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Abstract

Slip activity from various slip modes largely determines the yield strength and
ductility of Mg alloys. Solid solution elements in Mg can change the slip activity
dramatically. In this paper, far-field high energy X-ray diffraction microscopy
(FF-HEDM) is employed to study slip activity in a Mg-3wt%Y alloy during an in situ
tensile experiment. The specimen was incrementally loaded up to 3% engineering
strain along the rolling direction. At each load step, FF-HEDM data were collected
to track the crystallographic orientation, center of mass, and stress tensor changes of
nearly 1000 grains in the probed volume. By analyzing the change in orientation
and stress tensor of individual grains at different load steps, it is possible to identify
the activated slip systems and measure their critical resolved shear stress (CRSS)
values. Prismatic slip and pyramidal | <a> slip are found to be very active in this
alloy. The estimated CRSS values for basal slip, prismatic slip and pyramidal | <a>
slip are 12 MPa, 38 MPa, and 36 MPa, respectively. These CRSS values were
applied in a dislocation-based elastic viscoplastic self-consistent (EVPSC) model that
successfully simulated the tensile stress-strain curve from the FF-HEDM experiment.
The model also qualitatively predicted the crystal rotation in most of the selected
grains, though it underestimated the internal stress and the magnitude of crystal
rotation in these grains. Influence of solute Y on the strength and ductility of Mg

alloys is discussed.
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1. Introduction

Application of Mg alloys as structural material largely depends on the ongoing efforts
to improve their mechanical properties. In recent years, Y-containing Mg alloys
have received strong attention, as they often possess a good combination of strength
and ductility. Several mechanisms have been proposed to explain the role of Y in
Mg alloys. First of all, Y addition apparently weakens the crystallographic texture
of Mg alloys after wrought processes [1-3]. Pure Mg typically develops strong
basal-type textures after rolling or extrusion, with most grains having their basal plane
parallel to the rolling direction (RD) or the extrusion direction (ED). Such a texture
inhibits the activation of both {0001} <1120 > basal slipand {1012} <1011>
twinning under tension along RD or ED, resulting in low strain to failure along these
two directions. When small amount of Y is added, the basal-type textures of Mg are
often weakened. This can partly explain the ductility improvement in Mg-Y. On
the other hand, the yield strength of Mg-Y being higher than pure Mg indicates that
solute Y probably changes the deformation behavior of Mg intrinsically [4].
According to density functional theory (DFT) studies, solute Y lowers the basal
stacking fault energy (SFE) in Mg [5-8]. Sandldbes et al. [5, 6] observed a large
number of <c+a> dislocations in the vicinity of basal stacking faults in cold rolled
Mg-3wt%Y alloys. Based on that observation, they attributed the high ductility of
Mg-Y to the easily formed basal stacking faults that enable heterogeneous nucleation
of <c+a> dislocations. This explanation, however, was challenged in a few latest

papers. For example, Zhang and Lavernia [9] observed very few <c+a> dislocations



after room temperature tension and compression of a Mg-2.5wt%Y extruded alloy
despite the presence of many basal stacking faults. It was thus suggested by the
authors that the previously reported <c+a> dislocations in Mg-Y might be a result of
the complex stress state during rolling, and the role of <c+a> slip on the tensile
ductility in Mg-Y may be limited [9]. Using DFT based calculation, Yin and Curtin
[10] compared the effect of solute Y, Al, and Zn on basal and pyramidal 11 stacking
fault energies. Their calculation shows that while Y does reduce SFEs on these two
planes, the same effect can also be achieved by solute Al or Zn at a higher
concentration below their respective solubility limit.  Since most Mg-Al and Mg-Zn
alloys do not show a strong <c+a> dislocation activity during their deformation, the
reduced SFE may not be the key reason for the observed <c+a> dislocation activity

and the enhanced ductility in Mg-Y [10].

Using first-principles calculation [11, 12] or crystal plasticity modeling [13, 14], some
authors began to directly assess the effect of solute Y on the critical resolved shear
stress (CRSS) values of individual slip and twin modes in Mg. Kim et al. [12]
reported that Y increases the CRSS for all slip modes, but the strengthening effect on
basal and prismatic slip is more pronounced than that on <c+a> slip. Consequently,
<c+a> slip is predicted to be more active in Mg-Y. In contrast, Stanford et al. [14]
reported that Y strengthens <c+a> slip more strongly than basal slip based on in situ
neutron diffraction experiment and elastoplastic self-consistent (EPSC) modeling. In

light of these contradictory conclusions, further investigation is necessary to



quantitatively interrogate the influence of Y on the CRSS values of different slip

modes and understand the ductility improvement in Mg-Y alloys.

