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Abstract

This paper introduces a new ‘strength model’, nangadit Johnson-Cook (SJC). The model is a
generalization of classical Johnson-Cook (JC) armViges a much improved coherence for the plastic
material description. Specifically, the new modgmikies the issue that the effects of equivalerdtiolatrain
rate and temperature shall not be taken as equatdch equivalent plastic strain, avoiding thenviiea
modeling errors on the lower yield stress and erstibsequent plastic flow.

The salient features of the original JC model drertty reviewed first, paying specific attention to
possible modeling incoherencies. Two main shortognssues are framed and discussed. Further, @wevi
on several modifications of the JC model from therdture is outlined. Then, the new SJC model is
introduced in such a framework and thoroughly dbsd: A comprehensive discussion on its calibration
strategies follows, by developing three alternatiabration approaches.

The new model is then applied to the material deon of three real material cases (a structuregls a
commercially pure metal and a stainless steelrdmgidering literature sets of hardening functicetorded
at different equivalent plastic strain rates andhgeratures. SJC predicted trends are checked &agains
experimental data, for each calibration strategyebaluating the material prediction on both lowesld
stress and plastic flow. Obtained results are esapared to those provided by plain JC.

The SJC model shows the capability to remarkablgrave the material description, as compared to
plain JC. Moreover, the fact of presenting a foremyvsimilar to that of the original JC model allovzs
possibly reusing some of the JC material parametetéich may be already known from available
calibrations. Also, the SJC model keeps the sam®atational appeal of the original JC model andirefe
experimental data towards calibration, while heastn of calibration and computational weight remain
almost unchanged.



1. Introduction

The present paper proposes a modification of thealed Johnson-Cook (JC) strength model (Johnsdn a
Cook, 1983), namely a hardening function descrililregg material yield stress as a function of eqentl
plastic strain, equivalent plastic strain rate aedperature. The new strength model consists in a
generalization of the original JC model, towardsiexing a better modeling coherence.

The present enhanced model allows to better desthné effects of equivalent plastic strain rate and
temperature on the lower yield stress and on tastiplflow. The resulting strength model aims atvjing
much better results comparing to those achievatdm fthe plain JC model, by working in the same
computational framework and by adopting the sarpe bf experimental data available for calibration.

Notice that Johnson and Cook defined also a maalepffedicting fracture phenomena (Johnson and
Cook, 1985). However, fracture effects are not wmred in this paper so far, which focuses on gtten
models only. On the other hand, a large strain émmank is considered. Basic contexts, concepts and
notations adopted in the paper follow preliminaaylier work on a doctoral dissertation (Gambiragi®].3)
and results complement those on plain JC produtacompanion paper (Gambirasio and Rizzi, 2014).

The JC hardening function fits in the classic @plststic framework (see, Hill, 1950, Kachanov, 1971
Chaboche, 2008, and Bigoni, 2012), by handlingstness deviator evolution only, while a separateaggn
of state rules the volumetric behavior. On thismpatational implementation issues may be found in
Wilkins, 1963, 1978, and in Benson, 1992. Also, &discussion on issues related to constitutiveanod
objectivity in computational implementations, seentbirasio et al., 2014.

Before introducing the new strength model, a simirbduction on the original JC model is presented
next, in order to recall some key aspects that tkeentral role for the subsequent definitions hia t
enhanced model. Such discussion mainly relies oatvelxposed in companion paper Gambirasio and
Rizzi, 2014, in which a wider discussion on therd@del and on its calibration strategies may be doun
together with a review on the bulge of the exteméiterature devoted to that.

Subsequently, Section 2 presents a mini revieweseral modifications of the JC model proposed & th
literature, useful for collocation of the presemhanced model and for appreciating its novelty. nThe
Section 3 presents the new Split Johnson-Cook nmenttklwidely discusses its calibration, outlinediiomee
real material cases, by showing much improved peidoce with respect to plain JC. Finally, Section 4
outlines the closing considerations and lists tiveial points of this study.

1.1. Johnson-Cook model framework and shortcomings

Johnson and Cook, 1983, introduced a strength nfodelescribing isotropic elastoplastic hardenimgler
large strains, within certain ranges of equival@astic strain rates and temperatures. One magettaf the
JC model was making it suitable for FEM implementatand computational use. Hardening outcomes were
exposed in terms of Cauchy stress vs. true sttagaiithmic strain measure). In the JC model, theddy
stress is expressed as a power function of thevalguit plastic strain and as a natural logarithwaigation

of the yield stress on the dimensionless equivalkastic strain rate*

: (1)
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where ?p is the current equivalent plastic strain rate ifd a fixed reference value of it. Concerning

temperature effects, a power dependence of thead ystless on the homologous or homogeneous
temperature T



T-T,

T*= 0 ' (2)
Tm - TO

is assumed, where,lis the melting temperature angld@ reference fixed value of temperature.

According to these assumptions, the JC model wakiptizatively represented by the following
hardening equation, expressed as the von Mised yigess as a function of equivalent plastic strain
dimensionless equivalent plastic strain rate amddiogous temperature

é _ m
§:(A+BR”) 1+ COn2 |1 1- T, . (3)
P & T -T,

with eight JC material parameters A, B, nK§ To, Tm, M of dimensions and possible units as reported in

Table 1. Appropriate experimental tests are neéalettheir calibration.

=0

A Stress [MPa] n Dimensionless| € Strain rate [3] Tm Temperature [K]

B Stress [MPa] C Dimensionless| T Temperature [K] M Dimensionless

Table 1. JC parameters dimensions and possibla.unit

The JC strength model conceives a multiplicativeodgposition of the current yield stress in the ¢hre
terms visible in Eq. (3). They set, respectivelyiaaver hardening law (quasi-static term), a logctiom on
the dimensionless equivalent plastic strain ratei(s rate term), a power variation on the homolego
temperature (temperature term). Regarding ther]attiden the melting temperature is reached, the
temperature term vanishes, so that the materiaklds deviatoric strength. Above the melting terapee
the yield stress may be set to zero or a diffestrgngth function may be considered, appropriate fo
describing the arising material phases.

The JC model has been largely used by several myttoo successfully modeling of different matesial
As instances, the JC model has been adopted fandiueling of Ti-6Al-4V titanium alloy (Lee and Lin,
1998, Lesuer, 1999, Khan et al., 2004, Akbari Meusaal., 2008, Kotkunde et al., 2014 a), struatsteel
(Batra and Kim, 1991), XC48 steel (Langrand et2899), HSLA-65 steel (Nemat-Nasser and Guo, 2005),
sheet steel (Rusinek et al., 2005), mild steelsifik et al., 2007), ultra-fine-grained copper (Méset al.,
2008), Hastelloy X (Abotula et al., 2011), 304 skass steel (Chen et al., 2011), quenched andessffered
reinforcing steel (Cadoni et al., 2013), 2024-TZBdminum (Seidt and Gilat, 2013) and advanced high-
strength steel sheets (Roth and Mohr, 2014). Antbegmany applications of the JC model, quite a few
consider the modeling of structures under high aiglompacts and blast loadings (see, e.g., Pappl a
Murr, 2002, Valerio-Flores et al., 2004, and Tend ®ierzbicki, 2005).

The formulation of the JC model starts from an el basis and provides a fairly simple model, ethi
may not always give precise predictions of the nitdardening behavior. This aspect was somehow
indicated also in Johnson and Cook, 1983. Anywaig, simplicity entails several positive points.faet, it
achieves a reasonable compromise between modétimmicty, prediction coherency, quest of dedicated
experimental data and computational requiremenégaRling negative aspects, it may be said that the
simplicity of the JC strength model is paid by aalucing some drawbacks in the formulation. In pafér,
two main flaws may be identified

» The first flaw consists in the fact that the logriadon of the yield stress on the dimensionless

equivalent plastic strain rate may not be suitdbldit the strain rate sensitivity of some mategial
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Analogously, the yield stress power function of tlmmologous temperature may present the same
shortcoming. These aspects might lead to heavy lingderrors in practical cases.

» The second flaw consists in the fact the effectsopfivalent plastic strain, equivalent plasticistrate
and temperature on the yield stress are totallyepeddent from each other. This is a direct
consequence of the choice of adopting a hardenimctibn designed in a multiplicative way, in which
the three factors independently represent the ttfifeets on the yield stress. For instance, foivarg
equivalent plastic strain, its effect on the yisttess is the same whatever the equivalent plsisimn
rate and temperature. This may imply heavy modeadimgrs, either on the lower yield stress or on the
subsequent plastic flow, or even on both. Thus #mmplistic approach may lead to considerable
modeling errors, which actually add to the onestduée first flaw.

The next section aims at better evaluating the imadm of these two main detrimental issues of pl&in

inspiring then and motivating the present furtheppsed SJC modification later outlined in Sec8on

2. Assessment of Modeling Incoherencies of the Plain JC Model and Critical Review on Several
Proposed M odifications

Considering what stated at the end of Sectiondretlarise questions about the relevance of theifiéen
flaws, i.e. how much they may negatively affect thberence of the JC strength model. It appeatsdha

to its nature, the JC model may occasionally bepable to coherently predict the hardening material
behavior, in particular over wide ranges of equmélplastic strain rate and temperature. More iaikle
fittings may be appropriate only for selected ramdmit not overall and the JC hardening functiory mat

be good enough to describe the available dataderdo reproduce results fruitfully usable for evegring
purposes.

The belief that the JC model may sometimes prodwumably incoherent predictions appears to be
confirmed in analyzing the strain rate and tempeeatiependent hardening response of different rakgger
through experimental results from the literaturem® examples of such references are Krafft etl8b4,
which presented studies on iron and steel plakiwsfin the dependence of strain rate and tempesatu
Hoge and Mukherjee, 1977, which proposed an inyatitin on the temperature and strain rate deperdenc
of the flow stress of tantalum; Nemat-Nasser ana,G2003, which proposed a wide strain rate and
temperature investigation on the plastic flow bétwawf a structural steel; Rusinek et al., 2009,iclvh
presented similar investigations for six high-sgitbnsteels. Basically, it appears that the formthe
JC model may not be suitable to fit such behaviors.

The two previously presented main issues of thetdhgth model did not pass unnoticed in the sfient
community. Indeed, the model has been the subjeseweral reviews and modifications. The aims were
those of solving or mitigating the negative effedtse to the two main drawbacks above. The following
exposition aims at briefly reviewing the main preed contributions. Publications dealing with thetfiC
issue are presented first, while those dealing tighsecond issue are presented second. Actuathgyi be
said that the relevance of the JC model is funtineven by the large number of revisions and enharots
that have been proposed since its first publicatiat983.

The following mini review allows to appreciate alsow the present SIC model is clearly differentfro
all the other previous JC modifications proposethaliterature and thus reveals its novelty ingb&ential
application for several scientific and technologiapplications, as those where plain JC and matlifi€
models have been used, specifically in computatimeaeling environments.

2.1. Modifications on the Fir st Drawback | ssue

The first detrimental JC issue outlines at the eh&ection 1 addresses the fact that a material maay
present a yield stress log variation on the dinwess equivalent plastic strain rate and a poswgrdn the
homologous temperature. Several authors have pedpowdifications of the original JC strain rate and
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temperature terms, for improving the coherence i hardening function. Some of the proposed
modifications are analyzed in the following.

For what it concerns the strain rate term, a finsdification regards the substitution of the oradidC
strain rate term with the so-called Cowper-Symastdgin rate term (see, e.g., Symonds, 1967, andech
2007). This was conceived years before the promdsidhnson and Cook, 1983. However, such a tergn ma
be adopted for replacing the JC strain rate tezagihg to the following strength model

s=(A+BLE)) 1+(%]P EEl{TTm_—TTOo] J 4)

The model still uses eight parameters, but the dtsain rate parameters are now represented by OPand
Such modification of the JC original model is gyptpular, including for implementations in FEM cede

Another modification of the strain rate term waggented by Holmquist and Johnson, 1991. These
authors pointed-out how the yield stress log deproe on the dimensionless equivalent plastic stedi
could be replaced by a power variation. In dethig original JC strength model was substituted Hey t
following one

§=(A+ BE;)[E%J 1—{{1__100} . (5)

p

This model still uses eight parameters, with theapeter D playing the role of the exponent in ttrais
rate term. Holmquist and Johnson, 1991, presentedM implementation of this modified JC model, with
the aim of computationally reproduce some availaperimental data. The modified model provided a
better data fitting as compared to the originalni@lel, although the differences appeared quite imairg
This modified JC model is considered also in Akkral., 1997, and in Schwer, 2007, in the cont&REM
computations.

