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Abstract

The inconsistencies regarding the fundamental correlation between Gd content and slip (twinning) activities of Mg alloys appeal further
investigations. However, the traditional slip dislocations analysis by TEM is time-consuming, and that by SEM/EBSD cannot recognize the
partial slip modes. These urge a more efficient and comprehensive approach to easily distinguish all potential slip modes occurred concurrently
in alloy matrix. Here we report a modified lattice rotation analysis that can distinguish all slip systems and provide statistical results for slip
activities in Mg alloy matrix. Using this method, the high ductility of Mg-Gd alloy ascribed to the enhanced non-basal slips, cross-slip, and
postponed twinning activities by Gd addition is quantitatively clarified.
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1. Introduction

Magnesium alloys have been extensively studied for sev-
eral decades ascribed to their high specific strength and signif-
icant potentials for improving energy efficiency of transporta-
tion vehicles [1-3]. However, their applications are greatly
restricted due to the low formability or limited ductility. This
is essentially attributed to the extremely higher (by a factor of
approx. 100) Critical Resolved Shear Stress (CRSS) for non-
basal slips compared to the basal slip in Mg alloys [4-8].

Alloying by rare earth elements such as Gd is one of the
promising approaches to increase the non-basal slips’ activi-
ties and therefore ameliorate the ductility of alloy at ambient
temperature [9—16]. Stanford et al. reported a fivefold increase
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in ductility of extruded Mg-4.65Gd (wt.%) compared to that
of extruded pure Mg [17]. Enhanced ductility by alloying Gd
in other Mg alloys was also reported [18-25]. Unfortunately,
no result regarding the basal and/or non-basal slips’ activities
of Mg-Gd alloy has been quantitatively reported to date. For
the previous research of Mg-Gd alloy by calculation, the fun-
damental correlation between Gd and slip (twinning) activities
has yet never come to a consensus. For example, CRSS of
{1-100} (11-20) prismatic slip was reported to be strength-
ened by alloying Gd to Mg alloy based on VISCO-Plastic
Self-Consistent (VPSC) analysis [17]. However, on the con-
trary, using density-functional theory (DFT), the magnitude
of Generalized Planar Fault Energy (GPFE) for the prismatic
slip system was calculated to be decreased by Gd alloying
[26]. It is generally accepted that the softening [26], rather
than the strengthening of prismatic slip by alloying with other
elements [17], leads to higher ductility of Mg alloys [27—
29]. Furthermore, by a Modified Analytical Embedded Atom
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Method (MAEAM), the addition of Gd was calculated to in-
crease the c/a ratio and presumably restrain the occurrence
of non-basal slips [30], which is obviously contradictory with
the experimentally reported enhanced activities of non-basal
slips [31]. These inconsistencies reflect further experimental
analysis regarding the role of Gd on the deformation behavior
of Mg is necessary.

To date, the investigations on slipping behaviors of Mg al-
loys mostly relied on Scanning Electron Microscopy (SEM)
and/or Electron Backscattered Diffraction (EBSD) based slip
traces and Transmission Electron Microscopy (TEM) based
slip dislocations analysis [10]° [32-37]. Unfortunately, slip
traces analysis requires complicated and expensive in-situ ap-
paratus, considering the high-quality requirement for surface.
Moreover, only vast dislocation slip activities are recognized
to form discernable slip traces, indicating partial dislocations
were neglected during the analysis. Using TEM, although it is
possible to distinguish all types of slip dislocations, to obtain
slip dislocation statistics using such method is difficult and
time-consuming since only limited grains can be observed for
each TEM sample. In the last decade, EBSD based in-grain
mis-orientation axes (IGMA) analysis proposed by Chun et al.
[38] was utilized to analyze the slip behaviors [32],[38—40].
This approach is based on slip-induced lattice rotation, whose
theory can be traced back to 1960s [41]. Given it’s more
convenient to determine dominant slip mode in alloy matrix
compared to slip traces/dislocations analysis, IGMA analysis
has attracted many researchers’ attentions [42-46]. However,
these studies by IGMA were still limited into single domi-
nant slip mode without other slip modes being discussed to
date [42-44]. And further investigations involved with vari-
ous deformation modes, which can better reflect the intrinsic
deformation mechanism of alloy, was not reported to the best
of our knowledge.

In this work, based on previous studies using IGMA and
lattice rotation analysis [32,38-40,42-44,47], a novel EBSD
based modified lattice rotation analysis is proposed to the-
oretically predict all the potential slip systems, offering the
potentials to distinguish all the activated slip types and sta-
tistically present the relative activities of all slip types. Using
this novel method, the underlying deformation behaviors of
Mg-xGd (x = 0, 0.3, 1) (at.%) alloys under various strains
were investigated thoroughly. Twinning behaviors were also
analyzed using MTEX in-house codes [48]. This work will
provide valuable insights toward development of novel high-
performance Mg alloys.

2. Materials and methods

Three Mg-xGd (x = 0, 0.3, 1) (at.%) alloy ingots were
prepared by vacuum melting using commercial-purity Mg
(99.95 wt.%) and Mg-30Gd (wt.%) master alloy, following by
homogenization treatment at 400 °C for 2 h and air cooling.
The alloy was hot extruded at 300 °C with an extrusion ratio
of 16:1 and a ram speed of approx. 2 mmes ~ !, respectively,
subsequently following by heat treatment again at 400 °C
for 2 h and air cooling. The obtained alloys were cut into
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Table 1

Slip systems for the Mg alloy and corresponding Taylor axes.