In the present paper, in situ far-field high energy X-ray diffraction microscopy
(FF-HEDM) is employed to study the deformation behavior of Mg-3wt%Y alloy.
FF-HEDM, also known as three-dimensional X-ray diffraction (3DXRD), can be used
to characterize the micromechanical state of individual grains in polycrystalline
materials [15-18]. In a typical FF-HEDM setup, high energy monochromatic X-ray
beam illuminates the entire cross section of the specimen and an area detector is
placed approximately 1 m away from the specimen. Diffraction spots from all grains
that satisfy the Bragg’s condition are recorded by the area detector while the specimen
is rotated with respect to the incoming X-ray beam. These diffraction spots are used
to determine the crystallographic orientations and centers of mass (COMs) of the
constituent grains in the illuminated volume as well as their elastic strain states.
Various analysis strategies exist to efficiently analyze the data [17-23]. By
repeating the analysis for consecutive load steps during an in situ test, deformation
history in individual grains can be tracked. The FF-HEDM technique has been used
to study grain-level stress heterogeneity and stress relaxation [24—27], twin nucleation

[28-31], and slip activity [32—36] in different materials.

In this work, we tracked the deformation of nearly 1000 grains in a Mg-Y alloy

specimen. By following the orientation rotation, activities of {0001} <1120 >



basal slip, {1100} <1120 > prismatic slip, and {1101} <1120 > pyramidal | <a>

slip were identified in different grains. Combined with the stress tensor in these
grains obtained from FF-HEDM, the CRSS values for the corresponding slip modes
were estimated. The experimentally-determined CRSS values were used in an
elastic viscoplastic self-consistent (EVPSC) model with dislocation-based constitutive
law. The simulation results were compared with the experimental data in terms of
macroscopic stress-strain curve, relative activity of different deformation modes, and

the evolution of internal stress and crystal rotation in selected grains.

2. Experimental and modelling procedures

2.1 Material and in situ FF-HEDM experiment

A binary Mg-3wt%Y alloy was produced by melting pure Mg and pure Y. Slabs
with a thickness of 20 mm were machined for rolling trials.  The slabs were rolled at
450 °C to the thickness of 1.5 mm with 20% of the pass reduction degree. During
the hot rolling, the rolled sheets were annealed for 10 min after each rolling step.

The hot rolled sheets were subsequently rolled at room temperature to the thickness of
1.0 mm, with 3 ~ 5% pass reduction degree to avoid cracking. The rolled sheets in
the final state were annealed at 500 °C for 1 h. The average grain size after final
annealing was approximately 50 um. In-plane tensile specimens with the gauge
dimension of 4 mmx1 mmx1 mm (LxWxT) were fabricated from the rolled sheet,

with the tensile axis being parallel to the RD.



In situ FF-HEDM experiment was conducted at the Advanced Photon Source (APS)
beamline 1-1D-E as illustrated in Fig. 1(a). The detailed setup of the beamline can
be found in [37]. A 100 um tall by 1.5 mm wide monochromatic X-ray beam
(energy=52.0 keV, A=0.0238 nm) illuminated the entire cross section of the specimen.
A customized compact load frame was mounted on a rotation stage and the loading
axis was aligned to the rotation axis (Z). The load frame and the specimen were
rotated about the tensile axis (Z//RD) over a 360° range while a diffraction pattern
was recorded on an amorphous Si area detector (GE 41RT) at every 0.25° rotation
interval (i.e. a total of 1440 diffraction patterns per measurement). The exposure
time for each diffraction pattern was 0.3s.  The specimen-to-detector distance was
approximately 830 mm determined using NIST standard CeO, powder. The
specimen was deformed incrementally by uniaxial tension with 23 steps to about 3.0%
strain.  After each incremental loading and a waiting time of about 30 sec, a
FF-HEDM measurement was performed while the displacement of the load frame
crosshead was held constant during the specimen rotation. This measurement took
about 25 min at each step and the load relaxed only slightly during this holding time.
Fig. 1(b) shows the stress-strain curve from the in situ experiment, in which the solid
symbols represent the immediate flow stress in the specimen after each loading, and
the open symbols represent the stress readout after the FF-HEDM measurement of
each step. Stress relaxation was negligible in the elastic stage and up to 6 MPa at 3%
strain.  Stress relaxation during the FF-HEDM was always below 2 MPa, as the

majority of the stress relaxation occurred in the first few seconds after each loading



during the waiting time [27]. Given that, it is reasonable to assume that the stress
states in individual grains were nearly constant during the HEDM measurement at
each deformation step. A digital image correlation (DIC) camera was used to ensure
that the same location on the specimen gauge was illuminated at all deformation steps,

which is critical for tracking approximately the same set of grains through the test.

2.2 Grain indexing

After the experiment, grain indexing was performed using the diffraction patterns and
the MIDAS software package developed at the APS [38—40]. Due to its robust
definition of the experimental setup that closely matches the physical setup at the APS
1-1D-E beamline, ability to address overlapped diffraction spots, and parallelization
capability, MIDAS allowed us to identify a large number of grains (>1000 grains) and
determine their orientations, COMs, grain radius, and strain tensors with over 90%
completeness. Estimated mean errors for the crystal orientation, COM position, and
strain tensor components are 0.1°, 10 pm, 5x107°, respectively for the underformed
material. The elastic strain tensors were transformed to stress tensors using
generalized Hooke’s Law and the following elastic constants of Mg: C1;=59.75 GPa,
C33=61.7 GPa, C44=16.39 GPa, C,,=23.24 GPa, C13=21.7 GPa [41]. For each grain,
this stress tensor, rather than the global uniaxial stress, was used to compute the

resolved shear stress (RSS) on different slip systems.