Couque et al., 1995, proposed another modificatiothe JC strain rate term. The authors pointed-out
that the original JC model may be capable to pegdod results when equivalent plastic strain riesr
than 16 s* are involved. However, it was also pointed-outt tee model may lack in coherence when
higher equivalent plastic strain rates occur. Ttebeaccount for this effect, the original JC models
modified with the introduction of a power straine@omponent added to the log strain rate terndirgato
a model with eleven parameters, as representdw ifolowing equation

- ~ \k m
3 3 T-T
§:(A+ BE“) 1+ DOn=2 + EN-2 | |M1- o | |, (6)
P s;’ s; T -T,

In this equation,?.; represents an equivalent plastic strain rate wahieh determines the transition between

the so-called thermally-activated regime and theated viscous regime. This value was stated takmat
10° s'. The strain rate term now involves five parametarstead of two like in the original JC strainerat
term. The modified model was evaluated through migak simulations for reproducing the strain rate
behavior of pure nickel and a high-strength nick&y. Comparing to plain JC, the outcomes proves t
modified model to display an improved coherencadproducing experimental data at high equivalent
plastic strain rates. An application of this maelifiJC model may be also found in Hussain et al.32h

the context of FEM simulations of explosively forngrojectiles.
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Camacho and Ortiz, 1997, used a modified straie tatm conceived in a way very similar to that
proposed by Holmquist and Johnson, 1991 in Eq.T{%. model is expressed as

-~ \D m
3 T-T

s=(A+ BE;)[EH;—‘(’J 1—[T TOJ : ©)
€ m_ 0

p

As in Holmquist and Johnson, 1991, the yield sttegsvariation on the dimensionless equivalent tulas
strain rate is replaced by a power dependenceoflyedifference consists in the fact that the digienless
equivalent plastic strain rate is augmented byftrbebeing raised to the exponent D. Further u$asich a
modified model are reported, e.g., in Barvik et 2001, Clausen et al., 2004, Dey et al., 2007 ,@Gmndben et
al., 2011.

Another modification of the strain rate multiplicat term was proposed by Rule and Jones, 1998. The
point was that of modifying the original JC straite term to more closely match observed material
behaviors at high strain rates. Similarly to whatesd by Couque et al., 1995, the two authors pdiout
that the yield strength may increase more rapidti the equivalent plastic strain rate than whaedeined
for the original JC hardening function, in partmufor equivalent plastic strain rates exceedinstoOn
this basis, Rule and Jones, 1998, proposed to yntidiforiginal JC model in the following way

- m
€ T-T
s=(A+BE) 1+ D02+ E - o | | (®)
€ g ) T -T
E2—|n§
p

In this equation, Eand E are additional material parameters, obtainablefexperimental data. Thus, the
number of model parameters amounts to eleven. &ulelones, 1998, proposed also a calibration puoeed
for the model parameters, with application to fowgtals, through the evaluation of different experial
tests. This new model was then proven of providingood fit of the yield stress at elevated equiMale
plastic strain rates for some available experiniateata.

Kang et al., 1999, pointed-out that the originalsi@in rate term, which determines a linear deproé
of the yield stress on the natural logarithm of dimeensionless equivalent plastic strain rate, mesd to be
enriched with a term that adds a quadratic depax@des well. This assumption was motivated with
reference to some presented experimental dataarticglar, it was shown that the quadratic term rbay
necessary to correctly represent the material hehatlow equivalent plastic strain rates, speeify lower
than 1 &. The JC hardening function was then modified mftsilowing way

= = \2 m
€ € T-T
§:(A+ BE;) 1+ DOn=3 + Dltﬁln;—g] [ﬁl—(_r _F’ J J . 9)
3 3 -
p p m 0

This model uses nine parameters. A new parametetregluced in the model, denoted by. @ determines
the weight of the quadratic strain rate term. Cdeisitions on this specific modified JC model magodie
found in Schwer, 2007.

Johnson et al., 2006, proposed another modificaifaihe strain rate term by introducing a powemnter
that enriches the modeling of the yield stressatimm on the equivalent plastic strain rate. ThoWding
form was then proposed and called high-rate JC mode




- - Dz m
3 3 T-T

§:(A+ BEf;) 1+ DOn2 + DlEEIn?';] EEl—(T TOJ J (10)
[ € -

p p m 0

It may be pointed-out that this strength model app@s a generalization of the model proposed mgltéa
al., 1999, i.e. that represented in Eq. (9). Compgato plain JC, this approach introduces two acdidl
parameters, denoted by, @Bnd D, leading to a total of ten parameters. Applicaiaif this model and
comparisons to plain JC have been provided in dngesreference, i.e. Johnson et al., 2006. Refetuirige
original JC model, the high-rate JC model showedtrgomoved coherence.

Some modifications have been proposed for the dtpeeature term as well, with different authors
pointing-out difficulties of the original JC modal fit specific temperature dependent plastic fliata, such
as, e.g., Samantaray et al., 2009, which pointediow the original JC model presents problemstiing
the temperature dependent plastic flow of a modli®€r-1Mo steel. However, no modifies to the JC
temperature term were proposed in this publication.

A modification of the temperature term was actugligposed by Maheshwari et al., 2010, by relying on
high temperature experimental data of aluminumyakd-2024, considering also the strain rate term
modification proposed by Holmquist and Johnson, 1199e. the power dependence. The following
hardening function was then proposed

= \C _ [T f
§=(A+ BE;)EEE—EJ 1+[%—1Je (Tm'Toj | (11)

In this equation,s,, 5.0 andf represent additional model parameters. The tataiber of parameters

becomes then eleven. Maheshwari et al., 2010, mextsome applications of the model that demorestrat
more coherent fitting of some temperature sensgixgerimental data, when comparing to the origital
hardening function, in particular at high temperasu

Hou and Wang, 2010, introduced a modification & thmperature term for better prediction when the
range of temperatures is particularly wide. Theufowas on a hot-extruded Mg-10Gd-2Y-0.5Zr alloyctsu
modified hardening function uses eight parameté&ise proposed model is reported in the following
equation

T

¢ T g

s=(A+ BE;)[EH CDn;—‘(’)J S (12)
& T
e—en

Beyond the introduction of a new parameter, denbtetl, the other seven parameters are claimed to be the
same adopted for the original JC model.

Nguyen et al., 2012, considered replacements optveer quasi-static term with two other forms and
then elaborated the temperature dependence ofigh stress by adopting a series of temperaturager
similar to that of the original JC model, in thentext of the prediction of boron steel sheets beinaat
elevated and cooling temperatures. Also, the straia part of the model was neglected. Due to these
aspects, the resulting hardening functions do trittly appear as modifications of the original d@del,
although Nguyen et al., 2012, referred to them aslined JC models. Rather, these models may be
considered as belonging to other families of hardgfunctions. Therefore, they are not considerethe
present list of proposed JC modified models.



As proven by the brief review presented here, mmaaglifications of the original JC model strain rated
temperature terms have been proposed. In genemaky be said that the first issue of the JC mdaslel
partially solved, or mitigated, by the possibility choosing between different strain rate and teatpees
terms, with the aim of better fitting the experirta@rdata of the considered material, by taking etoount
specific equivalent plastic strain rate and temjpeearanges. Incidentally, some commercial FEM sode
allow to choose between some of the differentistraie and temperature terms described above.

2.2. Modifications on the Second Drawback |ssue

For what it concerns the second JC issue, outlatéde end of Section 1, the point was that of iciemsg
the effects on the yield stress of equivalent mastain, equivalent plastic strain rate and terapure as
totally independent from each other. In this regaame authors proposed modifications apt to phyrtia
introduce the synergic dependence of strain raldemperature effects.

For instance, Lin and Chen, 2010a and 2010b, intred a modified JC model involving a mixed strain
rate and temperature term, like

ép
=D, T+D, Tl

§:(A+Bﬁp)®( ’

(13)

The strain rate and temperature terms are mergadimgle exponential term, in which both the terapee
and the dimensionless equivalent plastic strai@ aa¢ involved, allowing for a coupling of straate and
temperature effects. The model was introduced encthntext of predicting the behavior of hot compegils
typical high-strength alloy steels. Prediction tespresented a good agreement with experimental din
and Chen, 2010a, called this model combined JCZandli-Armstrong model, since it partly derivesm
considerations due to the Zerilli-Armstrong strénigiiodel (Zerilli and Armstrong, 1987).

Lin et al., 2010, proposed a modified JC model imicly another mixed strain rate and temperature igrm
introduced, in a more complex fashion than thappsed by Lin and Chen, 2010a, in Eq. (13). The gsed
model assumed the following form

&

€ [iA1+A2®§?)J[@T_TV)
s=(A+B,[E,+B,x’) [E1+ DDn?’g)] i . (14)

The power quasi-static term is replaced by a fdmat involves a second-order trend with respechio t
equivalent plastic strain. Parameters B, replace original JC parameters B and n. Their i®lthat of
describing the quasi-static behavior. However, ithisnly another form to fit data throughout thelieglent
plastic strain range, and the point here is onsth@n rate and temperature terms. The strainteate is
maintained the same as in the original JC modet. tBmperature term is substituted with an expoaknti
term which involves the dimensionless equivalerdsiit strain rate and the temperature. Two new
parameters are introduced, denoted\pyand A,, while parameters Jand m are no longer present, thus
keeping a total number of parameters equal to elgte proposed model was applied to predict thsileen
behavior of a high-strength alloy steel, showingamd fitting of experimental results. The modifié@
model defined in Eq. (14) was also used by He.e28lL3, for modeling the high temperature pla$tiev of
20Cr-Mo steel, by Li et al., 2013, for predictingethot deformation behavior of 28Cr-Mn-Mo-V stesatd
by Kotkunde et al., 2014b, and Cai et al., 2015h&ncontext of modeling of Ti-6Al-4V titanium ajlo

Wang et al., 2011, proposed a modification sintilathe one introduced by Lin et al., 2010, with som
variations of the quasi-static and strain rate sems in the following



s= ( A-B, Ee_BZEp) EE 1+( B+ Dg,)Cin; J [iwzwé;]mm (15)

S

The context was that of modeling the behavior oB(Cr2Ni4MoV rotor steel over a large range of
temperatures and strain rates. The obtained reshidteed how the developed constitutive equation may
provide a quite accurate prediction of plastic fimwvthe considered material.

Lin et al., 2012a, introduced a modification of th& model defined as follows

4 &}
5= (A+ B{ép} En{a"}) 1—£ T j , (16)

P Tm _TO

where parameters B, n and m are functions of thévelgnt plastic strain rate. Such model was used f
describing the high temperature behavior of a AlMg-Cu alloy, obtaining good correlation with
experimental results.

In a similar fashion, Lin et al., 2012b, definednadified JC model for describing the high tempem®atu
flow stress of a Al-Cu-Mg alloy. The proposal wasfallows

s=(A+B(} E;{t})EPHD{t}Dn%J, (17)

where parameters B, n and D become now functiorteeotemperature. The proposed model successfully
predicted the behavior of the considered alloyoAlsn et al., 2012c, used the same model for ningehe

hot compressive deformation behavior of a 7075 lidyaat elevated temperatures, obtaining very good
correlation with experimental data over wide ranglestrain rate and temperature.

Qingdong et al., 2014, introduced a modificatiomiagg at characterizing the coupling effect of
temperature and strain on the hardening behavioadwanced high-strength steels over a large rafge
temperatures, without considering the strain ratent i.e. without accounting for strain rate eféecthe
model assumed the following form, in which T* dez®the homologous temperature in Eq. (2)

s=A(1-por) + (T E) (18)

where functions are denoted by writing first thepeledent variable and then the independent variable,
gathered by curly brackets. Thus, this model gdizesaparameters B and n as functions of the hogaeis
temperature. These functions may be polynomialsoofie order, so that the number of parameters sf thi
model is not established a priori.

Despite these efforts, the second JC issue appeabe still present, in particular in its heaviest
problematics, i.e. the fact that the effects ofiegjent plastic strain rate and temperature nedzktassumed
as equal for each equivalent plastic strain, atpstich may lead to heavy mismatches on the lovieldy
stress or on the plastic flow predictions. In thantext, following Section 3 introduces the preseeiv
formulation apt to mitigate this important shorténg



3. New Split Johnson-Cook Strength Model

In this section, a new hardening model is introducghich is referred to as Split Johnson-Cook (SJC)
strength model. Since the new model derives fraencthssical JC model, it keeps an empirical naflines
aspect is central in order to properly frame thetext in which the new model lies. Indeed, theg¢atwere is
that of defining an empirical model not involvingtarial parameters potentially hard to be deterdhieqy.
possibly stemming from micromechanical issues, thllawing the main idea of the original JC model.

The aim here is that of setting-up a hardeningtiandy relying only on already available experiran
data, as assumed for plain JC. On these bases)etivemodel shall be capable to better reproduce
experimental data, by providing an improvementhef tescription capabilities. The SIC model shalb al
strive to maintain the same computational appedgheforiginal JC model, i.e. it shall operate bguieng
information only from equivalent plastic strain,udglent plastic strain rate and temperature, gilosving
to perfectly fit in the same computational framekvof plain JC.

3.1. Formulation of the Split JC Model

The SJC model specifies a hardening function wtdkhs the following additively-split form

~ € T-T, | ) € T-T, |
S=A 1+C;_Eln§—0 1- ToT + BE) [ 1+ C‘2D|n§—0 r —— (19)

Py m 0 [

The twelve parameters denoted by A, @;)1, my, Tol, B, n, G, é;’z, my, TOz’ T., are the parameters of the

SJC hardening function. Table 2 reports their disn@rms and possible units.

