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The effect of Y concentration on the slip and twinning mechanisms in binary Mg-Y alloys are investigated using
transmission electron microscopy, electron backscattered diffraction, and visco-plastic self-consistent polycrystal
constitutive modeling. Four concentrations of Y are studied in hot-rolled and recrystallized sheet material. The
materials were deformed in tension and compression in the rolling direction and compression in the normal
direction in order to invoke distinct proportions of slip and twin mechanisms with each test. Within the single
crystal hardening model used in polycrystal modeling, a slip-twin interaction law is introduced to account for
dislocation density reductions due to dislocation absorption during twin boundary migration. We show that
increasing Y concentration reduces the intensities of both the initial and deformation textures. During defor-

mation, the plastic anisotropy in yield stress, the tension-compression asymmetry, and amount of {IOTZ}(TOH)

twinning is shown to decrease with increasing Y. For each alloy, the model identifies a single set of material
parameters that successfully reproduced all measured stress-strain curves and achieved agreement with
measured deformation textures and twin area fractions. Transcending texture effects, the model interpretation of
the flow responses suggests that increased concentrations of Y increase the critical resolved shear stress for basal
slip but have negligible effects on the other slip modes. The reduced plastic anisotropy with increases in Y is
explained by a concomitant decrease in the prismatic-to-pyramidal slip critical resolved shear stress ratio. The
model suggests that their nearly equivalent critical resolved shear stress values lead to the enhanced non-basal
activity of Mg-Y alloys, which was confirmed by transmission electron microscopy. The calculations suggest that
beyond any texture differences, this reduction in twinning can be attributed to a slightly increased resistance for

{IOTZ}(TOII) twin propagation, particularly in the binary with the highest Y content.

1. Introduction

Mg alloys have been the focus of intense research in recent years due
to their potential for light weighting structural components. The chal-
lenge, however, is that Mg and its alloys display some undesirable me-
chanical properties, such as strong plastic anisotropy [1],
tension/compression asymmetry [2,3] and limited room temperature
ductility [4,5], which limit their widespread application. Mg has a
hexagonal close packed (HCP) crystal structure and tends to deform by
two distinct deformation mechanisms, dislocation slip and deformation
twinning, both of which are intrinsically anisotropic due to the low
crystallographic symmetry. The easiest dislocations to activate in Mg are

* Corresponding author.
E-mail address: jiaxiangwang@ucsb.edu (J. Wang).

https://doi.org/10.1016/j.msea.2021.141373

basal <a> dislocations but they only accommodate <a> axis deforma-
tion. Pyramidal <c+a> dislocations can accommodate strain along the
<c> axis but are more difficult to move, with critical resolved shear
stress (CRSS) values several tens to a hundred times higher than those
for basal <a> slip at room temperature [6]. Deformation twinning, on
the other hand, generates polarized shear. Twins of a certain type can be
activated by either <c> axis tension only or <c> axis compression only.

For example, the common {IOTZ}(TOH) twin in Mg operates under

extension of the <c> axis or contraction perpendicular to the <c> axis,
but not vice versa. Together, the activities and interactions of multiple
slip and twinning modes determine the complicated plastic behavior of
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Mg.

One strategy to reduce the plastic anisotropy and possibly enhance
the performance of Mg is to alter the activation barrier for each slip and
twinning mode via alloying. Alloying elements in Mg that increase the
CRSS values for basal slip or decrease those for non-basal slip tend to
lower the non-basal-to-basal CRSS ratio. Enhanced formability and an
increased CRSS for basal slip have been reported in Mg with additions of
Al [7,8], Zn [7-9] and Sn [10]. The improved formability with the
addition of Li has been attributed to a decreased CRSS for <c+a> py-

ramidal slip [11,12] and an increased CRSS for {1 OTZ}(TOI 1) twinning

[13]. Moreover, even dilute additions of rare earth elements, such as Y
or Ce, can significantly decrease the basal texture and enhance room
temperature ductility [5,14-20]. The activity of non-basal deformation
modes has been substantially enhanced by rare earth alloying. Some
experimental studies have been carried out to study the effect of Y on the
behavior of Mg-Y binary alloys. In related studies using transmission
electron microscopy (TEM) and density functional theory (DFT) simu-
lations, Sandlobes et al. [21-23] reported an increased concentration of
<c+a> dislocations in binary solid solution Mg-Y, where I1 stacking
faults act as a heterogeneous nucleation source for <c+a> dislocations.
Zhang et al. [17,18] used in-situ compression in TEM to study the CRSS
values for slip and twinning modes activated in the Mg-2.5 at. % Y

crystal and showed that prismatic slip was favored over {10T2}<T011)

twinning in alloys with Y additions. Rikihisa et al. [24] and Takemoto
et al. [25] observed that the activities of prismatic slip and first-order
pyramidal slip increase with increasing Y. In examining different con-
centrations of Mg-Y (0.2 at.%, 0.3 at.%, 0.8 at.%, 1.2 at.% and 2.0 at.%),
from ambient temperature to 350 °C, Gao et al., found that the yield
strength of Mg-Y increases linearly with ¢? or ¢*, where ¢ is the
atomic concentration [26]. However, for low concentrations of Y, ac-
cording to Shi et al., the strengthening effect caused by solute is less than
the softening effect by a weaker texture [27]. In addition, Huang et al.
[19] and Zhao et al. [28] reported that the macroscopic behavior of
Mg-Y is very sensitive to the initial texture and grain size.

A comprehensive understanding of the effects of alloying, including
the type of alloying elements and concentrations, is desired to further
guide alloy selection for high-performance Mg alloys. While many of the
studies in the literature have led to important, although sometimes
contradictory, findings, it is evident that revealing experimentally the
intrinsic effects of alloying can be extremely challenging. There exists a
large number of extrinsic variables (e.g., texture, grain size, loading
direction, etc.) that each have their individual impact on deformation
behavior. For instance, twin evolution affects texture by abruptly reor-
ienting the crystals and altering the slip activity, and vice versa. In turn,
differences in texture, at any stage of the deformation, can change the
readiness for slip and twinning, and hence the stress-strain response,
even in the same alloy. Therefore, to differentiate the individual effects
of alloying, crystal plasticity modeling, which is capable of connecting
the evolution of the texture to the relative contributions of each slip and
twinning mode, can be helpful.

