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Abstract:

Strain rate sensitivity (SRS) is an important mateproperty that governs the rate dependent
mechanical behaviors associated with deformatioie ichanges, creep, stress relaxation,
formability, etc. The variety of activated deforimoat mechanisms of magnesium alloys under
different loading paths, e.g. tension vs. compogsimplies that SRS of magnesium alloys
obviously depends on loading paths, and each detowm mechanism has its own SRSs.
However, a single SRS scheme is commonly employetlimerical modeling to describe the
rate dependent behaviors of magnesium alloys, wiigtegards the distinction of SRSs among
different deformation mechanisms. The implementatibthe constitutive model that works for
a wide range of values of SRSs has been a chalkengeystal plasticity modeling for metals
with multiple deformation mechanisms like magnesilitapecially, very small values of SRS,
corresponding to low rate-sensitivity, generallyadeto high nonlinearity involved in the
governing equations, and then computational failurethis paper, the elasto-viscoplastic self-
consistent (EVPSC) crystal plasticity model is imy@d to enhance its numerical robustness for
very small SRS values. Taking advantage of thisrawgment, different SRSs for various
deformation mechanisms are employed to investitfagestrain rate dependent behaviors of
magnesium alloys at room temperature. First, thE8sSIRr various deformation mechanisms are
determined based on the compressive stress relax@sts on an AZ31 alloy plate; secondly,
the obtained SRSs are applied to interpret intexlzesitic strain evolution of the same magnesium
alloy under in-plane compression; finally, the det@ed SRSs are applied to investigate the
deformation of another AZ31 alloy under variousadefation paths and strain rates. The present
work is the first effort on studying effects ofatr rate-sensitivity on mechanical behavior of Mg
alloys under wide range of applied strain ratesiding an improved self-consistent polycrystal
plasticity model. Good agreement between the emmmris and simulations reveals the
importance and necessity of using different SR&sh® deformation mechanisms involved. The
rate dependent behaviors of magnesium alloys cdmetier described by using multiple SRSs
associated to each operative deformation mechanism.
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1. Introduction

Magnesium alloys have been gained great atterstopotential materials to reduce the
weight of vehicles in the past two decades. Thescimanical properties, such as flow stress,
anisotropy, ductility and failure, etc., has beeatessively studied. Strain rate sensitivity (SRS)
of metals is another important property. The memahrproperties of a material are usually
influenced by deformation rate due to strain ratesgivity, and strain rate hardening can
improve the formability of metals. Previous stud@s cubic metals found that a single SRS
could well describe their rate-dependent behaviéos.instance, the SRS of aluminum alloys is
on the order of 0.001 (e.g., Wu et al., 1997), espp approximately 0.0025 (Follansbee and
Kocks, 1988), and stainless steel is around 0.@16weer strain when phase transformation is
unnoticeable (Talyan et al, 1998; Wang et al., 201Blowever, magnesium alloys show much
more complicated rate-sensitive behaviors, cormedipg to their complex deformation
mechanisms. In addition to temperature (Karimi let 2013), alloying elements (Ang et al.,
2017), SRS of magnesium alloys also exhibits olwiodependency on loading paths. For
example, the term "compressive strain rate seitgitis used to describe the SRS of magnesium
alloys under compression (Song et al., 2009). Fagmasium alloys, multiple deformation
mechanisms exist and play simultaneous but differ@es under various loading paths, due to
their hexagonal close packed crystallographic stredAgnew and Duygulu, 2005, Wang et al.,
2010a). The similar dependency on loading pathgestg that one deformation mechanism not

only has its own SRS, but also has very differehtie from each another.

Several studies, mainly experimental, have exadnine SRSs of the different deformation
mechanisms active in magnesium alloys. The defeomanechanisms of magnesium alloys
commonly active at room temperature are basal gtipmatic slip, pyramidal slip and extension
twinning (Agnew and Duygulu, 2005, Wang et al., @891 Magnesium alloy sheets were found
to exhibit strong strain rate sensitivity duringpstlominated deformation processes, e.g., in-
plane tension, while show nearly strain rate ingmesduring twin-dominated deformation

