilized to simulate machining of hardrtachine materials such as titanium alloys (e.e6Al4V) and nickel-
based alloys (e.g. IN-100). This study presentsew #E simulation-based methodology to determine riwdified
constitutive model parameters utilizing the foresuits from face turning experiments conducted@ih Ti-6Al-4V and IN-
100. In these simulations, material constitutivedels have a great influence on the results and brustlected carefully to
represent the correct material flow stress charatites. Conventional modified constitutive matérmmodels with flow
softening behavior are utilized and further modifte represent the thermal softening effect onflidwe softening behavior,
where the temperatures can be much higher thanahdon machining these materials. Parameters ofténeperature-
dependent flow softening based material constigutivodel for both materials have been determinedidiiyg an inverse
methodology. Comparison of measured and simulatex$ with the modified material models has sholwsecagreements.
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INTRODUCTION
Chip formation during machining these materials has

Titanium alloy Ti-6Al-4V (Ti-64) is one of the most been investigated intensively by researchers [4-45]it is
commonly used alloys in the aerospace, automotwne, different than conventional materials. Chip is tally
medical device industries. It offers high strentgthweight segmented due to the adiabatic shearing mechanighei
ratio, as well as good corrosion resistance and bio primary shear zone, requiring special attentionindur
compatibility. However, this alloy is considered t® analysis. Also, because of elevated temperaturesigdu
difficult to machine due to its low thermal conduity, machining, flow softening is observed at higher
elastic modulus, and diffusivity, as well as itglhirigidity temperatures [16-18]. In order to eliminate theyveostly
and chemical reactivity at elevated temperatureg][1 and time consuming nature of repeated experimentati
Nickel-based alloy IN-100 is also a mission-critica finite element-based simulations have been conducte
component material used mostly in aircraft and stdal mostly concerning these changes in the mechanidbeof
gas turbine engines, but also difficult to machdue to its process [19-21]. In these simulations, instead sihg
high toughness and work hardening behavior. Becafise damage (material failure) models, modified constiu
the difficulties in machining these alloys, selentiof models with temperature-dependent flow softeningeda
machining and tool geometry and preparation pararsés adiabatic shearing have been utilized to repretiesse
critical. Since it is very costly to experimentaliijscover  characteristics. For the flow stress data, Splipkioson
the effects of each parameter, finite element (f&Sed  Pressure Bar (SHPB) tests are utilized, where tignal
simulations are relied on to illustrate the maaigni Johnson-Cook material model parameters are detedmin
conditions and predict the results of the proc&bgrefore, [22-27]. Sensitivity analysis on these parametexs also
it is essential to bring the capabilities of theBrulationsto  been conducted [28-31], but this analysis onlyudek the
the lowest possible error level allowed by techgalal original parameters that can already be measunedheo
constraints. parameters that do not belong to the flow softening
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characteristics of these materials. As a resudtetlis a lack
of methodology on determining the additional partmrse
brought by modifying the Johnson-Cook flow stressdei,
and this study aims to fill that void by proposiag inverse
methodology utilizing FE-based simulations validatey
experimental force measurements.

FACE TURNING EXPERIMENTS

In most of the validation studies, orthogonal maatg
tests are conducted and simulations in 2D are atdlwith

the results of these experiments. However, in orier

as two feed valuesf£0.05 and 0.1 mm). For these
combinations of three variables, 8 sets of expentmaere
conducted aB,=2 mm depth of cut. No cutting fluid or
coolant was applied in any of these experimentd, taay
were run in dry cutting conditions in order to d¢eeauitable
modeling conditions for experimental validation.

Face Turning Experiments on IN-100
For the machining experiments on IN-100, disks -Gf 6

mm thickness prepared from a cylindrical bar weikzad
for force measurements. Two cutting speed valuese we

represent the mechanics of the industrial machiningselected ;=12 and 24 m/min), and all four different types
processes better, 3D face turning experiments wereof cutting inserts were utilized. Hence, the cugtiadge

conducted. In 3D face turning experiments (see reidy,

contrary to the orthogonal machining experiments t

cutting edge is not orthogonal to the cutting vsjocFor
this reason, forces in the thrust directidf,)(are more

significant compared to orthogonal machining. Ire th

figure, depth of cut is symbolized wity, whereas-, F;,
andF, are the cutting, feed, and thrust forces respelgtiv

radius varied fromr,=5 pm to 10 and 25 pm, whereas
coated and uncoated inserts were used at 10 prmgutt
edge radius. In order to have more stability on firee
measurements, a smaller depth of cut valuegell mm
was used for all the experiments in IN-100. Simtlarthe
Ti-64 experiments, no cutting fluid or coolant wasplied
in order to be able to illustrate the experimestaiditions

r. is the nose radius amglis the cutting edge radius of the in the FE-based simulations in the best way.

