Journal of the Mechanics and Physics of Solids 111 (2018) 290-307

Journal of the Mechanics and Physics of Solids ="

journal homepage: www.elsevier.com/locate/jmps

Contents lists available at ScienceDirect ® suma ol
Mechanics
and Physics
of Solids

Activity of pyramidal I and Il <c+a> slip in Mg alloys as
revealed by texture development

B
@ CrossMark

Miroslav Zecevic?, Irene J. Beyerlein®, Marko Knezevic®*

aDepartment of Mechanical Engineering, University of New Hampshire, Durham, NH 03824, USA
b Mechanical Engineering Department, Materials Department, University of California at Santa Barbara, Santa Barbara, CA 93106, USA

ARTICLE INFO

ABSTRACT

Article history:

Received 2 September 2017
Revised 1 November 2017
Accepted 8 November 2017
Available online 10 November 2017

Keywords:

Pyramidal slip

A. Dislocations

A. Microstructures

B. Crystal plasticity

B. Polycrystalline material

Due to the geometry of the hexagonal close-packed (HCP) lattice, there are two types of
pyramidal <c+a> slip modes: {1011}(1123) or type I and {1122}(1123) or type II in HCP
crystalline materials. Here we use crystal plasticity to examine the importance of crystal-
lographic slip by pyramidal <c+a> type I and type Il on texture evolution. The study is
applied to an Mg-4%Li alloy. An elastic-plastic polycrystal model is employed to elucidate
the reorientation tendencies of these two slip modes in rolling of a textured polycrystal.
Comparisons with experimental texture measurements indicate that both pyramidal I and
Il type slip were active during rolling deformation, with pyramidal I being the dominant
mode. A single-slip-mode analysis is used to identify the orientations that prefer pyramidal
[ vs. II type slip when acting alone in a crystal. The analysis applies not only to Mg-4%Li,
but identifies the key texture components in HCP crystals that would help distinguish the

activity of pyramidal <c+a> I from pyramidal <c+a> II slip in rolling deformation.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Plastic deformation of Mg alloys relies predominantly on the contributions of slip on several independently oriented
planes that lead to accommodation of both <c> and <a> axis deformation. The possible modes of slip are basal <a>,
prismatic <a>, pyramidal <a>, and pyramidal <c+a> slip (Partridge, 1967; Yoo, 1981). In addition to slip, most of Mg
alloys deform plastically by deformation twinning modes of which the extension twinning mode {1012}(1011) predominates
(Reed-Hill and Robertson, 1957). The study here focuses on the pyramidal <c+a> slip. From the hexagonal close-packed
(HCP) lattice, two types of pyramidal slip modes have been identified: {1011}(1123) type I and {1122}(1123) type II. Post-
mortem transmission electron microscopy (TEM) characterization or slip trace analyses of deformed Mg specimens have
provided evidence of <c> and <c+a> dislocations lying on {1122} glide planes, suggesting pyramidal type II glide had
taken place (Ando and Tonda, 2000; Byer et al., 2010; Obara et al., 1973; Syed et al., 2012; Tonda and Ando, 2002). Direct
observations have been reported of moving pyramidal type II dislocations in single Mg crystals of nanoscale dimensions
(<100 nm) (Yu et al., 2013). More recent studies on slip traces in deformed pure Mg single crystals have found evidence of
both pyramidal I and II slip planes but concluded that pyramidal I slip was the more dominant one (Xie et al., 2016).

Atomic-scale simulations on pure Mg have been carried out to either calculate the generalized stacking fault energy
(GSFE) curve for shear along the type I and type II planes, to simulate the dissociation of each type of dislocation to de-
termine its low energy configuration, or to simulate the nucleation of the pyramidal slip dislocation under stress. GSFE
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curves calculated using the Liu or Sun embedded atom method (EAM) potential and density functional theory (DFT) in
(Nogaret et al., 2010) predict that the peak in the GSFE curve, related to its formation energy, is higher for pyramidal II
than that for pyramidal I. Recent molecular dynamics (MD) simulations using a modified embedded-atom method (MEAM)
potential have also been performed to compare the core configurations and self-energies of these two dislocations. For pure
Mg, it was found that the core energy of edge pyramidal I dislocations is lower than that of the edge pyramidal II dislo-
cation; however, the opposite was true for their screw dislocations (Wu et al., 2015). MD simulations of direct nucleation
under deformation showed formation of pyramidal type I (Li and Ma, 2009), while others have reported nucleation of both
types (Kim et al., 2011). DFT calculated GSFE curves suggest that the ideal shear stress for pyramidal I slip would be 10-12 %
lower than that for pyramidal II slip (Kumar et al., 2017). Low temperature MD simulations of edge and mixed dislocations
found that the low energy state of these dislocations is extended into two equal length partials (Kumar et al., 2017). The
pyramidal II configuration is glissile, but that for pyramidal I is not since dislocation core spreads on alternating {3032} and
{3034} planes. Recent simulations have also reported that under higher temperatures (>500K), the dissociated cores of the
pyramidal type I and II slip dislocations can reduce their energy by rearranging out of their glide plane. While both are
sessile, the reconstructed core for the pyramidal I <c+a> dislocation type achieved the lower energy state, suggesting it
would be less likely to glide (Wu and Curtin, 2015; Wu and Curtin, 2016). Taken altogether, it is clear that local microscopy
measurements and atomic scale simulations have been inconclusive.

