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a b s t r a c t
The effect of aging on the accumulation of microscale plasticity, and the resulting macroscopic mechanical behavior, were examined in the magnesium alloy WE43 under uniaxial tension. Full-ﬁeld strains on
the length scale of the microstructure, and their relation to the underlying crystallography, were captured using a combination of electron backscatter diffraction, custom nanoparticle patterning processes
for corrosion-susceptible alloys, scanning electron microscopy (SEM), in-SEM uniaxial tensile and compressive loading, and distortion-corrected digital image correlation. The as-received material exhibited an
average grain size of 12 μm. The strain incurred on individual slip traces in magnesium was resolved
for the ﬁrst time. Insights into slip activation across the microstructure revealed that using Schmid’s Law
with the nominal Schmid Factor appeared to be predictive for basal and non-basal slip. The DIC results
were compared with simulation using an advanced open-source crystal plasticity ﬁnite element (CPFE)
code, PRISMS-Plasticity. The PRISMS-Plasticity model is a more precise determination of the local Schmid
Factor and was used to simulate variations in slip and twin activity within each grain. Such simulations
provide an avenue for physically interpreting the various slip traces observed in the dense DIC data and
an improved understanding of the critical resolved shear stress of the various slip systems.
© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
The deformation mechanisms of polycrystalline magnesium and
its alloys are complex. To enable acceleration of the alloy development process, new approaches are required to characterize and
quantify the details of operative slip and twinning mechanisms,
and their dependence on alloying and heat treatment. In this paper, we outline an experimental and computational approach that
relies on novel in-situ measurements of grain level surface strains
combined with simulations from an open-source crystal plasticity
ﬁnite element simulation tool, PRISMS-Plasticity [1–3]. The high
strength magnesium alloy, WE43, in a hot-rolled and aged condition (T5), was used for this study.
Magnesium can plastically deform via slip on four independent systems and on two or more independent twinning systems. Slip occurs on the following planes and directions: basal slip
{0 0 01} < 112̄0 >, prismatic slip {101̄0} < 112̄0 >, pyramidal <a>
slip {101̄1} < 112̄0 >, and pyramidal <c + a> slip {112̄2} < 112̄3 >.
∗
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The von Mises criterion dictates that there must be at least ﬁve
independent deformation modes in a polycrystalline material to
accommodate plastic deformation, so either the two twinning
modes or pyramidal <c + a> slip are required to support deformation. To accommodate c-axis extension, {101̄2} < 101̄1 > twinning is often activated, also called tension or extension twinning due to the required c-axis tensile strain. To accommodate
c-axis compression, {101̄1} < 101̄2 > twinning is often activated,
also called compression twinning due to the required c-axis compressive strain. Depending on the texture of the magnesium alloy,
directionally dependent twinning events can lead to asymmetric
tension-compression behavior [4–6].
Determining the value of the critical resolved shear stress
(CRSS) for each deformation mode, and their relative contributions
during plastic deformation, is the subject of considerable interest.
In general, basal slip is signiﬁcantly easier to activate compared
to other systems. For the quasi-static loading of polycrystalline
pure magnesium at room temperature, it is generally accepted that
CRSSbasal < CRSStensile-twinning < CRSSprismatic < CRSSpyramidal where
grain size [7], temperature [8], alloying content [9], and precipitation strengthening [10] can affect these CRSS values. Experimental
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efforts have estimated the CRSS ratios between systems for polycrystalline HCP materials [11], but absolute values of the stresses
cannot be measured directly. In contrast, computational models
have been used to determine these values, but experimental data
is still required to validate these predictions.
Elastoplastic self-consistent (EPSC) models, viscoplastic selfconsistent (VPSC) models, [9,12,13] and ﬁnite element crystal
plasticity models [14–18] are valuable tools for better understanding the CRSS and relative activation of the different slip
systems during plastic deformation. Experimental validation for
crystal plasticity based models has been primarily in the form
of tension/compression ﬂow curves, in-situ surface strain measurement [13], in-situ neutron diffraction [10], in-situ EBSD [8],
and transmission electron microscopy (TEM) [12]. If models can
accurately predict ﬂow curves in magnesium alloys, a next logical
step is to accurately predict full-ﬁeld strains. However, experimental data on the full-ﬁeld strain development during plastic
loading is lacking, particularly when compared with computational
modeling contributions. Full-ﬁeld strains at the microstructural
level reveal insights into strain heterogeneities on the surface, and
their relationships to the local microstructure, that are averaged in
the macroscopic stress-strain data.
A complicating factor in the experimental determination of
CRSS for the various slip modes is the texture of the underlying
material. In many wrought magnesium alloys, a basal texture is
frequently observed, with the hcp c-axis orthogonal to the plate
or extrusion processing axis. Twinning selection depends on the
c-axis strain, and the propensity for twinning changes with loading direction. When a sample is loaded in tension parallel to the
processing direction, the basal texture leads to contraction along
the orthogonal c-axis. When the sample is loaded in compression parallel to the processing direction, the same texture effects
lead to extension along the c-axis. This activates tensile twinning,
a deformation mode with a low CRSS relative to the other nonbasal systems. Tension and compression will thus activate different
deformation mechanisms, which can cause a tension-compression
asymmetry. Accurately predicting what deformation modes activate, and to what extent, is critical in the prediction of the global
plastic behavior of magnesium alloys.
Optical deformation tracking methods, including digital image
correlation, have been widely utilized to quantify the mechanical
behavior of magnesium alloys at the macroscale and mesoscale.
Digital Image Correlation (DIC) is a useful technique for characterizing macroscopic and microscopic surface strains. It tracks the
deformation of a speckle pattern placed on a material surface
during thermo-mechanical loading [19]. The technique is length
scale independent, but a suitable speckle pattern must be applied
to a surface at the desired ﬁeld of view. Barnett et al. used DIC
to characterize post-failure strain ﬁelds of a coarse-grained AZ31
specimen tested in tension [20]. They linked {101̄1}-{101̄2} double
twinning to high shear strain and void formation, causing early
failure for this alloy. Stanford et al. used a grid-based method to
map the surface deformations of AZ31, demonstrating that grain
boundary sliding was not prevalent at either room or elevated
temperature, but that the strain ﬁeld became more homogenous as ambient temperature was increased [21]. Several papers
[13,22,23] have addressed the use of crystal plasticity simulations
to understand surface microstructure response characterized by
methods such as Orientation Imaging Microscopy (OIM) and DIC.
For example Ref [45] ﬁnds that the misorientations developed in
the surface and bulk grains are different and accounting for grain
equilibrium is essential for prediction of these misorientations.
Recent microscale experiments indicate that slip activity in
Mg-rare-earth alloys can be pre-determined from the initial microstructure, where strain localization increases in magnitude
but does not change spatially across the surface. Martin et al.