The present study aims to understand the effects of Y alloying on the
plastic anisotropic deformation behavior, texture evolution, and un-
derlying slip and twinning activity. Four Mg-Y binary solid solution
alloys with nominal compositions of Mg-0.2 wt% Y (Mg-0.2Y), Mg-0.6
wt% Y (Mg-0.6Y), Mg-1 wt.% Y (Mg-1Y), and Mg-3 wt.% Y (Mg-3Y)
were processed via rolling and subsequent annealing so that they all
possess comparable grain sizes. Tension or compression responses were
measured along three distinct orientations. To investigate their defor-
mation mechanisms, visco-plastic self-consistent (VPSC) modeling is
used to simulate the stress-strain responses along the three loading
orientations and, importantly, only a single set of material-related pa-
rameters is used for each alloy, as a testament to the reliability of the
model. The calculated slip activities, texture evolution and twin volume
fraction evolution were then examined together with the experimental
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Table 1
Nominal compositions, recrystallization heat treatment conditions and average
grain size of Mg-Y alloys.

Sample Mg-0.2Y Mg-0.6Y Mg-1Y Mg-3Y
Solute concentration 0.2 wt% 0.6 wt% 1 wt% 3 wt%
Recrystallization 400 °C, 5 400 °C, 10 400 °C, 10 450 °C, 10
temperature and time min min min min
Average grain size 35 pm 21 pm 22 pm 26 pm

results on texture, dislocation structure and twin area fraction to shed
light on the individual effects of Y additions on the activation and
hardening of each slip and twinning mode.

2. Experimental methods
2.1. Material

Starting with high-purity Mg, four Mg-Y alloys (Mg-0.2Y, Mg-0.6Y,
Mg-1Y and Mg-3Y) were prepared at Helmholtz-Zentrum Geestchacht
in Geesthacht, Germany. The chemical composition of the alloys was
controlled by spark emission spectrometry and are the same as those
used in prior studies [20,29]. The cast ingots were homogenization
heat-treated and hot-rolled at 500 °C to a final thickness of 6 mm. To
achieve a similar grain size of approximately 20-25 pym in all four Mg-Y
alloys, selected recrystallization heat treatment procedures were carried
out. These recrystallization parameters for the four samples are listed in
Table 1.

2.2. Mechanical testing

The four Mg-Y alloys were quasi-statically tested at room tempera-
ture under compression along the rolling direction (RD-C), compression
along the normal direction (ND-C) and tension along the rolling direc-
tion (RD-T), all at room temperature. Tension and compression samples
for mechanical testing were machined from the rolled sheets using
electrical discharge machining (EDM). Compression samples were ~3.3
x 3.3 x 5 mm cuboids, with the compression axes along RD or ND. Dog-
bone shaped tension samples had a gauge length of 20 mm along the RD
and a rectangular cross section of 4 x 2 mm, following ASTM E8 stan-
dard [30]. Uniaxial tension and compression mechanical tests were
performed at a constant crosshead speed with a nominal strain rate of
~1072 s7! using an 8801 servo-hydraulic universal testing system
(Instron Inc., USA) equipped with a dual-camera video extensometer for
non-contact, high-resolution strain measurement. For the analyses of
microstructure and texture evolution, mechanical tests were interrupted
at various strain conditions.

2.3. Microstructural characterization

To conduct crystallographic texture analysis, pole figures of the four
Mg-Y alloys were measured by a SmartLab X-ray diffractometer (XRD,
Rigaku, Japan) using Cu Ka (A = 0.1542 nm) radiation under in-plane
diffraction mode. Three pole figures of {0002}, {10-10}, and {10-11}
were collected for each sample and plotted using the open source MTEX
software package [31]. For an investigation of the texture evolution,
pole figures were measured for Mg-0.2Y samples deformed in RD-C to
5%, 7% and 13% strain and in ND-C to 10% strain, respectively. The
strain values mentioned in this paper were recalculated into true strain.

To investigate the structure of pyramidal dislocations, TEM charac-
terization of ND-C 2% pre-strained Mg-1Y samples was carried out using
a JEOL JEM 2800 (JEOL, Japan) operating at 200 kV. For comparison, a
2% strain ND-compressed, commercially pure Mg sample (99.9%,
Goodfellow Inc., USA) was also investigated by TEM. To prepare TEM
specimens, pre-strained samples were cut into 1.0-to-1.5 mm thin foils
from the center of the compression sample parallel to the ND x RD
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plane. The thin foils were then mechanically ground and sequentially
polished down to 1 pm diamond suspension, followed by chemical
polishing in a nitric acid:ethanol = 1:9 solution for 10 s. Finally, the
samples were punched into ® 3 mm disks and ion polished to electron
transparency using PIPS (Gatan Inc., USA) at approximately —100 °C,
with ion-beam energies from 5 keV down to 1.5 keV and milling angles
from 6° to 2°.

Electron backscatter diffraction (EBSD) maps were collected from
RD-C deformed Mg-Y alloys to analyze their tendency to twin. EBSD was
performed with a field emission scanning electron microscope (SEM,
GAIA3, Tescan Inc., Czech Republic) operating at 20 kV, equipped with
an Oxford AztecHKL NordlysMax2 integrated EBSD system. The
partially deformed RD-C samples, deformed to ~5% true strain, were
sectioned parallel to the RD x ND plane using EDM. For EBSD charac-
terization, the samples were mechanically polished down to 0.05 pm
colloidal silica in ethylene glycol followed by chemical etching using an
etchant of nitric acid:hydrochloric acid:ethanol = 1:2:7. To get a sta-
tistically representative dataset on the deformed microstructure, EBSD
maps were acquired from six 500 x 500 pm randomly selected regions
for each alloy, with a scanning step size of 1 pm. Twin statistics were
analyzed from the EBSD scans using QTcrystals developed by Cédric
Pradalier et al. [32] to identify the twin/parent orientation relationship
and calculate the twin area fractions.