processes, e.g., in-plane compression of magnesiognsheets (Khan et al., 2011; Karimi et al.,
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2013; Kurukuri et al., 2014a; Kurukrui et al., 201XKie et al., 2016; Ang et al., 2017; Habib et
al., 2017; Li et al., 2017). In light of this, dtrarate sensitivity measurements were used to
identify twinning and changes in deformation mecti@s of an AZ31 alloy (Korla and Chokshi,
2010). Strain rate insensitivity and even negasirain rate sensitivity, though with very small
absolute value (<0.01), were observed when defoomaivinning is dominant in deformation
(Chun and Davies, 2011). At higher imposed strahms strain rate sensitivity is more significant
corresponding to the multiple slip mechanisms attigt. The strain rate sensitivity of basal slip
dominated deformation of magnesium single crystdbound to be ~0.01 at room temperature
(Bhattacharya and Niewczas, 2011). The influencenibial microstructure on the strain rate
sensitivities of as-cast and wrought Mg-3Al-1ZnogHl at elevated temperature have been
investigated (Beer and Barnett, 2006). Karimi e{2013) investigated the strain rate sensitivity
of a wrought AZ31 magnesium alloy using the stmate jump testing technique over a wide
temperature range of 20D [BOO’C. The determined strain rate sensitivity at thev lo
temperature ranges from 0 to 0.04 at differentirstievels. Kurukuri et al. (2014) studied the
strain rate sensitivity through tensile and comgikesstests of AZ31B sheets at room temperature
over the strain rate range from 0.001 to 1608 Slip dominated deformation processes (in-
plane tension and compression along ND) exhibitezhg strain rate dependency, while twin-
dominated deformation processes (in-plane commnepgsiere found to be strain rate insensitive.
Watanabe and Ishikawa (2009) have reported a lminstate sensitivity of ~IBfor basal slip
and extension twin, and a strain rate sensitivity@02 for prismatic slip. Ulacia et al. (2010)
have reported that the pyramidal slip has a statm sensitivity of ~0.01. Tang et al. (2015) and
Wang et al. (2016a) have investigated stress retax@n an AZ31 alloy through experiment.
The amount of the stress drops during stress rdgixgconstant strain) under in-plane
compression increased significantly as a functibthe imposed strain, due to occurrence of
different deformation mechanisms at different strégvels. This observation also suggests
different deformation mechanisms possess differgndin rate sensitivities. In summary,
deformation twinning exhibits almost rate-insengtbehaviour, basal slip exhibits low strain

rate sensitivity, and prismatic slip and pyramislgd present relatively higher rate sensitivity.

The previous experimental works indicate differagformation mechanisms have
different SRSs for magnesium alloys. However, thangjtatively connection between the SRSs

and the relevant behaviours of magnesium alloysnoaseen well established and therefore
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need to be systematically investigated. In curmgatk, based on the available experimental
results, the rate-dependent behaviours of magneailays are studied by the crystal plasticity
modelling considering different SRSs for differeleformation mechanisms. As for the
modeling, macroscopic continuum models are noablgtbecause different SRSs for multiple
deformation mechanisms cannot be implemented (&&cjales et al., 2016). The often-used
crystal plasticity models to describe the mechdnm&sponse of polycrystalline materials include
crystal plasticity finite element (Dawson et alo0R, 2001; Bronkhorst et al., 2007; Abdolvand
et al., 2011; Wu et al., 2014; Qiao et al., 2016r)stal plasticity-based Fast Fourier Transform
(CP-FFT) models (Lebensohn et al., 2012) and miedah-€ffective-medium self-consistent (SC)
models (Lebensohn and Tomé, 1993; Turner and Ta884; Wang et al., 2010c; 2016c; 2017).
By accounting for the stress and strain heterogemneside a grain, CP-FE and CP-FFT are far
more computationally expensive than the effectivedinm self-consistent (SC) polycrystal
models. The latter treats the polycrystalline aggte as a homogenous effective medium (HEM)
with the average properties of the aggregate, antl grain as an ellipsoidal inclusion embedded
in and interacting with the HEM. The computatiopadfficient SC polycrystal models are better
suited to the current study since stress and shr@i@rogeneity inside a grain is not the interest.
Among the SC polycrystal models, the elasto-plasti€¢-consistent (EPSC) model (Turner and
Tomé, 1994) and the viscoplastic self-consisteRE) model (Lebensohn and Tomé, 1993)
are two popular models. However, the former camsimulate rate-dependent problems since it
ignores the strain rate sensitivity of materialeeTatter cannot simulate the rate related stress
relaxation problem since it ignores the elastiod®ation. Instead, the elastic-visco-plastic self-
consistent (EVPSC) model (Molinari, 1997; Wang ket 2010c) is more suitable to study the
strain rate sensitivity of a material because toanits for both elasticity and rate relativity. The
effects of stress relaxation and creep on the mnsaopic stress-strain response and the internal
elastic strain evolution within magnesium alloys&vérst studied numerically using the EVPSC
model by Wang et al. (2012a). Later, these effhaise been studied both experimentally using
in-situ neutron diffraction and numerically with the EVP8©del for stainless steel (Wang et al.,
2013a) and magnesium alloys (Wang et al., 2016ahduld be emphasized that a single set of
EVPSC hardening parameters can address monotdress gelaxation and creep results of
internal strain and macroscopic stress-strain ewolu The case of stress relaxation, is

particularly challenging for polycrystal plasticityodelling, since elastic deformation, plastic



deformation and strain rate sensitivity are couptgpbther, whereas the EVPSC model has been
shown to provide accurate predictions of the rapetident behaviors of materials (Wang et al.,
2013a; 2016a). A physics-based crystal plastieitgdel for HCP crystals including both
twinning and de-twinning (TDT), has been impleménit®o the finite strain EVPSC model for
polycrystals (denoted as EVPSC-TDT) and succegségplied to study the twinning and de-
twinning behavior of magnesium alloys (Wang et 2012b, Wang et al., 2013b, c; 2015a, b;
2016a, b; Qiao et al., 2015a). Therefore, the EVMPST model will be employed here to

investigate the SRSs of various deformation medmagin magnesium alloys.