2.3 Elastic viscoplastic self-consistent modeling



In this work, we use the EVPSC model developed by Wang et al. [42] to simulate the
tensile deformation behavior of this material. Compared with the viscoplastic
self-consistent (VPSC) framework [43], the EVPSC model takes elastic deformation
into account and is able to predict not only macroscopic stress-strain response and
texture evolution but also the development of lattice strain, making it very compatible

with in situ synchrotron or neutron experiments [44—46].

For the EVPSC formulation, incremental deformation of the material is obtained
using a self-consistent approach, where each grain (single crystal) is treated as an
ellipsoidal Eshelby inclusion embedded in a homogeneous effective medium that has

the properties of the bulk material. The plastic strain rate in a single crystal, £”,is
composed of the shear rates of all deformation mechanisms:

gh =3 7'm" (1)
where m“ and y“ are the Schmid tensor and the shear rate of deformation system

o. If aisaslip system,

Ts

y* = 70(m“a:cj sgn(m”‘ :c) (@)

where o, 7,,n, &, sgn are grain-averaged stress tensor, reference shear rate,

power law exponent, critical resolved shear stress for slip system a, and signum
function to determine the direction of shear, respectively. A dislocation-based

constitutive law is employed to update the value of zJ [47]:

Ty =7y + b p* ©)



where z;, y, w, b*,and p“ arethe initial CRSS, dislocation interaction
coefficient, directional shear modulus, Burgers vector length, and dislocation density
for system a. Evolution of the dislocation density p“ is further described by the

following equations [47]:

d a
L=k p” —ks p* (4)
dy
k_za: Zba 1_ akTa 3 In(iJ (5)
ki g D (b*) &o

where k. is a rate-insensitive coefficient for dislocation storage by statistical
trapping of mobile dislocation, k, is a rate-sensitive coefficient that accounts for
dynamic recovery, g“ isanormalized, stress-independent activation energy, D is
adrag stress, k isthe Boltzman’s constant (=1.38x10%° MPa m*/K), &, isa

reference strain rate (= 10" s™%), respectively.

If o is a twinning system, a twinning-detwinning (TDT) scheme [48] is employed. In
this case, y“ isanalogous to Eq. (2) if the resolved shear stress is in the right
direction for twinning to occur; otherwise, »“ iszero. Because twinning is
generally suppressed in this loading condition, we assume zZ does not evolve with

strain (i.e. zJ° =g ) for twinning.

The initial 955 grain orientations obtained from the FF-HEDM experiment at step 0
are used to represent the undeformed specimen. The loading history of the specimen

is simulated by uniaxial tension along RD. Five deformation modes, namely basal,
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prismatic, pyramidal | <a>, {1122} <1123> pyramidal Il <c+a> slip, and

{1012} <1011 > twinning were included in the simulation.

3. Results

3.1 Grain identification and tracking

Grain indexing using MIDAS was performed for the first 15 deformation steps (steps
0-14) up to 0.85% strain. 955 grains were successfully indexed at step O (after
mounting the specimen in the compact load frame, before loading). Fig. 2(a) shows
the {0002} pole figure based on the orientations of these grains. The specimen
exhibits a basal-type texture with most of the {0002} poles aligned close to the
normal direction (ND//X). However, the maximum intensity of the basal pole figure
is approximately 4 multiples of uniform distribution (MUD), which is significantly
lower than that of pure Mg of similar processing history (more than 10 MUD, e.g.
[49]). The number of grains at subsequent steps slightly varies around 1000. For
example, the number of indexed grains at step 7 (¢=0.14%), step 11 (¢=0.46%), step
14 (¢=0.85%) are 1044, 1046, and 972, respectively. This variance is
understandable given that the probed volume might be slightly different between
different load steps. In addition to crystal orientation, COMs and elastic strain

tensors of the indexed grains at each load step are also computed by MIDAS.

To study the deformation history of individual grains, a key procedure is tracking the

same grains through different deformation steps.  This is achieved by using both
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crystallographic orientation and COM information: a grain in step 0 is recognized in
step N (N=1-14) if the total change of grain orientation is less than 1° and the COM
distance is less than 30 um. Using this relatively restricted criterion, a total of 286
grains (i.e. ~30% of the indexed grains) were successfully tracked over most
deformation steps. Fig. 2(b) shows the {0002} poles of these 286 grains. Ten
grains that show distinct evidence of basal slip, prismatic slip, or pyramidal I <a> slip
are highlighted. Detailed analysis of the slip activity in these grains and further

estimation of CRSS values will be given in the next sections.