A Stress [MPa] n Dimensionless B Stress [MPa] m T Temperature [K]

C, Dimensionless m| Dimensionless € Strain rate [3] T Temperature [K]

Temperature [K]

C, Dimensionless m| Dimensionless sz Strain rate [§] Ty

Table 2. SJC parameters dimensions and possibts. uni

The proposed hardening description keeps the saufigplicative way in plain JC, with the same strain
rate and temperature terms, but the equivalentiplsgain rate and temperature effects are novarseéed
for the lower yield stress, described by paramateand for the plastic flow, described by parame®rand
n. The name Split Johnson-Cook model actually seiethis aspect. Thus, parameter A is called loyedd
stress parameter and parameters B and n are pisit flow parameters. Regarding the dependehtieeo
yield stress on the equivalent plastic strain,shme power law from plain JC is kept. Parametens @nd
the values of reference equivalent plastic strata and temperature are doubled, yielding a tatalber of
twelve parameters, i.e. (only) four parameters ntioge for plain JC.

The SJC model appears as a generalization of tiginalr JC model, which in fact is recovered if
parameters Cand G are set equal, if parameters mnd m are set equal and if values of reference
equivalent plastic strain rates and temperaturesetr equal. On the other hand, when these pananste
different from each other, it is possible to indegently model the effects of strain rate and tejpee on
lower yield stress and plastic flow. In generakgpaeters €and G and parametersnand m become equal
only in very particular cases, i.e. cases in whighmaterial presents the same lower yield stredgplastic
flow dependencies on equivalent plastic strain sae temperature. More in general, parameterand G
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may be quite different, as for parametersand m. Beyond the considered splitting of equivalentsfia
strain rate and temperature effects, the way irchtiiese effects are introduced in the hardeningtion is
exactly the same as that in the original JC madelthrough natural logarithmic and power depedEn
This is a point of force of the present proposatause, while keeping the well-known implant ofirpl3C,

the additional parameters, keeping the same pHysieaning, allow for much degrees of freedom in the
material description of plastic flow in differeringes of strain rates and temperatures. Despite ttiea
higher level of complexity of the SIC model is hed&lept to a minimum. Both JC and SJC models can be
used to describe the lower yield stress and pldistvie behavior of materials. However, the presed€S
model can do such a task in a much better way elhdihis is the strongest enhancement introducetidoy
new model, i.e. it can predict both the lower yisless and the plastic flow, with much higher cehee as
compared to the original JC model. This is mainlg ¢b the fact that the SIC model defines ad hderrah
parameters for introducing temperature and stiatie dependence of the lower yield stress and gbltstic
flow, in and independent way.

The first additive term of the hardening functioesdribes the lower yield stress over the ranges of
equivalent plastic strain rate and temperaturs.ttien called lower yield stress term. The twotiplitative
terms that operate on such lower yield stress @gtitogether to set it. The first one is called dowield
stress strain rate term and introduces a log vaniain the lower yield stress dimensionless eqaival

plastic strain ratél* , Which is defined as

| onl-
ke)

(20)

ol
|
o

Whereég1 marks the lower yield stress reference value @ftuivalent plastic strain rate.

The second multiplicative term that acts on thst fadditive term is called lower yield stress terapgre
term and introduces a power dependence on thellsaldawer yield stress homologous temperature T
which is defined as

T-T,
T = L (21)
T,=T,

where T, represents the melting temperature didrepresents the so-called lower yield stress rabere
1

temperature.

The second additive term of the hardening functilmscribes the plastic flow over the ranges of
equivalent plastic strain rate and temperatures hthen called plastic flow term. Two multiplineg terms
act together to determine the plastic flow. Thstfone is called plastic flow strain rate term aricbduces a

log dependence on the plastic flow dimensionlessvatent plastic strain ratéz*

g == (22)

Whereég’ represents the plastic flow reference value oktingivalent plastic strain rate.
2
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The second multiplicative term acting on the secaaditive term is called plastic flow temperatuset
and introduces a power law variation on the plafti homologous temperature*T which is defined in
the following

T,* =

2

T (23)

0,

T-T
m

where T, represents again the melting temperature ‘a't;;drepresents the so-called plastic flow reference

temperature.

The lower yield stress strain rate term is defimesuch a manner that when the current equivalestip
strain rate equals the reference value of the lgiedd stress equivalent plastic strain rate insdout equal
to 1, so that no strain rate effects are recordethe lower yield stress. Otherwise, the straie eftect is
ruled by the current value of the equivalent ptastrain rate and by the reference value of thestoyield
stress equivalent plastic strain rate and by paiemig. Analogous considerations hold for the plastievflo
strain rate term, but considering the referencauevadf the plastic flow equivalent plastic straindan
parameter &€ This aspect is analogous to what happens fostthen rate term in the original JC model.

Similarly, the lower yield stress temperature tésndefined so that when the current temperaturalequ
the reference value of the lower yield stress teatpee it becomes equal to 1, so that no temper&iifects
are recorded on the lower yield stress. Othenvtiseeffect of temperature on the lower yield stieset by
the current value of temperature and ruled by #ference lower yield stress temperature, the ngeltin
temperature and parameter. Mnalogous considerations hold for the plastiovflemperature term, but
considering the plastic flow reference temperatame parameter s This aspect is analogous to what
happens for the temperature term in plain JC.

In general, the reference values of lower yielésstrand plastic flow equivalent plastic strain gatad
temperatures are not obliged to coincide. Indewsal, SJC model provides better fitting capabilitiethese
parameters are left to be possibly different. Gndther hand, the melting temperature is maintaevpdl
for both lower yield stress and plastic flow addititerms, and in fact it is intended to refer te teal
material melting temperature. When the melting terafure is reached, both lower yield stress anstipla
flow additive terms vanish and therefore the yigtiebss is null and the material does not providitiaal
deviatoric resistance, as for plain JC. If tempeet above the melting value appear, the yielsstie
supposed to be no longer determined by the SJICImeldieh would lead to a negative yield stress, inaty
be reset to zero or the adopted strength model meaghanged, according to the specific material unde
target.

The proposed form of the SJC model strives to raairthe characteristics of the original JC modé| bu
at the same time, it aims at providing a consideramprovement of the modeling capabilities. Insthi
regard, many possible forms have been set-up arebtigated, like, e.g., by allowing lower yield ests
parameter A and plastic flow parameters B and rtabe constants but rather functions of equivgbdastic
strain rate and temperature. Using this approaehfallowing strength model would be set-up

s=p[g, T+ B ET, (24)

where functions are denoted by writing first thepeledent variable and then the independent variables
gathered by curly brackets and separated by comifias.three functions that define the trends for
parameters A, B and n throughout the tested eqnvailastic strain rates and temperatures can deesh
accordingly to the available experimental resuttd aan be enriched where more material informaiton
available. As instance, these functions may be ivauiable polynomials or piecewise functions. Sienpl
linear trends are likely incapable of fitting theat@rial behavior with enough coherence. Clearlys th
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approach leads to a serious complication of theemaldie to the strong increase in the number afmpaters
needed for representing the three involved funstidrhis aspect implies a loss of simplicity which i
probably the main positive aspect of the JC andi8d@els.

Therefore, the proposed form, Eq. (19), is belietedonstitute a good compromise between the illin
of improving the model coherence and that of maintg a simple form, similar to that put forward by
plain JC. More complex hardening functions havenbekaborated and investigated, but they are always
affected by the introduction of unwanted complesitiin particular by needing a much larger number o
material parameters. The similarity to plain J@wal for some interesting options, such as the piiggito
substitute one or more of the lower yield stress plastic flow terms for strain rate and tempemtwith
some of the proposed substitutive terms, previoteshewed in Section 2. Furthermore, having a foary
similar to plain JC, SJC may allow to partially sexg some original JC parameters already deternfioeal
previous calibrations.

Concerning the SJC model calibration, i.e. theftifieation of its material parameters, the firspast to
be appreciated is that experimental data providete$is of diverse nature may be used. As instahce,
feasible to use experimental data from Hopkinsantésting (for a description of this testing metblody,
one may look at Hopkinson, 1914, Kolsky, 1949, Mey&994, Ramesh and Narasimhan, 1996, Kapoor and
Nemat-Nasser, 1998, Kajberg et al., 2004, Kajberd Wikman, 2007, and Jiang and Vecchio, 2009),
Taylor tests (for a description of this testing hwetology, one may read Taylor, 1948, Whiffin, 1948,
Hawkyard et al., 1968, Hawkyard, 1969, Wilkins &winan, 1973, House, 1989, Teng et al., 2005, Brini
and Driemeier, 2007, and Rakvag et al., 2014) &salather less popular testing methods.

The present treatment defines calibration strasetfiat make use of experimental hardening functions
namely functions relating yield stress and equivigidastic strain, for different equivalent plasiicain rates
and temperatures. Data of this kind are commonbdyigded by tensile tests, at low values of equivialen
plastic strain rate, and by tests with Hopkinson Bamid and high values of equivalent plastiaistrate.
Indeed, it appears that nowadays the most popathrediable way of obtaining high strain rate expental
data is that of performing such kind of testingllét@ing Section 3.2. introduces appropriate procedu
towards achieving best calibration of the SJC mdbdsdugh this kind of data. Some comments on the
necessary experimental information needed for eatbration strategy are also outlined.

Anyway, it may be possible to define devoted syiai® apt to calibrate the SIC model by using other
kinds of experimental data, like, e.g., by relyargsome structural parameter achievable from Tagipact
testing. As a matter of fact, it is possible tadfseveral calibration strategies of this kind wkealing with
the original JC model. On this, one may considémdon and Holmquist, 1988, Holmquist and Johnson,
1988, and 1991, Allen et al., 1997, Rule, 1997, rRaal., 2008, Nussbaum and Faderl, 201%zka and
Janiszewski, 2012, and Slais et al., 2012.

3.2. SIC Model Calibration ProceduresBased on Experimental Har dening Functions

As for the original JC model, the SJC parameterg beadetermined by appropriate calibration proceslur
In this regard, Gambirasio and Rizzi, 2014, pre=egfive different original JC model calibrationag&gies,
named LYS, OPTLYS, EPS, OPTEPS and GOPTEPS, walestic applications to real experimental
data. In this paper, three different SJIC calibraipproaches are introduced and carefully discugssing
particular attention to the analogies between tistisdegies and those just mentioned for the algiC
model. In fact, one aim here is that of descriktimgthree SJC calibration strategies in a way afasi as
possible to what done for the five original JC lmaltion strategies, in order to favor comprehensan
readers that are already familiar with the plain rid@del, with particular reference to the methodglog
adopted in Gambirasio and Rizzi, 2014. The threg& &libration approaches considered here appedaeg to
the most natural and practical, though it is unexs that further strategies may be identified defined as
well. For the sake of clarity, a name is associater@ to each calibrating approach. The achievedltseare
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extensively compared and debated, by highlightengesal positive issues and negative aspects pieigaio
the three different approaches.

To appreciate the concept driving the three cdiitmastrategies, they are systematically appliethtee
material cases. Underlying experimental outcomes amsumed to consist of nine hardening functions,
referring to three equivalent plastic strain raged to three temperatures, for each consideredialatase.
However, one may consider that the three identifialibration procedures can be adopted independentl
from the amount of hardening functions that areeeixpentally available, which shall produce mordess
precise calibrations, depending on the richneshefexperimental results. On this, the adoptededalsf
nine hardening functions look certainly sufficidat the present goals, as well as for avoidingriagoup
too much data.

The first material data set is taken from Nematddasand Guo, 2003, which concerns a high-strength
structural steel, labeled DH-36. The selected edeit plastic strain rates are 0.001 8.1 §" and 3000,
while the considered temperatures are 77 K, 296d&K &0 K.The second material data set is taken from
Nemat-Nasser and Guo, 2000, referring to a commalgrgure niobium material. The taken equivalent
plastic strain rates are 0.00%, 8300 & and 8000 §, while the considered temperatures are 296 K,K600
and 700 K. The third material data set is takemfidemat-Nasser et al., 2001, in which stainlessl k-
6XN was investigated. The adopted equivalent mlastain rates are 0.001,9.1 §' and 35008, while the
considered temperatures are 77 K, 296 K and 608dfe of these data seemingly present discontinuous
yielding phenomena, likely ascribing to the Pontele Chatelier (PLC) effect (see, e.g., Hahner Rinti,
2003, and Rizzi and Hahner, 2004).

These three material data sets allow for calibgative SJIC model on three rather dissimilar matgrial
involving fairly diverse hardening behaviors, ovéde equivalent plastic strain rate and temperatanges.
Material data are considered in terms of couplegabfes of Cauchy stress vs. true (logarithmic)i\edent
plastic strain. The specific details about the reaand context of the considered experimental detya be
consulted in the relevant papers, i.e. Nemat-NasseiGuo, 2000, 2003, and Nemat-Nasser et al.,.2001

Such material data sets have been extracted frerortginal documents through a proper digitalizatio
Further explanations on how this process has besmnglished are reported in Gambirasio and RiZ¥42
which indeed considers the same three sets of iexpetal data and digitalization process, togethih w
additional information on the considered experirabrdata, with particular attention to the effect of
temperature rising due to plastic work transforrimed thermal energy for high strain rate testingigDal
JC model calibration results on the same three idered materials are reported in Gambirasio and
Rizzi, 2014, by considering five different caliboat strategies. This fact allows to compare thesgmé
results for the new SJC model to those providethbyoriginal JC model, all against the same expantad
data, therefore enabling to much better assegsofitve and negative points of the new strengtideho

As the original JC model, the SJC model does nobwatt for stress triaxiality effects on the yietdess.
Hence, experimental outcomes adopted for calibrgiirposes may derive from classical mechanicéd,tes
as tensile, compression or torsion tests, as lengesults are represented in terms of von Misesstvs.
equivalent plastic strain. Anyway, more or lessfeddnt model parameters may be calculated when
considering one type of test or another, as octarghe original JC model and somehow indicated by
Johnson and Cook, 1983. Yield stress dependenctress triaxiality looks like a not thoroughly defd
aspect and thus it has not been introduced s filuei SJC model. Some comments on the combined®ffe
of stress triaxiality and strain rate are repoiteHopperstad et al., 2003, and in Bgrvik et @002

3.2.1. STA Calibration Strategy

The STA (STAndard) calibration strategy is likellget simplest approach apt to set the twelve SJC
parameters, among the three strategies introducékei present paper. This calibration strategy lée
same role taken by the so-called LYS and EPS apbpesafor the original JC model, since it followsigar
considerations.
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Melting temperature is to be determined first. THee lower yield stress term parameters are Galed!
Clearly, the parameters relative to the lower yistitss term are determined by considering expetahe
data at zero equivalent plastic strain, i.e. wittaaishing plastic flow additive term. In these dibions, the
SJC model reduces to the following form

s= A1+ G O -7, |
S= + C:.L n§—0 1- ﬁ . (25)

Py

This is totally analogous to that of plain JC, whiea equivalent plastic strain vanishes.