Atomic-scale simulations and TEM and high-resolution (HR) TEM analyses treat local phenomena but have the advantage
of being a direct measurement or observation of an elementary process. Nonetheless, via these methods, it is not possible
to assess the dominant deformation mechanism in deformed laboratory samples. A more global gauge of active deformation
mechanisms would be the evolution of texture with deformation. In an actual HCP polycrystal with a dispersion of grain
orientations, not all grains will activate pyramidal <c+a> slip and for those grains that do, pyramidal <c+a> slip is likely
not to operate alone. Other slip systems, modes, and mechanisms, such as twinning will be activated alongside pyramidal
slip in order to accommodate the deformation of a given grain within the polycrystal. Accordingly, the reorientation tenden-
cies of a grain will be determined by the relative activities of multiple slip and/or twinning modes acting simultaneously.
Activation of different slip systems and modes leads to pronounced signatures in texture development. These signs, however,
are indirect indicators and relating them to the averaged activation of slip systems often requires interpretation made by a
polycrystal model. Over the years, many joint modeling-experimental studies have shown that the development of texture
in Mg and Mg alloys highly depends on the initial texture, deformation path, strain rate, and temperature (Ardeljan et al.,
2017; Ardeljan et al., 2016a; Chelladurai et al., 2017; Jahedi et al., 2017; Jiang et al., 2007; Kabirian et al., 2015). Texture evo-
lution is sensitive to the relative amounts of slip and twinning modes (Ardeljan et al., 2014; Jain and Agnew, 2007; Knezevic
et al., 2013a; Knezevic et al., 2014a; Knezevic et al., 2013b; Knezevic et al., 2012; Knezevic et al., 2016b; Knezevic et al.,
2013c; Knezevic et al.,, 2010). To the authors’ knowledge, texture analyses, however, have not been carried out to determine
based on texture development whether pyramidal I type or pyramidal II type slip was active.

Polycrystal plasticity models including Taylor (Fromm et al., 2009; Kalidindi et al., 2006; Knezevic et al., 2009; Knezevic
et al., 2008a; Knezevic et al., 2008b; Shaffer et al., 2010; Taylor, 1938), self-consistent (Knezevic et al., 2016c; Lebensohn and
Tomé, 1993; Lebensohn et al., 2016; Turner and Tomé, 1994; Zecevic et al., 2017b), and finite element (Ardeljan et al., 2016a;
Ardeljan et al,, 2015; Ardeljan et al., 2016b; Kalidindi et al., 1992; Knezevic et al., 2016a; Knezevic et al., 2014b; Knezevic
et al., 2014c; Savage et al., 2017; Zecevic et al., 2016b; Zecevic et al., 2015b, c) based homogenizations have been developed
over the past several decades to make the link between the deformation of individual crystals with the deformation of the
polycrystal. Crystal plasticity theory is used in most of these models to relate the activity of a set of slip systems with single
crystal deformation. Consequently, polycrystal calculations rely heavily on experimental evidence to indicate which of the
two types of pyramidal slip modes should be made available. Often times, in modeling Mg and its alloys, one or the other
type of pyramidal slip mode is assumed a priori. The deformation simulations, particularly for polycrystals, find that many
slip and twinning systems operate simultaneously over the period of straining. Since so many deformation modes are active
at once, it is difficult to discern which ones are responsible for a particular component or components in the deformation
texture.

In this work, we use an elasto-plastic self-consistent (EPSC) model (Turner and Tomé, 1994) to study and interpret the
texture evolution in Mg alloys. The model was recently used to simulate texture evolution in the Mg-4%Li under rolling
(Lentz et al., 2015a; Lentz et al., 2015b; Risse et al., 2016). This data and material parameters are used in this work. Either
pyramidal I or Il or a mix of pyramidal I and II slip will be allowed in these calculations, from which we will predict
texture evolution and slip and twin activity. It was shown in (Agnew et al., 2001) that alloying magnesium with lithium
or yttrium increases the activity of pyramidal <c+a> slip, hence the Mg-4%Li alloy would appear to be well suited for
this study. Deformation textures are a result of the deformation state and here we study texture evolution arising from
two distinct deformation states: uniaxial tension/compression and plane strain compression. These polycrystal calculations
permit every grain to deform by potentially twinning, basal, prismatic systems, not just pyramidal I or II slip alone. The
reorientation trends of pyramidal I and II, when they are acting in isolation, are analyzed using the Single-Slip-Mode (SSM)
model “option” within the visco-plastic self-consistent (VPSC) model (Lebensohn and Tomé, 1993).

In what follows, we first investigate the effects of pyramidal I and pyramidal II slip in a realistic setting using the mul-
tiscale EPSC model with a thermally activated dislocation density hardening law, in which multiple slip systems, including
basal and prismatic must also be activated alongside pyramidal <c+a> slip. To theoretically study the effects of each slip
mode in isolation, we employ a SSM calculation, which permits single crystal deformation to be accommodated by only
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Table 1

Model parameters for the evolution of slip and twin mode resistance. The constant for the initial slip resistance enter the following equation 75 =
W and the constants for drag stress enter the following equation Dy = E + F exp GT. We refer to (Zecevic et al., 2015a) for details of the model;
however, we note that some of the parameters have been adjusted from those reported there. T is temperature in kelvin [K].