3. Polycrystal plasticity constitutive modeling

The visco-plastic self-consistent (VPSC) model was employed to
relate the macroscopic deformation response with texture evolution and
the underlying slip and twinning mechanisms. A detailed description of
the VPSC model originally developed by Lebensohn and Tomé can be
found in Refs. [33,34]. We extend the hardening law used in VPSC to
account for the interaction between dislocation storage and twin
growth. For this reason, in this section, we briefly describe both the
VPSC polycrystal model and the constitutive response it uses, which is a
dislocation density based hardening law for slip and twinning systems.
We follow then with the model for slip/twin interactions.

3.1. Visco-plastic self-consistent formulation

In the following model description, we let o represent the slip mode
(i.e., basal, prismatic or pyramidal) and f denote the twin type. The
expression s € a means that the slip system s belongs to slip mode o and
t € p the twin system t belongs to twin mode f. The flow rule of VPSC,
which relates the local stress to strain rate, is expressed in the form of a
power-law function via:

n

sign(m® : 6) (@)

m' o

P

The flow rule introduces a critical strength or slip resistance t¢ that
depends on the local microstructure and structural obstacles encoun-
tered by the dislocations. In Eq. (1), 7 and m"® are, respectively, the shear
rate and the symmetric Schmid tensor for system s, v, is the reference
shear strain rate, and ¢ is the stress tensor. The exponent n has been
referred to as the inverse slip rate sensitivity, yet here we elect to use a
sufficiently high value for n (i.e., n = 20), so that rate sensitivity in the
activation of slip (y > 0) is controlled by the rate sensitivity in 5.

3.2. Constitutive hardening law

To define 1, we use a thermally activated dislocation density based
hardening law (DD model) developed by Beyerlein and Tomé [35]. In
this model, work hardening in 1} is linked to the evolution of disloca-
tions, their mutual interactions, and their interactions with barriers in
the microstructure. The CRSS on slip system s, t¢, is given as a sum of the
contributions from forest dislocations, debris, and twin boundaries, via,
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where 1§ is the initial slip resistance. The stress 7}, and Ty, are the
forest dislocation interaction stress and dislocation substructure inter-
action stress. The evolution of 77, follows the traditional Taylor law,

relating glide resistance to a forest dislocation density, ie., 7, =

boyu Pfors where y, i, and b® are the dislocation-interaction parameter,

effective shear modulus, and value of the Burgers vector of slip system s,
respectively. The parameter y usually ranges in value from
0.1 <y < 1.0, and conventionally is set to 0.9 [36]. The density Pfor 18

the forest dislocation density, which is governed by Refs. [37,38]:
a a
o =KV =R @)
where k{ is a rate-insensitive coefficient for dislocation storage by sta-
tistical trapping of mobile dislocations, and k§ is the coefficient for dy-
namic recovery by thermally activated mechanisms.

The stress 13, represents the hardening contribution of dense
dislocation substructures and is represented by an extended Taylor law,
as inspired by the model proposed by Basinski et al. [39], given by:

1
T C))
by pdeb>

The last term in Eq. (2), T3, is the barrier effect provided by twin
boundaries formed within the grain and formulated based on a Hall-
Petch relationship with d;"* :

Tae = KaebHb™ v/Pyepl0g (

a

75y = UHP? S s € a with p —type PTS 5)
mfp
Here, HP* is a dimensionless coefficient and dsm';prs is mean free path

of slip in the matrix regions between adjacent twin boundaries.

3.3. Composite grain model

To model the reorientation of the lattice by twinning, twin growth,
and the directional barriers twin boundaries impose on slip, we utilize
the uncoupled twin-matrix version of the composite grain (CG) twin
model presented in Refs. [35,40,41]. To begin, every twin-free grain is
tested in every increment to identify whether its volume should be
divided into a representative twin domain and matrix domain. First, the
shear rate for each twin variant t, 7%, is determined using the same flow
rule as for slip, i.e.,

n

sign(m' : o) 6)

) , corresponds to a critical value to migrate the twin boundary and
grow the twin. At each time increment, the twin volume fraction, given
by

fr== @)

for each twin system t can be estimated, where Ay* = j*At is the shear
contributed by the twin system t during the time increment, At is the
increment in time, and S is the characteristic twin shear.

3.4. Twin affected dislocation storage rates

In some test orientations, the stress strain response of Mg alloys can
exhibit inflections in the hardening rate, which are known as twinning
signatures, signifying that twinning is occurring in addition to slip. In-
teractions between dislocations and growing twins have been consid-
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Fig. 1. Optical micrographs showing the microstructure of recrystallized Mg-Y plates: (a) Mg-0.2Y; (b) Mg-0.6Y; (c) Mg-1Y; (d) Mg-3Y. Note that the grain sizes are
similar in Mg-0.6Y, Mg-1Y, and Mg-3Y, whereas Mg-0.2Y exhibits a slightly larger grain size due to the rapid grain growth in Mg with low Y content.

ered to contribute to such distinctive changes in hardening. Several
possible dislocation/twin interaction scenarios have been discussed. The
most common one is that the twin boundary serves as a directional
barrier to slip, which can be represented by an additional resistance 71
to the CRSS for slip, as reflected in Eq. (5) [42-44]. A phenomenon
called transmutation has been reported. In particular, Wang et al. pre-
formed a TEM study on Mg alloy and found that <a>-type dislocations
can be transformed into <c+a>-type dislocations by the twin [45,46].
Third, a dislocation could, instead, transmit across the twin boundary
and glide on a slip plane in the twin that is crystallographically equiv-
alent to the original slip plane in the parent [47-49]. Last, the disloca-
tion may be absorbed by the moving twin boundary [50,51]. In recent
work, Chen et al. [51], using molecular dynamics simulation, studied
the interaction between an impinging dislocation and an extension twin
boundary in pure Mg. They found when the Burgers vector of a dislo-
cation (basal, prismatic and {1011} <c+a> pyramidal dislocations) is
not parallel to the zone axis of the twin, the twin boundary can act as a
dislocation sink, in which the matrix dislocation is absorbed by the twin
boundary [51].