As for the treatment of SRS of multiple deformatimechanisms involved in magnesium
alloys, most of the previous modeling works predassd a single SRS (typically 0.05) for all
deformation mechanisms (Proust et al., 2009; Warad.e2013b, c; Guo et al., 2013). In these
cases, the strain rate effect might not be the amymesearch interest. One study modified the
critical resolved shear stress (CRSS) of each deftton mechanism to address the strain rate
effect of zirconium (Beyerlein and Tomeé, 2008).tiis case, the usage of SRS was only for
computational convenience, not for the accurateerdehation of the material strain rate
constitutive properties. It is of great interest describe the rate-dependent behaviours of
magnesium alloys in terms of strain rate sensigisjtwhich are easy to be understood and can be
easily used in other applications. However, thelémgntation of the constitutive model that
works for a wide range of values of SRSs has beehalienge to crystal plasticity modeling.
Especially, very small values of SRS, correspondmmdow rate-sensitivity, generally lead to
high nonlinearity involved in the governing equasp and then computational failure. The
available EVPSC and VPSC code did not work in ttase because, as mentioned above,
twinning in magnesium alloys has been found to é&rly rate-insensitive. An attempt has been
made by Knezevic et al. (2016) to overcome the migaledifficulties associated with very low
rate-sensitivity. They proposed a “k-mod” method @nplemented it into the VPSC code, and
then successfully simulate strain rate-sensitiferdeation of Cu, which has a single slip family,
from 10%s to 10/s. On the other hand, the rate-sensitive behafipiasticity originates from
either dislocation nucleation and mobility at highstrain rates, or thermally-activated
dislocation escape at lower strain rates (Zheray.e2016); the understanding the dependence of

rate sensitivity on slip systems is of great inder@viovahedi-Rad and Alizadeh, 2017). The



molecular Dynamics Simulation of aluminum singlgstal did show that SRS differs among

different slip systems.

In the present work, the EVPSC-TDT model is impv® enhance its numerical
robustness and allow for different/small SRSs fariaus deformation mechanisms. Then the
improved model is applied to determine SRS valwesvérious deformation mechanisms, and
then interpret the stress relaxation test, lasicain test and strain rate change tests. To the be
of our knowledge, the present work is the firsbefbn studying effects of strain rate-sensitivity
on mechanical behavior of magnesium alloys, whitdoives multiple and coupled deformation
mechanisms, under wide range of applied strainsraie using a self-consistent polycrystal
plasticity model. The article is organized as fato In Section 2, the EVPSC model is briefly
described. In Section 3, results and discussiompeaesented. Finally, conclusions are drawn in

Section 4.

2. EVPSC-TDT mode

A brief description of the twinning and de-twinnimgodel is provided below. A more
detailed description of the EVPSC-TDT model canftnend elsewhere (Wang et al. 2010c;
2013b, c). The plastic shear rate associated withefarmation systena is (Asaro and
Needleman, 1985):

P = yolt® /&M ™ sgn(x®) (1)

wherey, is a reference shear ratg, is the critical resolved shear stress (CRSS),atds the
strain rate sensitivity associated with the systern contrast to the previous works on crystal
plasticity modeling of magnesium alloys, whereragk value oin® = 0.05 is commonly used
(Agnew and Duygulu, 2005; Wang et al., 2010), iassumed thah® are different from one

deformation mechanism to another in the curremystu

The use of different SRSs can either introduceemaal instability when the time step is
large (e.g.At = 0.1 s) or leads to extremely long computational tinfeethe time step has to
be forcibly small. Generally, a smaller time stegequired to stabilize the calculation through
reducing the stress or strain fluctuation at a tstep. In the present work, an adaptive time step
is used to balance both the numerical stability tiedcomputational time (Asaro and Needleman,
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1985; Wu et al., 1996). First, the time step isithith such that maximum absolute shear strain

increments over all grains and systems is lessdttareshold value, i.e.

[Vmax|At < Ayr (2)

wherey5 ., IS the maximum shear rate, afig; is a threshold value for shear rate increment.

Second, the maximum von Mises stress incrementall/grains is less than a threshold value,
AGE o < Aop (3)

whereAay, ., IS the maximum von-Mises stress increment. Thestiold stress incremef; is
calculated througk z0,;,,/C., Wheret?,;, is the minimum initial critical resolved shearests
over all slip/twinning systemsz{ of basal slip in current studyj, = m represents the
magnitude of the elastic constad}s, and¢ is a coefficient to control the stress increment.

These two strategies were found be able to sigmflg improve numerical stability and

meanwhile reduce computational cost.