performed in-situ grid-based DIC studies of Mg-rare-earth alloys
under tensile deformation [13,24]. In order to examine slip without signiﬁcant twinning effects, Mg-rare-earth alloys undergoing
tension parallel to the rolling direction were investigated. They
demonstrated that strain accumulates at grain boundaries, and
that localized strain appears at the onset of yielding and does
not change location with increased plastic deformation. This experimental data was compared with crystal plasticity simulations,
which suggest that high strains on grain boundaries occur in grain
neighborhoods in which one grains is oriented to accommodate
basal slip and an adjacent grain is oriented to prefer non-basal
slip. Interestingly, Martin et al. found no statistically signiﬁcant
relationship between surface strain and grains with high nominal
Schmid factors for basal slip [13]. Although it is convenient to use
descriptors like nominal Schmid factor to predict strain, it appears
this approach is overly simplistic, and that the neighborhood
surrounding a grain strongly inﬂuences its deformation.
Rare-earth alloying additions have been observed to weaken the
basal texture during rolling and extrusion processing [25,26] and
thus improve the tensile ductility. A strong basal texture limits
ductility by preventing the easy activation of slip. When a specimen with strong basal texture is loaded in uniaxial tension perpendicular to the processing direction (often referred to as the ND
direction), the majority of grains are not oriented favorably to activate basal slip, as the basal plane normal is perpendicular to the
loading direction. Non-basal systems with higher critical resolved
shear stresses must be activated, which requires a higher stress
state and reduces the total elongation to failure. With a weaker
texture, more grains are favorably aligned to activate basal slip
when loaded in uniaxial tension perpendicular to the ND, and the
material elongates to a greater extent.
In the current work, interactions between microstructure and
plasticity are examined across length scales in the WE43-T5 material. In the T5 condition, the WE43 plates exhibited a weak
basal texture [27], shown in Fig. 1. Full-ﬁeld strains on the length
scale of the microstructure, and their relation to the underlying
crystallography, were captured using a combination of electron
backscatter diffraction (EBSD), custom nanoparticle patterning processes for corrosion-susceptible alloys [28], scanning electron microscopy (SEM), in-SEM uniaxial tensile and compression loading,
and distortion-corrected digital image correlation (DIC). These experimental results are used to parameterize and validate a new
open-source crystal plasticity ﬁnite element (CPFE) code, PRISMSPlasticity, as described below and in [2,47].
2. Material and experimental methods
2.1. Uniaxial tension
The as-received material (WE43-T5) was a hot rolled and aged
WE43 plate with an average grain size of 12 μm (number average)
as calculated from EBSD data. An EBSD scan of step size 0.24 μm
was taken across twelve different 80 μm by 80 μm ﬁelds of view
to determine grain orientations. Fig. 2(a) shows an SEM image of a
polished and etched tensile specimen, where the precipitates along
grain boundaries are evident. As shown in the Fig. 2(a) inset, twins
exist in the microstructure as a result of hot rolling. Precipitates
have preferentially nucleated along these twin boundaries much in
the same way they form along grain boundaries, suggesting that
the twins form during the rolling process prior to aging.
Precipitation hardening is an important strengthening mechanism in Mg alloys, and the inﬂuences of precipitates on the details
of plastic deformation is a subject of active research. In the current
investigation, a commercially available, age hardenable Mg-rare
earth alloy WE43 provided in the hot-rolled and aged condition
(hereafter, WE-43 T5), with no intermediate solution treatment, is
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Fig. 1. EBSD characterization of WE43-T5.

Fig. 3. In-situ stress-strain curve for the tensile loading of WE43-T5. Load was applied along the rolling direction. Strain was measured using an LVDT that was calibrated using the full-ﬁeld DIC strain data. Stress drops in the stress-strain curve
correspond to stress relaxation while SEM images of the surface were captured.

β 1 → equilibrium β . More recent work suggests that intermediate
precipitates of β  and β    [33] are likely to occur in Mg-Nd-Y alloys [34–37]. As the β  , β    and β 1 phases form on the prismatic

Fig. 2. Polished and etched WE43 Mg in T5 heat treatment condition (WE43-T5).
(a) Precipitates formed preferentially along the grain boundaries, making the grain
structure more evident. Magniﬁcation of a twin in the microstructure shows the
re-orientation of the precipitates as a result of the orientation change from twin
to parent grain. Precipitates also formed preferentially on the twin boundary. (b)
Speckle pattern on same area used for digital image correlation.

investigated. Aging was conducted at 204 °C for 48 hours. The precipitation sequence of this alloy has been characterized by TEM in
other work [29–32] and proceeds as follows: metastable Guinier–
Preston (GP) zones → metastable β   → metastable β  → metastable

plane, basal dislocation slip is inhibited compared to precipitate
plates forming along the {0 0 01} basal plane, as in Mg-Al alloys
[33]. As such, the strength of Mg-Y-Nd alloys is improved signiﬁcantly. For the WE43 alloy investigated in this study, GP Zones, β  ,
β    were all present in the peak-aged condition [37].
An in-SEM uniaxial tension test was conducted on samples extracted from the WE43-T5 plate to quantify local plastic deformation in ﬁelds of view containing several grains, as shown in
Figs. 3 and 4. The testing procedure was as follows: ﬁrst, specimen blanks were machined using wire electro-discharge machining (EDM) to produce ﬂat dogbone-shaped tensile specimens. The
samples were designed with the tensile loading direction parallel
to the rolling direction (RD). The gauge length was 18 mm, the
sample thickness was 2 mm, and the gauge section width was
4.5 mm. The samples were metallographically ground with 600,
80 0, and 120 0 standard ANSI grit silicon carbide paper for thirty
seconds at each grit, and then polished with a series of 6 μm,
3 μm, and 1 μm water-based diamond suspensions for ﬁve minutes each on medium-napped pads. After each diamond polishing step, the samples were immediately rinsed with soap and water, rinsed with ethanol, and dried with compressed air. Finally,
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Fig. 4. The normalized maximum principal strain maps on the surface of WE43-T5 at globally-applied uniaxial strains of: (a) 1.23% and (b) 4.86%. (c) The inverse pole ﬁgure
map shown was measured using EBSD. Strain localizations appeared at the onset of plastic deformation at a globally-applied strain of 1.23%. Comparing images (a) and (b),
few new slip traces appeared on the surface with increased macroscopic loading. (d) A probability distribution of the strain ﬁeld further highlights this; note that the wider
distribution at 1.23% global strain is thought to be caused by noise in the SEM speckle pattern images at lower strain levels.

