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Abstract

This paper proposes a method to investigate tleetsfiof temperature and strain rate on the
forming limit curves (FLCs) by combining a modifidéhce constitutive model (Lin-Voce
model) with the numerical simulation of Marciniast. The tensile tests are firstly carried out
at different forming temperatures (20, 230 and‘@9@nd strain rates (2.5, 120 and 150s
for AA5086 sheet. A modified Voce constitutive mb@®amed Lin-Voce model) is proposed
to describe the deformation behavior of AA5086 @sdnaterial parameters are identified by
inverse analysis technique. Then, the proposedtiaamnse model is verified by comparing
numerical and experimental results obtained byileetssts and Marciniak test, respectively.
Finally, the numerical simulation of Marciniak tastcarried out at different temperatures
(100, 200 and 300) and strain rates (2.5, 120 and I50snd the effects of temperature and
strain rate on the FLCs of AA5086 are investigated discussed.

Keywords: Inverse analysis; Lin-Voce constitutive model; Maiak test; Forming limit

curves



1. Introduction

With an increasingly severe effect of global wargiimutomotive vehicles with low
energy consumption, low pollution and high fuel mmmy are becoming more and more
popular. Lightweight has become the developmennthef world auto-industry. Due to its
small density and high specific strength, aluminalioys have attracted lots of attentions.
However, the low formability at room temperatureagty limits their application [1-2].

To improve aluminum sheet formability, warm formipgpocess has become a promising
technique. In recent years, scholars have done muehk on sheet warm formability by
different experimental methods [3-10]. Naka andhvda [3] investigated forming speed and
temperature effects on the deep drawability for A85-O with cylindrical deep drawing tests
at different forming speeds (0.2-500mm/min) andtdmperatures (27-180). It was found
that the limit drawing ratio increased with thergmsing die temperature and decreased with
the increasing forming speed. Li and Ghosh [4] stigated the tensile deformation behavior
of AA5754, AA5182 and AA6111-T4 under different teematures (200-350) and strain
rates (0.015-1.59. The total elongation was found to increase \wiitreasing temperature
and to decrease with increasing strain rate. Inthemowork of Li and Ghosh [5], the
formability of the above three aluminum alloys vetisdied by forming rectangular designed
parts at different temperatures from 200 to 85@vith a strain rate of 1's A significantly
positive effect of forming temperature on the shdr@iwing formability was found and this
effect varied for different materials. Palumbo ahdcarico [6] investigated AA5754-O
formability based on a warm deep drawing equipmAntemarkable rise of about 44% in

limit drawing ratio compared to that at ambient pemature was obtained at the punch speed



of Imm/min and at the temperature of T1Gn the blank center. Mahabunphachai and Koc¢
[7] found that the formability of AA5052 and AA60@icreased with temperature (from room
temperature to 300) and decreased with strain rate (0.0013 and 09)18g bulge tests.
Wang et al. [8] also found that both temperaturé pnnch speed had a strong influence on
the formability of AA2024 by a cup punch test. Fetnal. [9] investigated the deformation
behavior of 5A06 for rapid gas forming at elevatethperatures (325-500), and it was
found that the sheet formability was improved bg thcreasing temperature, duration time
and gas pressure. The formability of AA7075 waglis by Wang et al. [10] through the
limiting drawing ratio test and the limit dome hieigest. The results showed that the sheet
formability could be significantly improved whenetiblank was heated to 140-220and it
began to decrease at the temperature ove260