At first, the testing equivalent plastic strainesnd temperatures have to be selected, to sedfémence
values of the lower yield stress equivalent plastiain rate and temperature. The reference vdiubeo
lower yield stress equivalent plastic strain rateat equal to one of the testing equivalent astain rates.
No further constraints are introduced, so any efrttcould be chosen, with a typical choice congjstin
adopting the lowest tested value. Concerning theetoyield stress reference temperature, an apatepri
choice is that of setting it equal to the lowedtitey temperature, to avoid the possible appearaice
negative lower yield stress homologous temperatureshis view, the model should be used by never
involving temperatures lower than the referencepemature. This is the same for the temperature term
plain JC.

The subsequent step consists in setting lower giedbs parameter A, as equal to the lower yietsstof
the hardening function referring to the lower yiedttess reference equivalent plastic strain rai an
temperature. In fact, in that case the lower ymttdss strain rate and temperature factors becouoe &
one and the SJC hardening rule reduces to

S=A. (26)

The next point determines lower yield stress strate parameter [CThis step is similar to that apt to
determine parameter C for the plain JC model byLtfi® calibration. Indeed, parameter €an be obtained
from experimental data at the lower yield stregsremce temperature. This fact implies the vanigloihthe
lower yield stress temperature factor. Parametera@ then be determined as

(27)

At this point, it is possible to compute differardlues of parameter;Cby considering all the available
hardening functions at the lower yield stress exfee temperature for the various tested equivalastic
strain rates differing from the reference one. Wheaterial hardening reproduces a log dependendaeon
lower yield stress dimensionless equivalent plasttigin rate, the same value of €hall be obtained for all
the available tested equivalent plastic strainstat¢éherwise, € may be computed as an average value
among all the obtained ones.

The next step determines lower yield stress tenynergparameter m This step is similar to that for
setting parameter m for the original JC model k& ItN'S calibration. Indeed, ntan be obtained from data
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at the lower yield stress reference equivalenttiglasrain rate. This implies the vanishing of tbeer yield
stress equivalent plastic strain rate factor andan be determined as

In (1—Sj
m=— A (28)
In[ T-T, }
T, —T01

Here again it is possible to compute different ealwf m, by considering all the available hardening
functions at the lower yield stress reference esjaivt plastic strain rate and at the various tested
temperatures different from the reference one. Wtherlower yield stress power dependence on therlow
yield stress homologous temperature is reproduttedsame value of nshall be obtained; otherwise; m
may be evaluated as an average value.

Material data used for setting lower yield streasameters A, Cand m need not to be purified from
structural effects through possible inverse analydi the sample scale, since at the lower yielesstr
spurious structural effects should not arise.

The next step regards the determination of theerée values of plastic flow equivalent plasti@istr
rate and temperature, together with plastic flowapeters B and n. The reference value of plastiw fl
equivalent plastic strain rate is set coincidenbrie of the testing equivalent plastic strain raiés further
constraints are introduced, so any of them carhlbbsen, with a typical choice in adopting the lowtested
value. The reference value of plastic flow tempaetis chosen again as the lowest testing temperatu
Hence, the STA calibration procedure sets the eafar value of the plastic flow temperature as etjutie
reference value of the lower yield stress tempegeathe two reference values of the equivalenttiglasrain
rates could be set equal as well.

Parameters B and n are to be determined next, dadmat the reference values of plastic flow edaiva
plastic strain rate and temperature. These mayuidigod from structural effects through FEM inverse

analyses of the tests, over the plastic straingawgen the hardening function refers to the refegevalue
of plastic flow equivalent plastic strain rate dachperature, the SJC description reduces to

€
5= AEE1+ o Dn%} +BE (29)
€

Py

where the lower yield stress temperature factompiears. Incidentally, the log term attached tev@uld
vanish too if §p=§§1. Through appropriate fitting, e.g. by nonlineagression of Eq. (29) of the
experimental points at the reference values oftipldlow equivalent plastic strain rate and tempers,
parameters B and n can be calibrated.

The next point aims at calculating plastic flowastr rate parameter ,CThis phase makes use of
hardening functions recorded at the referenceiplfletv temperature and at equivalent plastic strates

that are different from the reference value, fréva bowest to the highest. Parametgrc@n be obtained by
noting that the plastic flow temperature factordimaes equal to one, leading to

€ €
5= A[E1+ of Dné—gJ + BE] EE1+ gDIné—SJ , (30)

Py [
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where the factor attached to the lower yield sttesgperature is not present since the reference\aflthe
lower yield stress temperature is set equal tootastic flow reference temperature, as in Eq. (9% then
possible to determine,@Ghrough a regression of Eq. (30) on hardening data specific equivalent plastic
strain rate, different from the reference one. Adsdhis stage, different values of @ay be obtained for
each tested equivalent plastic strain rate and thay correspond to each other if the log dependehce
plastic flow is really reproduced; otherwise, aerage value could be estimated.

The next point considers the determination of pd#tw temperature parameternThis makes use of
experimental data obtained at the reference vélpéasetic flow equivalent plastic strain and at paratures
different from the reference plastic flow one, frahe lowest tested to the highest. Parametecan be
obtained by noting that the plastic flow equivalplatstic strain term becomes equal to one so that

B T-T, ™ T-T, "
S=AQLF GO (1| =2 | |+ BE' | =2 (31)
£ T Ty To-T,

As said, the lower yield stress strain rate terny become equal to 1 too ?Tp =§§1 . Itis then possible to set

parameter mthrough a regression of Eq. (31) on hardeningtfanaata at a specific temperature, different
from the reference one. This evaluates parametet mach specific temperature. If power low tresesnot
really reproduced, an average value gfimay be determined, among the obtained ones.

In sum, experimental outcomes needed for calcgdtie SJIC parameters through the STA calibration
procedure are summarized as follows (assuming mgeiéimperature to be known).

1. Atest at reference lower yield stress temperaaagequivalent plastic strain rate. Such resuésuaed
for determining lower yield stress quasi-staticgmaeter A.

2. Tests at reference lower yield stress temperatndeeguivalent plastic strain rates different frdme t
reference one. Such outcomes are employed fongettirameter C

3. Tests at reference lower yield stress equivalesitial strain rate and at temperatures differenn ftioe
reference one. Such scores are adopted for esigradirameter m

4. A test at reference plastic flow temperature angivedent plastic strain rate. Such results are deed
determining lower yield stress quasi-static paramseB and n.

5. Tests at reference plastic flow temperature andvatgnt plastic strain rates different from theereince
one. Such data are used for calibrating parameter C

6. Tests at reference plastic flow equivalent plastiain rate and temperatures different from theresfce
one. Such results are employed for estimating patemnm.

Since for STA calibration the reference temperatwklower yield stress and plastic flow are asslitee
coincide, cases in which the reference equivaltattio strain rates for lower yield stress and titaffow
are equal too imply that data used for point 5taeesame as those used for point 2 and that deathfos
point 6 are the same as those used for point 3, Alencerning points 2, 3, 5 and 6, it is obviduest the
more hardening functions are available, the mongptgature and equivalent plastic strain rate rarges
covered with proper representation. Moreover, wvigthwhile to mention that if the reference valuds
lower yield stress and plastic flow parameterstheesame, test results required for STA calibratiomthe
same as those needed for calibrating plain JCé¥y %8 or EPS approaches.

Below, STA calibration is implemented on the thamnsidered material cases. For all of them, the
reference values of lower yield stress and pldkiig plastic strain rates and temperatures arentadcpial.
Regression required to determine parameters B, n,ng; C, and m has been solved through an
implementation within Wolfram Mathematica. The dbé&l parameters are summarized in following
Table 3.
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g [s] T, [K] Tm[K] A [MPa] C, m:
0.001 77 1773 915.56 0.0156 0.2268
DH-36 stedl |————
g [s] T, [K] n B [MPa] C, m,
0.001 77 0.6010 760.78 -0.0617 2.8382
g, [s] T, [K] Tw[K] A [MPa] C, m,
o 0.001 296 2750 76.345 0.2788 0.9061
Niobium ——
g [s] T, [K] n B [MPa] C, m,
0.001 296 0.2877 390.84 -0.0067 0.9453
g, [s] T, [K] T [K] A [MPg] C, m,
0.001 77 1673 256.87 -0.0247 0.4926
Al-6XN stedl |
g, [s'] T, [K] n B [MPa] C, m,
0.001 77 0.4340 2511.9 0.0015 0.4577

Table 3. STA calibration strategy: SJC parameterslie three material cases.

If the reference parameters of lower yield strass @lastic flow are the same, ten out of the twe&V&
calibrated SJC parameters are reusable from tlzenegers of plain JC, calibrated on the same dabagh
LYS calibration. In fact, all STA parameters excéptC, and m are equal to those of the LYS calibrated
original JC model, noting that parameters &d m turn out equal to C and m LYS calibrated JC
parameters, respectively.

Figs. 1 to 3 show the hardening functions predidigdthe STA calibrated SJC model, for the three
considered material cases.
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Figure 1. STA calibrated SJC fit for DH-36 steeDd101 &, 0.1 §', 3000 § and at (a) 77 K, (b) 296 K, (c) 800 K.
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Figure 2. STA calibrated SJC fit for niobium at GLG, 3300 &, 8000 & and at (a) 296 K, (b) 500 K, (c) 700 K.
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Following Table 4 compares the STA calibrated Sd&@dehlower yield stress predictions to experimental
results, for the three material cases, with absoand percentage error measure indications and thei
averages. Values in Table 4 are identical to tHosm plain JC by LYS calibration (Gambirasio and
Rizzi, 2014) and are reported for the ease of coispaamong all the treated cases.

Experimental STA SJC Error absolute | Percentageerror
value [MPa] value [MPaq] value [MPa] value
DH-36 steel
0.001s%; 77K 915.56 915.56 0 0%
0.1s% 77K 974.57 981.32 6.7500 0.693%
3000s™; 77K 1150.5 1128.5 22.000 1.912%
0.001s%; 296 K 282.46 340.01 57.550 20.37%
0.1s: 296 K 305.46 364.44 56.980 18.65%
3000 s™; 296 K 630.14 419.12 211.00 33.48%
0.001 s™; 800 K 190.35 160.97 29.380 15.43%
0.1s": 800K 200.21 172.53 27.680 13.83%
3000 s*; 800 K 305.35 198.42 106.93 35.02%
Average 57.587 15.49%
Niobium
0.001s™; 296 K 76.345 76.345 0 0%
3300s?; 296 K 375.95 395.82 19.870 5.285%
8000 s?; 296 K 435.70 414.67 21.030 4.827%
0.001 s%; 500 K 67.110 68.329 1.2190 1.816%
3300 s™; 500 K 172.84 354.26 181.42 105.0%
8000 s™*; 500 K 238.39 371.13 132.74 55.68%
0.001s%; 700 K 62.910 61.457 1.4530 2.310%
3300s™; 700 K 135.09 318.63 183.54 135.86%
8000 s™; 700 K 154.35 333.80 179.45 116.26%
Average 80.080 47.45%
AL-6XN stainless stedl
0.001s%; 77K 256.86 256.86 0 0%
0.1s%: 77K 246.67 227.66 19.010 7.707%
3500s™; 77K 99.109 161.31 62.201 62.76%
0.001s%; 296 K 146.49 160.30 13.810 9.427%
0.1s% 296 K 122.49 142.07 19.580 15.99%
3500 s; 296 K 64.884 100.67 35.786 55.15%
0.001 s 600 K 119.32 108.60 10.720 8.984%
0.1s": 600K 47.307 96.251 48.944 103.5%
3500 s?; 600 K 37.090 68.200 31.110 83.88%
Average 26.800 38.59%

Table 4. STA calibrated SJC model lower yield stq@g®dictions for the three material cas®alues coincide with
those from plain JC by LYS calibration (Gambiraaia Rizzi, 2014) and are reported for the easeoffarison.
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For a complete evaluation of the errors introdueéith a particularly calibrated SJC model over the
considered equivalent plastic strain ranges, thet Rtean Square (RMS) error on the yield stressln
evaluated as

n

Z (SSJC -5 EXP)2

5 ==L , (32)

where §>° and §7° are the i-th yield stress SJC prediction and memsent of the same equivalent plastic

strain, respectively, and n is the number of digia samples.
A further assessment error measure for a partigutatibrated SJC model can be stated in percentage
RMS error form as

n =SIC_ = EXP\?
Z[looa%j

<EXP
i=1

(33)

S’/oerr = n

Considering results from STA calibration, Tableh®ws the error measures and their average foritige n
considered hardening functions and three matesisg¢$ Their algebraic average is presented too.