The latter scenario suggests that dislocations can be consumed by the
migrating twin boundary, leading to a reduction in the dislocation
trapping rate. This reduction is different than the reduction in disloca-
tion density due to dynamic recovery, which is a thermally activated
mechanism enabled by dislocation-dislocation reactions. Here, we
extend the DD model to account for the reduction in the trapping rate
caused by twin growth. To reflect this interaction, the trapping rate
coefficient k{ in Eq. (3) for a given dislocation slip a in a given grain is
made to depend on the growth rate of the twin, % = g in the same grain.
When there is no twinning, the coefficient k{ in Eq. (3) is constant and
controls the rate of dislocation trapping with respect to shear. Yet, when
twins have already formed and are growing, the coefficient decreases
concomitantly, resulting in a decrease in the trapping rate. To capture
this effect, we adopt the following exponential decay law

k} =k{exp ( -Cy %) (8

where % = %is the twin growth rate in the CG model, C = %, where y,isa
reference shear rate defined in Eq. (6), and k{ is the initial trapping rate
coefficient in the twin-free grain.

3.5. Model set up for simulation

The inputs required in the model include the initial crystallographic
texture, initial morphological texture (i.e., grain shape distribution), the
applied boundary conditions, and the available slip and twinning
modes. Here, we make available to the calculation the slip and twinning
modes that are commonly observed in experiment: {0001}1120 basal
slip, {1010}1210 prismatic slip, {1011}1123 pyramidal slip, and
{1012}1011 extension twin [1,11,23-25,52,53]. As more confirmation,
TEM and EBSD analyses on the Mg-Y alloys in the present study (shown
later) and an in-situ TEM study of a Mg-2.5 at.% Y alloy from our pre-
vious work [18] also observed dislocations from these same modes and
{1012}1011 type extension twins. Other twin types, such as the {1011}
contraction twins and {1012} — {1@1} double twins, while seen in
other Mg alloys were not observed in the present experiment. This result
is consistent with recent work by Ansari et al., who studied the influence
of Y addition (5 wt% and 10 wt%) on the recrystallization, texture and
mechanical properties of Mg-Y alloys [54]. In their work, double twins
and contraction twins are found to be dominant in Mg-10 wt% Y, while
only the {1012} extension twin is dominant in the Mg-5 wt.% Y alloy
[54]. This difference was explained by a significant decrease in the basal
pole texture intensity. In our work, the Y concentration is not only lower
than 5 wt%, but the texture is also stronger; therefore, it is reasonable to
only consider {1012} twin system in our calculations.

Each slip mode is assigned a very small initial dislocation density of
1 x 10'9/m?, a value that has been found to not affect the evolving
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Fig. 2. Experimentally determined {10-10}, {0002} and {10-11} pole figures showing the initial rolling texture measured using XRD for: (a) Mg-0.2Y, (b) Mg-0.6Y,
(c) Mg-1Y and (d) Mg-3Y.
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Fig. 3. Experimental stress-strain curves for the for Mg-Y alloys under: (a) normal direction compression (ND-C), (b) rolling direction compression (RD-C), and (c)

rolling direction tension (RD-T).

dislocation density in prior studies [55]. For the initial texture the model
material used the measured texture for each alloy, represented using
1000 weighted orientations. The initial shape for all grains is spherical,
representing the nearly equiaxed structure. The mechanical tests were
simulated by imposing 0.002 strain increments along the RD or ND, in
the appropriate sense of loading (compression or tension), while
enforcing zero average stress along the lateral two sample directions.
The macroscopic strain rate is 0.001, equal to that used in the experi-
mental tests. In simulation, the dislocation density, grain shape and
texture were continuously updated. The calculated textures are plotted
also using the MTEX software to compare directly with the measurement
[31].

4. Results
4.1. Initial microstructures and textures

After hot rolling to the same thickness reduction and recrystalliza-
tion annealing, the microstructures of the four Mg-Y alloys were char-
acterized using optical microscopy (Fig. 1). The micrographs revealed a
nearly equiaxed and twin-free microstructure with no detectable pre-
cipitates. The equilibrium solubility limit of Y in Mg at ambient tem-
peratures is ~0.6 wt% Y. Using XRD (see Fig. A1), we find that evidence
of a second phase only in the Mg-3Y alloy. The average grain sizes
measured from optical microscopy are listed in Table 1. To achieve a
similar average grain size in the alloys, higher annealing temperature
and/or longer annealing time is needed for alloys with a higher Y con-
centration. It is noted that due to the rapid grain growth of Mg-0.2Y at
elevated temperatures, its grain size is slightly larger compared to the
other three Mg-Y alloys, despite the lowest temperature and shortest
annealing time being used.

The starting textures were measured using XRD. Fig. 2 shows the
{10-10}, {0002} and {10-11} pole figures of the initial textures for these
four alloys. All alloys exhibit primarily basal-type rolling textures.
However, a noticeable texture weakening effect with an increase in the Y
concentration is observed. The maximum basal texture intensities are
21.2, 15.7, 7.3 and 5.3 multiples of uniform distribution (m.u.d.),
respectively, for Mg-0.2Y, Mg-0.6Y, Mg-1Y and Mg-3Y.