<a> prism <a> basal <c+a> pyr | <c+a> pyr Il
Case 1 Case 3 Case 2 Case 3
To(MPa) A 239 x 10 116 1.21 x 10? 1.21 x 102 1.23 x 102 1.36 x 102
B 3.84 x 102 2.09 x 102 2.19 x 1072 2.15 x 1072 2.37 x 102 2.15 x 1072
C 4.27 x 10? 3.81 x 10? 3.57 x 102 3.57 x 102 3.56 x 10? 3.57 x 102
ki(m-1) 8 x 108 8 x 107 7.5 x 107 7.5 x 107 7.5 x 107 7.5 x 107 7.5 x 107
Do(MPa) E 3.2 x 103 1.5 x 103 3.3 x 103 3.3 x 10° 3.3 x 103 3.3 x 10°
F 2.18 x 10° 0.0 0.0 0.0 0.0 0.0
G —3.68 x 102 1.0 1.0 1.0 1.0 1.0
g - 33 x1073 2.0 x1073 2.0 x 1073 2.0 x1073 2.0 x 1073 2.0 x 1073
Eo(s™h) 107 107 107 107 107 107
po(m=2) 1.5 x 10%2 1.5 x 10"2 1.5 x 10%2 1.5 x 10" 1.5 x 10%2 1.5 x 10%2
X 0.9 0.9 0.9 0.9 0.9 0.9
HP (Hall-Petch-like constant) 0 0 0 0 0 0
Latent hardening from slip to 50 50 450 450 450 450
TTW
TTW
FIF (Finite initial fraction) 0.015
(Clausen et al., 2008)
To(MPa) 25.0
b(m) 5.54 x 10~1
PTS (Predominant twin 0.05
system)

HP (Hall-Petch-like constant) 0.0

one slip plane. This part of the study is independent of the material properties or hardening model used to activate slip.
Together, we demonstrate that texture evolution in rolling can be used to identify pyramidal I or II slip activity in certain
orientations of HCP single crystals or in certain preferred textures of HCP polycrystals. For the Mg-4%Li alloy here, it is likely
that both pyramidal I and II slip were active with stronger activity of pyramidal L

2. Modeling framework
2.1. Elasto-plastic self-consistent model for Mg-4%Li

Texture evolution calculations were performed using a mean-field polycrystal code called elasto-plastic self-consistent
(EPSC) (Turner and Tomé, 1994). In prior work, a multiscale EPSC model with a thermally activated dislocation density (DD)
based hardening law for slip was applied for Mg-4%Li (Lentz et al.,, 2015a; Risse et al., 2016). The general framework of
this model had been developed previously (Zecevic et al., 2017a, 2015a, 2016¢; Zecevic and Knezevic, 2015); however, the
main adjustment made entailed characterizing the material parameters associated with the DD hardening law for each slip
mode and associated with the twinning model for the {1012}(1011) extension twin mode for Mg-4%Li. For this alloy, the
prior work made available the following slip modes: basal, prismatic, and pyramidal Il <c+a> slip. The DD hardening law
parameters for each mode are a friction stress (7g), a drag stress (Dg), activation enthalpy (g), and a trapping rate coefficient
(k1). The friction stress and drag stress are functions of temperature given by: 7y = TTexp(BT0)) and Dy = E + Fexp(GT).
With a single set of these parameters, the model could reproduce uniaxial tension and compression tests in two distinct
loading directions at four different temperatures, from room temperature to 473 K. These parameters are given in Table 1.
We designate the simulations performed using basal, prismatic, pyramidal II <c+a> slip systems and twinning systems
“Case 2".

For comparison, we considered a new case (“Case 1), in which we repeat the EPSC simulations for grains that deform by
basal, prismatic, and pyramidal I <c+a> slip and twinning systems. For this case, the hardening law parameters for pyra-
midal <c+a> I need to be characterized. Considering the similarity between pyramidal I and II slip, small adjustments of
the parameters associated with pyramidal II slip should suffice. To this end, we assumed that only the initial slip resistance
(friction stress) for pyramidal <c+a> I slip differed from that of pyramidal <c+a> II slip, while the remaining parame-
ters, governing dislocation-dislocation interactions (drag stress, activation enthalpy, and a trapping rate coefficient) were the
same. All material parameters for basal and prismatic slip did not change.

As a third case (“Case 3”), we model the situation in which both pyramidal I and II slip modes are available. Previous ex-
perimental analysis has suggested that at 77 K and room temperature, screw <c+a> dislocations can cross-slip to and from
the pyramidal I and II planes (Ando and Tonda, 2000). Observations of this cross-slip process have also been predicted in
MD simulation (Ando et al., 2002; Tang and El-Awady, 2014). Although cross-slip and similar discrete dislocation maneuvers
cannot be modeled explicitly in EPSC, we can represent the effect by allowing for slip on both pyramidal I and II planes.
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Fig. 1. Basal and prismatic pole figures of the initial texture of the extruded Mg-4%Li material used here measured by x-ray diffraction. Extrusion and
transverse direction are denoted as ED and TD repsectivley.

In doing so, we are, however, left with providing a priori a CRSS ratio for the initial slip resistance of pyramidal II slip to
pyramidal I slip. Recent work on pure Mg single crystals reports evidence by a slip trace analysis of both pyramidal <c+a>
types and a preference of type I over Il slip (Xie et al., 2016). They find that the CRSS is 54 MPa for pyramidal I slip. In the
same crystal, the Schmid factor for the most preferred pyramidal II slip system was 10% higher. Since it apparently does
not activate, the CRSS ratio of type II to type I would at minimum be 1.1. Recent DFT calculations of generalized stacking
fault energy (GSFE) surfaces find that the peak energy barrier is 225 mJ/m? for the type I pyramidal slip and 250 mJ/m? for
type II, giving a ratio of 1.11, consistent with the previously mentioned measurement (Kumar et al., 2017). The maximum
derviative on this GSFE surface 1/b dE/du can be used as a measure of the ideal shear strength and is 2.36 GPa for pyramidal
I slip and 2.65 GPa for pyramidal II slip, giving a ratio of 1.12 (Kumar et al., 2017). Both calculations suggest that it is easier
for the pyramidal I dislocation to glide compared to pyramidal Il. On this basis, for the third case, with mixed pyramidal I/II
slip, we assume that the initial CRSS values for pyramidal I and I bear a ratio of 1.12. The values are given in Table 1.