The forming limit curve (FLC), developed by Keebnd Backofen [11] in the 1960s, is
widely used to evaluate the sheet metal formabiBgsed on the previous literatures, the
aluminum alloy is very sensitive to strain ratewatrm forming temperatures, and different
mechanical properties can be observed at high aasi-gtatic strain rates [12-14]. Naka et al.
[15] investigated experimentally forming speed derdchperature effects on the FLCs of
AA5083-0 by performing stretch-forming tests afeliént forming speeds (0.2-200 mm/min)
and temperatures (20-300. It was shown that the FLCs increased drasticalith the
decreasing test speed for any strain path at teanpes ranging from 150 to 30Q while at
room temperature the FLCs was not sensitive to ifayrspeed. Chu et al. [16] obtained the
FLCs of AA5086 under different temperatures (20,480 200C) and strain rates (0.02, 0.2

and 28) by Marciniak test and Marciniak-Kuczinsky (M-K)ael. It was found that both



temperature and strain rate have an importantantta on the FLCs of AA5086. Khan and
Baig [17] studied the effects of temperature (20:8) and strain rate (Ibto 1s%) for
AA5182-0O formability through M-K model, KHL constitive equation and Barlat YLD96
yield function. It was found that strain rate etfearied at different temperatures.

Due to the complexity and difficulty in carryirgut the physical Marciniak test under
high strain rates and at elevated temperatureseristudies regarding the effect of strain rate
on FLCs are mostly based on M-K theory, but ongyrall range of strain rate was covered in
these works, so current research about temperandestrain rate effects on the FLCs of
aluminum alloys is still relatively lackind herefore, the purpose of this work is to investig
temperature and strain rate effects on FLCs of mlum alloys by combining a proposed
Lin-Voce constitutive model and the simulation o&idiniak test. Due to the lack of uniform
standard about dynamic tensile test, a lab-desygiardic tensile device is used. The tensile
tests are carried out under different temperatur@ strain rate. Material parameters in
Lin-Voce model are indentified through inverse gsm technique. To verify the proposed
constitutive model, Marciniak tests at room tempeeawith a strain rate of 2.3sre carried
out. Finally, the FLCs of AA5086 under differentash rates (2.5, 120 and 15fsand
temperatures (100, 200 and 30Pare predicted and the influences of temperatndessrain

rate on the FLCs of AA5086 are discussed.
2. Uniaxial tensiletest

In this section, the tensile tests at differentgematures (20, 230 and 280 and strain
rates (2.5, 120 and 158sare carried out for AA5086. Limit strains unddt @rming

conditions are obtained by the digital image catreh (DIC) technique.
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2.1. Experimental specimen and apparatus

To ensure the necking occur in the center, thesileerspecimen used in this work is
designed with a notch, as shown in Fig 1. The stigekness is 2mm. To facilitate the digital
image correlation analysis, all specimens are sgrayith black dots on a uniform white
background to produce a random distribution of klgepattern. A new grip system (Fig. 1) is
designed to allow the specimen to have a predatedmun under high strain rates conditions.

Specimens are heated by an induction heating system
2.2. Analysis of experimental data

Figure 2 shows the force vs time curves at iffe temperatures and strain rates. The
thermal softening effect can be clearly observedtlese curves. Deformation resistance
decreases with the increasing temperature at a s@aie rate. At 2.55 the maximum tensile
force is decreased by 37.22% when the temperataredses from 20 to 290C. Figure 3
shows the influence of strain rate on force vsldgment curves at a given temperature. It
can be observed that AA5086 is not sensitive tmrstiate at 20C. When strain rate increases
from 2.5 to 1508, the force vs displacement curves have no obvibasige. However, the
material becomes very sensitive to strain rate9@t(2 The maximum force is increased by
11.98% when strain rates increases from 2.5to 159®m the above comparison, it can be
observed that strain rate has an important infleeoc the flow behavior of AA5086 at
elevated temperatures. In order to accurately desdas warm deformation behavior, it is

essential to take strain rate into account.



2.3. Srain calculation

A high-speed camera and DIC technique is useahtdyze the forming process of the
specimen. Detailed description of strain calculatgrocess can be seen in the author’s
previous work [18]. A failure criterion widely usddr the M-K model is chosen during the
strain calculation process: when the ratio of ageraquivalent plastic strain increments in the
localized and non-localized zones reaches 7, le@lnecking is assumed to occur [19-20].
According to this method, limit strains at diffetéamperatures and strain rates are obtained.
In the test, three specimens are repeated for eggérimental condition, and the average
major strains are obtained, as shown in Fig. 4.