Slip types  Slip systems Number Taylor axis Number of
of slip Taylor axis
variants variants

Basal {0001} 3 <1 — 100> 3

<a> <11-20>

Prismatic {1-100} 3 <0001> 1

<a> <11-20>

Pyramidal  {—1011} 6 <10—12> 6

I (a) <—12-10>

Pyramidal  {10-11} 12 <l — 32-1> 12

I (c+a) <2 — 1-13>

cylinders with a height and a diameter of 15 and 10 mm,
respectively. The compression direction was parallel to Ex-
truded Direction (ED). The compression tests were performed
using MTS landmark materials testing system (MTS Systems
Corporation, Eden Prairie, MN, USA) with a displacement
speed of 0.05 mmemin~' at room temperature.

The microstructures and textures of Mg-xGd alloys be-
fore and after compression tests were captured using field
emission scanning electron microscopy (FESEM, FEI XL30S,
FEI Company, Portland, OR, USA; spot size: 3.5, acceler-
ating voltage: 20 kV) equipped with electron backscattered
diffraction (EBSD, Oxford HKL Channel 5, Oxford Instru-
ments, Abingdon, UK) and energy dispersive spectrometer
(EDS, Oxford Instruments, Abingdon, UK). Specimens for
FESEM and EBSD were mechanically polished using SiC pa-
per, 0.5, 0.05 um diamond slurries, and finally 40 nm oxide
polishing suspensions (OPS) solution for 15 min. Postmortem
analysis on twinning and slip behaviors were performed using
HKL Channel 5.0 and MATLAB with in-house MTEX codes
[48]. Transmission electron microscopy (TEM, Talos F200X,
FEI Company, Portland, OR, USA) was also utilized to ana-
lyze the microstructure near grain boundaries. Specimens for
TEM were first cut to a thin disk of 500 pwm, mechanically
grounded down to 50 pum, then perforated by a twin-jet elec-
tron polisher in 10% HClO4 + 90% C,HsOH at 23 V and
—25 °C for 30 s, and finally ion milled by a 5 keV Ar-ion
beam at 72° for 30 min.

The modified lattice rotation analysis proposed to predict
projection traces in pole figures by rotating parent grain along
different Taylor axes with a fixed rotation angle of 5° is il-
lustrated in Fig. 1. The initial orientation of parent grain is
obtained in the region with the smallest kernel average mis-
orientation (KAM) value. Taylor axis (75)) is the cross product
between the unit normal vector of slip plane (7;) and the slip

direction vector (Z) by following equation:
T =7 xd (D

Given that recent studies still didn’t come to a consensus
regarding whether (¢ + a) slip dislocation locates in pyra-
midal I {10-11} plane or pyramidal II {11-22} plane, only
pyramidal I {10-11} (c + a) slip dislocation was considered
for analysis [14,49]. All possible slip systems calculated in
this work are summarized in Table 1. Note that this modi-
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Fig. 1. (a-b) Schematic illustration for the lattice rotation mechanism during deformation, where (a) d;, da», ny, ny, and Ty are the initial slip shear
direction, the postmortem slip shear direction, the initial vector of c-axis, the postmortem vector of c-axis and the Taylor axis, respectively. (b) n; and n, are

the projected points of the 7y, and 7 on the {0001} pole figure, respectively.

fied lattice rotation analysis still cannot distinguish the slip
systems sharing with similar rotation axis, and this intrinsic
deficiency necessitates the introduction of other metrics to
precisely identify active slip system in the future.

3. Results and discussions

Fig. 2 depicts the initial microstructures of extruded Mg-
xGd alloys in terms of inverse pole figure (IPF). Obviously,
IPF of pure Mg is mostly characterized with {11-20} and
{10-10} planes, while that of Mg-0.3Gd and Mg-1Gd al-
loys exhibit relatively more uniform distributions of orienta-
tion. The grain size distributions of Mg-xGd alloys reveal that
slight Gd addition (i.e., 0.3 at.%) reduces the grain size whist
further grain refinement was not obtained by adding more
Gd (i.e., 1 at.%), which is consistent with previous study by
Stanford et al. [17]. Further analysis on the distribution of ¢
axis to ED shows that the Gd addition randomizes the distri-
bution of {0001} plane (Fig. 2 (g-i)). To further analyze the
initial textures, {0001}, {11-20} and {10-10} pole figures of
extruded Mg-xGd alloys were presented in Fig. 3. Pure Mg
exhibits strong {0001} fiber texture, while the basal texture
turns weaker in Mg-0.3Gd and Mg-1Gd alloys, in accordance
with the results of Fig. 2 and previous studies [17,22,50-52].
Fig. 4 shows the microstructures of Mg-xGd alloys under
backscattered electron (BSE) mode. With increasing Gd con-
tent, the area fraction of Gd-rich clusters (GRC) increases
from 1.56% (Mg-0.3Gd) to 4.56% (Mg-1Gd), as statistically
determined by Image Pro-Plus 6.0 software. In addition, GRC
distribute paralleling to extruded direction (ED), related with
extrusion process [53].