Fig. 3 shows the COMs of the tracked 286 grains at four load steps. Each dot denotes
the COM of a grain and its color denotes the von Mises stress (oym) associated with
the grain computed from grain stress tensor at corresponding load steps. The COMs
of these grains are scattered within the probed material volume (1000 umx21000
pumx100 pm) by the X-ray beam. At load step 0, the specimen shows relatively low
levels of residual stress. Upon loading, oy in all grains increased and became more
heterogeneous from grain to grain.  This is a typical behavior during plastic
deformation of polycrystals due to the different deformation history in different grains
induced by anisotropic mechanical property and complex boundary conditions at the
grain length scale. To explore potential factors that lead to this stress heterogeneity,
the variation of oy as a function of grain radius (output by FF-HEDM) and the
variation of oy as a function of the angle between the grain’s c-axis and the Z

direction (i.e. c-axis tilt) are plotted in Fig. 4 and Fig. 5, respectively. The mean

12



value and standard deviation of oy both increased significantly from step O to step 7
(e=0.14%). From Fig. 4, there is almost no trend between oy and the grain radius.
In contrast, a positive relationship between oy and c-axis tilt of a grain is identified
in Fig. 5. Grains with their c-axis near 90° from the tensile axis Z tend to develop
higher oy during deformation.  This behavior is related to prismatic slip activity

and will be discussed in Section 4.2.

3.2 Grains deformed by prismatic slip

To analyze the orientation rotation and slip activity in a grain during deformation, we
define “disorientation” and “c-axis misalignment” as following: for each grain, its
“disorientation” at step N is the scalar angular difference in crystal orientation
between step N and step 0; its “c-axis misalignment” at step N is the angular change

of the <0001> direction between step N and step 0.

Fig. 6 shows the development of disorientation and c-axis misalignment for Grains 47,
83, 219, and 266. The disorientation and c-axis misalignment values increased by
almost the same amount in each grain during elastic deformation stage (€<0.1%).
After that, the disorientation value increases continuously with strain, while the c-axis
misalignment value changed very little.  This behavior indicates that Grains 47, 83,
219, and 266 rotated around their <0001> direction during deformation. According
to the crystal plasticity theory [50], activation of a slip system with Burgers vector b

and slip plane normal n would impose both a shear strain and a rotation of the crystal.
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The crystal rotation would be around the axis of t=bxn. Among the common slip
modes of Mg, only prismatic slipwithb = <1120>and n= {1100} will cause a
grain to rotate around the <0001> direction. Therefore, it is concluded that Grains
47, 83, 219, and 266 were deformed mainly by prismatic slip. Fig. 6 also shows the
evolution of oy for each grain.  The change of oy during loading is generally

smooth in these grains.

From the stress tensor and crystal orientation of a grain, it is also possible to compute
the resolved shear stress (RSS) on all slip systems. To estimate the CRSS for
prismatic slip, evolution of the RSS on the most stressed prismatic slip system (tprism)
as well as the most stressed basal slip system (tvasar), pyramidal I <a> slip system (tpyr
1 <a>), and pyramidal Il <c+a> slip system (tpyr i1 <c+a>) Were calculated for Grains 47,
83, 219, and 266. Fig. 7 shows the result. ~ Since the three prismatic slip systems
will equivalently rotate the grain around the <0001> direction, it is reasonable to
assume that the most stressed prismatic slip system (i.e. highest RSS) was activated at
the step when the disorientation value started to deviate from the c-axis misalignment
value. In Grain 47 (Euler angles (o1, ®, ¢2) = (74°, 91°, 106°)), the most stressed
prismatic slip system is (1100)[1120]. This system had higher RSS value (35 MPa)
when the grain started to develop prismatic slip (i.e. deviation between the
disorientation and c-axis misalignment values) at step 4 (¢=0.11%) than the other two

prismatic slip systems (both with RSS about 18 MPa). The RSS value of

(1100)[1120] at step 4 is thus taken as the estimated CRSS for prismatic slip in Grain

14



47. Note that the RSS values continued to increase in Grain 47 beyond step 4.

This indicates that prismatic slip was activated prior to the full yielding of this grain.
In a situation when prismatic slip was initially activated in a localized region (e.g.
from a grain boundaryy), the full yielding of the grain could be postponed till higher
stress was applied. Same RSS calculations were performed for Grains 83, 219, and
266. The estimated CRSS for prismatic slip in these grains are 49 MPa, 48 MPa,
and 52 MPa, respectively. After searching for similar grain rotation behavior in the
286 grains, predominant prismatic slip was identified in a total of 18 grains, and the
average CRSS for prismatic slip is 389 MPa. Note that this value is significantly

lower than the estimated CRSS value (=120 MPa) in [14] using EPSC simulation.

3.3 Grains deformed by basal slip

Texture of this specimen is geometrically unfavorable for the activation of basal slip
under tension along the Z direction. Nevertheless, we identify a couple of grains
deformed via basal slip based on their orientation rotation. Fig. 8 shows the
development of disorientation and c-axis misalignment in Grains 72 and 210. The
disorientation and c-axis misalignment values in these two grains increased by almost
the same amount throughout the deformation.  This observation indicates that the
crystal rotations in Grains 72 and 210 were around an axis on the basal plane.