The TDT scheme was developed to treat both twmaimd de-twinning activities. A new
twin is firstly created by Twin Nucleation (TN) wWih an existing twin-free grain. The
orientations of the new grain and the original graiie related to via the twin relationship. In the
old version of TDT scheme, a twin may not be nueleéahowever, a zero-volume grain is still
created via twin relationship to account for thesgible twinning. Therefore, there are many
"ghost grains” with zero volume fractions, whicheimsifies humerical instability (Wang et al.
2013b) when treating separate or small SRSs. Iptesent improved version, only when the
twinned volume fraction reaches a critical valuerénh0.1%), a twin is nucleated with an initial
volume fraction of 0.1% of the original un-twinngcain volume, and the volume of the matrix
is simultaneously decreased by the same amount Fhatment stabilizes the numerical
calculation even when different SRSs are assigmedhé¢ deformation mechanisms. After
nucleation, the twins can grow (twinning) or shrifde-twinning) without changing the total
combined volume fraction of the twins and matrixs #train proceeds, the matrix and twins are

allowed to develop as independent inclusions irhttraogeneous effective medium.

Twin growth (TG) is achieved via twinning operaisoof twin propagation (TP) and matrix
reduction (MR). Twin shrinkage (TS) is achieved g&twinning operations of twin reduction
(TR) and matrix propagation (MP). Twinning operatimf MR and de-twinning operation of MP

7



are driven by the stress of the matrix, while dextwng operation of TR and twinning operation
of TP are driven by the stress of the twins. Furtitge, the plastic strain rate due to MR
(twinning) and MP (de-twinning) is ascribed to thatrix, while the plastic strain rate due to TP
(twinning) and TR (de-twinning) is ascribed to then. The shear rate associated with twinning
systema is assumed analogous to that for slip (Eg. 3) € RSSt* is in the appropriate

direction:

For matrix reduction (MR) or twin reduction (TR)enoted by):

sa _ (Volt®/T& Mme 7% >0 4
i = {folt*/m L (4)
and for matrix propagation (MP) or twin propagat(dir):
o _ —yoltY/TE Y™ e <0
Vi { 0 %> 0 ®)

For MR and MP, the RS8, is calculated from the stress in the matrix, withthe CRSS on
twin systemx. For TP and TRg® is calculated from the stress in the twin, wifh the CRSS on
twin systemx. The corresponding changes in the twin volumetitvas for MR, MP, TP and TR
are thus given by:

fitr = Warl/Y™, fite = = Wiipl /Y™, ffo = 171 /¥™ andffz = — Iyl /¥Y™  (6)
where the characteristic twinning shear styditi is chosen to be 0.129 for extension twinning in

magnesium alloys (Kelly and Hosford, 1968). Themag of change of the twin volume fraction

associated with twinning systemis:
Fo = P (i + i) + Za P (i + /) )
wheref™ is the volume fraction of the matrix calculatedénms offM =1 — f™W =1-Y, f*.

A threshold for twinning is defined since a gr@nrarely twinned entirely (i.e., volume
fraction of the matrix is always non-zero):

Vth = min(1.0, 4, + A, VeIT Jyacc) (8)

The threshold valug® is the point where the given grain is twin-ternt@th Additional
twinning is not allowed onc&‘" has been reached by the combined volume fracfiaii twins.

Ve/7 is the volume fraction of twin-terminated graimsdV ¢ is the total accumulated twin
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volume fraction in the polycrystal. Two optimizéttihg parameters4; andA,) are introduced

to tailor the evolution oF t".

The CRSS evolves as:
. az® .
t8 = =% hP |yP| 9)

wherer is the accumulated shear strain in the crystalcatculated in terms df = Y, [|y*|dt,
andh®f are the latent hardening coupling coefficientse fardening coupling coefficients are
used to empirically consider the obstacles on gsysteassociated with systef. T is the

threshold stress defined by an extended Voce law:
T =10+ (7§ + hST) (1 — exp (—Z—g )) (10)
1

wheret, andt, + 7; are the initial and back-extrapolated CRSfgsandh, are the initial and

the asymptotic hardening rates, respectively.

De-twinning activity mainly occurs during reveidsading upon previous twining activity.
The cases studied in the current work involve nyet@inning, thereforg’r, 7%, f%» andf%
are nearly zero in all the simulations. As a congege, the macroscopic effect associated with
different microscopic SRS's in current study doesdepend on the addition of detwinning. In
other words, the proposed methodology would be appate for applications to materials

deforming only by deformation slips with diverse &R

The Affine linearization scheme is employed in thearent work since it has the best
overall performance for metallic materials with HG/Rang et al., 2010a, b, d; Qiao et al., 2015b)
or face centered cubic (FCC) crystal structureso(&al., 2015).

3. Results and discussion

In this section, based on the experimentally ob@irSRSs of magnesium alloys
summarized in Introduction, the SRSs of the defdtionamechanisms of AZ31 magnesium
alloys at room temperature are determined by coimdpia stress relaxation test and the EVPSC
polycrystal plasticity model. Later, the determin®@®Ss are validated by their application to

another magnesium alloy AZ31B sheet independent fie stress relaxation test.



3.1 SRSs of deformation mechanisms

Figure 1. Initial texture of the AZ31 plate (Wangaé, 2016a).