Comparing the limit strains obtained under differéarming conditions, it can be
observed that the AA5086 formability is clearlyeaffed by both temperature and strain rate.
Temperature plays a prominent role at low strate,rand the sheet formability is enhanced
greatly at elevated temperatures. At 2,3be limit strain rises by 25.47% when temperature
increases from 20 to 290. Under high strain rates (120 and 150slue to the interaction of
temperature and strain rate, the limit strain n@&r increases monotonically with the rising
temperature. Instead, it shows a declining trend,the limit strain becomes relatively low at
230°C. Compared to that at room temperature, the litrétirs at 230C under 120 and 150s
decreases by 19.6% and 28%, respectively.

As well as the deformation behavior at room temioeea the AA5086 limit strain is
insensitive to strain rate neither. As temperatooeeases, AA5086 turns to be sensitive to
strain rate, whose negative effect becomes incerghsiprominent. The limit strains of

AA5086 at high strain rates are clearly lower thiaat at 2.53. A 36% reduction in major



strain is observed when the strain rate increases 2.5 to 1205 at 290C. However, further
comparison of limit strains at 120 and 1%@shibits an interesting phenomenon that the limit
strain does not decrease monotonically with inénggstrain rate at elevated temperatures. At
230 and 29@, the limit strains of AA5086 at 150sre increased by 18.71% and 4.73% than
those at 1205 respectively. The abnormal phenomenon can beaimau as follows: the
increase of limit strain may be due to local stria@mdening and rapid changes in dislocation
structure during high-speed deformation, which yeldhe occurrence of necking and
improves the sheet formability. The identical pheeaon is also observed for CQ steel [21],
DP600 and AA7003 [22] and Magnesium alloys [23-24].verify the observation in this

work, further examinations on microstructure eviolutshould be carried out.
3. Construction and identification of a modified constitutive model

In this section, a modified Voce constitutive modelpling temperature and strain rate is
proposed to describe the forming behavior of AASQ&6er different forming conditions and

its material parameters are identified by the isganalysis technique.
3.1. Parameter identification based on inverse analysis

Currently, material parameters in a constitutivedeioare mostly determined by the
regression analysis, where the deformation in ail®specimen is assumed to be uniform
before the occurrence of the necking. Although #orregular tensile specimen, its
cross-section geometry varies during the test. Pae the heat caused by plastic
deformation during forming process, which plays iamportant role at dynamic forming
conditions, could not be considered with the tiaddl method, so its calculation accuracy is

relatively low. Especially, for the irregular cressction of the specimen used in this work, it
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Is impossible to identify material parameters of ttonstitutive models by the regression
analysis. Thus, the inverse analysis is adoptdiisnwvork.

The basic concept of an inverse analysis for par@m@entification is to find out a set of
unknown material parameters by continuous iteratibased on numerical simulation and
experimental data. To obtain these parameters,fdhewing three elements should be
considered:

(1) Experimental data as the input data (e.g.iithasured force and time in this work);

(2) A numerical model of the physical experimerdtthrovides the required output data
(e.g., a FE tensile test model in this work);

(3) An optimization procedure which can analyze diserepancy between numerical and
experimental data, and update current values aitkeaown parameters.

Principal of the optimization procedure by the irsgeeanalysis is introduced by Diot et al.
[25], as show in Fig. 5. The final material paragnetP are obtained when the cost function (E)
between the prediction and the experimental valeashes the pre-defined critical value.

Based on the above optimization idea, a FE modé¢heftensile test is established, as
shown in Fig. 6. Considering the symmetrical boupdaonditions, only 1/8 of the entire
model is built. The influence of the tensile testamine’s elastic on the determined parameters
Is also taken into account, which is described lryiss element in the FE model. By defining
the specific heat, the thermal conductivity, therthal expansion coefficient and the inelastic
heat fraction in the FE model, the heat causedl&stip deformation during forming process
IS considered.