Fig. 5(a) presents the compressive stress-strain curves of
three alloys. With increasing Gd content, the yield strength,
fracture strength and fracture strain are observed to be si-
multaneously increasing. Both Mg-0.3Gd and Mg-1Gd alloys
exhibit clear yield plateau, which can be seen in other Mg-
RE alloys [17,25,54-56]. This yield plateau is presumably
associated with elastic interaction and Cottrell atmosphere by
Gd addition [55]. In addition, with the increase in Gd con-

centration, the sigmoidal (S-shaped) characteristic of twin-
dominated deformation transfers gradually to the parabolic
characteristic of slip-dominated deformation. To quantitatively
describe this phenomenon, the work hardening rates are plot-
ted as a function of true strain for Mg-xGd alloys, as shown in
Fig. 5(b). Obviously, the peak working hardening rate is de-
creasing with increasing Gd content. Meanwhile, as the con-
centration of Gd increases, the variation amplitude of work-
ing hardening rate is declining gradually. In other words, the
softening resistance of Mg alloys is obviously increasing with
increasing Gd content, suggesting underlying deformation be-
havior is presumably altered by Gd addition.

Figs. 6 and 7 display the microstructures of Mg-xGd al-
loys after compression to 4 and 12%, respectively. Obviously,
after compression to 4%, amounts of {10-12} tension twins
can be observed in pure Mg; on the contrary, little deforma-
tion twins can be found in both Mg-0.3Gd and Mg-1Gd al-
loys. As compressive strain increases to 12%, {10-12} tension
twins are witnessed to occupy higher area fractions than that
under 4% strain and concomitantly some {10-12}-{10-12}
secondary twin boundaries are observed in both pure Mg and
Mg-0.3Gd alloy; however, deformation twins are still hardly
observed in Mg-1Gd alloy. These suggest twinning behavior
depends strongly not only on the loading strain but also on the
Gd concentration. The mis-orientation angle distributions of
Mg-xGd alloys under 0, 4, and 12% strains are presented in
Fig. 8. Around 86 £ 5, an apparent peak with a concentrated
rotation axis of [—12-10] corresponding to tension twin is
observed in pure Mg (4 and 12% strains) and Mg-0.3Gd al-
loy (12% strain), consistent with the results of Figs. 6 and 7.
In addition, with increasing strain, the intensity of low angle
boundaries (LABs) increases gradually for all alloys, reveal-
ing the presence of potential slip activities.

After compression to fracture point, the microstructure of
Mg-1Gd alloy is characterized using FESEM as shown in
Fig. 9. Except amounts of GRC distributing along ED, nu-
merous twins can be observed in Mg-1Gd alloy (applied with
approx. 30% strain). The twinning area and number fractions
of Mg-(0, 0.3, 1) Gd (at.%) alloys under various compres-
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Fig. 2. The EBSD results in terms of (a-c) inverse pole figure - extruded direction (IPF-ED), (d-f) grain size statistics and (g-i) distributions of tilting angle
(®) between (0001) and ED regarding (a, d, g) Pure Mg, (b, e, h) Mg-0.3Gd, (c, f, i) Mg-1Gd alloys.

Table 2

Twinning area and number fractions of Pure Mg, Mg-0.3Gd, and Mg-1Gd
alloys under various strains.

Alloys Strain (%) Twinning area Twinning number
fractions (%) fractions (%)
Pure Mg 4 9.67 62.24
12 75.58 85.51
Mg-0.3Gd 4 0.30 1.69
12 5.57 60.38
Mg-1Gd 4 0.11 1.82
12 0.28 1.85
30 - 48.76

sive strains are tabulated into Table 2. Critical strain for the
onset of profuse tension twins with number fraction higher
than 10% seems to be increasing as Gd concentration in-
creases from O to 1 at.%. In other words, Gd addition defers
the presence of profuse tension twinning. Apart from that,
the role of twinning behavior is also weakened by Gd addi-
tion. For example, the twinning number fraction in pure Mg

after compression to 12% is approximately 85.51%, distinctly
higher than that of Mg-1Gd after compression even to 30%
(48.76%).

The macroscopic twinning strain (&) can be quantitatively
determined by [57],[58]:

Afs-vi @
where my is Schmid factor for twinning, y, is the tension twin-
ning shear strain (0.126) [59], and Af; represents the variation
of twinning volume fraction and could be obtained based on

the change of twinning area fraction (AArt) using the follow-
ing equation [60]:

Af; = AAr - sin (0) 3

in which 6 is the average angle between twinning plane and
view plane (roughly adopted with 90° in this work). Conven-
tionally, the Schmid factor (m) can be calculated by:

m = cos(¢) - cos(X) 4)

where ¢ represents the angle between twinning or slip plane
normal direction and loading force, and A is the angle be-

E = my -
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Fig. 4. (a-d) The SEM morphologies under backscattered electron (BSE) mode of (a) pure Mg, (b) Mg-0.3Gd and (c-d) Mg-1Gd alloys before compression
tests. (e) EDS results of line AB shown in Fig. 4(d). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 5. (a) Compression stress-strain curves and (b) work hardening rate-true strain curves of pure Mg, Mg-0.3Gd, and Mg-1Gd alloys.
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Fig. 6. EBSD results in terms of (a-c) IPF and (d-f) image quality (IQ) maps showing the microstructures of (a, d) pure Mg, (b, e) Mg-0.3Gd and (c, f)