The material studied here is an AZ31 alloy platih typical rolled initial texture (Fig. 1).
In order to see the activities of deformation mexsras of magnesium alloys under different
loading paths, simulations of in-plane tensionplare compression and compression along
normal direction (ND) of the plate are performedeThardening parameters and SRS are
adopted from previously published results for tHi#3A alloy sheet (Wang et al., 2010a). Fig. 2
shows the typical stress-strain response and vela#ictivities of various deformation
mechanisms calculated by the EVPSC model. Theisetiwunder in-plane tension (Fig. 2b) and
compression along ND (Fig. 2f) remain nearly steimdgrms of the strain level. Fig. 2c and 2d
shows the S-type stress-strain curve of AZ31 plateder in-plane compression and the
corresponding relative activities of deformationcim@nisms. Basal slip and extension twinning
play dominant roles for the strain range of 0 @40.whereas prismatic slip activity increases
over the strain range from 0.04 to 0.08 while timgnactivity decreases. Pyramidal slip is
activated and enhanced over the strain range fr@® © 0.12 at which point the stresses are
relatively high compared to the other loading diadions. In contrast to in-plane tension and
compression along the ND, in-plane compression aseged by different deformation

mechanisms at different strain levels.
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Figure 2. Typical stress-strain curves and theesponding relative activities simulated by the
EVPSC model: (a), (b) in-plane tension (c), (dplane compression, and (e), (f) compression
along ND.

A compressive stress relaxation test along thiengotlirection (RD) of AZ31 plate was
conducted by periodically holding strain constaWagg et al., 2016a). In that work, it was
demonstrated that the activities of the deformati@chanisms were not altered by the holding
periods. Therefore, the variation of the activeodefation mechanisms at different strain levels
during in-plane compression provides an excellgagootunity to obtain both the hardening
parameters and the strain rate sensitivities. Thas@meters associated with the EVPSC model
are obtained through simultaneously fitting theesdrstrain curves of uniaxial tension and
compressive stress relaxation. As indicated by rtiative activities of various deformation
mechanisms in Fig. 2, the parameters associatédtwimhning and pyramidal slip were obtained
through fitting compression, those associated rikmatic slip were obtained through fitting
tension, and those associated with basal slip wlet@ned through fitting both. The fitted stress-
strain curves match the measured data very wail @i The determined hardening parameters
and the strain rate sensitivities are listed inl@db The obtained hardening parameters are also

in good consistency with those obtained by otheeaechers (Agnew and Duygulu, 2005; Jain
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and Agnew, 2007).

The order of SRSs associated with the slip systalss reasonably agrees with the
conclusions drawn by Movahedi-Rad and Alizadeh 20th their molecular dynamics study on
dependence of strain rate sensitivity on the sigiesn of aluminum single crystals, that easier
slip on the more compact slip planes and directresslts in lower SRS values. For magnesium

alloys, twinning does not follow this rule and Ie/ays nearly rate insensitive.

400
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——— - Simulation
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300
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Figure 3. Experimental (Wang et al., 2016a) anduated stress-strain curves of AZ31 plate
under uniaxial tension and compression with sthaiaings.

Table 1. Parameters for magnesium alloy AZ31 platermined for the EVPSC model.

Modes m 7, (MPa) 1, (MPa) 8, (MPa) kS (ontwin) A, A
Basal 1/100 (0.01) 18 5 80 1 NA NA

Prismatic 1/80 (0.0125) 105 30 300 1 NA NA
Pyramidal 1/33 (0.03) 120 180 2000 1 NA  NA

Extension Twin ~ 1/120 (0.0083) 30 0 0 1 0.7 0.9

Twinning is generally considered to be an athempmatess, so that the stress required for
twinning is expected to be largely independent ehgerature and strain rate. (Korla and
Chokshi, 2010). Very recently, Bhattacharyya et(a016) also observed that the strain-rate
sensitivity of the yield strength varies with loagdidirection. Their experimental results further
support the fact that different deformation mechkars control yielding along the different
directions, and these different mechanisms haverdiit rate-controlling processes. For example,

{10.2} extension twinning is known to be relativetgite insensitive, so the yield strength is

12



observed to be rate insensitive when that mechargsdominant. Dislocation motion shows

appreciable strain rate sensitivity due to its itnedly activated nature (Kocks, 1975). The order
of SRSs associated with deformation mechanismdbearompared to the experimental results
by Karimi et al. (2013). At the temperature of 200the SRS of AZ31 magnesium alloy is 0 in

the twin-dominated region (strain of 0.05) and G®&e twinning and basal slip region (strain
of 0.2). At temperature of 30Q, the SRS is 0.08 (with error of 0.01), whererpasic cross slip

is the dominant mechanism. At temperature of"@@he SRS is 0.14 (with error of 0.01), where
pyramidal cross slip is the dominant mechanism. Jtn@n rate can be theoretically discussed
through the following equation (Kocks, et al., 19Kbcks, 2001; Wang et al., 2017):

£ =Eyexp (— g—; (1 - i)p)q (10)