4.2. Mechanical response

Quasi-static uniaxial mechanical tests along three loading directions
were performed at room temperature on the four Mg-Y alloys. The
stress-strain curves up to the ultimate stress are presented in Fig. 3 (a, b
and c) for the ND-C, RD-C and RD-T test directions, respectively. Ac-
cording to the initial basal rolling texture of these alloys, in the ND-C
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Fig. 4. Yield strength for Mg-Y in different loading directions and composition.

test, the compression direction is roughly parallel to the c-axes for
most of the grains, a condition which would favor pyramidal <c+a>
slip. For ND-C, the 0.2% offset yield strengths (c¢.29,) are 83, 105, 97 and
101 MPa for Mg-0.2Y, Mg-0.6Y, Mg-1Y and Mg-3Y, respectively. After
yielding, the hardening rate continuously decreases with increased
strain, suggesting a slip-dominated response [13,56]. In contrast, in the
RD-C test, the compression axis is perpendicular to the c-axes of a ma-
jority of the grains, requiring the crystals to extend along the c-axis. The
stress-strain curves in this case have a sigmoidal shape, i.e., the strain
hardening rate first increases and then decreases after yield, which is a

typical signature for {IOTZ}(TOH) twinning-dominated deformation.

The 6¢.29, for RD-C of Mg-0.2Y, Mg-0.6Y, Mg-1Y and Mg-3Y are 46 MPa,
64 MPa, 67 MPa and 78 MPa, respectively, lower than those in the ND-C
test. During RD-T, when the tension axis is perpendicular to the c-axes,
activation of prismatic <a> slip would be, however, favored instead of

{10T2}<T011) twinning or pyramidal <c+a> slip. The 69 29, values for

Mg-0.2Y, Mg-0.6Y, Mg-1Y and Mg-3Y are higher than those for ND-C
and much higher than those for RD-C and are 112, 126, 107 and 110
MPa, respectively. For a general view, the yield strengths as a function of
loading direction and composition are plotted in Fig. 4.

Several interesting findings arise from these tests. First, in ND-C and
RD-T, the strains-to-failure of these Mg-Y alloys are generally higher
than pure Mg. The typical strain-to-failure values in tension along the
RD direction in pure Mg are below 5% [21,57], while, here, significantly
enhanced strains-to-failure to more than 10% are observed, a result that
has also been reported previously [17,21,57]. Second, all alloys exhibit a
tension-compression (T-C) asymmetry in the RD direction, with the yield
strength higher in tension than in compression. The RD
tension-compression yield strength asymmetry, when quantified by
60.2% (RD-T)/6¢.295 (RD-C), results in 2.4, 2.0, 1.6 and 1.4, for Mg-0.2Y,
Mg-0.6Y, Mg-1Y and Mg-3Y respectively. While the values are larger
than 1, they decrease with higher Y concentrations. The reduction in T-C
asymmetry results from the increase in RD-C yield strengths but virtually
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Fig. 5. Representative TEM micrograph of ~2% ND compressed Mg-1Y, at zone axes of (a, b) B = 11-20 and (c, d) B = 10-10, with diffraction vector g = [0002]

showing the general activation of dislocations with <c+a> Burgers vectors.

no change in RD-T yield strengths with higher amounts of Y. Last, we
observe an optimum Y-concentration of Mg-0.6Y for peak yield strength
in the ND-C and RD-T tests. The same behavior is not observed in RD-C.
While each load direction exhibits its own dependencies on Y, it is more
important to note that the plastic anisotropy, dependence in yield
strength on load direction, continuously reduces as Y increases.

4.3. Pyramidal <c+a> slip

To investigate the change in pyramidal <c+a> slip activity in Mg-Y
compared to pure Mg, we performed TEM analyses on the deformed
microstructure of the ND-C material. Fig. 5 shows typical two-beam
bright and dark field TEM images of ND-C deformed Mg-1Y at grains
with c-axes close to the compression axis. The diffraction vector g =
0002 was used to identify the presence of dislocations with non-basal
Burgers vectors (<c> type dislocations). A uniform distribution of
<c> type dislocations is observed, with many of them lying partially
along the basal plane trace and partially out of the basal plane. Fig. 6
shows, for comparison, a TEM image of the ND-C deformed pure Mg to
the same strain. Overall, the density of <c> type dislocations is lower
than in Mg-Y. Also, the <c> type dislocations are localized at regions
corresponding to stress concentrations, such as grain boundaries, twin
boundaries or slip bands. Fig. 6 shows a band of <c> type dislocations
that are found in front of a twin tip located at the top left corner of the
micrographs. The non-uniform distributions of <c> type dislocations
existing only close to stress concentrators in pure Mg in contrast to the

uniformly distributed <c> type dislocations in Mg-1Y suggests that
their activation is more difficult in pure Mg and requires a higher local
stress than Mg-1Y.

4.4. Simulations of Y-affected deformation response

The observed effects of Y concentration on stress-strain response and
T-C asymmetry could be due to a number of factors. They may be
attributed to texture weakening and/or changes in the resistances for the
slip and twinning modes as Y changes. Y concentrations are found here
to affect the initial texture, weakening it as Y increases, a factor that
could also contribute to lower T-C asymmetry. As shown in Fig. 2, the
initial textures for these four Mg-Y alloys are relatively strong with the
majority of grains with their c-axes oriented through the ND of the rolled
sheet. In polycrystals, each grain by virtue of their different orientations
will have different slip activities, involving multiple active slip systems
and twin evolution. In addition, the reason for lower T-C asymmetry can
also be attributed to the strengthening effect on each deformation mode
due to Y alloying. A third factor concerns the interplay between slip,
twinning, and texture evolution. When deformed under an applied
strain, the texture changes, and thus, the relative activities of the
different slip and twinning modes could change with strain as well.
Thus, many factors are at play, which can complicate identifying how Y
concentration impacts stress-strain response. To transcend the effects of
texture and pointedly connect the stress-strain response of Mg-Y alloys
to the activation of the various slip and twinning modes, VPSC
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Fig. 6. A slip band of <c+a> dislocations in front of a twin tip in pure Mg with (a, b) g = [0002] and some <a> dislocations are seen with (c, d) g = [10-10]. Green
arrows mark the <a> dislocations out of the basal plane, and blue arrows mark the basal <a> dislocations. The red star points at a fiduciary mark just to guide the
eye. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

polycrystal modeling was employed. All three distinct loading paths,
RD-C, RD-T, and ND-C, and for four binary Mg-Y alloys were simulated.