2.2. Single-slip-mode (SSM) model

In order to study the reorientation tendencies inherent to particular slip mode and applied boundary conditions we use
the Single-Slip-Mode (SSM) model “option” within another self-consistent model called visco-plastic self-consistent (VPSC)
(Lebensohn and Tomé, 1993). The SSM model enforces the same stress in every crystal while allowing the strain to vary
from crystal to crystal (Sachs, 1929). One of the capabilities of the VPSC model is to set the linearization procedures and
interaction scheme such that polycrystal compliance corresponds to volume average of grain compliances implying a con-
stant stress over the polycrystal (Lebensohn and Tomé, 1993). We gain the benefit of maintaining the uniform stress tensor
across crystals, while permitting strain-rate boundary conditions to be prescribed (Zecevic et al., 2016a). Because of the
uniform stress, it is possible for a single slip mode to accommodate the entire strain rate of a given grain, unlike in the
self-consistent or Taylor homogenization.

The exact procedure of the proposed SSM analysis is as follows. Each grain is allowed to deform by one mode via a set
of slip systems within the particular slip mode under consideration (e.g. twelve slip systems of the pyramidal I slip mode).
In other words, multi-slip is allowed but only by slip systems belonging to the active slip mode of interest. Next a constant
stress state over the polycrystal (unknown a priori) is iteratively enforced over the grains, under the additional constraint
that average strain rate over the polycrystal has to be equal to the applied strain rate (e.g., plane-strain compression strain
rate). Only the orientations that have a sufficiently high Schmid factor on the allowed slip systems for a given uniform
stress will activate and strain rate will vary from grain to grain. The main difference between the single slip mode analysis
employed here and Schmid factor analysis is the additional constraint imposed on the average strain rate over the polycrys-
tal, which in turn defines the uniform stress tensor in the case of applied mixed or strain rate boundary conditions. Next,
the resulting grain reorientation can be calculated using the shear rates of all the slip systems within the slip mode under
consideration. Therefore, if for a given stress state a particular grain is oriented poorly for slip on slip systems of the slip
mode under consideration the resulting shear rates will be zero, the grain will not deform and hence the reorientation will
be zero.

3. Results and discussion

The material studied here started as a processed Mg-4%Li, which was extruded with an extrusion ratio of 61:1 at a
processing temperature of 573 K and not annealed afterwards (Risse et al., 2017). For this study, uniaxial tension and plane-
strain compression of the extruded Mg-4%Li were simulated and predictions for the stress-strain response and deformation
textures are compared with experiments. Unless stated otherwise, we used the EPSC model and in a few instances calcula-
tions were repeated using the proposed SSM analysis to isolate orientations that are best oriented for a particular slip mode
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Fig. 2. Comparison of measured (solid lines) and calculated (dashed lines) tensile true stress-true strain curves in extrusion and transverse directions (ED
and TD) for Mg-4%Li at room temperature (RT), 100 °C, 150 °C and 200 °C for three cases considered. We see that all three sets of slip modes (basal,
prismatic, pyramidal I, and extension twinning), (basal, prismatic, pyramidal II, and extension twinning), and (basal, prismatic, pyramidal I, pyramidal II,
and extension twinning) provide good agreement with the measurement.

and to study their reorientation trends. Analysis of the textures but not stress-strain response are used to draw conclusions
on the relative activity of the pyramidal I/Il modes.

3.1. Uniaxial tension of Mg-4%Li

We first use the EPSC model to simulate uniaxial tension tests under the four temperatures reported in (Risse et al.,
2016). Details on the material and experimental mechanical test procedures can be found in (Risse et al., 2016). The material
parameters used to obtain the same agreement in the stress-strain curves for all three cases is given in Table 1. While the
stress-strain curves are used for characterization of hardening parameters for Case 1 including pyramidal I slip and Case 3
allowing for mixed pyramidal I/II slip, other model outputs, such as texture evolution and slip activity are predictions and
thus serve to validate the model and indicate slip activity.

Deformation textures can be sensitive to the initial texture, strain level, temperature, and strain rate. When directly
comparing calculated and measured textures, we import the initial texture as measured from x-ray diffraction (XRD), input
the actual temperatures and strain rate of the test, and make the comparison for the same deformation strain levels. The
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initial texture of the extruded Mg-4%Li material used in these tension tests is presented in the form of basal and prismatic
pole figures in Fig. 1. Pole figures in the present work are equal area representations. As shown in the basal pole figure, the
material exhibits a preferred texture from the extrusion process used to produce the final sheet form. Two closely separated,
diffuse basal peaks along the transverse direction (TD) have formed.

The model represented the initial texture using 2000 orientations and grain shapes that were initially spherical thus
neglecting the influence of sporadically observed elongated grains (Risse et al., 2016). As in the experiment, the material
was strained in tension in either the extrusion direction (ED) or TD of the extruded sheet at an applied rate of 1.6e-4/s.

Fig. 2 compares model results for Case 1 (pyramidal I), Case 2 (pyramidal II), and Case 3 (pyramidal I/Il) with the mea-
sured stress-strain curves in ED tension and TD tension at four temperatures. The agreement between the model and mea-
surements is good.

