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ARTICLE INFO ABSTRACT

Keywords: Rare-earth free magnesium (Mg) alloys are attractive for engineering applications. In this study, we design, cast
Magn.esium and extrude six Mg-Al-Bi alloys with the Al% of 3~9 wt% and Bi% of 1~2 wt%. The deformation behaviors of the
Alloying . extruded alloys are examined in uniaxial tension and compression. The microstructure, texture and precipitates
?&;ﬁ?;;on are characterized by electron backscatter diffraction (EBSD) and X-ray diffraction (XRD). The results show that,

in tension, as the Al% and Bi% increase, the yield stress and ultimate tensile stress consistently increase, but the
ductility is mostly retained across the whole range of compositions. Alloying with Bi improves the tensile
strength more effectively when the Al% is at the lower range. In compression, Bi only has a moderate effect on
strength. The compressive stress-strain curves present a typical sigmoidal shape but the range of low stress
deformation, which is dominated by {1012} twinning, consistently narrows as the Al% and Bi% increase. This
indicates that alloying with Al, especially at high Al%, can effectively suppress {1012} twinning. Character-
ization of the precipitates shows that addition of Bi suppresses the formation of Mg;7Al12 which is a common,

plate-like intermetallic phase parallel to the basal plane in Mg-Al-Zn alloys.

1. Introduction

The deformation behavior and mechanical properties of lightweight
magnesium (Mg) alloys have been studied extensively over the past two
decades. These materials have the potential to reduce the weight of
vehicles and thus improve fuel efficiency. However, their widespread
application has not been realized because of their limited room tem-
perature formability which is related to their ductility. Also, Mg alloys
are much more difficult to achieve age-hardening through heat treat-
ment than aluminum (Al) alloys [1-3]. Wrought Mg alloys such as rolled
or extruded typically present improved strength and ductility than
as-cast Mg alloys because of the refined microstructure and more ho-
mogeneous chemical composition; however, wrought Mg alloys have a
high propensity to develop strong basal texture [4-6], leading to
anisotropic deformation behavior that is undesirable. The anisotropic
mechanical properties of wrought Mg alloys are a direct result of
different deformation modes that are activated when a sample is loaded
in tension and compression [6-10].

Much effort has been made to mitigate the anisotropy in the defor-
mation behavior of wrought Mg alloys. One of the effective approaches
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is to weaken or randomize the basal texture, such that non-basal dislo-
cation slip can be promoted [11-14]. In wrought Mg alloys, the basal
planes of individual grains are mostly aligned with the extrusion di-
rection or the rolling direction, so the activities of the non-basal slip
(prismatic and pyramidal slip) systems are limited, making it hard to
satisfy the von Mises criterion [15] that requires at least five indepen-
dent slip systems to provide the needed strain compatibility at grain
boundaries. This gives rise to the limited room temperature ductility. To
weaken the basal texture, severe plastic deformation (SPD) approaches
have been used to refine the grain size down to the micron or submicron
scale [10,16-20]. The orientations of ultrafine grains are more randomly
distributed than that in coarse-grained materials. The refined grain
structure offers improved strength and ductility [17,18,21]. Another
approach to weaken the basal texture is to design new Mg alloys with
rare-earth (RE) elements. Addition of RE to Mg alloys results in the
so-called “rare-earth texture” in which the typically strong rod texture in
wrought Mg alloys is split, leading to improved ductility. It has been
shown that some RE elements effectively weaken the basal texture [6,22,
23]. The major drawback of the RE-containing Mg alloys is the high cost
of these elements that hinders these alloys from widespread
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applications.