Oc

whereé, Qq, k, T, o, ando, are reference strain rate, activation energy,Zéadinn’s constant,
temperature, applied stress and threshold strespgectivelyp andq are parameters bounded
within [0, 1] and [1,2]. Without losing generality,= q = 1 are assumed here. The SR& (

value) can be derived as:

__0lne _ oc kT
T dine o Qo

(11)

In plastic regime, where, /o can be estimated to be 1, the SRS is stronglyrdkgme on

temperature. Accordingly, the room temperature §RS’) can be estimated by

mRT = T;;T m(T) (12)

As a consequence, the SRSs for basal slip, prisnsdp, pyramidal slip at room
temperature (29%) are 0.018, 0.04 and 0.06, respectively. The oaféhese SRSs is in good
agreement with the estimated SRSs in current wbdygh there is discrepancy between their
absolute values. This discrepancy is possibly duaeé occurrence of dynamic recrystallization

at elevated temperatures (Karimi et al., 2013).

3.2 Effect of SRSs on stress relaxation test

In order to assess the potential benefit of empipythe SRS individually for each
deformation mechanism, the stress-strain resporssieg ua uniform SRSs for all of the

mechanisms (as has been used in the simulatiotiggsto-date) is also calculated for contrast.
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Four different uniform SRSs ranging from 0.0083 Q®3, together with the hardening
parameters listed in Table 1, were tried. Fig. dvahthe comparison between the experimental
and simulated results. Compared to the experimeetallts, adoption of larger SRS values
provides reasonable stress drops at higher sta@éld (Fig. 4a and 4b), while using smaller SRS
values gives good results at lower strain leveig. (Fc and 4d). However, none of the applied
single SRSs can predict stress drops consistehttingt experimental data over the entire strain
range. Fig. 5 presents the comparison betweenrddicped stress drops and the experimental
values in terms of the holding strain. ConsisteithwWig. 3 and Fig. 4, only the stress drops
predicted using different SRSs for each deformatimechanism agree well with the
experimental data throughout the entire strain eanging a single SRS leads to obvious
deviation in a certain range of strain. Therefdarehould be better to use separate SRSs for each

deformation mechanism to predict and interpretrétbe dependent behaviors of the alloy.
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Figure 4. The simulated and measured (Wang e2@l6a) stress-strain response of AZ31 plate
under compression with strain holdings by usinglsimate sensitivity for all the four

deformation mechanisms.
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Figure 5. Experimental (Wang et al., 2016a) andlipted stress drop versus holding strain.

3.3 Effect of SRSs on internal elastic strain

The evolution of internal elastic strains undeipiane compression has been measured
through in-situ neutron diffraction measuremenngghe Spectrometer for Materials Research
at Temperature and Stress (SMARTS) at LANSCE. etailescription of the experimental
procedure can be found elsewhere (Wang et al.,&0TI®e internal elastic strain is the relative
change in average lattice spacihg.e.e" ! = (@t — dl*!) /dl*!, whered, is the stress-free
reference lattice spacing. This strain is purefset and induced by the stress in the subset of
grains fk.l). The internal elastic strain increases linearihwhe macroscopic stress in the
elastic regime. The increasing slope is a functbrhe bulk crystallographic texture and the
directional Young moduluB,, ;.-Typically, the subsets of grains in ‘soft’ oriatibns tend to
yield first and stop bearing any internal elastress, while those in ‘hard’ orientations continue
elastic deformation. Because the macroscopic sisetbe self-consistently average stress of all
the grains, plastic relaxation in one subset ofngr@an increase stress loading in others. The
internal elastic strain deviation from linearitypiy that plastic strain is occurring within grains
in some subsets. As a consequence, the inflectiorie curves are related to activities of

specific slip and twinning systems.
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Figure 6. Internal elastic stra@volution of AZ31 plate under in-plane compressising: (a)

different SRSs for different mechanism; th)= 0.03 for all mechanisms; and (e) = 0.0125
for all mechanisms.

Fig. 6a shows the comparison between the measunegredicted internal elastic strains
(g;) of {00.2}, {11.0} and {10.1} diffraction planesnder monotonic compression, where all the
deformation mechanisms of interest play distint@soThe yield stress is about 100 MPa, which
coincides with the plateau in the compressive strestrain curve where the twinning activity
dominates (see Figs. 3). An obvious stress trarsfeurs while twinning reorients the {00.2}
diffraction planes ‘into’ the detector. This ‘“shreaver-relaxation” effect associated with
twinning usually leads to abrupt lattice strain letion as predicted by the model, while this
phenomenon is weakened during diffraction measuneif@ausen et al., 2008; Aydiner et al.,
2009). Therefore, the measured lattice strain etytblding point cannot be accurately captured

by the model.