Fig. 3 shows the corresponding relative slip and twinning activity plots at two temperatures: room temperature and
100 °C. The results reveal some pyramidal slip activity in ED tension and practically no pyramidal slip activity in TD tension.
In ED tension, because of difference in initial CRSS between pyramidal I and II slip, there is less basal slip activity and
more pyramidal <c+a> activity in the pyramidal I Case 1 than in the pyramidal II only Case 2. In TD tension, extension
{1012}(1011) twinning was favored over pyramidal <c+a> slip. We find that in Case 3, with both pyramidal I/II available,
both are active but pyramidal I slip dominates.

Fig. 4 compares the deformation texture at the end of uniaxial straining for ED and TD tension for all three cases with
the experimental measurement at room temperature and 100 °C. The three cases achieve good agreement with experiment
but among them, show negligible differences in the calculated texture evolution. For TD tension this similarity is not sur-
prising since pyramidal <c+a> slip was not active, whereas for ED tension, wherein pyramidal <c+a> slip contributed
a substantial amount, this result suggests that which type of pyramidal <c+a> slip does not impact texture evolution in
uniaxial straining.

3.2. Rolling of Mg-4%Li plate at room temperature

3.2.1. EPSC predictions for plane-strain compression of Mg-4%Li

Having characterized and validated the model for either pyramidal I or pyramidal II slip in uniaxial deformation, we
subsequently employ the model to investigate the differences in lattice reorientation tendencies and texture evolution due to
pyramidal I vs. II type slip in plane strain compression (PSC) an idealized representation of the deformation state developed
in rolling (Kocks et al., 1998). PSC best applies to the center of the rolled sheet away from the ends and top and bottom
surfaces that contact the rolls. The EPSC calculations were performed to predict texture evolution in PSC under Case 1
(with pyramidal I slip), Case 2 (with pyramidal II slip), and Case 3 (with mixed pyramidal I and II slip) and compared with
experimental observation as guidance on which type of <c+a> slip may dominate in deformation.

For this work, the same Mg-4%Li studied in (Risse et al., 2016) was rolled at room temperature to 54% reduction and
the texture was measured using neutron diffraction at the Los Alamos Neutron Science Center (LANSCE) using the HIPPO
spectrometer. Prior to rolling, however, the Mg-4%Li material was annealed and consequently, the initial texture was altered
from that of Fig. 1. The initial texture for the rolling experiments is provided in Fig. 5. As shown, two widely separated basal
peaks along the transverse direction (TD) have formed. A predominant orientation within this peak is denoted with a black
dot.

Fig. 6 shows the variation in the relative activity of the various slip modes and twinning during the PSC deformation. In
all three cases, basal slip and prismatic slip are active in the beginning of deformation and pyramidal <c+a> slip develops
later in deformation, and tensile twinning occurs but is not profuse. Beyond roughly 40% rolling strain, pyramidal <c+a> slip
contributes 30% or more to the deformation. This development occurs because <c+a> slip is the harder mode, requiring
either reorientation to orientations favoring pyramidal slip and/or hardening of the <a> slip modes. In Case 3, we see
that both pyramidal I/II slip are activated; however, with a CRSS ratio for pyramidal II/pyramidal I of 1.12, pyramidal I slip
dominates. As a consequence, bulk texture results for Case 1 and Case 3 are not expected to be different.

The relative activities studied in Fig. 6 provide the values averaged over the entire polycrystal. A more refined analysis
is carried out to provide the activities within each grain and its history. Fig. 7 plots the instantaneous reorientation trends
due to pyramidal I and II slip for 300 grains with highest reorientation angle, later in the deformation at —0.42 strain of
PSC along ND and expansion in RD, when pyramidal slip is sufficiently active in a {0001}, {1010} and {1120} pole figures.
The corresponding reorientation velocities (given in Fig. S1 of the supplementary material) are calculated as vectors, whose
length is proportional to the velocity. The vector connects the initial (here the initial texture is at —0.42 strain) to the
final orientation (at the end of a given strain increment) of the selected pole and because the strain increment is small,
0.001, the direction of this arrow lied parallel to the reorientation velocity of the pole. Furthermore, the magnitude of the
velocity vector is scaled by an arbitrary constant for better illustration purposes. The scaling factors are indicated in the
figure captions. Grains showing activity of pyramidal I or II slip may also be simultaneously activating other modes of slip.
Therefore, at this point we can only conclude that the results plotted on Figs. 7 and S1 are valid only for that specific state
within the polycrystal. If we decreased, for example, the slip resistance of prismatic slip, the grains activating pyramidal
modes and their reorientation tendencies could be altered. Fig. 7a shows the reorientation of grains in which pyramidal I
slip is active and Fig. 7b are those grains in which pyramidal II slip is active. Generally, more grains activate pyramidal I
slip than pyramidal II slip. From the basal pole reorientation velocity map, we observe that grains in which pyramidal II
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Fig. 3. Simulated relative activity plots in ED and TD tension for extruded Mg-4%Li at room temperature (RT) and 100 °C for cases 1, 2, and 3.
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Fig. 4. Comparison of measured and calculated tensile deformation textures for Mg-4%Li at room temperature and 100°C. (a) Case 1: the set of slip modes
for basal, prismatic, pyramidal I, (b) case 2: the set of slip modes for basal, prismatic, pyramidal II, (c) case 3: the set of slip modes for basal, prismatic,
and both pyramidal I/Il and (d) experimental textures measured by XRD.
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Fig. 5. Pole figures of extruded and annealed Mg-4%Li prior to rolling measured using the HIPPO spectrometer. The black dot corresponds to one of the
peak intensity orientations with Bunge Euler angles [83° 40° 47°] when x||TD and y||ED.
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Fig. 6. Simulated relative activity plots for rolling of extruded and annealed Mg-4%Li at room temperature to 54% reduction for cases 1, 2 and 3.