There have been efforts to study how other alloying elements than
RE influence strength and ductility of Mg alloys. Recently, Bi has
emerged as a promising alloying element. Several research groups have
shown that Bi-containing Mg alloys present good strength and ductility.
The Mg-Bi intermetallic Mg3Bi, has a melting point of 823 °C and is
more stable than Mgj7Al;5 [24]. The atomic radius of Bi (1.43 [o\) is very
close to Mg’s. The solubility limit of Bi in Mg is up to 9 % [24]. This
provides opportunities for thermomechanical processing routes for
Bi-containing Mg alloys. Go et al. [25] was able to improve the
extrudability of Mg-3Al alloys by adding 5 % Bi. A die exit speed of 67
m/min was achieved, more than 10 times faster than commercial Mg
alloys. Meng et al. [26] reported a remarkable room temperature elon-
gation of 43 % in a Mg-1.32Bi-0.74Ca alloy processed by extrusion. The
fully recrystallized microstructure showed a weakened [2112]| ED
(extrusion direction) texture. A small amount of Bi (0.5-3.0 %) refined
the structure of Mgj7Al; 5 precipitates which became more continuous in
the cast and heat treated AZ91 [27]. However, the tensile ductility
steadily decreased with increasing Bi%, but little change was observed
in terms of tensile strength. In these works, how Bi affects the defor-
mation behavior of extruded Mg alloys has not been systematically
studied.

The purpose of this work is to investigate the effects of alloying el-
ements on the deformation behavior of extruded Mg-Al-Bi alloys. This
alloy system is designed to only use inexpensive alloying elements. Al is
the most common alloying element for commercial Mg alloys such as AZ
series. Al improves the corrosion resistance and the castability of Mg
alloys. Six alloy compositions are designed, cast and extruded. Uniaxial
tension and compression properties are tested. Effects of Al and Bi on the
twinning behavior are analyzed and discussed. Our results offer new
insight into the design of Mg alloys without RE.

2. Experimental method

In the present work, six Mg-Al-Bi alloy compositions were designed,
cast and thermomechanically processed. The Al concentration was
prepared as 3.0 wt%, 6.0 wt%, and 9.0 wt%. Bi was added in concen-
trations of 1.0 wt% and 2.0 wt%, respectively, to the Mg-Al alloys. These
Al concentrations were chosen to correlate with the commercial AZ31,
AZ61 and AZ91 alloys. For convenience, our alloys were named
following the convention of ABXY, where the Al% and Bi% are in the
place of X and Y, respectively. For example, AB31 corresponds to Mg-
3.0Al-1.0Bi. Thus, a full list of our alloys were named AB31, AB32,
AB62, AB62, AB91, and AB92 with increasing Al and Bi concentration.

The alloys were prepared by melting and casting high purity Mg
(99.97 %, US Magnesium), Al (99.999 %, Alfa Caesar) and Bi (99.99 %).
Each alloy was melted at 730 °C and then cast into a cylindrical steel
mold 40 mm in diameter that was preheated to 300 °C. The casting was
conducted in a vacuum filled with argon gas. More details of casting
procedure can be found in the work by Xu et al. [28]. The cast ingots
were then homogenized, first by heating to 320 °C for 5 h then to 420 °C
for 20 h, followed by water quenching. Subsequently, the materials were
indirectly extruded at 425 °C, with an extrusion ratio of 30 and a ram
speed of 0.2 mmy/s. All alloys, including both AB91 and AB92, experi-
enced no cracking during extrusion.

The extruded samples were prepared for characterization by steps of
grinding and polishing. First, mechanical grinding was conducted with
silicon carbide sandpaper of grit number starting at 400, then to 800 and
1200. Following mechanical grinding, the samples were polished suc-
cessively on cloths containing 3, 1, and 0.5 pm diamond suspension. The
final preparation was completed by electropolishing. A Struers electro-
polisher (Lectropol 5) was used with an electrolyte (200 proof ethanol +
5 vol% nitric acid + 0.5 vol% perchloric acid). Electropolishing was
carried out at room temperature using 20 V for 12 s. Following elec-
tropolishing, the samples were quickly rinsed in ethanol and dried with
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compressed air. The polished samples were then analyzed by electron
backscatter diffraction (EBSD) using an FEI Teneo field emission scan-
ning electron microscope (SEM) equipped with an Oxford EBSD detec-
tor. The step size for EBSD scanning was 0.5 pm. The operation
conditions were 13 nA and 20 kV. For high Al% samples that contain a
high volume of precipitates, after electropolishing, the surfaces of these
samples were gently wiped with a lint free cloth, which broke and
removed the protruding precipitates that otherwise would have inter-
fered with the electron beam during EBSD scanning. The EBSD data was
exported to and processed in ATEX [29] for further analyses.