Twinning is responsible for the dispersion obsdrier {11.0} peaks above 300 MPa,
because twinning reorients the grains that conildo the peak and only a small volume
fraction remains. For comparison purpose, the matleelastic strains predicted by= 0.03 and
m = 0.0125 are also presented and compared with the expetaneadues, as shown in Fig. 6b
and 6c¢. All the three predictions can capture tr@ution tendency of the internal elastic strain
measured by neutron diffraction. Among them, thedmted results using separate SRSs and a
single value ofn = 0.0125 are better than those predicted using a singlegevadim = 0.03. If
one observes carefully, the simulation of usingasate SRSs is slightly better than that by using

m = 0.0125, especially for the {11.0} diffraction plane, wieethe much shifted internal strain
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after the stress exceeds 360MPa is not observed égeriment. The plastic deformation of
grains with the three diffraction planes ({00.21,X.0} and {10.1}) are dominated by pyramidal
slip, prismatic slip and basal slip, respectivély.a given shear rate, the value of SRS governs
the resolved shear stress (RSS) of a slip/twinsiyglem. The RSSs on all the active systems
determine the stress state and therefore the eldstormation of each grain. Using multiple
SRSs leads to more realistic elastic deformationgr@iins, and thus better internal elastic
prediction.

The predicted textures at strains of 5% and 108leum-plane compression using separate
SRSs are depicted in Fig. 7. The results are demsisvith both experimental and previous
simulated results (Agnew and Duygulu, 2005; Wanal.et2010a). Through comparing to others
obtained by using a single value of SRS (0.03 afdab, respectively), the effect of SRSs on
the texture evolution is found to be minor.

Different SRSs m=0.03 m=0.0125
TD D TD
0001 0001 0001
|¥p}
=
=) _ .
Il RD ~ RD D
w
o o &
.
0001 D 0 0001 e 0001 o
!
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” RD RD < RD
)
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Figure 7. Predicted textures at strains of 5% &% Linder in-plane compression using: (a)
different SRSs for different mechanism; th)= 0.03 for all mechanisms; and (e) = 0.0125
for all mechanisms.

3.5 Application to other loading cases
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This section considers the application of the mheiteed SRSs to a similar magnesium alloy
but alternate loading and strain rate cases. Wéy dphpse SRSs to simulate the experiments
carried out by Kurukuri et al. (2014a) on the streate sensitivity and tension-compression
asymmetry of an AZ31B alloy sheet with the initralling texture as in Fig. 8. In that study,
room temperature tensile and compressive tests waeried out at strain rates ranging from>10
to 10%s. The high strain rate cases> 10s~1), involve intensive dynamic response and are not
investigated in current study. The experimentaliltesshown in Fig. 9 (Kurukuri et al., 2014a)
clearly show the strain rate sensitivity and iteets on the behaviors in the deformation of in-
plane tension, in-plane compression and compresgang ND. The effects of strain rate on the
three types of tests in Fig. 9 are different froacte other. The strain rate effect on the stress-
strain response of compression along the ND igivels larger than that of in-plane tension (see
Fig. 9d). The strain rate effects on these twostas¢ steady throughout the entire straining. In
contrast, strain rate effect in RD compressioneglectable until strain reaches about 0.04, and
thereafter becomes remarkable. In addition to tR8sS the other modeling parameters for the
rolled sheet, which are different from the AZ31tplanentioned in Section 3.1 due to different
processing history, are determined by simultangotiging both the uniaxial tension and
compression tests (as shown in Fig. 10). Tablest® lihe determined hardening parameters,
along with the rate sensitivities obtained in Sectt.1, which will be used for all the following

simulations.
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Figure 8. Initial texture of the AZ31B sheet, regmoed from Kurukuri et al. (2014a).
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Figure 9. Experimental (Kurukuri et al., 2014agsg-strain curves at different loading rates for
(a) tension along RD, (b) compression along RD¢c@ehpression along ND, and (d) magnified
comparison between (a) and (c).

Table 2. Parameters of magnesium alloy AZ31B detexdhfor the EVPSC model.

Basal NA

Pyramidal 1400 NA NA
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Figure 10. Experimental (Kurukuri et al., 2014ajl smmulated stress-strain response of
magnesium alloy AZ31B under uniaxial tension anchgression along RD.

Figs. 11 and 12 show the measured and predictattsdsr the AZ31B alloy sheet under
in-plane tension along the RD and Transverse Daedl D) and at strain rates of 0.01, 0.1, 1.0
and10s~1, respectively. The EVPSC model using separate &g ately reproduce the stress-
strain response for in-plane tension. As shown ig. Rb, the main active deformation
mechanisms under in-plane tension of AZ3B sheepasenatic slip and basal slip. Recall that
stress-strain response for in-plane tension ineseasth strain rate, as in Fig. 9. The increase in

stress is mainly governed by the SRSs of prisnaatitbasal slips.