One of the main results from this work is the identification of a single
set of material-related hardening parameters that enabled the simula-
tion to replicate all three stress-strain curves for each alloy Y concen-
tration: Mg-0.2Y, Mg-0.6Y, Mg-1Y and Mg-3Y. Figs. 7-9 compare the
calculated true stress-strain response with the measured stress-strain
response. The model captures reasonably well the evolution in stress
and hardening rates in all tests. Some slight deviations are noted, for
instance in the Mg-0.6Y curve for RD-T. Although the flow stress is a
little overestimated in this one case, the strain hardening is accurately
captured. The corresponding parameter sets are given in Table 2 for the
four Mg-Y alloys. Other predictions from the model are slip mode ac-
tivity and evolution of texture and twin volume fraction with strain,
which are discussed in turn below.

5. Discussion

5.1. Influence of Y concentration on initial critical activation stresses for
slip and twinning

Fig. 10 shows the variation in ¢ and t}) with Y concentration for each
slip and twinning mode. Basal slip remains the easiest deformation
mechanism for the binary Mg-Y alloy, a result that is consistent with
many previous works on Mg and Mg alloys [11,52,53]. The non-basal

slip modes are substantially larger than that for basal slip. The initial
resistance for basal slip exhibits a proportional dependency on Y con-
centration, increasing with increasing amounts of Y concentration. The
1§ for prismatic slip and for twinning, however, are notably less sensitive
to Y concentration. For comparison, similar models have reported lower
7 values of 3 MPa, 36 MPa, and 86 MPa for basal, prismatic, and py-
ramidal slip for pure Mg [58]. A few studies have focused on the effect of
Y on CRSS values, with results that are not consistent with those re-
ported here. Stanford et al. [59] investigated the CRSS values for various
deformation modes in Mg-0.5 wt% Y and Mg-2.2 wt% Y using the
elasto-plastic self-consistent method. They found that for this composi-
tion range, no additional hardening on basal slip and extension twinning
were observed. They state that this observation implies that the solute
strengthening of these deformation modes is exhausted when concen-
trations reach 0.5 wt% Y. The results here, however, suggest that there is
a strengthening effect on these two deformation modes, although it is
small. We also observe a strengthening effect on first-order pyramidal
slip, in agreement with a few studies [24,60], but not one on prismatic
slip. Kula et al. [60] studied Mg-Y binary alloys with Y concentrations
ranging from 1 wt% to 4 wt%. In the range 1 wt% to 3 wt%, they also
found little change in the CRSS values for prismatic slip (less than 5
MPa), consistent with our finding. They only observed large changes in
CRSS from 3 wt% to 4 wt%. It should be noted that the 1§ analyzed here
only represents the initial CRSS value, and in our model the CRSS can
rise from t§ as strain evolves. Arguably, more important than absolute
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CRSS values are the change in the CRSS (non-basal)/CRSS (basal) ratio
with increasing amounts of Y. Here we show that 1§ for basal slip in-
creases faster compared with the non-basal slip, resulting in the reduc-
tion in this ratio as Y concentration increases.

5.2. Y-dependent slip and twinning activity in Mg-Y alloys

From the polycrystal model calculations, the polycrystal average
amounts of slip and twinning contributed by each mode can be extrac-
ted. The columns on the right-hand side of Figs. 7-9 present the calcu-
lated relative activities (RA*) of basal slip, prismatic slip, and pyramidal
<c+a> slip and activities of {1012}1011 extension twinning during
strain evolution. We first notice that the relative slip activity for basal
slip dominates in all Y concentrations and in all loading directions. The
amount and type of secondary slip, as well as the participation of
twinning, is, however, highly dependent on the loading direction and Y

concentration.

From Fig. 6, for the four Mg-Y alloys being investigated, the hard-
ening rate in the flow stress-strain response in ND-C decays with strain,
indicating that their deformation is dominated by slip. In agreement, the
VPSC calculation indicates that the response was enabled by the acti-
vation of slip and little twinning. Deformation twinning occurs only in
the early stages and reduces in activity with increased ND-C strain. For
the full range of Y, the twin volume fraction saturates to 15%-20% at a
strain level around 8%. As mentioned, basal slip dominates, but, apart
from basal slip, pyramidal <c+a> slip is the secondary slip mode, while
prismatic slip activity is negligible. With ND-C straining, the contribu-
tion of pyramidal <c+a> slip increases, while that for basal slip de-
creases. With increasing Y concentration, the relative contribution of
pyramidal <c+a> slip with respect to basal slip decreases. This reduc-
tion in <c+a> contribution causes the reduced hardening rate observed
with higher concentrations of Y during ND-C.
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Like in ND-C, the hardening rate decreases with strain in RD-T
(Fig. 8), suggesting also slip-dominated plasticity. In accord, the calcu-
lations of the slip and twinning activities indicate that the primary slip
mode is basal slip, while the secondary slip mode is prismatic slip.
Compared to the other two loading directions, deformation twinning
contributes the least in RD-T. For all four Y concentrations, the relative
contribution of prismatic slip rises with increased strain. As Y concen-
tration increases from Mg-0.2Y to Mg-1Y, the contribution of prismatic
slip increases. But for Mg-3Y, the relative activity of prismatic slip re-
duces below that in Mg-0.6Y and Mg-1Y. The predicted t§ value for
prismatic slip is insensitive to Y, being especially similar in Mg-3Y,
Mg-1Y and Mg-0.6Y. Therefore, the lower activity of prismatic slip in
the RD-T test for Mg-3Y can be attributed to its weaker initial texture.