tool. Face turning experiments were conducted
investigate the effects of different machining atwbl

parameters, and to determine which set of consttut

material model parameters represent the flow siédhe
material the best. In these experiments, all of ahting
tools were Tungsten-Carbide/Cobalt (WC/Co) matehat

some of them were coated with TiAIN coating. Three

different cutting edge radii were available at 26,10 um,
and 5 um (sharp edge), and a fourth different tyjp@sert

was available as TiAIN coated on a sharp cuttingeed

providing approximately 10 um cutting edge.

TOP VIEW
Workpiece

Depth of cut, ap FRONT VIEW

Figure 1. Configurationof face turningexperiment$32].

Face Turning Experiments on Ti-64

For the machining experiments on Ti-64, a cylindlric
workpiece that was 165 mm long and 100 mm in diamet

was utilized to measure forces. In addition to the
different tool options (uncoated and coated), twatticg

speed values were selecteg=65 and 90 m/min), as well

FE-BASED SIMULATIONS

3D simulations (as shown in Figure 2) illustratitig
face turning experiments were conducted for all
experimental conditions, where the workpiece wasiiaed
to show viscoplastic behavior. The friction corufits
between the tool and the workpiece were both défine
hybrid in the rake and flank faces, and the Couldaion
coefficients used were 0.6 and 0.5, respectivetyTie64,
and 0.7 and 0.6, respectively for IN-100 [32]. Hoe shear
friction factor, 0.9 was used for both faces and loth
materials. Approximately 50,000 elements were uted
define the workpiece, and approximately 150,00@nel&s
were used to define the tool. All the simulationsrevrun
for 2 milliseconds, which is usually more than egiodor
the machining process to reach steady-state condjtand
a heat transfer coefficient of 100,000 was defiimtich
higher than its actual value) to speed up the sitiais to
reach steady-state values, without affecting tsalts.

Formed
chip

Machined
workpiece ™ |
surface

Figure 2. Representation of 3D simulations.
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Constitutive Material Model values very quickly. To this end, although the wehol
experiment was not simulated, steady-state comditim

Original Johnson-Cook (JC) material model represent forces and temperatures were reached in everyf $éhite

the flow stress ) of the material in terms of straig)( Element-based simulations.

strain rate ), and temperaturerl). Using SHPB tests, the Temperatures during simulations do not reach steady

original JC material model parametesfs B, C, n, m) can state in default conditions. In order to overconims t

be determined (Eq. 1), whetg is the reference strain rate, problem and ensure that the simulations reach wistate

To is the ambient temperature, afg, is the melting temperatures, a higher heat transfer coefficiesu thormal

temperature of the material. These original JC rhode of 100,000 was utilized. This way, thermal loadstaady-

parameters have been determined by many reseaifoners state conditions were also successfully illustrattiile the

different materials and many are published for Zj-&nd increased heat transfer coefficient ensures stetadg-

the ranges the values are published show that thete conditions, it does not affect output values. Terapee-

parameters cannot be found [22-27]. However, thedependent mechanical and thermophysical properdfes

approximate range of these parameters can be auserv work and tool materials have been given in Table 2.

from these findings, and investigation of paramsetam be

initiated from these values. From the original paster

sets, the values given in Table 1 were used fog4Tand  Table 2. Temperature-dependent mechanical and thermo-

IN-100. Then, starting from these values, the patars physical properties of work and tool materials ugedrE

that emerge in the modified JC constitutive materiadel simulations.
(a b, d, r, s) are added to represent temperature-dependent
flow softening based adiabatic shearing (Eq. 2). Property|  Unit WC/Co Ti-6Al-4V IN-100