slip is active have their c-axes located approximately axisymmetrically around the ND (Fig. 7b). The grains with the highest
activity of pyramidal II slip have their c-axes in the RD-ND plane. In contrast, grains that activate pyramidal I slip have their
c-axes oriented symmetrically about the TD as two spread peaks from the ND. It is important to note that it is the activity
of pyramidal slip that causes the separation along the RD of the initial TD peaks, which is in agreement with (Agnew et al.,
2001). Also we observe a slight tendency for pyramidal II slip to reorient the c-axes in the TD direction. Finally, we note
that pyramidal II slip is most active in orientations with {1120} poles parallel with RD while {1120} poles of the orientations
that activate pyramidal I slip are 15-20° away from RD in the RD-TD plane. Results for Case 3 are similar to those for Case
1 and hence are not shown.

Fig. 8 compares the simulated texture evolution in Cases 1, 2, and 3 after 54% reduction with the measured rolling
texture. If large enough volume close to the center of the plate was considered, the rolling (orthotropic) symmetry would
become apparent. Four-fold rolling symmetry was imposed to the deformation textures in order to remove small variabilities
present in both experiment and simulations (Bhattacharyya et al., 2015; Knezevic and Bhattacharyya, 2017). Corresponding
textures without symmetry imposed are included in the supplementary material (Fig. S2). In the calculated deformed texture
for Case 2, the peak texture components have their c-axes oriented approximately axisymmetrically about the ND in form
of six peaks. In Cases 1 and 3 c-axes are oriented symmetrically in the RD from the ND forming four distinct peaks. The
basal peaks are too close to the initial TD peaks in Case 2, indicating that pyramidal II activity in the initial TD peaks was
not strong enough to reorient them to the peak orientations that are present in the deformation textures of Cases 1 and
3 and experimental results. This is in agreement with the reorientation trends given on Fig. 7 which indicate that initial
TD peaks are better oriented for slip on pyramidal I than on pyramidal II. In addition, the tendency of the pyramidal II to
reorient the basal poles in the TD direction slowed down movement of the initial TD basal peaks towards RD. However, it
should be noted that the peaks along the RD direction, which are characteristic for Case 2, are present in the experimental
measurements. This is again in agreement with Fig. 7, which shows that pyramidal II is the most active in the peaks along
RD. In the Case 2 we see clustering of the {1120} poles along RD while in Cases 1 and 3 we see development of two peaks
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Fig. 7. Reorientation trends for (a) pyramidal I slip and (b) pyramidal II slip from EPSC at —0.42 strain along ND, plotted for 300 grains with highest
reorientation and color-coded according to the angle of reorientation (degrees) for strain increment of 0.001. The arrows are superimposed to indicate
the overall directions of reorientation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

about 15° away from the RD in the RD-TD plane, which is consistent with the experimental results and reorientation plots
on Fig. 7.

Since Case 3 does not allow pyramidal II to activate, we have lowered the initial CRSS of pyramidal II slip to the value of
pyramidal I slip and called this “Case 3.1”. The uniaxial tension stress-strain curves and deformation textures are practically
unaffected. The deformation texture after 54% reduction for Case 3.1 is plotted on Fig. 8 as well. Case 3.1 develops both
basal lateral peaks and the basal RD peaks and thus reproduces the experimentally seen features the best.

In order to further corroborate the finding that initial TD peaks are better oriented for slip on pyramidal I slip we track
the grain orientation with the highest intensity in the initial texture (marked in Fig. 5). Behavior of this orientation would
approximately correspond to average behavior of TD peaks in initial texture. When activities within this orientation for Cases
1 and 2 are compared, it is observed that activity of pyramidal II slip (case 2) is noticeably lower than activity of pyramidal
I slip (Case 1).

The results indicate that Case 2 does not predict texture formation under PSC satisfactorily for the calibrated set of
parameters. However, pyramidal slip is not the only deformation mode active and thus, considering different ratios of slip
and twinning resistances could improve the overall predictions of the Case 2. To this end, we adopt the approach given in
(Agnew et al., 2001) for magnesium and magnesium alloys and run a large number of PSC simulations for Case 2, assuming
different ratios of the initial slip resistances: basal-prismatic-pyramidal Il-extension twinning: 1:(1-12):(1-12):(1-4). The
hardening is set to a minimal value for each mode to represent an almost perfectly plastic response. The simulation results
indicate that slip resistance ratios approximately in the range of ratios 3:1:7:1 give texture predictions most consistent with
the measured texture. This ratio is qualitatively similar to the one adopted in (Risse et al., 2016) and used in this study, while
the predicted textures and activities for PSC closely resemble the ones given in Figs. 8 and 6 for Case 2. The results also
indicate that higher activity of pyramidal II slip mode (for ratio e.g. 4:1:4:1) results in a larger separation of the initial basal
TD peaks along the RD direction, which is seen in the experiment. However, it also causes a shift of the initial basal peaks
away from the center in the TD direction resulting in final basal lateral peaks, which are too spread apart in TD direction.
In addition, the increase in pyramidal II activity causes strengthening of the {1120} peak in the RD direction, which is in
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Fig. 8. Comparison of the calculated and measured textures of extruded and annealed Mg-4%Li rolled to 54% reduction at room temperature for cases 1,
2,3 and 3.1

contradiction with experimental results. Therefore, it seems that Case 2 is not capable of predicting certain deformation
texture features correctly in the case of PSC for any ratio of initial slip resistances.