Mg-1Gd alloys after being applied 4% compressive strain.
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Fig. 7. EBSD results in terms of (a-c) IPF and (d-f) image quality (IQ) maps showing the microstructures of (a, d) pure Mg, (b, e) Mg-0.3Gd and (c, f)

Mg-1Gd alloys after being applied 12% compressive strain.

tween twinning or slip shear direction and loading force.
By assuming two specific conditions (<11—20>//ED and
<1 — 100>//ED), four potential twinning modes can be pre-
dicted according to vector geometry [61] and correspond-
ing my variation as a function of tilting angle (&) between
(0001) and ED (Fig. 10) can be expressed by the following

equation:

—lcos2® (T1-1)
—3cos’® + 3sin’® (T'1 —2)
—>c082® (T2 —1)
—%cos2d> + 1sin’® (T2 —2)

(0° =@ =<180°) (5

ny =
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Fig. 9. (a-b) The SEM morphologies under BSE mode of Mg-1Gd alloy captured with two different magnifications after the fracture of compression. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Calculated twinning strain and its contributions for various alloys after compression of 4 and 12% strains.

Alloys Vi my Total strain (%) Afs (%) Twinning strain (%) Twinning strain contribution (%)
Pure 0.13 0.23- 4 9.67 0.28-0.52 7.00-13.00

Mg 0.43 12 75.58 2.19-4.09 18.25-34.08

Mg- 0.09— 4 0.30 0.003-0.01 0.08-0.25

0.3Gd 0.26 12 5.57 0.06-0.18 0.50-1.50

Mg- 0.09— 4 0.11 0.001-0.004 0.03-0.10

1Gd 0.27 12 0.28 0.003-0.01 0.03-0.08

By integrating the positive part shown in Fig. 10 with the
distributions of tilting angle (®) of Fig. 2 (g-h), the upper
(T2-1) and lower (T1-2) bounds of m, are roughly deter-
mined (Table 3). Corresponding twinning strains can be fur-
ther calculated based on Eq. (2) (Table 3). Evidently, under
similar 12% compressive strain, twinning takes a consider-
able proportion (approx. 18.25-34.08%) of the deformation
for pure Mg, whilst twinning contribution was lower than
1.5% strain in other Gd-containing alloys, suggesting the Gd
addition significantly suppresses twinning activities. This re-
veals non-basal slips should presumably have been activated
and taken large proportions in deformation of Mg-Gd alloys
to meet the von Mises criterion [5].

To ascertain the presence of non-basal slip modes, a rep-
resentative example of modified lattice rotation analysis was
presented in Fig. 11. The conventional IGMA distribution of
Region of Interest (ROI) C with the concentration of rotation
axis nearing [01-10] axis implies numerous basal slip activi-
ties were activated (Fig. 11(b)). According to modified lattice
rotation analysis, by comparing the experimental projection
results and theoretical predictions of ideal slip-induced orien-
tation gradients for ROI C, basal (a), prismatic (a), pyramidal
I (a) and pyramidal I {(c + a) slips are distinguished clearly
for both parent grain 1 (Fig. 11 (c-d) P1-P5) and twin 1
(Fig. 11 (c-d) T1-T5). The obvious transformations of slip
rotation axes in Fig. 11 reveal the potential cross-slip behav-
ior. Besides, twinning matrix experiences severer deformation
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Fig. 12. Summary of the (a) number fractions and (b) relative activities of twinning, basal (a), prismatic (a), pyramidal I (a), and pyramidal I {c + a) slips
for Mg alloys alloying with various Gd concentrations (0, 0.3, 1, at.%) after compression with 4 and 12% strains, respectively.

compared to grain matrix, as evidenced by higher rotation
angle generated by pyramidal I (¢ + a) slip of Tl than
that of P1 (Fig. 11), revealing {10-12} twinning behavior
accompanies with severer stress concentration.

To further fathom out the quantitative activities of var-
ious slip modes, statistical analysis of approx. 500 grains
were conducted on the EBSD results of pure Mg, Mg-0.3Gd
and Mg-1Gd alloys after compression of 4 and 12% strains
(Figs. 6 and 7) using the modified lattice rotation analysis.
The obtained number fractions are shown in Fig. 12(a); the
relative activity (K, i represents the iy, slip (twinning) type)
of Fig. 12(b) is determined by normalizing the number frac-
tions (FI\"I) of Fig. 12(a) based on following equation:

N
Yin R

From Fig. 12(a), with the progress of deformation, the
number fractions of both twinning and slip systems increase
for all alloys. In addition, with the increase of Gd concen-
tration, under a given compressive strain (i.e., 4%), number
fractions of both basal and non-basal slips were increasing,
accompanying with evident decreasing twinning number frac-
tions. The former is reasonable considering that higher stress
will activate more slip (twinning) systems with low CRSS,
based on Schmid law. The latter indicates that as Gd con-
centration increases, twinning behavior is suppressed while
slip behaviors including non-basal slips are activated gradu-
ally. Such Gd-activated non-basal slips were mostly ascribed
to the decreased anisotropy of basal vs. non-basal dislocation
slips [17,18,26]. For example, using the Guiner technique, the
addition of Gd was reported to decrease c/a ratio of lattice

(6)

i
R

greatly, thus leading to the decrease regarding the CRSS dif-
ference among various slip systems and in turn promoting
the activation of non-basal slips [62]. The reduced anisotropy
of basal vs. non-basal slips should be fundamentally owing
to the electric interactions in d-orbits of RE elements with
p-orbits of Mg and lowered stacking faults energies [63].