Further analysis of the rotation axis by comparing the crystal orientations at step 12
(¢=0.58%) and at step 5 (¢=0.12%) indicates that Grain 72 (Euler angles = (83°, 144°,
47°)) was rotating around [1010], which can be caused by the activation of basal slip

15



system (000D[1210]. Grain 210 (Euler angles = (-34°, 102°, 150°)) was rotating
around [1010], which can be caused by the activation of basal slip system

(000D[1210]. Fig. 9 shows the evolution of Thasal, Tprism, Tpyr 1 <a>» AN Tpyr 11 <cas IN

these two grains. In both grains, the identified basal system happened to be the most
stressed basal slip system. Assuming these two basal slip systems were activated at
step 5 (6=0.12%), it is estimated that the CRSS for basal slip was 15 MPa in Grain 72
and 9.1 MPa in Grain 210, as shown in Fig. 9. The average CRSS value for basal
slip is 12 MPa, which generally agrees with the literature. For example, Agnew et al.
[13] reported the CRSS for basal slip in Mg-1.0wt%Y to be 10 MPa; Stanford et al.

[14] reported the CRSS for basal slip in Mg-2.2wt%Y to be 17 MPa.

It should be pointed out that pyramidal 11 <c+a> slip can also cause a grain to rotate

around one of the <1100> axes. For example, the observed rotation around
[1010] in Grain 72 could alternatively result from the activation of (1212)[1213].
Likewise, the observed rotation around [1010] in Grain 210 could result from the

activation of (1212)[1213]. The analysis of RSS values, however, suggests that

pyramidal 1l <c+a> slip was unlikely to be the dominant slip mode in these two grains:
at step 5, RSS of these two <c+a> systems are found to be -23 MPa and 31 MPa,
respectively. These values are much lower than the reported CRSS values for
pyramidal 1l <c+a> slip in the literature (e.g. 170 MPa [13, 14]). Based on that, it is
concluded that these two grains were mainly deformed by basal slip rather than
pyramidal 11 <c+a> slip.

16



3.4 Grains deformed by pyramidal I <a> slip

Fig. 10 shows the development of disorientation and c-axis misalignment for Grains 9,
23,24 and 211. The disorientation and c-axis misalignment values increased by
almost the same amount in each grain till the end of the elastic deformation stage.
After that, the disorientation and c-axis misalignment values both increased with

strain but by different amounts. Neither prismatic slip nor basal slip can account for
this type of orientation rotation. By comparing the crystal orientations at step 12
(¢=0.58%) and at step 7 (¢=0.14%), crystal rotation in Grain 23 during plastic

deformation was around an axis of [0.432, -0.099, -0.896] in the crystal coordinate

system where a;//[2110], a,//[0110], and as//[0001]. According to the above theory
of t=bxn, activation of pyramidal | <a>slip 110D[1120] would theoretically cause

a grain to rotate around the axis of [0.408, -0.236, -0.882]. The observed rotation
axis in Grain 23 being very close to this theoretical value suggests that Grain 23
deformed mainly by this pyramidal | <a> slip system. Pyramidal | <a> slip can also

account for the rotation in Grains 9, 23, and 211.

Fig. 11 shows the evolution of Thasal, Tprism, Tpyr 1 <a>» AN Tpyr 11 <c+a> IN Grains 9, 23, 24,
and 211. In all of them, the identified pyramidal | <a> system was also the most
stressed one among all six pyramidal | <a> slip systems. Assuming pyramidal | <a>
slip was activated when the disorientation value started to deviate from the c-axis

misalignment value, CRSS for pyramidal | <a> slip in these four grains was estimated

17



to be 37 MPa, 41 MPa, 34 MPa, and 31 MPa, respectively. The average CRSS value
for pyramidal 1 <a> slip is 36 MPa, which is very close to that for prismatic slip (38
MPa) in this alloy. We will discuss how Y alters the CRSS values of different slip

modes of Mg in Section 4.1.

3.5 EVPSC simulation results

EVPSC simulation was conducted using the 955 grain orientations obtained from the
FF-HEDM measurement at step 0.  The grain radius information obtained from
FF-HEDM was used as the volume fraction input of each orientation in the EVPSC
model. An ex situ tensile test (continuous loading, strain rate =5x107 s™) using
another specimen of this material was additionally conducted. The true stress-strain
curve of the ex situ test is generally consistent with the in situ test up to 3% strain (see
Fig. 12). From the ex situ stress-strain curve, this Mg-3wt%Y material shows a high
work hardening rate and large strain to fracture (> 25%), indicating that Y
simultaneously enhances the work hardening ability and ductility of Mg. Fig. 12
shows the simulated stress-strain curve using the parameters listed in Table 1. The
measured CRSS values for prismatic, basal and pyramidal | <a> slip are used as the
z; values. The other parameters, including z; for pyramidal Il <c+a> slip and
twinning, are calibrated by fitting the experimental stress-strain curves. Fig. 12
shows good agreement between the calculated stress-strain curve by the model and
the experimental stress-strain curves from both the in situ test and the ex situ test.

Fig. 13(a) shows the relative activities of all five deformation modes as a function of

18



the applied strain predicted by the model. It is observed that the early deformation
(up to 1% strain) was associated with the simultaneous activation of basal, prismatic,
and pyramidal | <a> slip modes. This is consistent with our experimental finding
that the three slip modes were activated in different grains. The model predicts that
the activity of pyramidal | <a> slip would gradually increase with the strain at the cost
of reduced basal slip activity. Nevertheless, none of the three slip modes would
dominate the deformation. Pyramidal Il <c+a> slip activity is predicted to be very
low in early deformation and gradually increasing with strain.  Twinning is generally

suppressed during tension along the RD of the material.