S S S

o SA err o sA] err o SA err
[MPa] [MPa] [MPa]
DH-36 steel Niobium AL-6XN stainless steel

0.001s™; 77K | 19.589| 1.784%)] 0.001 s*; 296K | 13.960| 8.078% | 0.001s™; 77K | 34.392| 4.674%
0.1s%; 77K | 43.997| 3.529%| 3300s™; 296 K | 44.059| 7.299% | 0.1s%; 77K | 51.817| 8.907%
3000s™; 77K | 57.925| 4.976%| 8000s™; 296 K | 51.986| 7.923% | 3500s™; 77K | 207.78| 28.16%
0.001s%296K | 51.788| 8.728%| 0.001 s™; 500K | 13.578| 8.463% | 0.001s%;296K | 70.214| 9.024%
0.1s%; 296K | 111.36| 15.74%| 3300s™; 500K | 128.75| 34.11% | 0.1s%; 296 K | 24.844] 6.141%
3000s’; 296 K | 440.60| 49.01%)]| 8000s™; 500K | 86.834| 19.68% | 3500s™; 296 K | 265.49| 30.09%
0.001s™; 800K | 97.036] 21.55%)] 0.001s"; 700K | 18.659| 9.086% | 0.001s;600K | 61.891| 8.299%
0.1s%; 800K | 176.62| 32.44%| 3300s™; 700K | 126.12| 39.43% | 0.1s’; 600K | 37.530| 22.71%
3000s’; 800K | 383.03| 62.07%] 8000s™; 700K | 123.90| 41.71% | 3500s™; 600K | 196.21] 31.91%

Average 153.55| 22.20% Average 67.538| 19.53% Average 105.57| 16.66%

Table 5. STA calibrated SJC model yield stressrerffor the three material cases.

The predictions of the STA calibrated SJIC modelcmdirst yield and subsequent plastic flow for the
hardening functions marked by one reference canddit least. Indeed, data used for calibration contg
from such a subset. However, such an accomplishrizemqtartially prevented if log and power law
dependencies of the yield stress are not reallgrgop. Conversely, fittings for the four hardengves not
referring to at least one reference condition mespldy considerable mismatches. This is due toravi
considered reference conditions only in the calibraof parameters £m, C, and m. Indeed, data from
the four hardening curves not referring to at lease reference state are never employed for STA
calibration, as for LYS and EPS calibrations ofipldC. Hence, heavy errors may be involved in the
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prediction, and at random.

In particular, fitting incoherencies appear for t® hardening curves of DH-36 steel at 3000asd
296 K, and at 3000'sand 800 K, since parametes i§ calibrated by considering only data at tempeeat
77 K, which present material softening at 3080 Eherefore, the calibration of parametertes to fit this
softening trend, which is completely different ftve two hardening trends at 3008 and 296 K, and at
3000 & and 800 K. Hence, considerable mismatches arise.

The various comments above are confirmed when atisigethe achieved fittings for the three considere
material cases. In fact, lower yield stresses dasditip flow predictions are precise for the fiverdening
curves referring to at least one reference stabdewon the four other ones wide errors may beothiced,
with the worst case being represented by the DIdt&€él, due to the issues above.

3.2.2. OPT Calibration Strategy

The OPT (OPTimized) approach goal is that of imprgvthe previous STA approach by further
optimizing the value of parameters, ©,, m; and m. given fixed the other STA parameters. This apghmoa
uses results from hardening curves not referringni® reference state at least, with the goal afutating
values of G, C,, my and m achieving the best fit among all available hardgriurves. The OPT calibration
strategy plays the same role as that outlined Her ®PTLYS and OPTEPS calibration procedures of
plain JC.

The first step regards lower yield stress pararaefeand m. To involve a complete lower yield stress
information from all the available hardening curvie SJC model, Eqg. (19), is called a numbermés as
that of the hardening curves that do not refeeference conditions, that is all hardening datapitor the
one referring to the reference values of lowerdysttess equivalent plastic strain rate and tenperaSuch
a strategy leads to a nonlinear overdetermineasysf equations, with parametersdhd m as unknowns.
Clearly, the equivalent plastic strain keeps setdm, because only the lower yield stress is censd.
Therefore, the plastic flow factor vanishes. Sugtem is then reported as

_ i _ Ti_Tol "
q—AEEHQ_EIn?OJ 1 {Tm_TOl : (34)

P

where subscript i marks values of the i-th hardgriimction. Considering the three analyzed matedsks,
index i goes up to 8, for the hardening curvesrefarring to reference lower yield stress statdss System
is analogous to that derived in the OPTLYS calibrabf plain JC. Solution may be obtained by nosdin
least squares. Since such overdetermined systdoallyppresents a limited number of equations anly o
two unknowns (target parameterg &d m), no particular solving problems should ariseg Ifkr instance
the appearance of local minima. This is recordedhfe material cases analyzed here.

The second step targets plastic flow parameteen@ m. Using all hardening curves, the SJC hardening
prediction function, Eq. (19), is used for all timvestigated equivalent plastic strain ranges. Refe is
made to all available hardening curves apart frbat teferring to plastic flow reference on equivale
plastic strain rate and temperature. This leada farge overdetermined nonlinear system in unknown
parameters £and m, with a number of equations that corresponds @onttmber of yield stress/equivalent
plastic strain couples. Such a number is ruledombt by the number of hardening curves but alsdhay
digitalized sampling frequency. To avoid too lagystems, decimation on test data may be used.y&hens
discussed above may be represented as
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- m = my

_ spi T, —T01 | spi T, —T02

§= Al Gln—g |1~ —— + BE [ I+ GO | | ———— (35)
‘c‘pl m 0 sz m 0,

in terms of the i-th yield stress-equivalent plastirain couples for a specific equivalent plasti@in rate
and temperature. For the three analyzed matersgiscaubscript i goes up to: 664 for DH-36 ste@l; for
niobium; 1199 for AL-6XN stainless steel. These @re humbers of experimental scores not referring t
reference stages of plastic flow of equivalent fidastrain rate and temperature. Despite the highber of
involved equations, nonlinear least square solstion target parameters, @nd m are found effectively,
independently from the initial guess on &hd m, around wide ranges centered on values coming fhem
previous STA calibration.

Experimental tests needed for the OPT calibratiothe SJC parameters are resumed as follows, given
the melting temperature to be known:

1. A test at the reference value of lower yield stresaperature and equivalent plastic strain rate Th
attached results are used to determine lower giedds quasi-static parameter A.

2. A series of tests where at least one among equitvalastic strain and temperature differs from rthei
reference yield stress values. The correspondioges@re adopted to compute paramete@@ m.

3. A test at the reference value of plastic flow terapgre and equivalent plastic strain rate. The @atsd
markings are employed to calibrate parameters Bnand

4. A series of tests where at least one among equitvalastic strain and temperature differs from tthei
reference plastic flow values. The correspondingts@re sampled to evaluate parametegrand m.

Concerning points 2 and 4, notice that OPT calibnatioes not require to conduct separate testhbeat t
reference value of lower yield stress (plastic fla@mperature but alifferent equivalent plastic strain rates
and then at the reference value of the lower yittdss (plastic flow) equivalent plastic straineraut at
different temperature values, to characterize patara G and m (C, and m). Rather, any hardening curve
that is not referring to reference conditions foe tower yield stress (plastic flow) for both eclant plastic
strain rate and temperature is indeed useful teeaelparameters,&Gnd m (C;, and m).

Since the reference values of lower yield streskastic flow temperature are taken equal in tiRT O
strategy, cases where the reference values obtier lyield stress and plastic flow equivalent ptastrain
rate are equal too imply that experimental resudesd for point 4 are the same as those adoptqubiot 2.
Also, about points 2 and 4, the more hardeningasiiare available, the more temperature and equivale
plastic strain rate ranges are covered with gosdlugéon. Moreover, if the reference parametersoofer
yield stress and plastic flow are the same, thddrang curves required for OPT calibration areshene as
those needed for the OPTLYS or OPTEPS calibratbdmsain JC.

Here the OPT calibration is applied to the thre¢emi@ cases. The reference values of lower yigkekss
and plastic flow equivalent plastic strain rate temperature are set equal. The regression needgdtting
parameters C my, C, and m has been implemented within MathWorks MatLab. Taigorithms are tried,
namely a nonlinear least squares trust-regionaefle one (see, e.g., Coleman and Li, 1984) and a
Levenberg-Marquardt one (see Levenberg, 1944, amdjhrdt, 1963), with a FOtolerance and same
achieved outcomes. Wide overdetermined solutiotesys of 664 (DH-36 steel), 761 (niobium) and 1199
(AL-6XN stainless steel) nonlinear equations in twitknowns are assembled and solved, with determined
material parameters as exposed in Table 6.
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g [s] T,, [K] T [K] A [MP4] C, m.
0.001 77 1773 915.56 0.0205 0.2637
DH-36 stedl | ——
g, [s] T, [K] n B [MPa] C, m,
0.001 77 0.6010 760.782 -0.0258 3175.4
€ [s] T,, [K] T [K] A [MP4] C, m.
. 0.001 296 2750 76.345 0.2780 0.2748
Niobium 3
g, [s7] T, [K] n B [MPa] C, m,
0.001 296 0.2877 390.84 -0.0025 1.8256
€ [s] T,, [K] Tw[K] A [MPa] C, m,
0.001 77 1673 256.87 -0.0386 0.4228
Al-6XN stedl | ————
g [s] T, [K] n B [MPa] C, m,
0.001 77 0.4340 2511.9 0.0123 0.5126

Table 6. OPT calibration strategy: SJC parameterstfie three material cases.

If the reference parameters of lower yield stress @lastic flow are the same, ten out of the tweN&T
calibrated SJC parameters could be taken from thabbrated by the OPTLYS calibration of plain JC.
Indeed, all OPT SJC parameters are the OPTLYS &G, @xcept for Cand m, while G and m coincide
with C and m for OPTLYS JC.

Figs. 4 to 6 display the achieved hardening praxdistby the OPT calibrated SJC, for the three riater
cases.
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Figure 4. OPT calibrated SJC fit for DH-36 steel &@L §', 0.1 §', 3000 & and at (a) 77 K, (b) 296 K, (c) 800 K.
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Table 7 illustrates the prediction of lower yietdess data for the SJC model by OPT calibratiohlera
reports yield stress and percentage yield stresS Bivbrs.

Experimental OPT SJC Error absolute | Percentageerror
value [MPa] value [M Pa] value [M Pa] value
DH-36 steel
0.001s%; 77K 915.56 915.56 0 0%
01s% 77K 974.57 1001.9 27.330 2.804%
3000s™; 77K 1150.5 1195.3 44.800 3.894%
0.001s%; 296 K 282.46 381.87 99.410 35.19%
0.1s% 296 K 305.46 417.90 112.44 36.81%
3000s?; 296 K 630.14 498.56 131.58 20.88%
0.001s%; 800 K 190.35 184.33 6.020 3.163%
0.1s": 800K 200.21 201.72 1.5100 0.754%
3000 s™; 800 K 305.35 240.66 64.690 21.19%
Average 54.198 13.85%
Niobium
0.001s™; 296 K 76.345 76.345 0 0%
3300s?; 296 K 375.95 394.94 18.990 5.051%
8000 s?; 296 K 435.70 413.74 21.960 5.040%
0.001 s 500 K 67.110 37.805 29.305 43.67%
3300 s™; 500 K 172.84 195.57 22.730 13.15%
8000 s™; 500 K 238.39 204.87 33.520 14.06%
0.001s%; 700 K 62.910 29.843 33.067 52.56%
3300s™; 700 K 135.09 154.38 19.290 14.28%
8000 s™; 700 K 154.35 161.73 7.3800 4.781%
Average 20.694 16.95%
AL-6XN stainless stedl
0.001s%; 77K 256.86 256.86 0 0
0.1s% 77K 246.67 211.23 35.440 14.37
3500s™; 77K 99.109 107.56 8.4510 8.527
0.001s%; 296 K 146.49 145.95 0.5400 0.369
0.1s": 296 K 122.49 120.02 2.4700 2.016
3500 s"; 296 K 64.884 61.113 3.7710 5.812
0.001 s%; 600 K 119.32 96.600 22.720 19.04
0.1s% 600K 47.307 79.439 32.132 67.92
3500 s?; 600 K 37.090 40.449 3.3590 9.056
Average 12.098 14.12%

Table 7. OPT calibrated SJC model lower yield stq@®dictions for the three material cases.
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S S S

o s/oerr o s@ err o s/oerr
[MPa] [MPa] [MPa]
DH-36 steel Niobium AL-6XN stainless steel

0.001s™; 77K | 19.589| 1.784 | 0.001s";296K | 13.960| 8.078% | 0.001s™; 77K | 34.392| 4.674
0.1s%; 77K |89.606| 7.070 | 3300s™;296 K | 52.778| 8.615% | 0.1s%; 77K | 89.531| 9.659
3000s’; 77K | 248.45| 22.01 | 8000s™;296 K | 48.206| 7.387% | 3500s™; 77K | 211.52| 25.14
0.001s7;296K | 72.761| 12.45 | 0.001s™;500K | 15.845| 7.029% | 0.001s™;296K | 113.32| 12.92
0.1s%; 296K | 41.457| 9.365 | 3300s™;500K | 18.019| 5.160% | 0.1s; 296 K | 80.276| 9.303
3000s’; 296 K | 188.09] 21.54 | 8000s™; 500K | 51.779| 10.74% | 3500s™; 296 K | 155.76| 21.18
0.001s;800K | 90.174| 18.47 | 0.001s"; 700K | 21.641| 8.682% | 0.001s™;600K | 35.679| 7.234
0.1s'; 800K |93.193| 18.06 | 3300s™; 700K | 11.646| 3.977% | 0.1s™; 600K | 64.365| 22.73
3000s; 800K | 174.68| 29.61 | 8000s™; 700K | 23.517| 8.277% | 3500s™; 600K | 104.22| 21.25
Average 113.11| 15.60% Average 28.599| 7.549% Average 98.785| 14.90%

Table 8. OPT calibrated SJIC model yield stressrsyrior the three material cases.