After normalization, for pure Mg, the twinning relative ac-
tivity at 4% compressive strain is higher than that at 12%
compressive strain, suggesting the significant role of twin-
ning in the initial stage of deformation in pure Mg; on the
contrary, for Mg-0.3Gd alloy, twinning behavior mostly con-
tributes to the posterior stage of deformation (strain>4%),
considering the abnormal increase of twinning relative ac-
tivity as the deformation progresses from 4 to 12% (cf.
Fig. 12(b)). It can be further extrapolated from Fig. 9 that for
Mg-1Gd alloy, similarly, twinning behavior mainly plays its
role on the stage of more posterior compressive deformation
(strain>12%). These disclose an interesting phenomenon that
twinning stage during deformation can be gradually postponed
by the increase of Gd concentration, which should be related
with Schmid factors (SFs) and CRSS of various deformation
systems.

With only the highest SFs of slip systems in each grain
being considered for various slip modes, the average macro-
scopic SFs for Mg-xGd alloys can be determined (Table 4);
meanwhile, the highest SFs for tension twinning after con-
sidering its polar nature are also tabulated in Table 4. The
twinning SF is obviously decreased by the addition of Gd
whilst the addition of Gd seems to influence little on the slip
SFs. Furthermore, it is generally accepted that the CRSS of
various deformation modes follows an increasing trend: basal
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Summary of the average SFs of various deformation systems for pure Mg, Mg-0.3Gd and Mg-1Gd alloys. Note that only the highest SFs

of various slip systems for each grain were collected.

SFs Slip types Tension twinning
Basal <a> Prismatic <a> Pyramidal 1 (a) Pyramidal I (¢ + a)
Pure Mg 0.31 0.32 0.38 0.40 0.43
Mg-0.3Gd 0.34 0.27 0.38 0.40 0.26
Mg-1Gd 0.35 0.31 0.41 0.39 0.27
(a) 100 X Pure Mg 28 Mg-0.3Gd I Mg-1Gd| (b) 100 Pure Mg 229 Mg-0.3Gd I Mg-1Gd
90 F o 90 |
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Fig. 13. The number fractions of grain containing (a) two or more and (b) three or more different slip types for pure Mg, Mg-0.3Gd and Mg-1Gd alloys as

a function of compressive strain.

(a) slip, {10-12} tension twinning, non-basal (a) slip, non-
basal (c + a) slip [64,65]. However, this is obviously contra-
dictory to the deferred twinning behavior during deformation
of Mg-0.3Gd and Mg-1Gd alloys of this work (Fig. 12(b)),
indicating different responses regarding the CRSS of {10-
12} tension twin and slip behaviors by the addition of Gd.
Similar Gd-delayed onset of twinning phenomenon has been
reported by Basu and Al-Samman [66], who ascribed that
to the atomic size difference between Mg (approx. 0.16 nm)
and Gd (approx. 0.18 nm) as well as the appearance of Gd
solute clusters. Furthermore, the impact of RE solute on the
intrinsic and extrinsic stacking fault energies as well as the
interaction between twinning/slip dislocations and Gd atom
were also proposed to make contributions to the transition of
deformation behavior [66].

To uncover the influences of applied strain and Gd concen-
tration on the cross-slip activities, Fig. 13 is drawn regarding
the number fractions of grain containing (a) two or more and
(b) three or more different slip types. Clearly, the number
fraction of cross-slip behavior exhibits positive correlations
with both compressive strain and alloying Gd concentration.
Wau et al. demonstrated that the addition of Gd can effectively
decrease the energy barrier between various slip systems and
thus enhance cross-slip behavior [8], which is consistent with
this study (Fig. 13).

To unmask the relationship between underlying deforma-
tion mechanism and GRC, special focus was further placed
on the neighboring stress distribution of GRC (Fig. 14). Sur-
prisingly, no obvious stress concentration near GRC is ob-

served, demonstrating GRC plays an poor role on hindering
the slip dislocation movements and contributing to hardening
behavior, probably owing to their coarse size of GRC along
ED (cf. Fig. 4) [67]. On the contrary, obvious stress concen-
trations can be distinguished along grain boundaries (GBs)
in Fig. 14. In previous study, the “local effects” especially
grain to grain compatibility are supposed to make consider-
able contributions for the deformation of Gd-containing Mg
alloys [17].