Fig. 13(b) shows the predicted dislocation densities for different slip modes up to 10%
macroscopic strain.  Dislocation density increased from about 10" m? (pZ in Table
1) to about 10** m™ for basal, prismatic and pyramidal | <a> slip modes. Pyramidal
Il <c+a> dislocation density also increased with strain, but at a slower rate. These
results were on the same order as the dislocation densities predicted by Wang et al.
[46] and measured by Joni et al. [51] for textured AZ31 Mg alloys. The result in Fig.
13 indicates that the plastic deformation of this Mg-3wt%Y material is mainly
accommodated by <a> slip on basal, prismatic or pyramidal I planes, while <c+a>

slip occurs only in late deformation and has a relatively small contribution to the

plasticity.
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The measured and simulated disorientation, c-axis misalignment, von Mises stress
evolution of Grain 47 and Grain 219 (both deformed by prismatic slip) are compared
in Fig. 14(a, b). For Grain 47, the model successfully predicted the crystal rotation
around the c-axis, evidenced by a rapid increasing of the disorientation value (black
dashed line) while the c-axis misalignment (grey dotted line) was near zero in Fig.
14(a). On the other hand, the model underestimated the magnitude of crystal
rotation (i.e. the value of disorientation) even if we discount the crystal rotation in the
elastic stage (£<0.1%) that likely resulted from some rigid body rotation. The
simulated von Mises stress development (blue line) is less than the experimental
measurement.  Fig. 14(c) shows the calculated evolution of thasal, Tprism, Tpyr 1 <a>, @nd
Toyr 1 <c+a> 1IN Grain 47, Similar to the experimental finding in Fig. 7, tpasa Was very
low through the test, and the deformation must be dominated by prismatic slip. For
Grain 219, the model predicts that both its disorientation and c-axis misalignment
would increase with strain, which is not consistent with the experimental observation
in Fig. 6.  Fig. 14(d) shows the calculated evolution of tyasal, Tprism, Tpyr 1 <a>, aNd Tpyr 11
<c+a> IN Grain 219.  The model predicts a relatively high RSS on the basal slip mode
(~13 MPa) at the onset of the plastic deformation, enabling its activation along with
prismatic slip. In contrast to the simulation result, there was a sharp drop of Tyasal
after the activation of prismatic slip (€=0.12%) in Grain 219, as shown in Fig. 7.

This behavior can result from stress redistribution within the grain due to the

prismatic slip activation, or from the interaction with neighboring grains.  This
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change of stress state likely prevented basal slip to be activated in Grain 219. Such

events cannot be predicted by the EVPSC model.

Fig. 15 and Fig. 16 show similar simulation results for Grains 72, 210 (both deformed
by basal slip) and Grains 23, 211 (both deformed by pyramidal | <a> slip). For these
four grains, the model qualitatively predicted the trend of disorientation and c-axis
misalignment evolution with strain.  Quantitatively, the model underestimated the
magnitude of crystal rotation (particularly for Grain 210) and the von Mises stress in

all of them. This discrepancy will be discussed in Section 4.2.

4. Discussion

4.1 Effect of Y on the deformation behavior of Mg

For the design of Mg alloys with superior mechanical properties, the higher activities
of non-basal deformation modes are critical. Basal slip is usually the most easily
activated slip mode regardless of the composition, so those alloying elements that can
increase the CRSS of basal slip will generally strengthen the material. The poor
ductility of Mg at room temperature is due to the fact that non-basal slip is much more
difficult to be activated than the basal slip, so those alloying elements that can reduce
the ratio of CRSSyon-basal/ CRSSpasat Will enhance the ductility of the material. The
ability to accurately measure the CRSS values of different slip modes is therefore
very important for relating individual alloying elements with the mechanical

behaviors of Mg alloys. It is not practical, however, to obtain the CRSS values of
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individual slip modes by deforming a large single crystalline material, as multiple slip
and twinning activities can occur simultaneously during deformation to complicate

the analysis. Hence, CRSS values have to be determined using other methods.

One method is using the surface slip lines induced by activation of slip systems.
Using grain orientations measured by electron backscattered diffraction (EBSD), it is
possible to identify the corresponding slip systems for the observed slip lines.
Applying Schmid factor analysis, the relative CRSS ratios between different slip
modes can be estimated [52, 53]. This method, however, is based on the assumption
that the stress state in each grain is same as the macroscopic applied stress and relies
on surface observations.  As illustrated by other investigators [24—26, 31] and

evidenced in this work in Fig. 3, this assumption is inappropriate.

The second method is based on crystal plasticity modeling. The CRSS values of
different slip modes are tweaked until experimentally obtained macroscopic
stress-strain curves, texture and its evolution, and lattice strains agree with the
corresponding simulation results.  Quite a few studies use this method to determine
CRSS values [4, 13, 14]. On the other hand, this method is sensitive to the

constitutive framework as well as the set of slip modes used in the model.