Figs. 13 and 14 show the results for the AZ31B sheder in-plane compression (along
both RD and TD) at strain rates of 0.001, 0.01 @id . The simulated stress-strain responses
of in-plane compression is also in good consistenitly the experimental ones. The variation of
rate dependency under in-plane compression, asrshiow-ig.8b, is greatly related to the
transition of active deformation mechanisms showhig. 2d. During in-plane compression, the
nearly strain rate insensitivity the AZ31B sheefobe 0.04 strain is correspondent to the
dominancy of twinning mechanism shown in Fig.2dd dne increase of strain rate effect at
higher strains results from the more activitiesskyips. The EVPSC model employing separate
SRSs can successfully capture the complicatednstraie response during the in-plane
compression of the AZ31B sheet. As can be seereti@rbmatch between experiments and
predictions is obtained under both tension and cesgion along RD (Figs. 11 and 13) than that
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along TD (Figs. 12 and 14). Specifically, the hawdg rate under tension along TD is predicted

to be higher than the experimental data (Fig. TR AZ31B sheet exhibits in-plane anisotropic

behavior as more grains orientate with the c-agreading wider along the RD (Fig. 8), while

the hardening parameters are determined from tlohamécal behaviors along RD. However, the

rate dependent behaviors concerned in current stmelysuccessfully captured by using the

proposed methodology of using multiple SRSs.
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Figure 11. Experimental (Kurukuri et al., 2014a)l gmedicted stress-strain curves of magnesium
alloy AZ31B sheet under uniaxial tension with diéfet strain rates along RD.
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Figure 13. Experimental (Kurukuri et al., 2014a)l gmedicted stress-strain curves of magnesium
alloy AZ31B sheet under uniaxial compression wiffedent strain rates along RD.
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Figure 14. Experimental (Kurukuri et al., 2014a)l gmmedicted stress-strain curves of magnesium
alloy AZ31B sheet under uniaxial compression wiffedent strain rates along TD.

Fig. 15 shows the good agreement between expemnant predicted results of the
AZ31B sheet under compression along ND at stra@sraf 0.01 and 0.471. Corresponding to
the main active deformation mechanisms with obvistrain rate sensitivity, basal slip and
pyramidal slip, as shown in Fig.2f, the stressistrasponse of ND compression increases with
increasing strain rate as in Fig. 9. From Fig.ittéan be concluded that the determined SRSs for
basal slip and pyramidal slip can correctly predi@ strain rate effect on the stress-strain

response.
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Figure 15. Experimental (Kurukuri et al., 2014a)l gmmedicted stress-strain curves of magnesium
alloy AZ31B sheet under uniaxial compression albigat different strain rates.

Figs. 3, 6, 11 to 15 have demonstrated the exd¢etlepability of the EVPSC model,
employing separate SRSs for different deformaticcmanisms, in describing the strain rate
effect of magnesium alloys. In current work, theSSRf the deformation mechanisms, basal slip,
prismatic slip, pyramidal slip and extension twmgiare 0.01, 0.0125, 0.03, and 0.00825,
respectively. The strain rate related experimemn¢sllts can be reasonably reproduced by
employing these values, and the rate dependentvioebizof magnesium alloys can be well
interpreted by the sensitivity of deformation maakms. Given that the magnesium alloys in the
current study show a positive rate-dependent efédicthe SRSs are greater than zero. It should
be pointed out that the SRSs for basal slip andnsitn twinning are small enough to represent
their nearly rate-insensitive characteristic. Aciog to our calculations, using even smaller

SRSs will not change the simulation results sigaiiily.
4. Conclusions

Experimental observations on rate-dependent betgeawb magnesium and its alloys
suggest different SRSs for the different operatigiormation mechanisms. Taking advantage of
the viscous nature of the EVPSC model, the SRSsdliffarent deformation mechanisms were

determined through combining the tests of compvessiress relaxation and uniaxial tension.
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The determined SRSs were then used to study temaitelastic strain and strain rate-sensitive

behavior of magnesium alloys. The following conmuas can be drawn:

1) An adaptive step method, though simple, is effectovenhance the numerical stability of the
EVPSC model when treating multiple and small SR8snfagnesium alloys with multiple
systems. The rate sensitivity of magnesium analita/s can be better described by using
multiple SRSs associated to operative deformatienhanisms.

2) The SRSs for different deformation mechanisms 08AZlloy sheet can be determined from
stress relaxation tests. The values are 0.012%, 0.03 and 0.00825 for prismatic slip, basal
slip, pyramidal slip and extension twinning, redpedy. The order of SRSs associated to
different deformation mechanisms of AZ31 alloy isiigar to that of aluminum, i.e. easier
slip on the more compact slip planes and directressilts in lower SRS values, except for
twinning that is always nearly rate insensitive.

3) The application of the determined SRSs can rea$pmrapture the evolution the internal
elastic strain under loading, which has been chgite for polycrystal plasticity modeling.

4) The independently studied strain rate sensitivkgegiments on another AZ31 sheet have
been modelled using the EVPSC model. Good agreelmemteen the experiment and
prediction results proves good adaptability of ttletermined SRSs to other similar

magnesium alloys.
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Highlights:

1) Numerical stability of EVPSC model when treating multiple/small SRSs is
enhanced.

2) Rate sensitivity of Mg alloys can be better described by using multiple SRSs.

3) SRSsareobtained for basal, prismatic, pyramidal slip and extension twinning.

4) Compact dip systems correspondsto low SRS; twinning is rate insensitive.

5) The SRSsare validated by internal elastic strain and arate related experiment.