In light of above information, grain 2 of ROI F (Mg-1Gd
alloy) was subsequently selected to further analyze the rele-
vance of GB on slip behaviors, as shown in Fig. 15. Fig. 15(b)
displays the conventional IGMA distribution of ROI F with
the concentration of rotation axis nearing the [0001] and
[—13-21] axes, implying amounts of prismatic (a) and pyra-
midal I (c + a) slips were activated. By using modified lat-
tice rotation analysis, basal (a), prismatic (a), pyramidal I (a)
and pyramidal I (¢ + a) slips are distinguished clearly for
parent grain 2 (Fig. 15(e) P7-P9). SFs for all potential slip
systems were tabulated in Table 5. Amounts of slips includ-
ing non-basal slip activities are found to enrich near GBs
by comparing the color gradient extended by slip behaviors
in pole figures and corresponding IPF map (Fig. 15); besides,
the activated slip variants exhibit both low m and low m rank-
ings, especially for pyramidal I (a) and pyramidal I {(c + a)
slips (Table 5). These indicate non-basal slip activities near
ROI F show a close correlation with grain boundaries dom-
inated localized strain/stress. This agrees well with previous
study by Koike et al. that substantial cross-slip behaviors in-
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Fig. 15. (a) The IPF-ND map, (b) conventional IGMA and (c, ) modified lattice rotation analysis of ROI F (Mg-1Gd alloy after compression of 12% strain).
The misorientation angle distribution along line GH shown in Fig. 15(a) is inserted as Fig. 15(d).

duced by plastic compatibility stress are associated with grain
boundaries [34]. The SFs of six theoretical {10-12} twinning
variants for grain 2 were presented in Table 6, yet no twin
was observed albeit comparable SF values can be found for
both twinning and slip systems (Tables 5 and 6). This further
indicates the increased CRSS of twin and testifies deferred
twinning behavior by the addition of Gd (Fig. 12).

To further reveal the relationship between potential Gd seg-
regation behavior at GB and deformation mechanisms, TEM
characterizations on GBs of Mg-0.3Gd and Mg-1Gd alloys
were performed (Fig. 16). Clearly, nano GRC displaying like

12

“black beans” along GB can be observed (Fig. 16(d)). Such
Gd enrichment behavior near GB was also up-hold by TEM-
EDS results (Table 7), which is in line with many previous
studies [17,68-72]. It’s postulated that nano GRC along GBs
exerts a non-negligible role on the deformation behavior [73].

It is generally accepted that the nucleation of both twin
and non-basal slips has a strong correlation with GBs. For
instance, despite various {10-12} tension twinning nucle-
ation mechanisms being proposed in various studies, a com-
mon local stress/strain dominated factor, geometric compat-
ibility factor (m’) related with grain boundary, are adopted
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Table 5
Calculated SFs of the 24 slip systems in ROI F (Mg-1Gd alloy after compression of 12% strain). SFs of the activated slip system(s) are bolded.

Slip types Nominations Slip plane - slip direction Taylor axis Schmid factors of ROI F Ranking of SF

Basal S1 (0001) [2-1-10] [01-10] 0.34 2

(a) S2 (0001) [—12-10] [10-10] 0.47 1

slip S3 (0001) [—1-120] [1-100] 0.14 3

Pr. S4 (01-10) [2-1-10] [0001] 0.19 1

(a) S5 (10-10) [—12-10] [0001] 0.09 3

slip Sé (1-100) [—1-120] [0001] 0.10 2

Py. S7 (01-11) [2-1-10] [0-112] 0.01 6

1 S8 (—=1011) [—-12-10] [10-12] 0.14 4

(a) S9 (1-101) [—-1-120] [—1102] 0.17 3

slip S10 (10-11) [-12-10] [—1012] 0.30 2
S11 (—1101) [-1-120] [1-102] 0.03 5
S12 (0-111) [2-1-10] [01-12] 0.33 1

Py. S13 (10-1-1) [-211-3] [1-32-1] 0.21 7

1 S14 (1-101) [—2113] [12-31] 0.40 2

(c+a) S15 (0-111) [11-23] [3-2-1-1] 0.44 1

slip S16 (0-111) [1-21-3] [3-1-21] 0.27 5
S17 (1-101) [1-21-3] [21-3-1] 0.34 4
S18 (10-1-1) [11-23] [2-311] 0.14 9(10)
S19 (10-11) [-2113] [—13-2-1] 0.22 6
S20 (1-10-1) [-211-3] [—1-231] 0.14 9(10)
S21 (01-11) [11-2-3] [—321-1] 0.02 12
S22 (01-11) [1-213] [—3121] 0.03 11
S23 (1-10-1) [1-213] [—2-13-1] 0.15 8
S24 (10-11) [11-2-3] [—23-11] 0.39 3

Fig. 16. (a, d) TEM and (b, c, e, f) scanning transmission electron microscopy (STEM) micrographs of nano GRC near grain boundaries for (a-c) Mg-0.3Gd
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Table 6

The SFs of six theoretical {10-12} twinning variants regarding grain 2.

Twinning Twinning plane - twinning (—1012) (10-12) (1-102) (—1102) (01-12) (0-112)

systems direction [10-11] [—1011] [—1101] [1-101] [0-111] [01-11]
Rotation axes [—12-10] [1-210] [—1-120] [11-20] [2-1-10] [—2110]

SFs 0.30 0.29 0.10 0.16 0.23 0.18

Table 7 Table 8

Gd concentrations of studied alloys for the matrix and grain boundary mea-
sured using TEM-EDS. The value before and after plus-minus sign represents
the average and standard deviations of TEM-EDS results.