To characterize the precipitates within the Mg-Al-Bi samples, X-ray
diffraction (XRD) was performed on a Siemens D500 diffractometer in
Bragg-Brentano geometry using a copper X-ray tube operating at 45 kV
and 30 mA. The un-extruded AB92 sample was used for scanning from 5°
to 70° with a step size of 0.05° and a dwell time of 5 s per step using
medium-resolution slits. The XRD data was then analyzed using Jade
software version 9.5 (Materials Data Incorporated, Livermore, CA). The
Inorganic Crystal Structure Database (ICSD) and the International
Centre for Diffraction Data (ICCD) were used to identify the crystalline
phases.

Uniaxial tension and compression tests were conducted on the as-
extruded Mg-Al-Bi samples. An Instron 3367 machine with a 30 kN
load cell was used for mechanical tests. The loading direction was par-
allel to the extrusion direction. Cylindrical samples were machined for
compression, whereas round, dog-bone samples were fabricated for
tension. A strain rate of 3.0 x 10~ 3/sec was chosen for all the me-
chanical tests, which was close to the typical range (10~~10~3/sec) for
laboratory testing under quasistatic conditions. Interrupted compression
tests were also conducted in which the compression was terminated at
strain levels of 2.0 % or 4.0 % of engineering strain, in order to char-
acterize the twinning behavior at the early stage of deformation. For the
tensile samples, cylindrical dog-bones with threaded ends were
machined and then tested.

3. Results

The grain structure of the as-extruded samples is shown in Fig. 1,
which is the inverse pole figure (IPF) maps of the as-extruded samples
from the EBSD data. It can be seen that the microstructures of all six
samples are composed of equiaxed grains. We also examined the grain
morphology on a sample surface parallel to the extrusion direction and
found no elongated grains. This indicates that during extrusion, the
materials are fully dynamically recrystallized (DRX), which can be
attributed to the relatively high extrusion temperature and the large
reduction rate. Also, if DRX were incomplete, a bi-modal mixture of
large and small grains would be seen. After DRX, a majority of grains are
oriented such that their [1120] or [1010] pole is parallel to the extrusion
direction, which is typical of the DRXed microstructure of AZ Mg alloys.
The (0001) pole figures of all six extruded samples are shown in Fig. 2.
All the samples present a strong basal texture which is very similar to
that of wrought AZ Mg alloys. This indicates that the addition of Bi to the
Mg-Al alloys has little effect on the texture development during extru-
sion. The basal texture (Fig. 2) is also similar to that in the Mg-3Al-5Bi
alloys reported by Go et al. [25].

Fig. 3 shows the grain size distribution of the six extruded Mg-Al-Bi
alloys. The overall trend is that, as the Al% and Bi% increase, the
average grain size decreases. Thus, the alloy composition has a moderate
effect on the grain size of our extruded alloys. This can be understood
from the fact that, as the Al% and Bi% increase, the weight fraction of
intermetallic phases (as shown below, the precipitates are mainly
Mg,7Al12 and MgsBip) increases. The precipitates may stimulate the
nucleation of new grains during the early stage of dynamic recrystalli-
zation, as reported by a number of researchers [30-32]. The precipitates
may also act as a barrier to grain growth and slow down the coarsening
rate by pinning down grain boundaries from migrating [24,25,33].
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Fig. 1. EBSD Inverse pole figures maps of the as extruded Mg-Al-Bi alloys. The scans are performed on the cross-section perpendicular to the extrusion direction. It
can be seen that the microstructure of all the samples is fully recrystallized after extrusion. The alloy composition has a moderate effect on the grain size.

AB31 AB61 AB91

Fig. 2. (0001) basal pole figures of the as extruded Mg-Al-Bi samples obtained from EBSD. The white text shows the maximum intensity for each composition. All
pole figures present a strong basal texture, which is typical of wrought Mg alloys.