the samples were subjected to a chemo-mechanical polish with a
high pH colloidal alumina/colloidal silica mixture for four minutes
on a synthetic micro-napped pad, after which they were immediately rinsed with soap and water, rinsed with ethanol, and dried
with compressed air. Next, the surface was etched in a solution
of 50 ml methanol + 6 ml hydrochloric acid + 4 ml nitric acid for
∼3–5 s, then rinsed with ethanol and blown dry with compressed
air. This etchant revealed precipitates on the surface (if any) and
greatly improved EBSD results, but did not preferentially etch the
grain boundaries. This is important for in-situ testing, where a
deep grain boundary etch could act as a stress concentrator and
potentially affect the surface strain ﬁeld.
Platinum ﬁducial markers were deposited on the specimen surface via focused ion beam. Grain orientations and boundaries were
mapped by EBSD. Following EBSD, a speckle pattern for deformation tracking was created as described in the following paragraph, and an in-SEM uniaxial tension or compression test was
conducted. In-SEM tensile testing was performed using a Kammrath and Weiss tensile/compression module inside a TESCAN MIRA
3 SEM. The tensile loading was applied using displacement control at 1 μm/s, which corresponds to an approximate strain rate of
6 × 10−4 s−1 . Micrographs were taken at various stages of plastic
loading, and the displacements were correlated via digital image
correlation. SEM images with 8192 by 8192 pixel resolution were
taken over a ﬁeld-of-view of 80 μm by 80 μm. DIC was performed

with a subset size of 35 by 35 pixels and a step size of 2 pixels. Lagrangian strain was calculated from the u and v displacements, and
then corrected for the spatial and temporal distortions that arise
from SEM imaging using custom codes [38]. The EBSD data was
then projected to the distortion-corrected strain data using a projective transformation and 18–20 control points. Because the grain
boundaries are visible from the precipitates at this length scale,
triple points were used in addition to ﬁducial markers as control
points for the mapping.
Two methods were utilized for creating a suitable speckle
pattern for microscale DIC on magnesium alloys. Since magnesium
alloys are corrosion-susceptible, sample preparation techniques
designed to prevent corrosion were required. The ﬁrst method
involves the self-assembly of gold nanoparticles and is detailed in
[28]. As explained in [28], the advantage of this technique was an
easily controlled speckle size that can be tailored the exact ﬁeld of
view being investigated. A disadvantage is that the self-assembly
process has a relatively low yield on Mg and its alloys, and may
need to be repeated several times to get a working pattern.
The second method, which was developed for the experiments
presented in this paper, was to use a strong alkaline immersion
technique to grow thin needle structures on the surface. After
EBSD, the surface was cleaned of hydrocarbon contamination
using either an oxygen plasma or by re-polishing using a high
pH colloidal alumina/colloidal silica mixture for 30 s. Etchants
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Fig. 5. Slip traces in the strain map of (a) were identiﬁed using EBSD data as shown in (b). Basal and non-basal systems were activated, with basal slip occurring on grains
with high nominal Schmid factors for basal slip. (c) Comparison of predicted slip systems from CPFE model at the same global strain level as the experimentally measured
strain ﬁeld. (d) The CPFE prediction of the relative activity of basal slip.

remove too much of the sample surface and should not be used
for cleaning. Next, the sample was immersed in in 1 M NaOH at
50 °C for 1 h, rinsed with water for 30 s, and then blown dry
using compressed air. The thin needles formed from this alkaline
immersion, and an example of this pattern is shown in Fig. 2(b)
for the tensile testing; the advantage of this technique is high
resolution and repeatability; however, as this is a natural growth
procedure versus the application of pre-fabricated nanoparticles,
the ﬁeld of view is limited and tied to the needle growth size.
2.2. Uniaxial compression
Compression tests were performed on ﬂat dog bone-shaped test
samples with gage dimensions of 10 mm x 3.5 mm x 3.5 mm.
The sample was machined by wire EDM, polished and etched, and
characterized by EBSD with a 0.5 μm step size to determine crystal orientation. After EBSD, the sample was patterned with gold
nanoparticles with 40 nm nominal diameter for digital image correlation following the nanoparticle method described above, with
the addition of NaOH to the Au NP suspension in order to reduce corrosion. In-SEM compression testing was performed using a
Kammrath and Weiss tensile/compression module inside a TESCAN
MIRA 3 SEM. Compression loading was applied using displacement
control at 2 μm/s, which corresponded to an approximate strain
rate of 2 × 10−4 s−1 . The test was paused periodically to capture
images, and was terminated at ∼5% global compressive strain. SEM
images with 4096 by 4096 pixel resolution were taken over a ﬁeldof-view of 45 μm by 45 μm. Thirty-six FOVs were monitored. DIC

was performed with a subset size of 27 by 27 pixels and a step
size of 3 pixels.

3. Experimental results and analysis
3.1. Uniaxial tension
A sample was loaded in tension parallel to the rolling direction,
with images taken at three main strain intervals. Fig. 3 shows the
uniaxial tensile stress-strain curve. Stress relaxation occurred while
the test was paused at three strain levels in order to capture SEM
images of the surface. Fig. 4 shows the normalized strain ﬁelds at
the two loading steps evident in Fig. 3. Normalized strain is the
local strain divided by the average macroscopic strain, where for
example, a value of 2 denotes that the localized strain is twice the
average strain. Four 80 μm by 80 μm view ﬁelds were stitched together to examine plastic behavior over a larger area, and grain
boundaries were overlaid onto the strain ﬁelds.
Despite displaying substantial strain heterogeneity, there was
little change in the locations of high strain after yielding. Strain
heterogeneity remained fairly constant with increased global loading, where localized strain developed early in plastic deformation and did not change spatially with increased plastic straining.
Fig. 4(d) shows the probability distribution of strain as a function of increased loading. The distribution did not change signiﬁcantly between the second and third strain step. The distribution
was wider for the ﬁrst strain step, but it was suspected that this
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Fig. 6. High magniﬁcation detailed images of the ε xx strain ﬁeld shown in Fig. 3.
(A) The appearance of a localized region of compressive strain (see arrow) suggests large deviated stress states from uniform uniaxial tension (the macroscopic
stress state). (B) Diffuse strain not associated strongly with individual slip traces.
Also shown is high strain along a grain boundary (see arrow). (C) The magnitude of
strain from individual slip traces may vary widely across a grain. Tensile load was
applied in the x-direction.

widening is due to SEM-induced noise at this low strain level and
not from material behavior.
The strain from individual slip traces was resolved and quantiﬁed, as evident in Fig. 5(a), which has not been previously reported for magnesium. Examples of interesting features on these
strain maps are shown at higher magniﬁcation in Fig. 6. This allows a unique perspective on the characterization of independent
slip systems during tensile loading. Interestingly, Fig. 6(a) shows
local compressive (ε xx ) strains in a sample that was loaded macroscopically in tension. The direction of loading was in the xx direction. This indicates that the local stress state may deviate considerably from uniform uniaxial tension to accommodate nearby strain.
Regions of diffuse strain not associated with distinct slip traces
were also observed, as shown in Fig. 6(b). This may be caused
by stresses from neighboring localized regions of high strain (e.g.
an activated slip system or grain boundary strain) including subsurface features. These stresses may be caused by twinning, microcracking, or highly deformed neighboring grains that result in
plastic deformation similar to the plastic zone in front of a crack
tip. Additionally, it was found that the slip systems activated in an
individual grain displayed a wide range of strain magnitudes, as
shown with an example in Fig. 6(c). Traditional slip trace analysis
shows the activation of speciﬁc slip systems, but does not quantify
the strain associated with these slip traces. It was shown here that
when slip is activated within a grain, certain traces carry higher
strain than others. Apparently identical slip modes inside a grain