The error Ebetween the numerical and experiment data canfoeedey:
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T zilil[ﬁexp]z

Where F**and F* denote the forces obtained by experiments andifElations at

1)(

the {" increment, respectively. N is the number of experitally measured force points.
In this work, the software modeFRONTIER is used integrate the optimization
procedure, the inverse analysis and the FE modaetldntify material parameters in the

constitutive model.
3.2. Construction of constitutive law

Voce hardening law is usually used to describetieelogical behaviors of the aluminum
alloys which exhibit a saturation stress-straintestat high strain levels and at high
temperatures [26-28]. In the previous work of thespnt authors [18], a modified Voce type
hardening law was used to describe the strain hargdehavior of AA5086, where the strain
hardening index n and the strain rate sensitivifek m are expressed as functions of the
forming temperature (Eq.2). But there is much dipancy between experimental and

identified force-time curves.

7 =0, +C,\/1-expC, expC,T ¥ )exgC, T §™7 2)

where, gis the flow stress,o, is the vyield stressC;, C, Cs and C, are material
parameters.

In the work of Abedrabbo et al. [29], the straiteraensitivity index m was fitted by a
power exponent equation, and here m is expressemh(&3=C, exp(C,T). Based on the
inverse analysis introduced in section 3.1, theenedtparameters in Eqg.2 are indentified for

different temperatures at the strain rate of 2.8ince the strain rate is relatively low and
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kept same, the influence of the strain rate is taken into account, thus the strain rate
sensitivity factor m is set to zero during the paeters identification. The identified results
are shown in Table 1.

With the identified parameters, the values @fexp(C, /T) at different temperatures are
calculated. It is observed that there exists aalielationship betweerC, exp(C, /T) and
temperature (as shown in Fig.7). In addition, iblidained from Table 1 th&zis very small,
thus the value ofexp(C,T) is nearly to 1. According to the above analysig)-Voce
constitutive model, in which the strain hardeniag la linear relationship with temperature, is
proposed, as expressed in EQ.3.

7 =0, +(C,+ C,TH1- expt GE Foor&D (3)

where,C; andC; are the strain hardening coefficiers,is the strain softening coefficient,

C, andGCs are the strain rate sensitivity coefficients.
3.3. Optimization results

In this work, the hypothesis that the yield stréndg¢pends only on temperature but not on
strain rate is taken, which is also adopted invtbek of Chu et al.[16] and Pedersen et al. [30].
Due to the irregular specimen’s cross-section, {ied strength cannot be obtained by
traditional methods. So in this paper, the yiel@rggth is set as a variable and the material
parameters in Lin-Voce constitutive model are idett by the inverse analysis based on
experimental data, as listed in Table 2 and Table 3

Figure 8 illustrates the experimental and iderdifierce vs time curves at different
forming conditions. From the figure, the identifiedrves have an excellent agreement with

experimental ones at the strain rate of 2.33onsidering the measurement errors caused by
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the vibrations of the testing system at high straies, the little discrepancy between fitted
and experimental curves is acceptable. The maximuor between experimental and fitted
curves is only 2.656%, as listed in Table 3. It t@nconcluded that Lin-Voce constitutive
model is suitable to describe the deformation bemasf AA5086 under different forming

conditions.
4. Experimental verification

In order to validate Lin-Voce constitutive modelpoth the uniaxial tensile test and

Marciniak test are carried out in this section.
4.1. Verification by the uniaxial tensile test

Lin-Voce constitutive model is implemented inkkE model (Fig. 6) via ABAQUS
UHARD subroutine. The experimental conditions irctes 2 are copied during the FE
simulation of the tensile test. Using the same mggckriterion as in the experiments, the limit
strains are obtained by a series of FE simulatiasashown in Fig.9.