In conclusion, we found that experimental texture possesses features characteristic of both pyramidal I and II slip modes.
Consequently, the predicted deformation texture for Case 3.1 matched the best with the experimental texture while Case 3
predicted results similar to the Case 2. It was also noted that grains of different orientation activate pyramidal I and Il which
was the main cause of the observed texture differences between different cases. In addition, it was shown that different
activities of basal slip, prismatic slip and tensile twinning do not improve the predictions of Case 2 for PSC deformation
texture, confirming the hardening parameters reported in (Risse et al., 2016). In the next section we perform a detailed
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Fig. 9. The reorientation trends for the {0001} and {1010} poles in PSC when the (a) pyramidal I slip mode only and (b) pyramidal II slip mode only
are available to carry the deformation. Only 2000 most active grains were plotted and color-coded according to angle in degrees of reorientation during
one increment in strain of 0.001. The arrows are superimposed to indicate the overall directions of reorientation. RD and TD indicate rolling direction and
transverse direction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

analysis of pyramidal I and II slip reorientations in order to understand the influence of texture and other modes on the
observed reorientation trends and why some grains favor pyramidal I and others pyramidal II slip.

3.2.2. Reorientation trends during plane-strain compression via the single-slip-mode analysis

Here we employ SSM analysis as a method to isolate the orientations that are best oriented for a particu-
lar slip mode and to study their reorientation trends. In these calculations, the main constraint we impose is that
only one slip mode is permitted. In this way, it is well suited for the pyramidal <c+a> slip analysis as single-
slip deformation to potentially distinguish between the favorable grains selected and reorientations caused by pyrami-
dal <c+a> slip types I and II. Crystallographically, pyramidal I and II are different in two ways: first, they act on
different crystallographic planes, {1011} for type I and {1122} for type II, and second, the number of Burgers vec-
tors on each plane is two for type I and one for type II, giving 12 slip systems for type I and 6 slip systems for
type Il. Any number of slip systems per given plane could be selected to accommodate strain rate of a grain in the
polycrystal.

We consider a polycrystal containing 10,000 distinctly and randomly oriented grains deformed under plane strain
compression. Fig. 9 shows the reorientation angle-color-coded maps on a basal and prismatic pole figures, where
the angle of reorientation in degrees (after 0.001 compressive strain along ND) is designated by color. These reori-
entation trends are calculated when only pyramidal [ slip or pyramidal II slip is permitted. In addition, the cor-
responding reorientation velocities are also calculated. However, due to large number of orientations and thus a
large number of arrows we have decided to show only the general trends of reorientation for 2000 most ac-
tive orientations on Fig. 9. The velocity plots using 1000 grains are presented in the supplementary material
(Fig. S3).

Fig. 9a exposes the grain orientations with the highest reorientation magnitude, which are essentially the orientations
that activate pyramidal I slip in PSC. The grains with low reorientation magnitude are not oriented well for slip on any of
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Fig. 10. Equal-area projections of Burgers vector (red) and slip plane normal (blue) of the most active slip system in 100 grains with highest strain rate in
PSC, plotted in the sample frame when (a) pyramidal I slip mode only and (b) pyramidal II slip mode only are available for carrying the deformation. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the slip systems of pyramidal I mode under the applied PSC strain rate boundary conditions. The special grain orientations
with the largest velocity of basal poles are marked in red. These orientations are special as they are orientations in which
pyramidal I slip would be the most active under rolling, according to SSM model. The same reorientation velocity analysis
is carried out for pyramidal II slip. Fig. 9b shows the reorientation trends for the basal and prismatic poles for 2000 most
active grains color-coded according to reorientation angle, and as before, also contains in red the grains with the highest
velocity.

We observe slight differences in the maps for pyramidal I and II slip. The maximum reorientation velocity grains for
pyramidal II slip are different from those associated with pyramidal I slip. This is noticeable on the reorientation maps of
the {1010} and {1120} poles. Unlike pyramidal I slip, pyramidal II slip favors formation of two narrow peaks on the basal
pole figure. These peaks are denser than those for pyramidal I slip since unlike pyramidal I slip, every pyramidal II slip
plane has only one slip direction. Accommodation of the applied strain rate is less flexible and hence fewer grains can
activate pyramidal II slip alone. Since a smaller number of grains accommodate the applied strain rate, the grains associated
with the pyramidal II slip peak orientations would deform more than the grains corresponding to the pyramidal I slip peak
orientations. This is why the reorientation angles of the most active grains are higher in pyramidal II slip than in pyramidal
I slip.

One noteworthy result is agreement achieved between the SSM predictions for the grains that activate the pyramidal
I or II slip modes and their reorientation trends and the EPSC reorientation results (Fig. 7). The former SSM analysis is
based only on the geometry of slip mode under consideration and applied boundary conditions, while the self-consistent
simulations allow for active multiple slip modes and different slip resistances within each grain. Similar trends for textured
polycrystals between these two analyses imply that the observed trends in reorientation tendencies for one slip mode are
not significantly influenced by the other modes or the texture. As further verification, we compared the SSM analysis results
with self-consistent results for different strain levels and initial slip resistance ratios, achieving similar agreement each time.
Evidently the observed reorientation trends and which orientations activate a given slip mode seem to be inherent to the
given slip mode and applied boundary conditions. An exception arises in self-consistent simulations when one slip mode has
considerably lower resistance than that of the other modes, since this easy mode will tend to activate in majority of grains.
As further support, we note that the locations of these most active pyramidal <c+a> slip orientations are very similar to
the split basal peak texture that develops in the stable rolled textures of some Mg alloys or other HCP metals (Wang and
Huang, 2003).