can produce axial strains in the direction of loading that vary by a
factor of four or more, as shown in Fig. 6(c).
By combining EBSD and full-ﬁeld strain data, it was possible to
identify the active slip systems by slip trace analysis of the surface.
Basal slip was expected to dominate due to its low CRSS compared
to the other systems. Fig. 5(a) shows the ε 1 strain ﬁeld showing
the active slip systems on the surface, and Fig. 5(b) shows the plot
of nominal Schmid factor for basal slip, along with apparent slip
system associated with the slip traces that were observed on the
surface. Nominal Schmid factor refers to the Schmid factor calculated by standard EBSD software assuming that the loading axes
is parallel with the x-axis. It does not account for the reorientation of stresses locally due to constraint of surrounding grains and
grain neighborhoods, here-in referred to as local Schmid Factors as
discussed in the PRISMS-Plasticity CPFE section. Grains with high
nominal basal Schmid factors tended to deform via basal slip, as
seen in 5(b). In grains with lower nominal basal Schmid factors,
alternate slip systems were observed and this also roughly correlated with the nominal Schmid Factor for the appropriate nonbasal slip mode as shown in Fig. 7(a) and 10. Slip trace analysis
relies on a knowledge of the geometry of the slip system and its
intersection with the surface; thus, in some situations there was
ambiguity in which slip system was operative due to the nearly
identical intersection angles. The combination of CPFE (shown
in Fig. 5(c), (d) and 7(b), and described in Section 4.1 below)
and this experimental data helped clarify ambiguous slip system
traces.
The apparent active slip systems were identiﬁed and analyzed
in all twelve 80 μm by 80 μm ﬁelds. Among a total of 294 grains,
123 grains exhibited identiﬁable slip or twinning activity. For the
remainder of the grains, either slip traces or twinning were not
clear enough to be identiﬁed, and only diffuse strain was observed,
or the grain did not show signiﬁcant evidence of deformation. In
most grains, only one set of slip traces or twinning areas was observed. Fig. 7(a) shows the number of activations of different types
of slip or twinning activity (a set of slip traces of the same slip
system in one grain was counted only once) and their Schmid factors. It was found that basal slip was frequently activated during
tensile loading, as is expected with magnesium alloys due to the
lower CRSS. It was also observed that non-basal slip was activated
to a signiﬁcant degree as well. Extension twinning occurred less
frequently.
Grains with nominal basal Schmid factors of >0.3 were observed to deform on basal slip planes about 50% of the time, which
is consistent with the expectation from Schmid’s Law. About 50%

Fig. 7. Distribution of the active slip/twinning systems with respect to their nominal Schmid factors for tensile test at 4.86% globally-applied strain for (a) DIC data (b) CPFE
data. A set of slip traces on the same slip system in one grain was counted only once.
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Fig. 8. Interaction of preexisting twins with basal slip processes. (A) Basal slip redirects through a preexisting twin with a signiﬁcant shift in direction, shown with an
arrow. (B) Preexisting twins resists deformation, and high strain occurs along the
twin boundaries. (C) Preexisting twins deform via pyramidal <c + a> slip while the
parent grain deforms via basal slip, and high strain occurs on the twin boundary.

of grains with a basal Schmid factor >0.3 did not deform via basal
slip; it is unknown why basal slip was not activated in these grains.
Similar to basal slip, there was a correlation between activation and a high nominal Schmid factor for a speciﬁc slip system in the non-basal systems. All four of the non-basal systems
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were activated to varying extents, with prismatic slip and twinning occurring more frequently. Even though a large number of
grains had high nominal Schmid factors for non-basal deformation
modes, and thus were oriented favorably for these systems to activate, the corresponding slip systems were not always observed.
In fact, often the non-basal variant that activated did not have the
largest nominal Schmid factor within its family of symmetric slip
planes. This presumably relates to the higher CRSS of the particular non-basal slip mode and activation of these non-basal systems
was not determined solely by the macroscopic loading state. In addition to CRSS differences, slip transfer or constraint from neighboring grains including adjacent subsurface grains also can play a
role. Another mechanism similar to the diffuse strain mechanism
exhibited in Fig. 6(b) is one in which the local stress state (e.g.
the local Schmid Factor) varies signiﬁcantly from the macroscopic
stress state (which was used to calculate the nominal Schmid factors) due to the impact of high strain localizations in neighboring
grains including subsurface grains. The importance of these factors
is conﬁrmed using the crystal plasticity ﬁnite element simulations
described in the next section.
Tension twins existed in the undeformed microstructure as
a result of the hot rolling process, and are not affected by

Fig. 9. The normalized tensile strain (Exx ) maps on the surface of WE43-T5 at three different global strain levels during in-situ compression test: (a) -0.9% strain, (b) -3.1%
strain and (c) -4.2% strain. (D) Inverse pole ﬁgure in the undeformed state. Slip traces were observed at the onset of plastic deformation at global compressive strain of 0.9%.
Twinning was observed with increasing global strain. Selected twinned regions were highlighted with circles in the images.
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subsequent low temperature aging at 204 °C. The interaction of
these preexisting twins with the neighboring parent grain is highlighted in the strain ﬁelds shown in Fig. 8. Evidence of slip transfer via a signiﬁcant redirection of the slip plane was shown in
in Fig. 8(a), where basal slip traces show a jog through the twin,
shown with an arrow. Some twins were entirely resistant to further deformation in Fig. 8(b), and exhibit high strain along the
twin boundary, possibly due to dislocation pileup similar to a grain
boundary. Fig. 8(c) showed a twin deforming by a non-basal slip
system, while the parent grain deformed predominately by basal
slip, and high strain occurred on the twin boundary in this instance as well.
3.2. Uniaxial compression
Compression testing was performed in-situ along the rolling direction of the test specimens. The compression axis was parallel to
the x-direction. Fig. 9 shows the strain map of an area within the
center of the gage section at different global strain levels. The development of heterogeneous strain shared similarities with those
observed during tension, i.e., strain localization was observed at
the onset of global yielding, and the locations of high strain remained fairly constant with increasing global strain. Both slip and
twinning were active. As shown in Fig. 9(a), which corresponds to
approximately 0.9% of global compressive strain, slip traces were
observed in a large number of grains. Some regions, especially near
certain grain boundaries, exhibited much higher localized strains
compared to the other regions. As global compressive loading increased, both the number of slip traces and the intensity of strain
on the slip traces increased, as shown in Fig. 9(b) and (c). (Note:
positive strains are in compression in these images). Twinning was
also observed, examples of which are indicated by black circles on
the map in Fig. 9(b) and (c). At higher strain, both the area and
number of twins increased. However, because the twin shear is a
ﬁxed value (for Mg it is 12.9% for extension twinning), the measured strain in the twinned region did not change signiﬁcantly;
small changes in the experimental data are attributed to noise and
sample or grain rotations.
Microscale deformation mechanisms under global compression
were dominated by basal slip and extension twinning. Activation
of basal slip and extension twinning was strongly correlated with
Schmid factor, where a high probability of activation was associated with increasing Schmid factor. The analyzed area contained
340 grains, among which 145 grains exhibited identiﬁable slip or
twinning activity. For the remainder of the grains, slip traces or
twinning were not clear enough to be identiﬁed, and only diffuse
strain was observed. In most grains, only one set of slip traces
or twinning areas was observed. Trace analysis was performed to
identify the active slip/twinning systems during compressive loading. Fig. 10 shows the number of activations of different types of
slip or twinning activity (a set of slip traces of the same slip system in one grain was counted only once) and their Schmid factors. It was found that unlike tension, deformation was dominated
by basal slip and extension twinning during compressive loading,
and the activation of other non-basal slip systems was very low
(i.e., not high enough to generate macroscopically identiﬁable slip
traces on the sample surface).
Apart from extensive twinning activity, an interesting and related mechanism was the detwinning of pre-existing twins in the
sample during compressive loading. As illustrated by the IPF map
in Fig. 11(e), several pre-existing twins were observed in the undeformed sample. During deformation, as shown in Fig. 11(a) and (b),
compressive strain developed in these pre-twinned regions, evolving gradually from the twin boundary to the interior of the twins;
therefore, during compression, these twins tended to reorient back
to the parent grain orientation. This can be inferred by the EBSD