OPT calibrated SJC hardening trends match as lsepbssible all nine experimental curves over the
ranges of equivalent plastic strain ranges, corblyatwith the assumption of log and power law
dependencies brought about by the SJC predictionth®r issue that may prevent perfect fitting ca risal
material behavior is the fact that hardening patarseB and n are determined as those apt to fitdrdg
hardening curves attached to reference conditions.

A compromise is reached for the fitting among ladl hine adopted hardening curves. This remark @spli
that the fitting achieved with at least one satidfreference condition becomes less effective thah
obtainable by STA SJC calibration. Conversely, eoning the achieved reproduction of the four hairtgn
curves that do not refer to one reference stdtaat, errors are lower, both on lower yield stiaasd plastic
flow.

The achieved fits for the three material casewmet yield stress and plastic flow are quite acaepton
all the nine hardening curves. Specifically, thetanimg for the two DH-36 steel curves at 3000amd
296 K, and at 3000’sand 800 K shows a strong improvement when comganitSTA calibration results.

3.2.3. GOPT Calibration Strategy

The GOPT (Global OPTimization) calibration proceslimr SIC seeks the best material parameter sat by
multi-objective optimization for (up to) eleven alftthe twelve SJC parameters, that is all parametecept

for the melting temperature, which is supposedetgiven from scratch and not involved in the optition
process. All experimental curves are involved, talgsobtaining the eleven parameters apt to prothde
best fit on all hardening function data, over aildlved ranges of equivalent plastic strain andtjsstrain
rate and temperature. This calibration plays thees#ole as that covered by GOPTEPS calibration for
plain JC. Optimization is achieved by solving aremletermined nonlinear system of equations in eleve
unknowns.

A remark can be issued about the reference valdesver yield stress and plastic flow equivaleragilc
strain rate and temperature. For the two earlidéibredions, these references were selected by damgos
among the values of one of the hardening curves wihs then identified as reference, either foreloyreld
stress or plastic flow, or for both. In the pres&@PT calibration, these references may be difteirem
those set by one specific hardening curve, sineedmpetent parameters are kept as optimizatiaablas.
However, their values still fix the reference statef lower yield stress and plastic flow, although
unknowns in the process. Same as for the GOPTER®aqh for plain JC, this should allow much degree
of freedom towards achieving a better overallrfgti
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Concerning calculation of the eleven optimized $dCameters, the method is comparable to the OPT
approach, although more complicated in computationpnly for the augmented number of unknowns (now
eleven) but also because the number of equatiacreases, since all hardening curves are taken into
account, including the one which was previouslyleded because referring to a predetermined plistic
reference condition and therefore not useful temeine parameters,@nd m.

Again, towards preventing the assembly of too laggems, decimation of experimental measurements
could be applied. The nonlinear system is simitathiat exposed in Eq. (35), but now with elevegdtad
optimization variables as unknowns. For the thregéemmal cases, subscript i in Eq. (35) goes nowou@39
for DH-36 steel; 917 for niobium; 1305 for AL-6XNadnless steel.

A key solving issue concerns now the enforcemerappiropriate constraints on the eleven optimization
variables, leading to a constrained multi-objechealinear optimization. Therefore, the referenakigs of
lower yield stress and plastic flow equivalent ptastrain rate are set to be positive, since e 8IC
hardening model, logarithms of negative numbersictbe computed. Moreover, the reference values of
lower vyield stress and plastic flow temperature @astrained to be lower or equal to the lowestetes
temperature, towards preventing power law computabf negative lower yield stress or plastic flow
homologous temperatures. The reference valueswdrlgield stress and plastic flow temperature dse a
imposed to be positive, not as a mathematical cainstbut simply since temperatures lower than zero
Kelvin are not physical. No further constraints se¢on the other calibration parameters.

The assembled system is much complicated tharfah&tte OPT procedure, because of the extension of
the optimization variables from two to eleven. Agasolution is attempted by nonlinear least squares
However, some solution issues may appear. Spdbifithe solver may not easily converge to a soluti
Besides, even if the solver gets to a solutionmadly be on a local minimum. If this occurs, resuttay
present an average RMS error higher than for timkeeaalibrations. In such instances, the follogvin
additional directions are able to improve perforognin particular by getting to a minimum that sy
local, but always with better performance than #wdtieved through the other calibrations.

A first point concerns the initialization of theegkn optimization variables, i.e. the eleven SJ@ra
parameters to be calibrated (all, except for thdtingatemperature). Appropriate initial guesses may
correspond to previous calibrations, specificatly ¢ases that produced the lower average erréedy Iby
the previous OPT strategy.

A second and more important issue consists inngettipriori some of the eleven material parameters.
The parameters that may be fixed could be one oe mibthe four material parameters attached toeaf=
conditions, i.e. the reference values of lowerd/igiress and plastic flow equivalent plastic straite and
temperature. These may come from previous caldngfi e.g. a testing equivalent plastic strain rate,
typically the lowest, and the lowest testing terapanme. This allows to strongly reduce the compaoieti
burden, since such reference parameters enter Hoalinear terms in the SJC hardening function.
Eliminating unknowns from these terms favors thdii@ement of better results. Anyway, a new
overdetermined system needs to be prepared for aeshin which one or more reference parameters are
fixed a priori.

In order to avoid setting-up too many cases, av&oient approach may be that of carrying-out the
GOPT strategy by considering a total numbefioaf different casesd.e.:

» no fixed parameters and thus eleven unknowns;

both reference equivalent plastic strain rategifixieus nine unknowns;

both reference temperatures fixed, thus nine unkispw

all reference values of equivalent plastic straie and temperature fixed, thus seven unknowns.

The present work follows this approach. Hence, timgrdetermined systems are set-up and solved: Afte
their solving, the kept solution is that leadingtihe lowest average RMS mismatch. For the preseaet
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material cases, this way to proceed has been aldehieve the best SJC calibration, among all hineet
considered calibrations, by locating the set ofamak parameters apt to provide the lowest aveeags.

If the calibration did not produce satisfactoryules yet, a third point may involve the enforcemenht
bounds on the optimization variables. These boundonstraints may be identified based on the vatfies
the material parameters from other calibrationgicslly the OPT one. The target would be that of
constraining the eleven target parameters intoiffpéoundaries centered on this already achiewéatisn,
with the aim to further refine it. One or more pasders may also be fixed, specifically those susgefor
unsatisfactory matching, by setting optimum presigtcalibrated values. Anyway, contraindicationsyma
be present, since an arbitrary setting of the baries or the fixing of some optimization variahiegay run
against the scope of falling on the lowest errtnese.

A last option consists in comparing results fronaedse solution procedures, for identifying the best
solving strategy. Here, solutions by a trust-regieffective algorithm and a Levenberg-Marquardbalipm
have been assessed, with same results. Moreoeeadtbpted solvers may be properly set-up by adgisti
various features like, e.g., tolerances in thetswiyprocess, and so on.

About the experimental results needed for GOPbration, these are the same as those necessahgfor
OPT technique, namely the same data needed faaratatig plain JC by OPTLYS, OPTEPS and GOPTEPS
calibrations.

Below, the GOPT calibration technique is adoptecbyathWorks MatLab implementation through the
above-mentioned two algorithms, with tolerancetsdi0®, achieving the same results. Wide overdetermined
nonlinear systems of 739 (DH-36 steel), 917 (nioBiwand 1305 (AL-6XN stainless steel) equations on
eleven unknowns are set-up and iteratively solv@d. the basis of the comments above, three other
overdetermined systems have been assembled, mgdieted either both reference equivalent plastiain
rates or both reference temperatures or all folereace parameters, with values enforced in therdikio
calibration techniques.

Table 9 reports the achieved GOPT results for kineet analyzed material cases. Some convergence
problems appear. In particular, the solvers docoaverge to a solution when the reference tempastare
not fixed a priori. This may be related to the pree in the overdetermined systems of the reference
temperatures, which are located in power nonlirteams. This implies difficulties in converging to a
solution. Hence, for each analyzed material casby, wvo out of the four set-up overdetermined syste
actually provide a solution.
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L ower yield Lower yield —
Averages,, -
stressaverage | stressaverage Average §, .
error [MPa] % error [MPa]
DH-36 steel

No fixed material parameters NC NC NC NC
é;’l and é;’z fixed t0 0.001 s* NC NC NC NC

T, and T, fixedto 77K 143.16 25.58% 63.98 10.19%
?g and ?ﬁ fixed to 0.001 s?,

' o 143.21 25.59% 63.98 10.19%

T, and TO2 fixed to 77 K

Niobium

No fixed material parameters NC NC NC NC
€ and € fixed to 0.001 st NC NC NC NC

T, and T, fixed to 296K 32.797 32.01% 26.031 8.853%
€ and €, fixed to0.001s™,

' L 32.928 32.16% 26.038 8.861%

T, and T, fixed to 296 K

AL-6XN stainless stedl

No fixed material parameters NC NC NC NC
ér? and ér? fixed t0 0.001 s* NC NC NC NC

T, and T, fixed to 77K 90.446 81.70% 83.332 15.40%
?g and ?ﬁ fixed to 0.001 s?,

' L 89.308 80.67% 84.106 15.74%

T, and TO2 fixed to 77 K

Table 9. Results from the four solving system#h®three material cases. No Convergence is maokedC.

For the case of AL-6XN stainless steel, furthervawgence problems appear. In particular, it was not
possible to get the system converging to a solwutoh0® tolerance. Instead, the system with both reference
temperatures fixed was solved with a tolerance: @65and that with reference values of equivalent jaast
strain rate and temperature fixed with a toleramic- 10°. These are symptoms of convergence problems.
Indeed, for the four considered cases regardin@XN-stainless steel, while the plastic flow obtairrors
are sensibly lower than those relative to the O&Jecthe lower yield stress errors are quite higharther
strategies have been pursued, by fixing parametar &l three lower yield stress parameters Aagd m.
Anyway, these approaches lead to the achievemenbrsfe results, comparing to those relative toctme
with both reference temperatures fixed and tholsgive to the case with all four reference paramsefieed.
Therefore, these results are discarded.

For each material case, the solution producinddtver discrepancies throughout the whole plastie/fl
is chosen. For all the three material cases, tnisesponds to the system with fixed reference teatpees
and free reference equivalent plastic strain ratkispugh such results are very similar to thoserriag to
fixed reference equivalent plastic strain ratestantperatures.

The best eleven SJC parameters calculated by tH&TGx@ocedure are resumed in Table 10, along with
the given melting temperatures.
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g [s] T, [K] Tw[K] A [MPa] C, m,
2.3452-1G 77 1773 855.87 -0.0108 0.2538
DH-36 steel |~
g [s] T, [K] n B [MPa] C, m,
3.9780-1d 77 0.2223 487.74 0.0277 3175.0
g [s] T, [K] Tm[K] A [MPa] C, m.
. 0.0010 296 2750 33.012 0.7008 0.3302
Niobium rr—
g, [s'] T, [K] n B [MPa] C, m,
0.4098 296 0.2172 390.02 -0.0101 1.1684
g [s] T, [K] Tm[K] A [MPa] C, m.
9.9986- 1 77 1673 148.09 -0.0405 | 5.774671(
Al-6XN stedl |— ——
g, [s'] T, [K] n B [MPa] C, m,
0.0073 77 0.3714 2511.0 0.0092 0.5634

Table 10. GOPT calibration strategy: SJC parameferghe three material cases.

Figs. 7 to 8 report the hardening curves preditigdhe GOPT calibrated SJC, for the three material
cases.
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Table 11 compares lower vyield stress predictioosmfthe GOPT calibrated SJC, with the usual error
measures.