From the comparison in Fig.9, it can be seen thinearical limit strains have a good
agreement with experimental ones. The effects wipegature and strain rate on the limit
strains predicted by FE simulations show the samdeancy with experimental results, which
verifies that Lin-Voce constitutive model can déseraccurately the deformation behavior of
AA5086 under different forming conditions. As memtéd in sub-section 2.3, the limit strain
of AA5086 seems to be lowest at about 3@nder high strain rates (120 and 150dn
order to find out the relatively accurate tempeamatat which the negative effect of strain rate

Is the most significant under high strain rates, tdnsile tests at other temperatures (180, 250
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and 260C) are also simulated, and the limit strains areioled and listed in Table 4. It is
observed that the limit strain at Z60is lower than those at 280 and at 26@. Thus, it is
concluded that the lowest limit strain of AA5086cars at 250 . Hence, while determining
process parameters for AA5086 at elevated tempesatand at high strain rates, the

temperature of about 250 must be avoided.
4.2. \erification by Marciniak test

In this sub-section, experimental Marciniak testasried out under a strain rate of 2'5s
at room temperature, and the deformation analgsisairied out by CORRELA. To verify
Lin-Voce constitutive model, the model is impleneshinto FE-Marciniak test model under

identical forming conditions.
4.2.1. Preparation and results analysis of Marciniak test

Marciniak test setup and its schematic illustratame shown in Fig. 10. To facilitate
capturing the deformation process of the blanlevanse structure with a bell jar is designed.
An optic mirror is used to reflect forming procésghe high speed camera.

To cover more strain paths, 13 specimens with iiffewidths are used (Fig. 11). The
specimens are designed with non-uniform thickneskescentral part has a thickness of 0.8
mm, while the adjacent and the clamping parts@mre5 and 2.0 mm, respectively. Thus, the
plastic localization is triggered on the centertpafr the blank to facilitate capturing the

deformation and to eliminate the effect of friction forming limits.
4.2.2. Construction of the FE-Marciniak model

Corresponding to the experimental setup in Fig.th®,FE-Marciniak model consists in

12



three parts: a rigid cylindrical punch with a flagttom, a rigid die and a deformable specimen.
Due to the symmetrical boundary conditions, onlyuarter part of the geometrical model is
considered, as shown in Fig. 12. To copy the lamticcondition in the experiments, the
friction coefficient of Coulomb’s law between thentral section of blank and punch in the
FE model is set to 0. Lin-Voce constitutive modelmplemented into the FE model (Fig. 6)
via ABAQUS UHARD subroutine. To compare with expeeintal results, specimen shapes,
forming conditions and necking criterion used ie fRE model are identical to those in the
physical Marciniak test.

Figure 13 shows the FLCs obtained by the physicaldviiak test and FE-Marciniak test
at the strain rate of 2.3sat room temperature. A great consistency can Iserebd, which
also proves that Lin-Voce constitutive model istahlie for describing deformation behavior

of AA5086 in a large range of strains.
5. Prediction of the effects of temperature and strain rate on the FL Cs of AA5086

Considering the difficulty in carrying out Marcikigest under high strain rates and at
elevated temperatures, the FE-Marciniak model coetbiwith the Lin-Voce constitutive
model is used to simulate the experimental progesbkis section at different temperatures
(100, 200 and 300) and at different strain rates (2.5, 120 and Th0§hen the effects of
temperature and strain rate on the FLCs of AA508Glesscussed.

To obtain the yield strengths at other temperatub@sed on Rusinek’s work [31], a
modified equation (Eq.4) is proposed to descril@eetolution of yield strength in this paper.
Figure 14 shows the fitting result with the yietdesgths obtained at 20, 230 and Z90and

the corresponding fitting parameters are listeflable 5. It can be seen that Eqg.4 gives a good
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description for the evolution of yield strengthtire test temperature range. With this equation,
yield strengths of AA5086 at 100, 200 and 80Qare obtained, as described with solid dots in

Fig.14.