The third method is using micropillar compression inside transmission electron

microscope (TEM) or scanning electron microscope (SEM). In such experiments,
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single-crystal micropillars with various diameters and crystal orientations are
fabricated from polycrystalline Mg alloys using focused ion beam machining and are
loaded in uniaxial compression. When surface slip lines or strain burst are observed,
CRSS of the corresponding slip systems can be estimated from the instantaneous load
on the micropillar [54-57]. This method has been most often used to measure the
CRSS for basal slip. Depending on the diameter of the micropillars, CRSSpssa in
pure Mg were measured to be 50 MPa (at D=1.6 um) [54], 39-68 MPa (at D=3 um)
[55], 30 MPa (at D=3 um) [56], and 6 MPa (at D=10 um) [57]. On the other hand,
CRSS for non-basal slip has hardly been reported from micropillar compression tests.

Micropillar size effect and free surface effect may also influence the result.

In the present work, we use the FF-HEDM technique to identify slip activity in
individual grains from a polycrystalline specimen during a tensile test.  According to
our measurement, CRSSysa in this Mg-3wt%Y alloy (12 MPa, grain size = 50 um) is
higher than the reported value in pure Mg (6 MPa, micropillar diameter = 10 um, [56])
and Mg-1wt%Y (10 MPa, grain size =50 um, [13]). The comparison indicates that

solute Y is able to strengthen Mg by increasing the CRSS of basal slip.

Kula and Niewczas [4] recently studied the room temperature tensile deformation of a
rolled Mg-2.92wt%Y specimen using crystal plasticity modeling. They reported the
CRSS values for basal, prismatic, pyramidal | <a>, and pyramidal 1l <c+a> to be 6.7

MPa, 20.1 MPa, 26.8 MPa, and 36.9 MPa, respectively. These values are
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systematically lower than the result from the present study (Table 1) due to the grain
size difference (186 um in [4] vs 50um in the present study). On the other hand,
both works report the ratio of CRSSpism/CRSSpasal to be around 3.0.  This ratio value
is lower than that in polycrystalline pure Mg (~5.0) [58]. Pyramidal | <a> slip has
long been neglected as a useful deformation mode in Mg alloys.  Our study indicates
that it may be as active as prismatic slip with CRSSy; | <a> /CRSSpasa being around 3.0
as well.  Overall, it is found that Y reduced the CRSS ratio between non-basal <a>

slip and basal slip, thus enhancing the material ductility.

Pyramidal Il <c+a> dislocations have been observed by TEM in deformed Mg-Y
alloys [4-6, 9]. As shown in [4], those grains where <c+a> dislocations nucleated
often contain <a> dislocations in the vicinity as well.  Since <c+a> slip has higher
CRSS than both basal and non-basal <a> slip, activation of <c+a> slip requires local
stress concentration, which can be induced by <a> dislocations’ accumulation.
Because of the common co-existence of <a> and <c+a> dislocations in the same grain,
the method used in this work to identify <a> slip (based on the crystal rotation

direction of the entire grain) cannot identify <c+a> slip and measure its CRSS value.

In addition to slip, twinning is another important deformation mode in Mg. Insitu
HEDM can indeed identify twin nucleation in individual grains in HCP metals
[27-31]. Twins are identified as new grains that nucleated after certain amount of

plastic deformation, and they must have the theoretical misorientation relationship (i.e.
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85° around <2110 >) with respect to a nearby parent grain. In the present work, no

twin nucleation events were identified. This is consistent with the EBSD result in
[4]. Two reasons can account for the lack of twin activity. First, the texture of this
specimen is unfavorable for twin nucleation as most grains had their c-axis under
compression during the tensile test along RD. Secondly, solute Y is known to
harden twinning more than its hardening on slip [14]. Even if some twins nucleated,
the size of the twins could be too small to be recognized as a grain in indexing. Our
EVPSC model also predicts that twinning makes little contribution to the overall

plastic deformation (Fig. 13).

4.2 Assessment of heterogeneous deformation at the grain level

Hexagonal metals tend to show strong grain-to-grain heterogeneity when they are
subject to deformation. HEDM provides a powerful technique to study
heterogeneous deformation in polycrystals. Using FF-HEDM, strong variation of
internal stress was observed in polycrystalline Ti and Zr alloys upon loading and after
unloading [24, 26, 59—61]. In the present work, strong variation of oy, among
different grains was also observed in this Mg alloy, as shown in Fig. 3. It is further
found that those grains whose c-axis is far away from the loading direction (i.e. with
large c-axis tilt) tend to develop higher oy values, as shown in Fig. 5. When a
grain has a c-axis tilt close to 90°, it has a maximum Schmid factor for prismatic slip
and a minimum Schmid factor for basal slip. Prismatic slip can be activated in this

material, but the CRSS for prismatic slip is still three times of that for basal slip.
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Therefore, grains with large c-axis tilt require higher stress for their yielding, which

explains the finding in Fig. 5.