Experimental GOPT SIC Error absolute | Percentageerror
value [M Pa] value [MPa] value [M Pa] value
DH-36 steel

0.001s%; 77K 915.56 863.78 51.780 5.656%
01s% 77K 974.57 821.03 153.54 15.75%
3500s™; 77K 1150.5 725.33 425.17 36.96%
0.001s%; 296 K 282.46 350.05 67.590 23.93%
0.1s% 296 K 305.46 332.72 27.260 8.924%
3500 s?; 296 K 630.14 293.94 336.20 53.35%
0.001s%; 600 K 190.35 168.11 22.240 11.68%
0.1s": 600K 200.21 159.78 40.430 20.19%
3500 s™; 600 K 305.35 141.16 164.190 53.77%

Average 143.160 25.58%

Niobium

0.001s%; 296 K 76.345 32.413 43.932 57.54%
3300s?; 296 K 375.95 379.68 3.7300 0.992%
8000 s?; 296 K 435.70 400.17 35.530 8.155%
0.001 s 500 K 67.110 18.158 48.952 72.94%
3300s"; 500K 172.84 212.69 39.850 23.06%
8000 s™; 500 K 238.39 224.17 14.220 5.965%
0.001s%; 700 K 62.910 14.549 48.361 76.87%
3300s’; 700K 135.09 170.42 35.330 26.15%
8000 s™; 700 K 154.35 179.62 25.270 16.37%

Average 32.797 32.01%

AL-6XN stainless stedl

0.001s%; 77K 256.86 148.09 108.77 42.35%
0.1s% 77K 246.67 120.44 126.23 51.17%
3500s™; 77K 99.109 57.621 41.488 41.86%
0.001s%; 296 K 146.49 0.0170 146.47 99.99%
0.1s": 296 K 122.49 0.0138 122.48 99.99%
3500 s"; 296 K 64.884 0.0066 64.877 99.99%
0.001 s%; 600 K 119.32 0.0095 119.31 99.99%
0.1s% 600K 47.307 0.0078 47.299 99.98%
3500 s?; 600 K 37.090 0.0037 37.086 99.99%

Average 90.446 81.70%

Table 11. GOPT calibrated SJC model lower yieleésgrpredictions for the three material cases.

Considering GOPT calibration results, Table 12 shtve adopted error measures for the three material
cases and for each of the nine hardening curves.
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S S S

er so er so er so
MPa] | MPa] | MPa] |
DH-36 stedl Niobium AL -6XN stainless stel

0.001s™; 77K | 82.034| 6.972 | 0.001s;296K | 14.864| 9.827% | 0.001s™; 77K | 51.940| 6.008
0.1s%; 77K | 35.947| 3.234 | 3300s™; 296 K | 40.011| 6.606% | 0.1s™; 77K | 73.306| 10.42
3000s™; 77K | 150.21| 13.30 | 8000s’; 296K | 41.166| 6.272% | 3500s™; 77K | 181.28| 26.82
0.001s7;296K | 64.415| 17.56 | 0.001s™;500K | 11.674| 9.494% | 0.001s™;296K | 79.080| 14.30
0.1s%; 296K | 57.035| 14.35 | 3300s™;500K | 23.468| 8.449% | 0.1s™; 296K | 62.559| 11.70
3000s%;296 K | 105.61| 13.10 | 8000s™; 500K | 37.968| 7.630% | 3500s™; 296 K | 125.54| 19.74
0.001s%;800K | 17.130| 5.101 | 0.001s%; 700K | 16.133| 10.23% | 0.001s*;600K | 41.581| 11.82
0.1s%: 800K |29.772| 9.693 | 3300s™; 700K | 19.277| 8.210% | 0.1s%; 600K | 61.999| 18.00
3000s™; 800K | 33.655| 8.406 | 8000s™; 700K | 29.715| 12.963%| 3500s™; 600K | 72.699| 19.78
Average 63.979| 10.19% Average 26.031| 8.853% Average 83.332| 15.40%

Table 12. GOPT calibrated SJC model yield stressrey for the three material cases.

The GOPT calibrated trends match at best the rangelming functions over the equivalent plasticistra
ranges. As said, this is partially prevented whenrhaterial does not trace true log and power chperies.
Comparing to the other two SJC calibration procesguthe fittings throughout the plastic flows amvn
improved. This positive result is a consequendheiarge number of optimization variables adoptedng
identification. Also, this is in part a consequemndéiaving created four overdetermined systemsethee
locating the best solution when moving from elet@seven SJC material variables. Conversely, thieds
to the lower yield stresses are sometimes worsapadng to STA and OPT. This may be expected, since
the GOPT calibration optimizes several SJC parametethe same time by attempting the best gldbal f
throughout the whole plastic flow, without settiagy specific importance at tracing the lower yislgess.
Therefore, comparing to the other two calibratitnategies, the fitting on the plastic flow is bettieut this
improvement may sometimes be hindered by a worgesfithe lower yield stress description.

Average errors over the plastic flow are lower thlaose for STA and OPT, for all the three material
cases. In particular, DH-36 steel and niobium tegatesent a much lower absolute average errortbeer
plastic flow. However, AL-6XN stainless steel outees show a slight increase in the average error,
comparing to OPT calibration results, even though absolute average error is sensibly lower. This i
because OPT errors result greater in absolute \alti¢hey are recorded at higher yield stressesi|tieg
then in smaller percentage errors. Of course, thlging of the considered overdetermined systems
minimizes the absolute value of the error rathantits percentage.

3.2.4. Calibration Strategies Assessment and Comparison with the Original Johnson-Cook model

This section aims at comparing the different hairetpiprediction outcomes that have been achievethen
SJC model by the three developed calibrations. &wwrf confrontation also with results provided by
plain JC, additional results from five calibratipnocedures on plain JC from the same material deda
presented too (Gambirasio and Rizzi, 2014).

Figs. 10 to 18 report plain JC and enhanced SJdeharg predictions for the three material casemeso
trends displayed in Figs. 10 to 18 depict calilbrafittings that may be the same for differentloations, at
specific equivalent plastic strain rates and temoees. This may result in apparent curve overtappi
although each of the following plots truly reporigie hardening trends (one experimental, five from
plain JC and three from SJC).
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Figure 10. Five JC and three SJC calibrations for 36l steel at (a) 0.00I's77 K, (b) 0.13, 77 K, (c) 30007 77 K.
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Figure 12. Five JC and three SJC calibrations for 86l steel at (a) 0.00I's800 K, (b) 0.1 800 K, (c) 30005 800 K.
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Figure 14. Five JC and three SJC calibrations farhium at (a) 0.001°§ 500 K, (b) 33005 500 K, (c) 80005 500 K.
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Table 13 gathers the adopted error measures for Ba@and SJC calibration strategy, as applieddo th
three considered material cases.

Lower yield stress _ _
Lower yield stress Averages, _
average error average% error (P Average §,
[MPq]
DH-36 steel
LYSJC 57.587 15.49% 253.86 34.85%
OPTLYSJC 54.198 13.85% 226.29 30.31%
EPSJC 142.20 41.12% 121.78 19.23%
OPTEPSJC 140.09 43.68% 113.92 18.21%
GOPTEPSJC 168.06 38.31% 105.49 16.86%
STA SIC 57.587 15.49% 153.55 22.20%
OPT SJC 54.198 13.85% 113.11 15.60%
GOPT SIC 143.160 25.58% 63.979 10.19%
Niobium
LYSJC 80.080 47.45% 759.21 154.0%
OPTLYSJC 20.694 16.95% 457.89 87.53%
EPSJC 80.830 26.50% 91.920 21.06%
OPTEPSJC 94.980 35.51% 56.571 13.55%
GOPTEPSJC 64.771 42.65% 41.386 14.61%
STA SJC 80.080 47.45% 67.538 19.53%
OPT SJC 20.694 16.95% 28.599 7.549%
GOPT SIC 32.797 32.01% 26.031 8.853%
AL-6XN stainless stedl
LYSJC 26.800 38.59% 209.09 23.06%
OPTLYSJC 12.098 14.12% 314.72 30.88%
EPSJC 45.190 67.15% 103.09 18.66%
OPTEPSJC 56.108 83.02% 93.670 20.93%
GOPTEPSJC 81.483 53.83% 88.386 18.64%
STA SJC 26.800 38.59% 105.57 16.66%
OPT SJC 12.098 14.12% 98.785 14.90%
GOPT SIC 90.446 81.70% 83.332 15.40%

Table 13. Fitting matching from five original JCefrorted from Gambirasio and Rizzi, 2014, for thesec®f
comparison) and three SJC calibration strategigsiie three material cases.

As for plain JC, the calibration procedure for 888 model displays chief importance towards achgevi
an eventual hardening function apt to manifest @raherence over all ranges of equivalent plastain,
equivalent plastic strain rate and temperatureb@iter interpret the implications of choosing atipatar
SJC calibration strategy or another, some condidesaare outlined below.
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3.2.5. Considerations on the Choice of the Calibration Strategy

Concerning the overall plastic flow fittings, th€8T calibration strategy certainly provides thet besults,
considering the average absolute errors. If peagenvalues are considered, the average error G@RT
approach may be higher than that obtained for tA& €alibration strategy, as happens for the niolsaunch
AL-6XN stainless steel cases. As previously memthnthis is because the errors of the SJC model
calibrated with the OPT strategy turn-out higheraimsolute value but appear at higher yield stresses
producing then smaller percentage errors. Nonethelive average error absolute values involvedhen t
GOPT results may sometimes be strongly lower thahfor the OPT strategy, like for DH-36 and AL-6XN
steels. The STA approach provides sensibly higlhierage RMS errors, comparing to the OPT and GOPT
strategies. This is mainly due to the random erassociated to the fitting of the hardening cutved do

not refer to one reference condition at least, et is the reference value of equivalent plastiain rate

or of temperature, for both lower yield stress gastic flow terms, whose data are never used for
calibration.

Conversely, regarding the predictions of the loyietd stress, the GOPT SJC calibration strategy may
sometimes provide the worst fit, comparing to tid&nd OPT approaches. As previously mentioned, thi
issue is a consequence of the fact that the GORliegy determines the SJC parameters by tryingttohg
best overall fit over the whole range of equivalplatstic strains, giving to the lower yield strése same
importance as for any other available point. Thég/dead to quite bad fittings of the lower yieldesses, as
a price to be paid for achieving the best overaltic flow fittings. For what it concerns the SBAd OPT
calibration strategies, the lower yield stressniiis are usually much better than those relativinéoGOPT
strategy, since the parameters relative to itsigtied are directly determined by relying on lowgeld
stress data, giving them much importance thanhermther data. On the other hand, this choiceitIpaa
higher average error throughout the plastic flosmmparing to GOPT results. However, the overalstpta
flow errors from the OPT calibration strategy may ot too far from those of the GOPT approach, but
providing a much better lower yield stress fittingsis point is indeed true for the two materiates of
niobium and AL-6XN steel. Therefore, taking intaaant the fittings of both lower yield stress arastic
flow, the OPT calibration strategy may sometimeschpable to provide better results than the GOPT
approach. In order to select the best results, tméhs should then be analyzed.

Regarding the easiness of implementation of ealitbragon strategy, comments may be advanced on the
computations required by each approach and on tssilge need of preliminary treatment of the
experimental data. The STA method turns out thelsist, since it needs a regression on parameterslB
n, together with straightforward computations fargmeters € and m, plus some other nonlinear
regressions necessary for parameterar@@l m. The STA strategy may require inverse analyseallahe
hardening curves referring to at least one pldktig reference condition, because they are thorlyugbed
for the determination of plastic flow parametersa@d m. The OPT method requires more computations,
since two overdetermined systems of nonlinear égpumthave to be assembled and solved, one for
determining parameters;@nd m and the other for getting parameters &bd m. Furthermore, all the
hardening data may require inverse analyses tredtrize filtering possible structural effects aethample
scale. Lastly, the GOPT method further complicaébesscene. This time, there are more unknownseén th
considered overdetermined system, up to elevemupinog a problem that is harder to be solved. Besid
when the procedure defined in Section 3.2.3 is Jufmg overdetermined systems have to be analyzed,
instead of a single one.

The three SJC model calibration strategies reqgexmerimental data in terms of complete hardening
functions, i.e. not only data attached to the loweld stress. The more the experimental databéteer for
SJC calibration. All the available data can frdiffube introduced in the SJC calibration procedures
Anyway, it may happen that the SJC hardening ptiedicnay display difficulties in fitting intricatmaterial
behaviors, when more experimental data are intediun the calibration process. Data that may not be
interpreted well by the lower yield stress and fotalow log and power dependencies may appearai\s
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example, the experimental curves of DH-36 steedgared more complex dependencies on plastic satgn
and temperature than what it is considered by thegmt model generalizing plain JC. Indeed, if data00
K are considered, the yield stress does not stiictrease at increasing equivalent plastic strate, which
makes the conceived log dependence of the yieddston the two dimensionless equivalent plastainstr
rates quite unsuitable to fit such experimentahdHtthe SJC model appears to fit poorly the expental
curves, a substitution of one or more of the lowyietd stress and plastic flow strain rate and tenajpee
factors may be pondered, in order to alleviatanfittdifficulties. In this regard, the various preed
modified versions of such terms from the literatuseme of them widely presented and discussed in
Section 2, could be considered within the presemhéwork. This aspect is actually another posjpieimt of
the present SJC model. Indeed, having maintaingma quite similar to that of plain JC, with specif
reference to the nature of strain rate and temperdactors, allows for replacing some of thesmggreither
for the lower yield stress or for the plastic fléactors, or even for both.