By analyzing the activities within grains with highest strain rate in the SSM results, we found that, in the case of pyra-
midal II slip, only one slip system was active. The Burgers vector and slip plane normal of active slip system lay in the
RD-ND plane and were tilted 45° from the ND (as shown in Fig. 10b). This implies that in these orientations the symmetric
Schmid tensor of the active slip system is essentially parallel to the applied strain rate. Consequently, the strain rate within
these grains is equal to the applied one. A list of all the orientations in which symmetric Schmid tensor of at least one slip
system is exactly parallel to applied PSC strain rate for pyramidal I or II is given in the appendix (Table A1). Pole figures of
these orientations are also provided (Fig. A1 in appendix). In the case of pyramidal I slip, the grains with highest strain rate
had either one or two slip systems active. The Burgers vector and slip plane normal of most active slip system within grains
with highest strain rate are shown in Fig. 10a. The activation of two slip systems can occur because there are two Burgers
vectors per slip plane in pyramidal I slip, allowing for the strain rate to be jointly accommodated by shear in both Burgers
vector directions.
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The fact that grains activating pyramidal I or II slip in SSM and EPSC results match well indicates that a par-
ticular slip mode is most active within those orientations in which it can accommodate the largest portion of
the applied strain rate. Within these orientations the symmetric Schmid tensor of the most active system will
be almost parallel to the applied PSC strain rate. Due to geometrical differences between the pyramidal I and II
slip systems, they will activate in different orientations, resulting in a different texture evolution observed in PSC
simulations.

3.3. Plane-strain compression to high reductions

When Mg-4%Li sheet is rolled to higher reductions, the texture tends to develop two concentrated basal peaks in the
RD direction characteristic for Mg alloys (Agnew et al., 2001; Li et al., 2011; Styczynski et al., 2004). The question to ask
then is would both pyramidal I and II slip predict the same stable texture components? To address it, rolling of Mg alloy to
90% reduction at 400 C is simulated and compared to results reported in (Li et al., 2011). For this calculation, we use the
visco-plastic self-consistent model with grain fragmentation scheme in order to more accurately represent the evolution of
grain shape and thus the reorientation due to local grain spin (Beyerlein et al., 2003; Tomé et al., 2002). We have again con-
sidered three cases making available basal and prismatic slip and either pyramidal I (Case 1), pyramidal II (Case 2) or mixed
pyramidal I/II slip (Case 3). We have tested multiple ratios of slip resistances close to the ones found in (Styczynski et al.,
2004) but we report results for only one representative ratio for which all the cases give reasonable predictions (Fig. A2 in
appendix): basal-prismatic-pyramidal: 1-1.5-2.5. The results indicate that at intermediate and high reductions, pyramidal II
predictions display weaker RD basal peaks with a greater spread along the TD direction. Reorientation due to the pyramidal
Il slip mode causes the RD peaks to spread in the TD direction, while the pyramidal I slip reorientation causes strength-
ening of the RD peaks. Consequently, simulations using pyramidal I slip agree better with the measurements reported in
(Li et al., 2011).

6. Conclusions

In this work, we use polycrystal plasticity calculation to investigate the effect of pyramidal I and II slip in the evo-
lution of texture during uniaxial and rolling deformation of an Mg alloy, Mg-4%Li. Simulations were performed using
an EPSC polycrystal model, which allows for the plastic deformation proportion for each grain to be accommodated by
multiple slip modes. In addition, we carried out lattice reorientation velocity calculations using the SSM model in or-
der to enforce accommodation of an applied deformation with only one active slip mode in all grains. The EPSC anal-
yses for the texture evolution of a polycrystal of Mg-4%Li in rolling indicate that both pyramidal I and II accommo-
dated <c> axis deformation with pyramidal I being the dominant mode. Deformation texture evolution showed sig-
natures of pyramidal I slip since the high intensity peaks in the initial texture were oriented better for pyramidal I
slip than pyramidal II slip. In addition, pyramidal I slip was active over a wider range of grains, as a result of the
crystallography of the pyramidal I slip systems. However, we also noted signatures of pyramidal II slip in the experi-
mental results indicating that pyramidal II slip is activated within grain orientations, where it is more favorable than
pyramidal I slip. Analysis of PSC texture predictions for large number of slip and twinning resistance ratios indicates
that pyramidal II slip alone is not capable of reproducing certain experimental texture features regardless of the rela-
tive activity of other deformation modes. Based on these results, we recommend a bulk method to assess which pyra-
midal <c+a> slip mode dominates based on plane strain compression of single crystals or strongly textured polycrys-
tals oriented such that the Schmid tensors of either pyramidal I or II slip systems are parallel to the applied strain
rate.
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Fig. Al. Pole figures of orientations with symmetric Schmid tensor of at least one slip system exactly parallel to applied PSC strain rate for pyramidal I
and II slip corresponding to Table 1.

Table A1l

Orientations with symmetric Schmid tensor of at least one
slip system exactly parallel to applied PSC strain rate for
pyramidal I and II slip. Euler angles are indicated relative
to the (RD || X, ND || z) sample frame.

Bunge-Euler angles of the orientations with symmetric
Schmid tensor of at least one slip system parallel to
the applied PSC strain rate

Pyramidal I Pyramidal II

1 P ¥2 1 @ 2

48.8 20.7 319 90.0 76.8 30.0
228.8 20.7 319 270.0 76.8 30
76.1 74.6 11.2 90.0 13.2 30.0
256.1 74.6 11.2 270.0 13.2 30.0
1312 20.7 281

311.2 20.7 281

103.9 74.6 48.8

2839 746 48.8
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