In the present work, an EVPSC model has been built using the grains identified by
FF-HEDM at step 0 as input.  Using the CRSS values obtained in this work, the
model successfully simulated the macroscopic stress-strain curve to a large strain
level (Fig. 12). Microscopically, the model qualitatively predicted the crystal
rotation direction in most of the selected grains. On the other hand, the model
underestimated the internal stress and the magnitude of crystal rotation in these grains.
This quantitative discrepancy may be originated from two factors. First, the
interaction between neighboring grains is considered indirectly in the EVPSC model
in terms of the interaction between the grain and the polycrystalline aggregate. The
shear effect across grain boundaries that often leads to local stress build-up and
orientation rotation is neglected. Second, the model assumes that the initial grains
are at zero stress, while in reality most grains had certain level of stress due to either
residual stress or preload of the specimen. This discrepancy is attributed by some
researchers [26, 62] to explain the difference between the predicted stress using
crystal plasticity finite element models (CPFEM) and the measured stress by HEDM
at the grain level. While the EVPSC model does not fully capture the local
deformation history of individual grains, it yet provides good match for the

macroscopic stress-strain curve. Future works will explore some strategy to
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incorporate direct interactions among neighboring grains, which might improve the

predictability of EVPSC model at the grain level.

5. Conclusions

In situ FF-HEDM was employed to study the tensile deformation along the rolling
direction of a Mg-3wt%Y sheet material. This technique allows us to track the
deformation history of nearly 1000 grains and identify the activation of different slip
modes in those grains where a single slip system dominated. The following

conclusions have been drawn:

1. Deformation at the grain level showed strong heterogeneity in terms of internal
stress development and grain orientation rotation. During deformation, the von
Mises stress (ovm) of a grain has no obvious correlation with the grain size. On the
other hand, oywm is positively related to the angle between the grain’s c-axis and the
loading direction.

2. Pure prismatic slip caused a grain to rotate around its c-axis.  This behavior was
observed in 18 grains. From the calculation of the instantaneous resolved shear
stress, the average CRSS for prismatic slip was estimated to be 38 MPa in this alloy.
3. Pure basal slip caused a grain to tilt its c-axis.  This behavior was observed in 2
grains. The average CRSS for basal slip was estimated to be 12 MPa. This value is
higher than that in pure Mg, confirming the strengthening effect of solute Y in Mg

alloys.
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4. Pure pyramidal I <a> slip caused a grain to rotate around an axis of [0.408, -0.236,
-0.882] or its equivalence in the orthogonal crystal coordinate system. This behavior
was observed in 4 grains. The average CRSS for pyramidal | <a> slip was estimated
to be 36 MPa.

5. Using the above CRSS values, a dislocation-based EVPSC model is able to
simulate the tensile stress-strain curve up to 20% strain for this material. The model
also qualitatively predicted the direction of crystal rotation in most of the selected
grains, but it underestimated the internal stress and the magnitude of crystal rotation

in these grains.
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Fig. 1. (a) A schematic of the setup for in situ FF-HEDM experiment. The incoming
X-ray (X direction) is parallel to the ND of the specimen; the tensile loading direction
(2) is parallel to the RD of the specimen. (b) Stress-strain curve from the in situ
tensile test, in which the solid symbols represent the immediate flow stress in the
specimen after each loading, and the open symbols represent the stress readout after

the FF-HEDM measurement of each step.
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slip are highlighted.
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each grain is colored based on the instantaneous von Mises stress value.
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Fig. 4. Variation of oyy as a function of grain radius at different strains.
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Fig. 6. Evolution of the disorientation, c-axis misalignment, and von Mises stress

values in four grains that show prismatic slip activity. The initial orientation for

each grain is represented by a hexagonal cell in the X-Y plane.
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Fig. 14. (a, b) Simulated and measured evolution of the disorientation, c-axis
misalignment, and von Mises stress values for Grain 47 and Grain 219. (c, d)

Calculated evolution of Thasal, Tprism, Tpyr 1 <a>, aNd Tpyr 11 <c+a> IN Grain 47 and Grain 219.
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Fig. 15. (a, b) Simulated and measured evolution of the disorientation, c-axis
misalignment, and von Mises stress values for Grain 72 and Grain 210. (c, d)

Calculated evolution of Thasa, Tprism, Tpyr 1 <a>, aNd Tpyr 11 <c+a> IN Grain 72 and Grain 210.
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Fig. 16. (a, b) Simulated and measured evolution of the disorientation, c-axis
misalignment, and von Mises stress values for Grain 23 and Grain 211. (c, d)

Calculated evolution of Thasal, Tprism, Tpyr 1 <a>, aNd Tpyr 11 <c+a> IN Grain 23 and Grain 211.
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Tables

Table 1. Parameters used in the dislocation-based EVPSC model.

g (MPa) X b*(R) pr (M) kimh)  g“ D n

Basal 12 0.9 3.21 4.3ell 6.6e8 0.6 20 20
Prismatic 38 0.9 3.21 4.3e11 8.0e8 0.6 20 20
Pyr | <a> 36 0.9 3.21 2.6ell 5.5e8 0.6 20 20
Pyr Il <c+a> 60 0.9 6.12 1.7el1l 8.7e8 0.8 20 20
Twinning 40 NA NA NA NA NA NA 20
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