Summary of the contributions of various strengthening factors on yield
strengths of pure Mg, Mg-0.3Gd and Mg-1Gd alloys in this work.

Alloys d (um) oy o) Aogp Ao g A0 ge
Alloys Matrix (at.%) Grain boundary (at.%) (MPa) (MPa) (MPa) (MPa) (MPa)
Pure Mg - - Pure Mg 27.64 36.00 8.00 30.05 0 —2.05
Mg-0.3Gd 0.22 £ 0.02 0.28 £+ 0.05 Mg- 6.50 94.00 61.97 19.76 4.27
Mg-1Gd 0.98 + 0.03 1.53 £ 0.14 0.3Gd

Mg-1Gd 843 121.00 54.42 53.49 5.09

to explain twinning nucleation behavior [73-75]; and grain
boundaries are also reported to be preferred sites for the
onset of slip dislocations nucleation [76]. Besides, by using
ab initio software, the {10-12} (10-11) tension twin of Mg
was determined as atomic shuffling-controlled [77]. Conse-
quently, the atomic shuffling characteristic of {10-12} ten-
sion twins decides the critical importance of atomic consti-
tution near twinning embryo, that is, grain boundaries [78].
Combining the delayed onset of twinning behavior by Gd (cf.
Fig. 12), it’s postulated that nano GRC along grain bound-
aries may cause higher activation energies and CRSS for
twinning nucleation, owing to the elastic and electric inter-
actions [76]. Unlike {10-12} tension twins, the slip disloca-
tions are commonly associated with simply shearing mech-
anism. Previous study regarding Mg-RE alloy have reported
the addition of RE can reduce the CRSS of non-basal slip
systems [79]. This fundamental inconsistency regarding nu-
cleation and propagation mechanisms should have induced
opposite impacts on the CRSS of {10-12} tension twin and
slip behaviors, despite similar Gd segregation condition at
GB, leading to the gradually deferred twinning behavior as
Gd content increases. Besides, the dominant twinning mode
was recently reported to switch from {10-12} twinning to
{11-21} twinning, with the Gd concentration increasing from
0 to 14 wt.% in Mg alloy [80]. The transformation of twin-
ning mode is probably related with the delayed twinning be-
havior in this work, although no {11-21} twinning mode is
observed for all alloys after compression with 12% strain
(Fig. 7).

Except the above-mentioned factors affecting slip (twin-
ning) behavior, the grain size, texture, second phase and so-
lute Gd of alloy, etc. may also have effects on the defor-
mation behavior and mechanical properties of alloy [17,81—
85]. For example, with decreasing the grain size from 19
to 5 um, a transition from twinning to basal slip, localized
along deformation bands, was found to take place for pure
Mg [81]. The influences of these factors on deformation be-
havior and mechanical properties will be discussed thoroughly
combined with increasing Gd concentration, as schematically
illustrated in Fig. 17. In terms of initial state, the alloying

of Gd weakens the basal texture, refines grain size, and in-
troduces GRC especially in nano-size along GBs. With Gd
content increases, twinning-prevailing stage is postponed to
higher strain and concomitantly the activities of non-basal
slips are significantly enhanced especially during early stage
of deformation, as quantitatively determined using modified
lattice rotation analysis (cf. Fig. 12). Additionally, both the
strength and ductility are positively correlated with the con-
centration of Gd, whose origins will be discussed in what
follows.

In the regard of improved yield strength (o) by alloy-
ing Gd, several factors should be taken into considerations as
following equation:

0y = 0p + A(Tgb + Aoy + Aade (7)
where o is the friction stress representing the resistance of
the lattice to dislocation movement (8 MPa[25]), Aoy, and
Ao ¢ represent the stress contributions by grain size reduction
and Gd solid solution strengthening, respectively, Ao g is the
deviation between experimental yield stress (oy) and the sum
of 09, Aoy, and Ao to verify the reliability of calculation.
According to Hall-Petch formula, the influence of grain size
on Aoy, can be described by the following equation:

®

where k is the material constant (0.188 MPasm'"?[25]) and d
is the average grain diameter of alloy. Besides, the increase
of yield strength by Gd solid solution strengthening (Ao )
can be calculated from Labusch’s approach[86]:

Aoy =k-d'/?

2/3

€))

—2/3

AO’S‘Y = BGd * XGd

where Bgg is a constant for element Gd (1168 MPacat.
[87]) and xgq is the atomic fraction of solute Gd (0.22 and
0.98 at.% for Mg-0.3Gd and Mg-1Gd alloys’ matrix, respec-
tively, cf. Table 7). As tabulated in Table 8, the combination of
grain boundary hardening (Ao g,) and solid solution strength-
ening (Ao ) accounts for most of yield strength for pure Mg,



JID: JMAA
B. Yang, C. Shi, X. Ye et al.

[m5+;July 22, 2021;15:35]

Journal of Magnesium and Alloys xxx (xxxx) xxx

e e - ‘
| slip Twinning 7 Fracture point
! favored I favored Fracture (30.33%, 387.88 MPa)
E— - - 7SS
{Basal slip Non-basal ShB"fQ 4
| rernlPE )
iGRC Twins & Fracture point
T SV (22.73%, 292.77 MPa)
& ‘v"@o
> . 6@\“
£ .
s
7 Fracture point
(17.78%, 250.03 MPa)
o I
2
<
=
wn
=
=
=
|
0 0.3 1
Gd concentration (at.%)

Fig. 17. Schematic diagram illustrating the evolution of deformation mechanisms with the increasing of Gd concentration and applied strain.