Distinct from the other two loading directions, the flow stress-plastic
strain response for RD-C exhibits a sigmoidal shape, a typical signature

10

for twinning-dominant deformation behavior. The calculations predict
that basal slip and twinning are the more active modes for the entire
straining period, with pyramidal slip activity substantially lower and
prismatic slip virtually inactive. In this test, twinning directly competes
with and evidently, is favored over pyramidal <c+a> slip. With further
straining (>5%), the twinning rate starts to decrease, and non-basal slip
becomes active, although still in small amounts. Table 3 compares the
calculated strains at which twinning activity reduces and non-basal slip
activity initiates. As shown, as Y increases, the strain at which twinning
activity reduces and non-basal slip activity initiates decreases. When the
maximum flow stress is reached, the calculated twin volume fraction is
substantial, lying within a range of 40-60% (Fig. 9). The relatively ac-
tivities among the slip and twinning modes are similar for all Y con-
centrations. There is slightly less twinning activity and twin volume
fraction at a given strain for greater Y concentrations.
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5.3. Effect of Y on twinning

Twin fractions can be detected post-mortem indirectly via texture
analyses and directly with EBSD. Fig. 11 compares the XRD measured
and VPSC simulated pole figures for Mg-0.2Y at the as-annealed state
and after 5%, 7% and 13% RD-C deformation and after 10% ND-C. The
measurement shows that the initial texture of Mg-0.2Y has a basal
rolling texture, with strong basal pole intensity at the ND. The repre-
sentation of the initial texture used in the model is evidently reasonable.
In the RD-C test, the basal pole intensity at ND decreases, while the
intensity at RD increases, corresponding to a ~90° rotation of the grain
orientation. The formation of {10T2}(T011) twins, which reorient the
crystal by ~86.3°, is one of the major causes of the abrupt change in the
basal texture during RD-C. Up to a strain level of 7%, corresponding to

the maximum strain hardening rate, the basal pole intensity grows
stronger around RD rather than ND, as seen from both the experimental

11

and simulation results. This change in texture indicates that the twin
volume fraction has increased and potentially consumed the majority of
the grains. When the RD-C strain increased to 13%, the basal pole
density at RD has further intensified, suggesting that nearly all the

crystals have been reoriented by {10T2}(T011) twinning.

Upon ND-C deformation, the measured and calculation textures
show no substantial evolution. The deformation texture of Mg-0.2Y after
10% ND-C is similar to its initial basal texture, but with slightly higher
basal pole intensity at ND. Although the model has predicted a twin
volume fraction of 15% (Fig. 7d), the amount of reorientation is not
sufficient to alter the bulk texture since the twins in the present case
manifest as fine lamella. It has also been shown in several previous
works that twin fractions need to exceed about 20% to manifest in bulk
textures [55,61,62].

To examine the effect of Y concentration on texture evolution, Fig. 12
presents the experimental and simulated deformation textures for Mg-
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Table 2
Parameters used for VPSC modeling for Mg-Y alloys. Superscript o refers to the slip mode (« = 1, 2, 3) and superscript p refers to the twin
mode. The definitions of the parameters are provided in the text.
Tg kg D al
Alloy 1 vpay | mm1) | (vpay g Q | HP c
Mg-0.2Y 6 2.5x% 10° 500 0.003 12 0 1000
Mg-0.6Y 9 1.5x10° 500 0.003 20 30 1000
Basal
(a=1) 9
Mg-1Y 11 1.5x 10 800 0.003 20 0 1000
Mg-3Y 22 1.5x10° 1000 0.002 5 100 1000
Mg-0.2Y 105 4x10° 6000 0.002 0 500 1000
. . Mg-0.6Y 85 4x10° 6000 0.002 0 500 1000
Prismatic
(a=2) 9
Mg-1Y 85 4x10 6000 0.002 0 100 1000
Mg-3Y 85 4x10° 6000 0.002 5 500 1000
Mg-0.2Y 90 5x 108 2000 0.002 0 500 1000
Pyr;ggdal Mg-0.6Y 100 4x10° 6000 0.002 0 500 1000
<atc> 3
(a =3) Mg-1Y 100 6x 10 2000 0.002 0 500 1000
Mg-3Y 110 6x 10° 2000 0.002 0 500 1000
T
(MPa)
Mg-0.2Y 10
Extension Mg-0.6Y 10
Twin
B=1 Mg-1Y 13
Mg-3Y 13
150 T T T T T Table 3
© Prismatic The critical strain at which twinning activity reduces and non-basal slip activity
100 © & o : 2;|'Saarlni aall initiates decreases.
§ © e e © Twin g Mg-0.2Y  Mg0.6Y  Mg-1Y  Mg-3Y
€ 50 - Twinning activity reduce 0.023 0.026 0.016 0.008
Non-basal slip activity initiates 0.074 0.062 0.058 0.024
Q 1 8 ‘I n 1 " 1 1

0 . .
0 0.005 0.01 0.015 0.02 0.025 0.03

Y Concentration

Fig. 10. Predicted initial resistances for various slip and twinning modes in
Mg-Y as a function of Y concentration.

0.2Y, Mg-0.6Y, Mg-1Y and Mg-3Y at the same strain, 5% RD-C. For all
Mg-Y alloys, there is a ~90° reorientation of grains after RD-C that lead
to increased intensities around RD in the basal pole figures. With an
increased amount of Y, the intensities in basal pole figures
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corresponding to {10T2}(T011) twinning decreased. Both modeling

and measurements confirm the slip and twinning activity predictions
stated earlier-increased Y content reduces slightly the propensity of but
does not shut off twinning.

As an explicit way to identify Y concentration effects on twinning,
the twin area fraction was measured using an EBSD-based statistical
study for the four Mg-Y alloys when loaded in uniaxial RD-C condition
to 5% true strain. Representative EBSD maps for 5% RD-C deformed Mg-
0.2Y, Mg-0.6Y, Mg-1Y and Mg-3Y are shown in Fig. 13(a-d), showing
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that all the samples contain profuse lenticular-shaped deformation
twins. A careful statistical analysis was performed to quantify the twin

fractions. In all samples, most of the twins are {IOTZ}(TOH) twins, and
the fraction of {10T2}(T011) twin type is negligible. Table 4 compares

the area fractions of {10T2}<T01 1) twins measured by EBSD in the four

alloys, with the values being 39%, 36%, 33% and 25% for Mg-0.2Y, Mg-
0.6Y, Mg-1Y and Mg-3Y, respectively. Similar EBSD statistical analysis
of extension twins in pure Mg show that the twin area fraction is about
60% for grains with a diameter of approximately 25 pm at 3% true strain
[58]. Comparisons with the findings here suggests that Y addition sup-
presses the twin activity. VPSC calculations predicted both the relative
activity of deformation twinning (Fig. 9) and the twin volume fractions
(Table 4 and Fig. 14). The volume fraction of calculated by VPSC agree
well with the EBSD results on twin area fractions.