The XRD results are shown in Fig. 4. Three phases are present in the in Mg at room temperature is negligible. Thus, it is expected that most of
AB92 alloy, and similar results can be expected in the other alloy Bi should exist in the form of intermetallics. Fig. 4 shows that the Mg-Bi
compositions. It can be seen that, in addition to the high intensity from intermetallics is identified as MgsBis, which is consistent with the re-

the a-Mg which is a Mg-Al solid solution, two additional phases are ports by Guo et al. [35] and Go et al. [25]. Another intermetallic phase is
present. According to the Mg-Bi phase diagram [34], the solubility of Bi identified as Mg;7Al;5, which is the common f phase in AZ alloys. To
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Fig. 3. Grain size distribution of the six as extruded Mg-Al-Bi alloys. The grain size is measured from a 500 by 500 pm area of each sample. In general, the average

grain size slightly decreases with increasing alloy concentration.
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Fig. 4. XRD results of the as-cast AB92 alloy, with a-Mg showing most prom-
inently, followed by Mg3Bi, with distinct peaks, and subtle peaks were detected
for Mg;7Al; 5 despite the relatively high concentration of Al.

better understand how the size and distribution of the intermetallic
phases respond as the alloy concentrations change, a SEM analysis of the
microstructure is presented in Figs. 5 and 6.

The secondary electron SEM images in Fig. 5 contain representative
areas of the as-extruded samples whose polished surfaces are parallel to
the ED. Again, we can see that the grains are equiaxed, indicative of
complete DRX. At the lowest concentration of Al and Bi added (AB31),
fine (hundreds of nanometers) MgsBi5 precipitates are dispersed in the
matrix. These fine precipitates are also present along most of the grain
boundaries (Fig. 5a). In AB32 with the Bi% doubled (Fig. 5b), almost all
the grain boundaries are entirely decorated with fine precipitates.
Doubling the Bi% results in a larger volume fraction of precipitates.
After extrusion, some of these precipitates are dispersed along the ED,

forming streaks non-uniformly. In AB31 and AB32, the dominant plate-
like Mgy7Al;2 precipitates along the basal plane that are commonly
observed in Mg-Al-Zn alloys [36] are not observed in our SEM obser-
vations. The lack of plate-like Mg;7Al;5 in the matrix might be because
their formation is suppressed by the addition of Bi. To verify this, TEM
will be conducted to identify and differentiate these precipitates, and the
results will be reported in future work. Fig. 5c¢ shows the size and
morphology of the precipitates in AB61 that contains 6 % Al. The higher
Al% leads to a substantial increase in the volume fraction of precipitates.
The size of the precipitates appears to be coarser than that in AB31 and
AB32. More streaking of precipitates can be observed than in AB32. It
can also be seen that fewer precipitates are present along the grain
boundaries. A similar behavior can be observed in AB62 (Fig. 5d). When
the Al% is further increased to 9 % (AB91 in Fig. 5e), coarse precipitates
can be seen along with small MgsBi, precipitates. EDS analysis indicates
that the coarse flake-like precipitates are Mgj7Alj5 (see images at a
higher magnification below). In AB92 (Fig. 5f), a similar morphology
and distribution of the precipitates can be seen.

At a higher magnification, Fig. 6a—f presents more detailed views of
the secondary phases in the extruded alloys. These back scattered
electron (BSE) images offer a better phase contrast than secondary
electron images in Fig. 5a—f. In Fig. 6a, the Z contrast of BSE highlights
the sub-micron MgsBi, precipitates (bright dots) at the grain boundaries
and throughout the matrix of AB31. In AB32 more Mg3Bi, intermetallics
can be seen in the matrix, as well as along the grain boundaries. Fig. 6¢
shows that in AB61, fewer Mg3Biy precipitates are present at the grain
boundaries while more streaks containing coarser precipitates are pre-
sent across the grains (Fig. 5¢). Fig. 6d shows that, inside the streaks,
flake-like Mgj7Al;5 (middle gray) are present and decorated with fine
Mgs3Bij precipitates. As the Al% is increased to 9 % (AB91 in Fig. 6e), the
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(d) AB62.