Tl expk, (- TT ))} o, 4)

f(0.T)=| 1k =2 -Tr—

whereo is the yield strength at temperatuiieé o,is the yield strength at room
temperature T, is the melting temperature, which is 900K for aloom alloys, Ty is the

reference temperature, andk; are the fitting parameters.

By combining the obtained yield strengths and time\oce model, the FLCs of AA5086
at different strain rates and temperatures areiraddaby the corresponding FE simulation, as

shown in Fig. 15.

It can be observed from Fig. 15 that forming terapee has a significant influence on
the FLCs of AA5086. The limit strain increases withe rising temperature at 25s
Compared to those at room temperature, the limatret at 30@ under the uniaxial tension,
the plane strain and the equi-biaxial stretchiregiacreased by 51.3%, 92.9% and 116.59%,
respectively. However, under high strain rates (286 1503), the negative effect of strain
rate plays a prominent role, which offsets the tpeesieffect of temperature on sheet
formability, resulting that the FLC at 20 is lower than that at room temperature. While
with the increasing temperature, the positive éftidctemperature on the sheet formability
gradually compensates the negative effect of stat® consequently, the FLC at 300is
close to that at room temperature, which is sinibathe observation obtained by the tensile
tests.

Figure 16 shows the FLCs at 2.5 and 158s different temperatures. From the figure,
14



FLC at the high strain rate is always lower thaat tith the low strain rate at a given
temperature, indicating that strain rate has a thegaffect on sheet formability. At 200,
the limit strains at 1505under the uniaxial tension, the plane strain drel @qui-biaxial
stretching are decreased by 36.1%, 45.2% and 5CoPdpared to that at room temperature.
Thus, for aluminum alloys, the warm formability @spls on the offsetting interaction of
temperature and strain rate. At low temperatutes positive effect of temperature could not
compensate the negative effect of strain rate,rasudt, the formability under high strain rates
at 200C becomes lower than that at room temperature. Asetimperature increases, the two
interacting effects arrive a balance, thus the tstoemability under high strain rates at 300

is close to that at room temperature.

In order to investigate the effects of strain rateshe sheet formability of AA5086 above
300°C, FLCs at 120 and 158sunder 350C are obtained by the FE-Marciniak test. It can be
found that the formability at 350 is improved compared to that at room temperattablé
6). The forming limits under the uniaxial tensiahe plane strain and the equi-biaxial
stretching are increased by 13.51%, 31.82% and82@.6espectively. Therefore, it can be
concluded that the blank must be heated to a odeaiperature above 300 if one wants to

improve the formability of AA5086 under high straates conditions.
6. Conclusion

Lin-Voce constitutive model, in which strain hardenshows a linear relationship with
temperature, is proposed and identified to desc¢hibeheological behavior of AA5086 in this
work. With the proposed constitutive model, the awic tensile tests and Marciniak test are

simulated at different temperatures and strainsré&teinvestigate the effects of temperature
15



and strain rate on sheet formability of AA5086. Toaclusions are drawn as follows:

(1) According to the dynamic tensile tests avated temperatures, the sheet formability of
AA5086 is clearly affected by both temperature a@tchin rate. At a low strain rate, the
formability of AA5086 increases with the rising tperature, while at high strain rates (120
and 150%), the limit strains at 230 and 280 are clearly lower than that at room temperature.
AA5086 is insensitive to strain rate at room terapare, while at elevated temperatures the
limit strains at high strain rates are lower thiaat tat low strain rate. Moreover, the limit strain
does not decrease monotonically with increasirgrstiate at elevated temperatures.

(2) A Lin-Voce constitutive model is proposed tosdgbe the flow behavior of AA5086
under different temperatures and strain rates.raeerial parameters in the model have been
identified by the inverse analysis and verifiedunyaxial tensile test and Marciniak test.

(3) The FLCs of AA5086 at different temperature®Q 1200 and 30Q) and strain rates
(2.5, 120 and 1509 are predicted by combining the Lin-Voce modelhwiE-Marciniak
model. The effects of strain rate and temperatar€ldCs are consistent with their effects on
limit strains in the tensile tests. To improve thanmability of AA5086 under high strain rates

(120 and 1509, the blank must be heated to a certain temperatbove 30T .
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Table captions

Table1

Parameters identified for the modified Voce typedeaing law.