Fig. 10. Distribution of the active slip/twinning systems with respect to their nominal Schmid factors under compressive loading at -4.2% global strain level. Unlike
tension, deformation was dominated by basal slip and extension twinning during
compressive loading, and the activation of other non-basal slip systems was low.

data, which shows that for these pre-existing twins, deformation
by extension twinning led to extension along the c-axis (sample
thickness) direction, resulting in compression in the sample longitudinal direction. These experimental results will be compared
with the CPFE simulations in the next section.

4. Comparison with CPFE models
The DIC results were compared with crystal plasticity ﬁnite
element (CPFE) simulations produced using the PRISMS-Plasticity
code. The objective was to test the CPFE model compared to DIC
data, identify Schmid factor variations due to the effects of neighboring grains, and to computationally (rather than geometrically)
differentiate the slip traces observed in the DIC data into various slip and twin systems. The 3-D crystal plasticity ﬁnite element
(CPFE) PRISMS-Plasticity code is open source [1,2] and is based on
a fully implicit implementation of an elastoplastic single crystal
model [14–17]. Crystallographic slip, twinning and re-orientation
of crystals are assumed to be the primary mechanisms of plastic
deformation. For a material with α = 1, . . ., N slip/twin systems;
the resistances sα (t) > 0 offered by the slip/twin systems at time
t depends on the plastic shearing rates t on systems α through a
hardening law:

s˙ α =

 
N

hαβ γ˙ β ,

β =1

where sα (t = 0 ) = sαo



sβ
β
hαβ = h0 (q + (1 − q )δ αβ ) 1 − β

ssat



(no sum on β )

Where, the slip system hardening term (hαβ ) includes latent
hardening through parameter q, taken to be 1 for coplanar slip
systems and 1.4 for non-coplanar slip systems [18]. The parameter sα
o is the initial critical resolved shear stress for system α ,
β

and h0 β and ssat are the hardening rate and saturation resistance of slip system β respectively. These three parameters are calibrated for each slip system such that the CPFE model predicts the
experimental stress-strain response under different deformation
modes. Other aspects of the model including elastoplastic decomposition, ﬂow rule and constitutive update algorithm are detailed
in [1].
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Fig. 11. (a) ε xx strain map at 2.1% global compressive strain, and (b) 4.2% global compressive strain. (c) Comparison of the strain ﬁeld using CPFE during compression test
at 4.2% strain. (d) The location of twins (due to detwinning) as predicted from CPFE model are also shown (e) IPF map of a region where detwinning of pre-existing twins
occurred during compression. (f)) The ﬁnal microstructure as predicted by CPFE showing the detwinning.

The volume fraction associated with each twinning system, gn,ti
increases with loading, and the fraction at quadrature point n at
any given loading step is given by

gn,ti =


steps

gn,ti where gn,ti =

γ n,ti
S

Where ti denotes the twinning system i, S is the characteristic shear strain of the twin and γ n,ti is the shear increment

of the twin system at the loading step. For pure Magnesium and
Mg-alloys, S = 0.129. The total fraction of twins is calculated locally at each quadrature point. If it exceeds a critical value (i.e.
 n,t
i > F ), the quadrature point is reoriented. F is taken to be
T
T
ig
0.25 based on the predominant twin reorientation (PTR) scheme
in [39]. The crystal elastic parameters for Mg alloy are taken to be:
C11 = 59.3, C12 = 25.7, C13 = 21.4, C33 = 61.5 and C55 = 16.4 (in MPa)
[40].
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Table 1
Hardening parameters for simulating stress-strain curves.

Fig. 12. Polycrystal RVE of 10 0 0 grains generated with centroidal voronoi tessellation and the initial weak basal texture associated with grains in the RVE.

Fig. 13. Experimental and simulated stress-strain curves for tension and compression. CPFE simulations of the {0 0 01} Simulated pole ﬁgures after tension and compression at ﬁnal strain are shown (inset).

4.1. Calibration of CPFE model parameters
The experimental specimen that was used to generate the tension and compression response had a weak basal texture. A 3D
representative volume element (RVE) with 10 0 0 grains was constructed with the open-source software package Neper [15,41].
The RVE with centroidal voronoi tessellation was generated using
Lloyd’s algorithm. As grain size effects were not considered in the
current computation, centroidal voronoi tessellation ensured wellshaped and uniformly sized convex cells. The presence of a larger
number of grains in the RVE allowed it to map to the experimental
texture accurately. The RVE and its simulated texture is shown in
Fig. 12.
The RVE was subjected to simple tension and simple compression boundary conditions. The CP parameters were calibrated by
a gradient optimization approach starting from the parameters of
WE43 T5 published in literature [42]. The goal was to minimize
the L2 norm of the error between the experimental stress-strain
curves and the CPFE homogenized curves for tension and compression tests simultaneously. The crystal plasticity tensile CRSS and
hardening coeﬃcients were ﬁt at 10% true strain and the compression data was ﬁt at 4% true strain, as shown in Fig. 13. The asymmetry of the tension and compression stress-strain curve occurred
due to the directionality of tensile-twins. Unlike the slip systems
for which slip can occur along both the positive and negative directions, twinning is polar in nature due to the underlying atomic arrangement. We consider only extension-twins for this alloy, therefore twinning occurs with extension along <c> direction. Since the

Mode

s0 α (MPa)

h0 (MPa)

ssat (MPa)

Basal <a>
Prism <a>
Pyram <a>
Pyram<c + a>
Twin<c + a>

76.0
163.2
160.3
187.4
116.4

225.6
124.9
120.2
237.9
105.6

248.7
356.3
347.8
350.4
238.3

Table 2
Comparison of CRSS of individual modes for T5 temper used in this study compared
with those from Stanford et al [42] and Bhattacharya et al. [43].
Mode

s0 α CPFE (MPa)

s0 α Stanford (MPa)

s0 α EPSC (MPa)