As a matter of fact, the just mentioned problersesifor the original JC model as well, with evenseo
implications. In fact, the SJC model capabilityseparately describe the lower yield stress andiplisw
dependencies on plastic strain rate and temperatilogvs for alleviating this issue. However, these
incoherencies cannot be totally eliminated, whemtaaing a very simple modeling framework is amai
as previously stated in Section 3.1. If the resaits still unsatisfactory when one or more straite rand
temperature terms have been changed, other stremgilels could be considered. In particular, materia
that present a heavy dependence of plastic flowrmpaters B and n on equivalent plastic strain ratk a
temperature may further worsen this aspect.

The SJC model appears capable to provide a signtfionprovement comparing to plain JC. This
statement relies on the average errors on lowdd gieess and plastic flow reported in Table 18getber
with trends reported in Figs. 10 to 18. By compgrthe best calibrated original JC results to thst be
calibrated SJC results, sensible improvements eamoked. In this regard, some considerations spaliyf
related to each of the three material instanceprasented below.

For the DH-36 steel material, the best originalcH@ibration strategy, i.e. the GOPTEPS, provides an
average lower yield stress error of 168.06 MPa3B®,) and an average error throughout the plastesflof
105.49 MPa (16.86%). Respectively, these valuedoawrered down to 143.160 MPa (25.58%) and 63.979
MPa (10.19%) for the SJC GOPT results. The OPbikd SJC results are interesting as well, progid
much lower error for the average lower yield streser, i.e. 54.198 MPa (13.85%), even though thegage
error throughout the plastic flows is higher, equal13.11 MPa (15.60%). Moreover, if SJC outcoes
checked against plain JC results calibrated wialyji the most popular calibration strategy, i.e ttYS
approach, improvements are even much higher, gimsecalibration strategy provides an average lower
yield stress error of 57.587 MPa (15.49%) and arage error throughout the plastic flows of 253@8a
(34.85%), i.e. more than four times the absolutstig flow error provided by the GOPT calibratedCSJ
model.

The niobium case further exacerbates this situatiofact, the best original JC model results, these
due to the GOPTEPS approach, provide an averager lpeld stress error of 64.771 MPa (42.65%) and an
average error throughout the plastic flows of 46.88°a (14.61%). Respectively, these values arerkxve
down to 32.797 (32.01%) and 26.031 MPa (8.853%)tfer GOPT calibrated SJC model. The OPT
calibrated SJC model provides even more interestsglts, i.e. an average lower yield stress eofor
20.694 MPa (16.95%) and an average error throughloeit plastic flows of 28.559 MPa (7.549%).
Comparing to the LYS calibrated original JC modie¢ improvements are huge, since this case invawes
average lower yield stress error of 80.080 MPa4@%) and an average error throughout the plasivesflof
759.21 MPa (154.0%), that is more than twenty-times higher than the absolute plastic flow errothe
GOPT calibrated SJC model.

Comparing to plain JC results, the SJC descriptiche AL-6XN stainless steel case does not prosigle
strong improvements as those involved in the twevipus cases. In fact, the best original JC results
obtained are those referring to the OPTEPS and ®&PBTcases. The former provides an average lower
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yield stress error of 56.108 MPa (83.02%) and avame error throughout the plastic flows of 93.6/®a
(20.93%), while the latter gives an average loweldystress error of 81.483 MPa (53.83%) and amamee
error throughout the plastic flows of 88.386 MP&.64%). The best SJC results are those referringeo
OPT and GOPT approaches. The OPT strategy prowideserage lower yield stress error of 12.098 MPa
(14.12%) and an average error throughout the pléistivs of 98.785 MPa (14.90%). The GOPT approach
gives an average lower yield stress error of 90MP@ (81.70%) and an average error throughout ldsgip
flows of 83.332 MPa (15.40%). The reduced efficieotthe SJIC model is due to the fact that thisemiailt
presents lower yield stress and plastic flow vaores on plastic strain rate and temperature appgdairly
similar. As a matter of fact, the more these twpeaihelencies are similar, the more the SJC modeigesv
results similar to those of the JC model. Indeed, riecalled that the Split JC model is a geneatiton of the
original JC model, which is actually recoverediiver yield stress and plastic flow dependencie®raetly
equal. The consideration that the AL-6XN steel makgresents this behavior explains also why tN&L
calibrated original JC model provides results ra far from those provided by the other calibration
strategies of both original JC and SJC models, ryplving an average lower yield stress error of
26.800 MPa (38.59%) and an average error througtneuplastic flows of 209.09 MPa (23.06%). Indeed,
the LYS calibration strategy determines the origif@ parameters by using lower yield stress expntal
data only. Nevertheless, the obtained results dopresent heavy fitting worsening, comparing tostho
relative to calibration strategies that use allezkpental data. Anyway, the SJC outcomes arisebstiter
than those for plain JC.

Concerning the STA SJC calibration strategy, th@iobd results are always quite good, for thenfiti
of both lower yield stress and plastic flow. Alsbgcalibration complexities are taken into consatem,
STA results should better be compared with thoséhef original JC model LYS and EPS calibration
strategies, since these strategies are similairumotiye more or less the same calculation burdesctoeve
appropriate calibration. Hence, when both averager® on lower yield stress and plastic flows are
considered, STA results provide a sensible impr@rénfor all the three examined material cases,
comparing to the OPT and LYS results, as showrainld 13.

In general, comparing to the original JC model, 8% model appears capable to offer a remarkable
improvement in the fitting capabilities, leadingresults more acceptable from the engineering ptaind
Beyond the reported errors, the trends shown inploés demonstrate that calibration is now much
improved. The SJC model efficiently tackles thecatted second drawback of the original JC model,
previously discussed in Sections 1 and 2, at leasthe fact that the effects of plastic straineraind
temperature no longer need to be assumed as equdh equivalent plastic strain. More in detaig, new
model aims at relieving the problem of having toate between coherently model either the lowedyiel
stress scores, through the original JC LYS or OPSlcdlibration procedures, or the plastic flowsptigh
the original JC EPS, OPTEPS or GOPTEPS calibragohniques. Also, the SJC model keeps at the same
time the original JC best results obtainable far fittings of lower yield stress and plastic flowstead of
having to pick either of the two, with the riskiafroducing unacceptably high errors. The good itjgalof
the original JC OPTLYS and OPTEPS strategies aesepved together and even improved with the
OPT SJC strategy. Furthermore, the GOPT SJC syratggears capable to further improve the results fo
some practical case, in particular for the plaBtiw fittings, although the fitting of the lower glid stress
may sometimes be quite high. Having the possibititgoherently model at the same time lower yiéldss
and plastic flow trends allows to keep a good mtémh throughout the whole plastic flow but to aVoi
negative consequences due to a possibly bad lovedd gtress fittings, such as strongly erroneous
computations of the equivalent plastic strain. Tast point may actually produce unacceptable endren
damage and failure models are used, in particotambdels which calculate the damage variablesiasrd
by the equivalent plastic strain, such as the danaagl failure model by Johnson-Cook (Johnson aruk,Co
1985), not analyzed in the present context.

In the very worst case, the SJC model provideslteeati least equal to those of the original JC rhode
This happens when the considered material presegstly equal lower yield stress and plastic flow
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dependencies on plastic strain rate and tempera@learly, a case like this appears quite diffidoltbe
manifested in practice, whatever material may hesicered. On the other hand, the modeling of nadteri
cases in which lower yield stress and plastic flowsent quite different dependencies on plastairstiate

and temperature are no longer a problem, diffeydndim what happens with the original JC model.Heat
such cases can be successfully reproduced thartke tfieatures of the new SJC model. The more these
dependencies are different from each other, theertite SIC model provides better results compaang t
those for plain JC.

The present analysis shows that the adoption ofSthé model determines significant improvements
comparing to the original JC. Also, the adoptiortted SJC model does not introduce any strong negati
consequence. The following considerations aim plaéxing this important point.

The calibration of the proposed enhanced modeliregithe availability of the same type of experitaén
data needed for plain JC calibration, althoughntioglel parameters are now increased from eight édvey
At the same time, the enlargement of the numbenaikrial parameters does not appear to be a prabtem
issue. Indeed, the calibration procedures for palgdC and for enhanced SJC require a similar tefffior
terms of data recovering, processing and calculatturthermore, when the STA and OPT calibration
strategies are adopted, the SJC model may relyoore parameters already calculated for the origi@al
model.

The SJC model maintains the same appeal of theinaligJC model towards computational
implementations, with particular reference to aggtlions in FEM codes. In fact, the model uses Hmes
driving variables used by the original JC modeinaly equivalent plastic strain, equivalent plasti@in
rate and temperature. These variables are ususdlyoy available in most FEM codes. In fact, it@gnmon
that these variables are inserted among the intitwmprovided for each timestep.

Regarding the computational heaviness of the impigation, the only point that differs from the anigj
JC model consists in the fact that the SJIC modelié® a slight increase in the number of algebraic
operations necessary to compute the current vieddss since the proposed model contains two agdiitive
terms, rather than a single one. Comparing to tmepatational requirements necessary to run an sisaly
with the original JC model, this aspect does ngteap to be crucial in further burdening the comibortal
requirements necessary for carrying-out FEM analyse

4, Conclusions

A new strength model, named SJC model, has beesemqed. It has been formulated as a convenient
generalization of the original JC model. The aimsrevthose of improving the original JC hardening
function, in order to mitigate shortcomings suchtlas issue that the effects of equivalent pladtiairs,
equivalent plastic strain rate and temperaturehenyield stress are totally independent from eatlero
More in detail, the SJC model allows to separatetylel the dependencies of lower yield stress aastipl
flow on the equivalent plastic strain rate and terafure.

The salient achievements of the present paperifigadly in terms of novelties and superior outca®y

the proposed SJC modeling shall be synopticallysanzed as follows:

e The various characteristic features of the enha®dti model have been widely investigated, together
with the presentation of a comprehensive discussioits calibration strategies. Through a reasoned
treatment, three different calibration approache@gehbeen presented and thoroughly discussed, thus
providing a guide for calculating the model paraamgtby relying on experimental data consisting of
set of hardening curves carried-out at various itmm$ of equivalent plastic strain rate and
temperature.

» The new SJC model has been consistently appli¢ldetalescription of three real material cases. The
results have allowed to discuss and evaluate aditipe and negative aspects of the different
calibration strategies.
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» The obtained results have been checked againg fitosided by the original JC model, considering
the same three material cases under consideratieveloped in an earlier companion work
(Gambirasio an Rizzi, 2014). In this regard, thelaeement of the original JC model with the new
model appears to introduce appreciable positivesequences. The SJC model has proven capable to
remarkably improve the description of the experitabdata, for both lower yield stress and plastic
flow predictions.

» The SJC model characteristic of presenting a fogny wimilar to that of plain JC allows for further
interesting options, such as the possibility tossitite one or more of the SJC model lower yietdsst
and plastic flow strain rate and temperature facteith some of the substitutive terms already
proposed in the literature, some of which have bregrewed in Section 2. Furthermore, displaying a
form very similar to that of plain JC allows to pally reuse some of the material parameters offi suc
model, that may be already known from previousbeations.

» The SJC model presents strong scientific and tdogimfoundations. From the scientific point of
view, it provides an efficient way to describe temgiure and strain rate dependent behavior of
materials, with a much better coherence than thavigled by the plain JC model. Regarding the
technologic point of view, the SJC model can becsssfully used in many industrial contexts and
attached computational modeling, whenever tempeyatimd strain rate become important for the
description of the involved materials, like, efgr, impact problems, perforating phenomena, thermal
analyses and so on.

» Negative implications, if really any, appear toJ®y limited. Even though the model requires four
extra material parameters, the need of experimelatta, heaviness of calibration and computational
weight remain almost unchanged, comparing to tasthe original JC model. Furthermore, the SJC
model has been conceived to maintain the same datignal appeal of the original JC model. Indeed,
it operates by requiring only the knowledge of gglent plastic strain, equivalent plastic straitera
and temperature, thus allowing for perfect fittimghin the same computational framework of the JC
model.

By considering the listed positive consequences SthC strength model is deemed as a promisingroptio
for modeling strain rate and temperature depenbardening behavior of elastoplastic materials. Also
may be considered as a very valid replacementhfootiginal JC model, no matter which material risler
consideration, since the new model always provimgter fitting results. This point becomes trueg thore
the considered material presents different depeneemf lower yield stress and plastic flow on eglent
plastic strain rate and temperature. Surely, tlo@gsed model is intended to be considered whenrialpi
approaches are feasible. Whenever the need to ase physically-based models takes importance, other
hardening functions that address this aspect sHmuttbnsidered.

As a future development, the new model may be imptged into FEM codes. Structural results may
then be compared to those provided by the origi@aimodel, in particular by considering some benckma
reference cases. Another future investigation reggand the possibility to calibrate the SIC modeldbying
on different experimental results, i.e. not only @rbunch of hardening functions for several eqengl
plastic strain rates and temperatures. Procedptds &entify the model parameters from experiraktdsts
such as Taylor impact tests, flyer plate impactstésee, e.g., Meyers, 1994, and Zukas, 2004)roudfh
virtual fields methods (see, e.g., Notta-Cuvierakt 2013) may be defined, similarly to what alyead
discussed for the original JC model in Gambirasid Rizzi, 2014.
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