Fig. 5. Secondary electron images showing the morphology, size and distribution of the precipitates. (a) AB31: fine MgsBi, precipitates can be seen throughout the
matrix and along the grain boundaries in AB31. (b) AB32: doubling the Bi% results in more precipitates that streak in the matrix roughly along the ED. (c) AB61:
increase in Al% substantial increases the streaking of precipitates across the matrix, but fewer precipitates along the grain boundaries. (d) AB62: streaking of the
precipitates can also be seen. (e) AB91: The precipitates in the streaks becomes coarser. Fine precipitates along the grain boundaries can also be seen. (f) AB92:

similar to AB91.

flake-like Mgj7Al;5 precipitates in the streaks become significantly
coarser (2-3 pm) than in AB61 and AB62. Sometimes the flakes are
decorated with much finer Mg,Bi3 precipitates. At this high Al%, plates
of Mg;7Al;2 can be observed at the grain boundaries. Similarly, in AB92
(Fig. 6f), coarse flake-like Mg;7Al; 5 in the matrix and Mg;7Al; 5 plates at
the grain boundaries can be observed.

The results of uniaxial tensile and compressive testing along the
extrusion direction of all six Mg-Al-Bi alloys are displayed in Fig. 7.
Several salient features can be observed. A tension/compression
anisotropy can clearly be seen. This behavior is typical of wrought Mg
alloys with a strong basal texture [5]. Yield asymmetry can also be seen

with the yield stresses of tension significantly higher than that of
compression. The yielding in tension is dominated by
dislocation-mediated plastic deformation whereas the yielding in
compression is dominated by deformation twinning [5]. In tension
(Fig. 7a), the yield stress and the ultimate tensile stress consistently
increase with increasing Al% and Bi%. A similar trend can be observed
in compression (Fig. 7b). At the low concentration range, i.e., for AB31
and AB32, a significant increase of 34 % in yield stress and 23 % in
ultimate tensile stress are observed (Fig. 7a). However, the magnitude of
increase gradually decreases as both Al% and Bi% increase. Specifically,
for AB61 and AB62, a 17 % increase in the yield stress and only a 7 %
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Fig. 6. Back scattered electron images of the precipitates at a higher magnification. (a) AB31: fine Mg3Bi, precipitates (bright) decorate the grain boundaries and are
also dispersed in the matrix. (b) AB32: more MgsBi, precipitates as the Bi% increases. (c) AB61: fewer precipitates appear at the grain boundaries. (d) AB62: an
enlarged view of the precipitates in the streaks. Flake-like Mg;,Al,, precipitates are decorated with MgsBi,. (e) AB91: coarse, flake-like Mg;,Al,, precipitates in the
matrix decorated with Mg,Bis. Note that plate-like Mg,7Al;, precipitates are present at grain boundaries (indicated by the cyan arrow). (f) AB92: plate-like Mg;7Al;2
are present at grain boundaries (indicated by the cyan arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

increase in the ultimate tensile stress is observed. As for AB91 and AB92,
the increase in yield stress and the ultimate tensile stress further reduces
down to 4 % and 3 %, respectively. These results indicate that both Al
and Bi improve the strength of Mg; but in the low Al% range, increasing
Bi% results in a more conspicuous strengthening effect. As the Al% in-
creases, the strengthening effect of Bi is gradually masked out by the
strengthening effect of Al. Moreover, a slight increase in the elastic
modulus can be observed with increasing alloy concentration, which is
likely due to the increase in volume fraction of the secondary phases.
Serrations in plastic flow can also be observed for AB91 and AB92
(Fig. 7a). This may be related to the higher volume fractions of