Mg-0.3Gd and Mg-1Gd alloys. The negative value of Aoge
for pure Mg should be resulting from the broad distribution
of grain size (cf. Fig. 2(d)) whilst the slight high positive val-
ues of Aoge for Mg-0.3Gd and Mg-1Gd alloys are owing to
the dispersion strengthening by Gd-rich nano clusters along
GBs (cf. Fig. 16).

Regarding the increasing ductility with Gd concentration
increasing, following four possible factors will be discussed
in details:

The weakened basal texture by Gd addition can influence
the deformation behavior by changing the macroscopic SFs
of slip (twinning) systems (cf. Table 4). The twinning SFs
is observed to be obviously decreased by alloying Gd, in-
dicating higher stress will be needed to activate the twin-
ning behavior under the premise of same twinning CRSS for
Mg-xGd alloys. This can partly explain the delayed twin-
ning behavior after alloying Gd. However, such role on slip
activities is limited considering comparable SFs of slips for
Mg-xGd alloys (Table 4). Note that the explanation of simply
weakened basal texture cannot uphold the further postponed
twinning-prevailing stage and improved ductility as Gd con-

centration increases from 0.3 to 1 at.%, whose alloys share
similar recrystallization texture thus comparable slip (twin-
ning) SFs yet display different deformation behaviors and
fracture strains. Despite that, the weakened basal texture by
alloying Gd still exerts its role for improved ductility to some
extent.

The reduction of grain size by alloying Gd should have
also contributed to the improved ductility. Recent study re-
vealed that the total elongation of pure Mg increases almost
linearly with the negative square root of grain size (d ~ %
d > 4.32 um) [88]; a nearly twofold increase in ductility can
be expected for pure Mg when the average grain size refines
from 27.64 to 6.50 um, accompanying with the weakened
twinning activities and enhanced activities of both non-basal
slips and grain boundary sliding (GBS) behaviors [34,88,89].
This could explain higher fracture strains of Gd-bearing Mg
alloys compared with pure Mg to some extent. However, in
comparison to Mg-0.3Gd alloy, the bigger grain size and sim-
ilar recrystallization texture of Mg-1Gd alloys reveals other
factors should be considered for the highest ductility of Mg-
1Gd alloy.
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Except the abovementioned role of activating non-basal
slips by reducing grain size, the addition of Gd is postu-
lated to intrinsically reduce the anisotropy of basal vs. non-
basal dislocation slips, as reported in many previous studies
[17,18,26,62]. The addition of Gd was also determined to de-
crease cross-slip barrier (AGy,) and promote different sliding
pathways in the Mg-Gd alloy [8]. Similarly, the obviously in-
creased number fractions of double-slips and triple-slips by
the addition of Gd (Fig. 13) should be correlated with the re-
duced anisotropy of basal vs. non-basal dislocation slips thus
improved ductility.

The deferred twinning behavior by the alloying of Gd is
regarded as another significant factor for the improvement of
ductility. In comparison with slip behavior, twinning behavior
is generally known as more heterogenous deformation modes
with severer stress concentration, as evidenced by Fig. 11.
Recent study has also shown that the weakened twinning be-
havior and enhanced non-basal slips activities can effectively
aid in homogenization of stress distribution and the enhance-
ment of ductility [90]. Therefore, the deferred and weakened
twinning behavior accompanying with posterior and weak-
ened stress concentration should be another important factor
accounting for the high ductility. It is worthy mentioned that
the weakened twinning behavior should be a combined effect
of multi factors (i.e. reduced twinning SFs, refined grain size,
intrinsically altered anisotropy of basal vs. non-basal dislo-
cation slips, grain boundary segregation of Gd, etc.), which
should be fundamentally ascribed to the alloying of Gd. And
their individual weighting factors on weakening and postpon-
ing twinning behavior desire further investigations.

4. Conclusion

We reported a modified lattice rotation analysis that can
distinguish all slip systems and provide statistical results for
slip and twinning activities in Mg-xGd alloys. Using this
method, the underlying deformation mechanisms associated
with the enhanced ductility of Mg alloy by Gd addition is
quantitatively clarified, and the main conclusions are reached
as follows:

(1) Twinning behavior was quantitatively determined to be
postponed in Mg-Gd alloy by Gd addition, leading to poste-
rior and weakened stress concentration thus high ductility.

(2) Obvious cross-slip behaviors were determined in Mg-
Gd alloy, related with the intrinsically decreased anisotropy
of basal vs. non-basal dislocation slips by Gd addition.

(3) The transition of deformation behavior by alloying Gd
should be linked with multi factors, which can be fundamen-
tally ascribed to the addition of Gd.

(4) Gd-driven high strength could be primarily ascribed to
the grain size refinement and solute solution strengthening.
The reduced grain size, weakened basal texture, intrinsically
decreased anisotropy of basal vs. non-basal slips and delay
of twinning behavior should be mainly responsible for high
ductility of Mg-Gd alloy.
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