Basal <a>
Prism <a>
Pyram <a>
Pyram<c + a>
Twin<c + a>

76.0
163.2
160.3
187.4
116.4

68
179
273
106

68
145
210
130

texture is a weak basal texture, twinning is observed primarily during compression loading.
Initial strengthening due to precipitates is included in the CRSS
of slip systems since they are calibrated against the measured yield
strength of the specimens. The strains simulated are low (up to
5%); and hardening due to precipitate interactions is not expected
to be signiﬁcant enough to be accounted for explicitly. Instead,
hardening parameters are chosen such that it predicts the experimental stress-strain response under tension and compression
modes as shown in Fig. 13.
Using the optimized CRSS and hardening parameters shown in
Table 1, the relative activity of different slip systems predicted by
CPFE during simulations of tension and compression loading are
shown in Fig. 14. Under both tension and compression, basal slip
is the most active mechanism. Under tension the < c > poles scatter minimally normal to the loading axis (along lateral direction)
as expected due to low twinning and predominance of basal slip
shown in Fig. 13 (inset). While pyramidal<a> slip is the second
most active mechanism in tension, during compression along RD,
pyramidal <c + a> and twin-induced reorientation mechanisms
are second most active. The < c > axis realigns in the compression direction due to twinning. Therefore, these mechanisms have
the tendency to rotate the crystallographic lattice towards the RD,
as seen in the simulated 0 0 01 poles shown in Fig. 13 (inset).
The calibrated hardening parameters employed for the basal,
prismatic, pyramidal and twin systems are tabulated in Table 1.
The critical resolved shear stresses are compared to those published in literature for this alloy and shown in Table 2. The basal
slip resistance at 76.0 MPa is higher than in [42,43], while the twin
resistance is lower. The differences between the models are within
the deviations expected due to differences in the initial grain sizes,
heat treatment, cold work and texture of the alloy and the differences in the modeling approach. For example, Refs [42,43] did not
employ pyramidal <a> mechanism, but it is included here since
some of the slip traces observed were close to the pyramidal <a>
plane.
4.2. CPFE simulations with 2-D microstructure
The comparison with SEM-DIC experiments was performed
by setting up a boundary value problem using the EBSD image
of the microstructure within the DIC window as the simulation
microstructure. The displacement ﬁelds in the x and y direction
along the boundary of the microstructure were obtained from the
SEM-DIC experiment. The measurements are made on the surface
of the sample, which is traction-free, and therefore a plane-stress
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Fig. 14. Relative activity of slip modes predicted by the CPFE simulation during (a) tension and (b) compression along the RD.

Table 3
Comparison of mean axial strain (Ē xx ) for the labeled grains between SEM-DIC experiments and CPFE simulations.
Grain ID

Schmid factor (m)

Ē xx (SEM-DIC)

Ē xx (CPFE)

A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q

0.02
0.05
0.34
0.46
0.43
0.50
0.44
0.37
0.38
0.39
0.24
0.30
0.20
0.24
0.05
0.06
0.18

0.018
0.020
0.040
0.044
0.035
0.044
0.102
0.032
0.046
0.017
0.038
0.016
0.025
0.038
0.031
0.022
0.039

0.021
0.020
0.021
0.022
0.030
0.023
0.043
0.046
0.037
0.049
0.041
0.045
0.027
0.041
0.022
0.027
0.049

assumption is made while setting up the simulation. The slip and
twin systems are three-dimensional and the algorithm to solve for
the shear strains and stresses in the slip systems proceeds from
a 3-D deformation gradient. Therefore, it is not possible to set up
an explicit plane-stress problem similar to 2-D elasticity. Instead,
the problem is set-up in 3-D with a plate of very small thickness.
A thickness to length ratio (t/l) of 0.1 was used for all the simulations. Since no variation of variables ‘u’ and ‘v’ was expected
in the z-direction, a single layer of elements was assumed in the
z-direction along with a 150 × 150 mesh.
The CPFE predictions of the strains in the x-direction in a tension test (loaded in the x-direction) are plotted alongside the DIC
strain map in Fig. 5(c). The mean Lagrangian strain (Ē xx ) in the
loading direction for the grains labeled in Fig. 5 (a,c) is tabulated in
Table 3. A direct comparison reveals that overall strain distribution
was captured reasonably well in the CPFE simulations, with grains
with low strains (A,B,E,P) correctly predicted. Strains in grains with
moderate strain (I,M,N,O,Q) were also well predicted. There are a
few discrepancies. A region in the DIC image has high strains (G)
and corresponds to a cluster of small grains. This could arise due
to Hall–Petch or the increased localization of strains at the grain

boundary, neither of which are included in the FEM simulation.
The strains in that region are lower in the CPFE simulation, and
the grains surrounding that region take up more strains (K,H) to
achieve overall equilibrium. Similarly, grain boundary activity can
be seen in grains marked C,D and F; these grains show moderately
high strains in the DIC image as compared to the CPFE simulations. The surrounding (A, M, N, P and Q) take up more strains
in CPFE simulation as compared to the DIC image as can be seen
from Table 3. There are a small number of grains where strains are
not well predicted, such as J and L. Note that we have made no
attempt to calibrate the CPFE model based on the DIC strain maps,
but rather the CPFE model parameters were calibrated based on
the macroscopic stress-strain response. In this light, the DIC strain
maps predicted by CPFE are encouraging. Also, CPFE does not predict the shear localizations that are seen in the DIC maps. These
ﬁne slip bands occur naturally in experiments while special techniques (bifurcation analysis [44]) are needed in CPFE to capture
such phenomena.
A comparison of SEM-DIC and CPFE for the compression case,
where signiﬁcantly more twinning is observed, is shown in Fig. 11.
A direct comparison of the strain map is shown in Fig. 11(b,c) at
an applied strain of 4.2%. As is the case of tension test, the overall
strain prediction is satisfactory, while ﬁne strain localizations are
not captured. We primarily focus on the twinning process during
compression. Fig. 11(d) shows the twin activity in various grains.
Prior to compressive straining, twins were present in the starting
structure as shown by arrows in Fig. 11(a). These pre-existing twins
were presumably formed during the hot rolling process. During
compression, we observe that the deformation is accommodated
by recovering these pre-existing twins (in the form of detwinning)
as seen from the inverse pole ﬁgures in (e,f). As can be noted from
Fig. 13, the initial yield strength in compression was approximately
10% lower than that in tension. This can be attributed to the activation of extension twinning in compression. At the macroscopic
level this can be seen as an increase in predicted twin activity
(Fig. 14b). At the microscopic level this can be related to both the
formation of deformation twins shown in Fig. 9(b) and (d) or to
the detwinning process shown in Fig. 11(e) and 11(f).
In the following, we compare the slip systems predicted by
CPFE with the DIC slip trace analysis to further validate the CPFE
simulations. We primarily focus on the tension test results in Fig. 5.
The CPFE simulations can be used to identify effects that arise
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Fig. 15. The relative activity of the three basal slip systems are compared using quadrature point data from the CPFE simulation.