The relatively low propagation stresses for extension twinning,
especially compared to those for prismatic and pyramidal slip, suggest

13

that generally twinning remains an easily activated deformation
mechanism in Mg-Y alloys. With an increase in Y concentration from 0.2
to 3 wt%, the twin propagation stress slightly increases. The slightly
increased propagation stress, in combination with the texture weak-
ening with higher Y concentrations, can explain the lower fraction of
twins in RD-C deformed Mg-Y and the reduced tension-compression
yield asymmetry with a higher Y concentration.

5.4. Effect of Y on plastic anisotropy and slip-twin interactions

All four alloys exhibited similar plastic anisotropy despite the large
changes in Y additions. Regarding rank, the yield stress is highest in RD-
T, second in ND-C, and the lowest in RD-C. Thus, all four of the Mg-Y
alloys show a RD T-C yield asymmetry greater than 1. The initial
hardening rate are highest in ND-C for every alloy. However, Y con-
centrations affect the differences in the yield stress, among the different
test directions. In this way, increases in Y additions lower the orientation
dependent yield stress. The reduction can be attributed to a clear
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Fig. 12. Experimental and simulated pole figures of 5% RD-C deformed Mg-Y alloys: (a, b) Mg-0.2Y, (c, d) Mg-0.6Y, (e, f) Mg-1Y and (g, h) Mg-3Y.

increase in the RD-C yield stress with increase in Y, since the changes in
ND-C and RD-T yield stresses are not proportional or as pronounced.
While the model predicts a reduced non-basal to basal initial CRSS ratio
with increased Y, this ratio may not be the main reason for the reduced
anisotropy. We find that in ND-C, the contributions of pyramidal slip to
deformation is important for all Mg-Y alloys but it tend to decrease
slightly as Y increases. In RD-C, the twin volume fraction decreases with
increasing Y and the pyramidal slip activity is slightly increased. Only in
the RD-T tests does the contribution of prismatic slip increase as Y in-
creases from 0.2% to 1%. The activity of prismatic slip in the other two
directions is relatively low. In fact, basal slip dominates in all loading
directions and in all alloys and the non-basal contribution does not
necessarily increase as Y increases. Other factors, such as initial texture,
unidirectional activation of twinning, and loading direction, can also
play a role. In Mg, the pyramidal-to-prismatic initial CRSS ratio can
range from 2 to 5, while current study shows that this ratio in Mg-Y is
small. The reduction in CRSS ratios with Y could be a reason for the
reduced anisotropy.

The modeling suggests a number of interesting slip-twin interactions.
First, the absorption rate coefficient C in Eq. (8) for basal, prismatic and
pyramidal slip were the same in all cases. This finding suggests a
possible that Y solutes at the twin boundaries does not affect the in-
teractions between dislocations and the twin boundary. Clearly, the
growth and saturation of twinning is affected by Y as the twin volume
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fraction decreases with increasing amounts of Y additions. Second, the
twin-barrier factor HP* for pyramidal slip is found to be 500 with all
four Y concentrations, which is much larger than the factor for other two
slip modes (basal and prismatic slip). This suggests that the twin
boundary serves as a stronger obstacle to pyramidal <c+a> slip than the
other slip modes. This effect is responsible for the rapid increase in
hardening rate during the RD-C test.

6. Conclusions

A combination of microstructural characterization, texture analysis,
and visco-plastic self-consistent (VPSC) modeling was employed to
investigate the alloying effects of different concentrations of Y on the
deformation response in Mg. In the experiment, four Mg-Y alloys were
deformed along three different loading paths, tension and compression
in the rolling direction (RD-T and RD-C), and compression in the normal
direction (ND-C). In the model, the formulation was extended to account
for the absorption of lattice dislocations as the twin boundary migrates.
For each alloy, the model identified a single set of material parameters
that successfully reproduced all measured stress-strain curves and ach-
ieved agreement with measured deformation textures and twin area
fractions. The following conclusions on the effects of Y alloy concen-
trations are made:
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Table 4 RD.

Fraction of {1012}<1011> twins after ~5% true strain compression in the 1 ;'_'0 é%'Y L T ]

rolling direction (RD-C). 0.8 H—0.6% 3

5 FH—1%Y ]

Mg- Mg- Mg-1Y  Mg-3Y 5 0.6 H—3Y -

0.2y 0.6Y gt ]

. . £04r ]
Twin area fraction by EBSD 39% 36% 33% 25% B [

Twin volume fraction by VPSC 34.1% 32.2% 28.6% 30.1% £ 02F &
calculations [

0 T N PR ' M R
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. . . . . o oes True strain
1. With increased Y concentration, the intensity of the initial basal

rolling texture and plastic anisotropy reduce.

2. The effect of Y on yield strength, hardening rate, flow stress is not
consistent among the different loading paths. Yield strength in-
creases with Y concentration only in the RD-C test.

3. The calculations show that the initial CRSS(non-basal)/CRSS(basal)
ratio decreases with increased amounts of Y due to an increase in

plastic strain.

pyramidal and prismatic slip with higher concentrations of Y.
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Fig. 14. Calculated twin volume fractions as a function of RD compressive

the CRSS for basal slip but relatively little change in the CRSS for

4. Despite the lower CRSS(non-basal)/CRSS(basal) ratio, more sub-

stantial contributions of

15

<c+a> slip and the reduced plastic
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anisotropy of Mg-Y alloys compared to pure Mg can be attributed to
similar initial CRSS values between prismatic slip and pyramidal slip.
. Increased Y concentration reduces the activity of {1012}1011
twinning in RD-C.
. The calculations suggest that migrating twin boundaries in Mg-Y
with different concentrations have the same dislocation absorption
rate.
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