E(T) | GPa | 5610 [7.4+10%T+113-72:T+21700

, m aT) | 1°C 4.7410° [310%T+7+109 1.1-10°

o=[A+Be" |1+ cn|[1-(F2)] L AT) | WimeC| 55 |7.039e>%MT| 10,3.8908T
0

1 ngTo Co(T)  [N/mmPe°Cl5+10%T+2.07 2.24+e%%%7T | 3,628 997
7= [A +Be (exp(sa))] [1 * Cln;]
0
[1- (Z2)"][p + @ = D) [tanh (2] ] (@) METHODOLOGY TO DETERMINE PARAMETERS
Tm~=Tr (e+p)T
da b
whereD =1 — (TL) ,andp = (TL) . Before starting the procedure to determine the fieati

flow stress model parameters, b, d, r, s), the original
Johnson-Cook model parametefs B, C, m, n) should be

Table 1.Original Johnson-Cook material flow stress model determined via SHPB tests [23]. For this reasoe,vilues

parameters. in Table 1 were utilized to initiate the algorith3D
machining simulations were employed to represent fa
Alloy A B n C m turning processes, and chip formation that reptssen

steady-state results was achieved in every sinonlalihese
simulations were designed and conducted using DEFOR
3D software. The first step to the algorithm (Fig®) was
to select meaningful values by experience for thalifred
JC material flow stress model parametexsb( d, r, s) and
run initial simulations for all the machining cotidns
designed. Then, forces were extracted from findlize
simulations, and it was verified that steady-stateditions
were reached at the end of the simulations. Thersrr
between the predicted and experimental forces were
calculated and recorded for each simulation forerlat
comparison. Different combinations of these modifie
model parameters were utilized to find solutionstth
resulted in comparable predicted steady-state $oNdthile
selecting the different combinations of these patans, the
flow stress curve was paid attention to, becausenibdel
requires that the flow stress curve represents foftening
behavior that is dependent on temperature, whitirémg
similarity with SHPB test results at low strain wes.

Ti-64 | 725 | 683| 0.65 0.03
IN-100 | 1350| 1750 0.6 0.01

N IRAl
Ple
w

Chip Formation

In the Finite Element-based simulations, it is ataé
that the chip is formed in order to be able tosiitate the
physical nature of the machining process. Hendk, a
simulations were run at least until the chip forimatwas
observed (see Figure 2).

Steady-State Assumption

With Finite Element-based simulations, it is nadible
to simulate the whole machining process of few sdso
Instead, usually only the first few milliseconds tife
process is simulated. However, it is known that firees
and temperatures during machining reach their gtetate
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When acceptable results were found for

theseutilized in comparing the accuracy of each flowessr

parameters, it was observed that the errors cowld bmodel representation. If the error for a new sepromes

decreased even further, so the original model petens
were considered for change. It is noteworthy tdizeahat

(decreases) the resultant force error, the new ofet
parameters is set as the base for the next pamamete

C, and m represent the changes in strain rate anditeration. If not, the results from the previoustssare

temperature in the original JC model, whlleepresents the
flow stress at zero strain, reference strain rate, ambient
temperature conditions. Hence, these parameterdcshe
kept unchanged to stay on the same curves of igaalr
JC model. However, changing the other two origid@l
parametersK andn) would only represent changes in the
effect of strain on flow stress, which is alreadigr@d by
the modified model through flow softening. Therefom
order to improve the results even further, thedeesgawere
updated within the ranges reported by differen¢nexices.
When the minimum force error is achieved, flow s$re
solution is said to be found for the material.

Start with original
JC model parameters (A, B, C, m, n)

v

Select modified

JC model parameters (a, b, d, r, s)
Conduct simulations <—'
Update B, n Updatea, b,d,r, s

Force error
acceptable?,

Force error
improvable?

Flow Stress Solution

Figure 3. Flow diagram to achieve modified JC model
parameters and the flow stress solution.

The calculation of the resultant error is straightfard:
For the set of simulations, the difference in edafce
component k., F, and F;) is calculated as a percentage.
Then, the total error is calculated using Eq. Bjch error
percentage is squared, and the sum of these sqsdoesd
for each simulation and each force component. Thas,
sum of squares is divided by the number of machinin

compared with the results from the new set, andnie
parameter set is decided based on this compalisdy. 3,
Fiep represents the experimental value of any of theefo
components (cutting, thrust, or feed directionshereas
Fism represents its simulated value.