due to the strain accommodation by neighboring grains to maintain overall equilibrium. These local Schmid Factors provide superior predictions of deformation compared to the nominal Schmid
Factors determined from EBSD software. In Fig. 5(b), the DIC traces
that are identiﬁed are shown superposed on map showing the
nominal basal Schmid factors for the associated grains. In Fig. 5(d),
the CPFE prediction of the relative activity of basal slip is shown.
The relative activity shows the fraction of the total plastic shear
carried by the three basal slip systems. In all the grains with
high basal activity (lighter grains) predicted by the CPFE simulation (e.g., grain marked I), basal traces were also observed in the
DIC experiment as indicated in Fig. 5(c). The darker regions correspond to regions of relatively low basal activity. These regions in
Fig. 5(d) (e.g., grain marked A) correspond well to grains with low
nominal basal Schmid factor and low basal slip activity as determined by the SEM-DIC traces in Fig. 5(b). In such grains, other slip
systems (mainly prismatic and pyramidal <a> slip) are active as
seen from the traces shown in Fig. 5(b). Some grains show regions
of both high and low basal activity that are not necessarily associated with an appropriately high nominal Schmid factor for the operating slip system. One example is grain marked N in Fig. 5(b,d).
In this grain, which had a basal Schmid factor of 0.24 some parts
of the grain deform predominantly by basal slip while others by
pyramidal <a> as indicated in the DIC trace analysis. We attribute
this to strain accommodation related to straining in the adjacent
subsurface grains. The pyramidal <a> activity of the grain N can
be seen in Fig. 16.
CPFE simulations can be used to differentiate between the three
types of basal slip systems that correspond to the same basal slip
trace. In Fig. 15, the relative activity of the three basal slip systems
are compared using quadrature point data. Review of Fig. 5(b),
shows that all grains with high basal activity have a basal Schmid
factor greater than 0.3. In the grain marked N, where both pyramidal <a> and basal slip systems are active the basal Schmid factor
is 0.24. In some grains, two basal slip systems are simultaneously
active (grain marked H). In the grain marked N, some parts of the
grain have slip system 1 active, while others have slip system 3
active. Most other grains have only one basal system active (e.g.
grains marked I,F) during early deformation.
In Fig. 16, SEM-DIC slip trace analysis results are shown for
grains in which non-basal slip traces were observed. These are
compared with the slip activity predicted from CPFE simulations. Grains in which prismatic activity was predicted from
CPFE simulations include all grains except grains N and Q. In the
CPFE simulations, grain A, O, M and R show both prismatic and

pyramidal <a> activity, some twin activity is seen in grain B.
Grains P, Q and N show pyramidal <a> activity in the CPFE model
and is conﬁrmed with the DIC slip traces. Note that pyramidal
<a> has often not been used in Mg alloy CPFE simulations [42,43],
but from the current simulations and experiments, these slip systems do indeed play a role in deformation of WE43-T5 and should
be included. Some grains have multiple slip systems active as seen
from the CPFE simulations. For example, CPFE simulations indicate
that grain N has both basal (as seen in Fig. 15) and pyramidal <a>
slip active and these simulation results were conﬁrmed with the
slip trace analysis.
Some of the grains show two traces in the data, but since traces
are not available in CPFE simulations we threshold them to identify if two traces will be seen. Two traces are included in computing the histogram plot in Fig. 7 (b) if the resolved strain ratio for
second most active to most active system is greater than 70%. This
data was obtained from a statistically representative microstructure and the histogram was normalized such that 130 total traces
are plotted (similar to the DIC data).in Fig. 7(b). We ﬁnd that nonbasal slip in grains with higher non-basal Schmid factor are over
predicted in the CPFE simulation. Twinning is relatively lower compared to the DIC data in Fig. 7(a).
There are some discrepancies between the results of the CPFE
simulation and experimental slip traces observed in a few grains.
For example, Grain A and P shows experimental slip traces that
correspond to extension twinning. However, grain P shows no
twinning in CPFE simulations and, rather, prismatic slip predicted.
Likewise, the simulation showed that in grain A pyramidal <a>
slip activity was expected however extension twinning was observed by DIC slip trace analysis. It should be noted that the angular difference between the trace for extension twinning in grains
A observed by DIC and the pyramidal <a> system predicted by
CPFE is only 5.9 degrees apart. This small difference is nearly indistinguishable in experimental measurements. CPFE can thus be
used to correctly classify the traces observed in the DIC data. If a
grain deforms via basal slip, strain accommodation in the neighboring grains may necessitate the activation of non-basal systems.
The fact that multiple slip systems can be active within a grain
(e.g. grain A) and slip activity of a system can be localized within
a grain to one side (Fig. 6(c) of DIC, or prismatic slip in grain B in
Fig. 16) demonstrated that signiﬁcant deviations can occur in grain
to grain strains.
The predominant slip systems in CPFE is calculated by comparing the averaged strain contribution of each slip system to each
grain. The ﬁrst and second predominant slip trace are computed

A. Githens, S. Ganesan and Z. Chen et al. / Acta Materialia 186 (2020) 77–94

89

Fig. 16. Slip traces from the SEM-DIC data (left) are compared with the slip activity for grains that deform through a non-basal mechanism predicted using the CPFE
simulation.

Fig. 17. Slip traces from the SEM-DIC image (a) are compared with the ﬁrst predominant slip trace (b) and second predominant slip trace (c) predicted by the CPFE-DIC
simulations.

by plotting the slip normal direction of the corresponding slip systems as shown in Fig. 17(b) and (c). From these plots, we can deﬁne a metric for matching the slip traces between DIC images and
CPFE simulations called the slip-trace matching error. It is deﬁned
as the ratio of mismatched slip traces between DIC images (Fig. 17
(a) and CPFE simulations (Fig. 17 (b) and (c)) to the total num-

ber of traces in the DIC image. In the current study, 5 slip traces
were mismatched out of 28, therefore the slip-trace matching error
is 0.179 or 17.9%. Jonas et al. found that strain accommodation in
neighboring grains played a key role in twinning variant selection
and justiﬁed similar deviations from correlations with the nominal
Schmid behavior during compressive loading of AM30 and AZ31

90

A. Githens, S. Ganesan and Z. Chen et al. / Acta Materialia 186 (2020) 77–94

Fig. 18. Comparison of predominant slip trace from CPFE simulations for sensitivity analysis in CRSS (a) Baseline (b) Case 1 (c) Case 2 (d) Case 3 (e) Case 4 (f) Case 5.

Table 4
Sensitivity study of slip activity with respect to CRSS values.