Table 2

Yield strength of AA5086 identified at differenttgeratures.
Table 3

Identified parameters in Lin-Voce constitutive mblg the inverse analysis.

Table4

Comparison of major strains at different tempeegur
Table5
Parameters obtained for the yield strength equation
Table 6

Comparison of limit strains at room temperature angs0C .
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Table1

Parameters identified for the modified Voce typedieaing law.

TemperaturéeC C; C Cs Cq Error
20 88.05 2.01 2.18E-04 437.19 0.97%
230 80.0 292 1.10E-04 350.0 1.32%
290 64.0 3.50 2.90E-04 340.0 2.62%
Table2

Yield strength of AA5086 identified at differentntgeratures.

Temperaturel Yield strength/MPa
20 134.81
230 133.43

290 125.51
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Table3

Identified parameters in Lin-Voce constitutive mblog the inverse analysis.

Strainrate/$ C; C, Cs o Cs Error

2.5 756.26 -1.03871.5508 0.00974 0.00003868 1.86%

120 726.88 -0.86931.2932 0.00317 0.00003166 2.66%

150 698.83 -0.83921.5714 0.01038 0.00002545 2.48%
Table4

Comparison of major strains at different tempeegur

Major strain
Strain rate/ s
180C 230C 250°C 260C
120 0.229 0.211 0.208 0.23

150 0.24 0.227 0.223 0.245
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Table5

Parameters obtained for the yield strength equation
ki Ko T/K To/K
0.1043 2.7028 900 273

Table6

Comparison of limit strains at room temperature angs0C .

120s! at 350C 150s! at 350C

. Major strair
Strain state

(20) Major strain  Increasing rate Major strain Increggiate
Uniaxial tensior ~ 0.37 0.39 5.41% 0.42 13.51%
Plane strain 0.22 0.26 18.18% 0.29 31.82%
Equi-biaxial 0.38 0.45 18.42% 0.47 23.68%

stretching
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Figure captions

Fig. 1. Notched tensile specimen and grip system (unit).mm

Fig. 2. Force vs time curves for different temperatures gitven strain rate.

(a) 2.58 (b) 1208 (c) 1508

Fig. 3. Force vs displacement curves for different strates at a given temperature.
(a) 20C (b) 290C

Fig. 4. Limit strains at different temperatures and straies.

Fig. 5. Principal of the optimization procedure by thearse analysis.

Fig. 6. FE model of the tensile test used for the invarsaysis.

Fig. 7. Linear relationship between strain hardening patans and temperature.
Fig. 8. Comparison of experimental and identified forceinge curves by Lin-Voce model.

(a) 2.58 (b) 1208" (c) 1508

Fig. 9. Experimental and numerical limit strains at difiet strain rates and temperatures.
Fig. 10. Marciniak test setup and its schematic illustratio

Fig. 11. Specimens used in Marciniak test.

Fig. 12. lllustration of FE-Marciniak model.

Fig. 13. Comparison of FLCs obtained by the physical Maatitest and FE simulation.

Fig. 14. Yield strengths at different temperatures anditiiag curve.

Fig. 15. Comparison of FLCs for different temperatures givan strain rate

(a) 2.58 (b) 1208 (c) 1508

Fig. 16. Comparison of FLCs under different strain ratea given temperature.
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Fig. 1. Notched tensile specimen and grip system (unit).mm
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Fig. 2. Force vs time curves for different temperatures gitven strain rate.
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Fig. 3. Force vs displacement curves for different strates at a given temperature.
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Specimen _ Truss

Fig. 6. FE model of the tensile test used for the inversaysis.
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Fig. 7. Linear relationship between strain hardening patans and temperature.
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Fig. 12. lllustration of FE-Marciniak model.
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