F

2
M N Fi,exp_ i,sim
YimiZim|\ —F.
iexp

N-M

! (3)

Etot =

RESULTS AND DISCUSSIONS

FE-based machining simulations with different sefts
modified (temperature-dependent flow softening base
material flow stress model parameters were conduftie
both Ti-64 and IN-100, and the resultant errorsdbrsets
of simulations were determined. According to these
resultant errors, best sets of parameters thaseleeted to
represent flow stress of the materials are showralrle 3.

For both Ti-64 and IN-100, these sets of paramdéets
to 23% resultant error in predictions. These temjpee-
dependent flow softening based material model petars
can be used for further simulations in similar mairty
conditions, but for significantly different machirg
conditions, these parameters should be determigaih a
with new force measurements obtained. For these afet
parameters, force comparisons for all sets of sitiaris are
presented in Table 4 for Ti-64 and Table 5 for 081
materials. These tables show experimental and ateull
force results for face turning, as well as errassogiated
with each of the machining conditions.

It was observed that for Ti-64, the resultant exaried
between 13% and 30%, but for IN-100, it varied lestw
11% and 40%.

The methodology is iterated in two rounds of analys
In the first round, Johnson-Cook model parametérsB(

C, m, n) were fixed, while modified model parameteash,

d, r, s) were iterated over 30 simulation rounds. In the
second round of analysis, Johnson-Cook model pdaeasme
(A, C, m) were kept fixed, whil@® andn were iterated.

In order to improve these results even further, enor
iterations on Johnson-Cook and modified materiabeho
parameters can be done. It should be noted that eac

conditions M: the number of simulations in a set) and the Simulation round in average takes about 50 houra &C

number of force componentsN£2 for orthogonal
machining, 3 for 3D machining simulations). The aweu
root of this value gives the resultant force eetgrwhich is

with Intel Core Duo microprocessor.
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Table 3.Best set of modified material flow stress model
parameters for both materials.

A
725
1350

B
300
1750

Cc
0.035
0.017

b
2
10

d
0.5
0.01

n
0.65
0.65

m
1
1.3

a
0.5
15

r
12
15

S
-0.05
-0.4

Alloy
Ti-64
IN-100

Table 4.Force comparison (simulated vs. experiments) for
Ti-64 (8,=2 mm).&o¢ = 23%.

Experimentgl Simulated

Coatind r; | Vv, f | Fo|Fe| Fe| Fp | Fc| Fs |Err

m/minmm| N | N[ N| N | N| N| %

pm

0.05
0.1

0.05
0.1

324/439(117
456|777/161
288|443|114
356|780[167

205519105
340(953/166
187|468 98
3441951174

24
20
22
13

55

None

90

0.05
0.1
0.05
0.1

495/241/526
573|387|845
330/239/470
488/355/850

568128/120
1041187191
563117126
939179172

30
23
20
17

55

TiAIN | 10

90

Table 5. Force comparison (simulated vs. experiments) for
IN-100 @,=1 mm).&po¢ = 23%.

Experimentdl Simulated
Coating rz | W f | Fp| Fe| Fr|Fp| Fe| Fs |Err
pmm/minfmm| N | N | N[ N| N| N| %
5 272|507|268|276/541|172| 21
None | 10 12 290/494|208|302/583|204| 11
25 319/517|211|323/630/229| 14
TIiAIN | 10 0.05 320/494]185|305/600/197| 13
5 "771337/587|180| 354629222 14
None | 10 24 245/545/201|300/566/204| 13
25 179)484(215/290/543/209| 37
TIiAIN |10 172|501|215/289/564|191] 40

CONCLUSIONS

In this study, an inverse methodology using experital
force measurements was utilized in order to detezntihe
modified material model parameters. 3D face turning
experiments were conducted to obtain machiningefrc
Finite Element-based simulations were designed an
conducted to illustrate these machining processas their
results were compared to experimental findingsfeént
sets of parameters were employed in order to aehileg
minimum error between experimental and simulatddes
of machining forces, and the sets of parametetspitowide
these minimum errors for both the titanium alloy6®i and
the nickel-based alloy IN-100 were determined. €hssts

of parameters are considered nearly the best pes®ts to
illustrate these machining conditions and they dan
utilized in further analyses of machining effects these
hard-to-machine materials.
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