Basal <a>
Prism <a>
Pyram <a>
Pyram<c + a>
Twin<c + a>
Slip-trace matching
error (%)

Baseline

Case 1

Case 2

Case 3

Case 4

Case 5

76.0
163.2
160.3
187.4
116.4
17.9

79.8
163.2
160.3
187.4
116.4
10.7

76.0
171.4
160.3
187.4
116.4
17.9

76.0
163.2
168.3
187.4
116.4
14.2

76.0
163.2
160.3
196.8
116.4
14.2

76.0
163.2
160.3
187.4
122.2
14.2

alloys [45]. It may also be a reason that the macroscopic loading
may dictate the activation of basal slip, and the deforming basal
slip systems subsequently dictate the activation of non-basal and
other basal systems.
A sensitivity study was conducted by varying the CRSS values of
the slip systems by 5 %. The CRSS values of individual cases which
were studied are tabulated in Table 4. The predominant traces are
compared with the baseline CRSS values in Fig. 18 (a)-(f). The CRSS
values in each study and the corresponding slip-trace matching error are tabulated in Table 4. Case 1, with an increase in basal CRSS
shows the closest match with the minimum slip-trace matching error followed by Case 3, which has pyramidal<a> CRSS greater than
prismatic CRSS. All the cases show differences from the baseline
in terms of slip-trace matching error. This shows that the study
is sensitive to all the slip systems and speciﬁcally pyramidal slip
systems in this particular alloy. This also suggests that 79.8MPa is
a slightly superior value for the basal slip critical resolved shear
stress for this alloy and heat treatment condition.
4.3. CPFE simulations with 3-D microstructure
To study of the effect of variability associated with 3D microstructure, 3D microstructures were computationally generated
with the same surface grain structure but differences in the 3D
grain distribution [46]. Using a Voronoi approach [46], two variants

were generated with voronoi centers placed to retrieve an average
grain size of 12 microns while maintaining the surface image.
Variant 1 comprises of 340 grains and variant 2 comprises of 367
grains as seen in Fig. 19(b) and (c). Orientations were assigned
such that the texture for all three cases are equivalent. Since
Voronoi method leads to convex grains, we have also convexiﬁed
the real microstructure so the results can be compared to the 3D
reconstructions [46]. The displacement boundary conditions used
for columnar grains are applied to the resultant 3D microstructure.
Since the 3D boundary conditions are unknown, we have primarily
extended these displacements along the z-axis. Simulations for
columnar, variant 1 and variant 2 microstructures were performed
with a mesh of 100 × 100 × 100 elements using PRISMS-Plasticity
code. The results of the simulations are discussed below
Individual grains A-N are marked in Fig. 21(a), (b) and (c) to
study the variation in strain between columnar microstructures
and the 3D variants of the microstructures as seen in Fig. 20(b), (c)
and (d). We see that the surface strain maps are similar across the
three cases in Fig. 20(b), (c) and (d). Since the surface is traction
free, a choice of generalized plane-stress (2D) on a columnar grain
structure appears reasonable. To understand this result better, we
have also compared the relative activity of the individual slip systems in Fig. 21(a), (b) and (c). While the grains with orientation
favorable for basal slip show similar activity in 2D vs 3D cases,
there are differences in grains with non-basal activity as shown by
a couple of examples:

• Grain A shows predominantly prismatic activity in columnar
microstructure and variant 1, while it shows a region of pyramidal <a> activity in variant 2 as seen in Fig. 21(a), (b) and
(c)
• Grain B shows pyramidal <c + a> activity for columnar microstructure and variant 1, whereas it shows predominantly
prismatic slip activity in variant 2 as seen in Fig. 21(a), (b) and
(c)
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Fig. 19. Microstructures considered in this study (a) Convexiﬁed columnar microstructure (b) variant 1 of 3d microstructure (c) variant 2 of 3d microstructure.

Fig. 20. Comparison of CPFE principal strain 1 from (a) Real microstructure (b) Convexiﬁed columnar microstructure (b) 3d variant 1 (c) 3d variant 2.

These changes (as expected) are a result of the 3D microstructure. Variations in non-basal activity occur due to 3D grain
structure when strong basal slip activation occurring in underlying
grains triggers other non-basal systems in surface grains with low
basal Schmid factor. From a study of the slip activity at different

depths of the material for the 3D variant 2 as shown in Fig. 22,
we observe that in case of both grain A and B where we see
prismatic or pyramidal-a activity that there are grains underneath
the surface which show strong basal slip activity. The variation
in the basal activity with cross sections at various depths of

92

A. Githens, S. Ganesan and Z. Chen et al. / Acta Materialia 186 (2020) 77–94

Fig. 21. Normalized resolved shear strain for different slip systems (a) columnar (b) 3d variant 1 (c) 3d variant 2.
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Fig. 22. Normalized resolved shear strain for basal slip of 3d variant 2 along the depth direction.

microstructure variant2 is in Fig. 22. We observe that grains
V and U have a strong basal slip underneath A. The island of
pyramidal<a> slip observed on the surface is triggered by these
grains.

effective means to improve our understanding of the CRSS of all
active slip systems.

5. Conclusions

The authors declare that they have no known competing ﬁnancial interests or personal relationships that could have appeared to
inﬂuence the work reported in this paper.

Full-ﬁeld plastic strains were characterized for the magnesium
alloy WE43 in a hot rolled plate in the T5 heat treatment condition. Due to the high resolution possible with in-situ SEM imaging
combined with digital image correlation, the quantiﬁed strain from
individual slip traces was measured for the ﬁrst time in magnesium. This data was used in a unique way to validate the results of
the PRISMS-Plasticity CPFE simulations. The quantiﬁcation of strain
allowed for the following insights on the deformation mechanisms
that occur during plastic deformation: In both tension and compression, strain localization occurred at the onset of global yielding
and the strain heterogeneity remained fairly constant with increasing macroscopic strain. The strain of a given slip system can vary
signiﬁcantly between different grains as well as within the same
grain. In tension, basal and non-basal slip activation was correlated
with high nominal Schmid factor for the appropriate slip system.
In compression, basal slip and extension twinning dominated the
deformation and were both correlated with high nominal Schmid
factors.
The DIC results were compared with crystal plasticity ﬁnite element (CPFE) simulations and the strain distribution is captured
reasonably well by the model. The CPFE model is able to identify
local Schmid factor variations due to the effect of neighbor grains
in the form of relative slip activity, and thus computationally differentiate the slip traces observed in the DIC data into various slip
and twin systems. The ﬁrst and second predominant slip/twin systems from CPFE method and the DIC slip trace analysis were directly compared. From this analysis, we are able to differentiate between the three types of basal slip systems that correspond to the
same basal slip trace and identify the activated slip/twin systems
in cases where the traces are near indistinguishable. Deviations of
CPFE model from DIC data in the tensile loading case primarily occur in regions with small grains and in regions where DIC data
show signiﬁcant grain boundary localizations of strains – and we
identify these as areas for improvement of CPFE models. The plastic deformation band developing at the surface shows dependency
on the 3D morphology of the grains beneath the surface. The results presented in this work show the implications of performing a
full 3D ﬁnite element analysis of the problem as compared to the
2D approach. The combined use of DIC, EBSD and CPFE provide an
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