precipitates in these high concentrations and their interaction with
dislocations. During tensile deformation, dislocations are initially pin-
ned down by precipitates and then de-pinned at higher stresses, causing
the observed serration. Most interestingly, despite the increase in both
yield stress and ultimate tensile stress as the Al% and Bi% increase, no
significant drop in ductility is observed. For instance, the ductility of
AB91 and AB92 which has the highest Al% is fairly close to that of AB31
and AB32. This behavior is of particular interest to the design of new Mg
alloys with improved strength while retaining reasonable ductility. As
shown below, this phenomenon can be related to the unique
morphology and distribution of the precipitates in these alloys.
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Fig. 7. (a) The tensile stress-strain curves of the six alloys. The tensile load is along the extrusion direction. As the concentration of Al and Bi increases, the yield
stress and the ultimate stress increase. Interestingly, no significant drop in ductility is observed. (b) The compressive stress-strain curves of the six alloys. All the
stress-strain curves present a sigmoidal shape; however, the range of low stress portion is reduced as the Al% and Bi% increase. At strain levels of 2 % and 4 %
(marked by symbols of x’s and 0’s), the compression tests were interrupted, and the specimens were prepared for EBSD scan.

In contrast to tension, the magnitude of increase in yield stress and
flow stress is rather consistent in compression (Fig. 7b), i.e., increasing
Bi% results in a steady increase by ~2 % in these stresses across the Al%
concentration range. As the strength of the Mg-Al-Bi alloys increases, the
strain to failure consistently drops, however. Yet, even the alloys with
the highest Al%, i.e., AB91 and AB92, maintain significant values of
strain to failure (>12 %). To analyze the effect of Al% and Bi% on the
twinning behavior, interrupted compression is carried out at the strain
levels of 2 % and 4 %, as indicated on the stress-strain curves.

Quantitative values of the yield stress, ultimate tensile stress and
ductility in tension; the peak stress and strain to failure in compression
are listed in Table 1. The yield asymmetry ratio (YAR is defined as the
ratio between compression yield stress and tension yield stress) de-
creases continuously across AB31, AB32, AB61, and AB62, yet the YAR
increases in AB91 and AB92.

Fig. 8 shows the evolution of the pole figures of the samples during
compression. A center spot gradually appears at the center, indicating
that the basal planes of individual grains have reoriented by nearly 90°
which is typical of {1012} twinning. Thus, the dominant twinning mode
is {1012}, as expected.

4. Discussion
4.1. Effect of Al and Bi on the twinning behavior

The sigmoidal shape (Fig. 7b) of the stress-strain curves in
compression along the extrusion direction suggests that deformation
twinning, especially the {1012}(1011) twinning mode is activated at the
low stress stage plastic deformation. For AB31 and AB32, immediately

Table 1
Mechanical properties of the as extruded alloys from the tension and compres-
sion stress-strain curves.

Alloy Tension Compression YAR
6y (MPa) 6 (MPa) er (%) 6y (MPa) o (MPa) er (%) Oyc
o)1
AB31 125 204 18.0 83 362 20.2 0.66
AB32 168 251 15.4 98 378 17.2 0.58
AB61 187 288 16.4 108 404 15.2 0.58
AB62 218 307 14.2 118 410 14.0 0.53
AB91 233 345 17.4 155 464 13.0 0.67
AB92 243 357 16.5 168 472 12.4 0.69

after yielding, a short plateau can be observed, this could be due to the
activation of basal slip that interact with the precipitates. Shortly after
yielding, the density of basal dislocations is low. The basal dislocations
may be hindered by the precipitates and then break away. Although the
vast majority of the basal planes of individual grains are roughly parallel
to the loading direction (Fig. 2), and the basal slip systems have Schmid
factors close to zero, basal dislocations can still be activated because the
basal slip is the easiest deformation mode in pure Mg (~1.0 MPa) and
Mg alloys. One possible mechanism is that after {1012} twinning, the
basal planes are reoriented by a theoretical angle of 86.3° [37,38],
leading to the activation of basal slip. Another possible mechanism is
that, at stress concentrations such as free surfaces, grain boundaries and
twin boundaries, basal slip can be activated even when the Schmid
factor equals zero, which has commonly been observed in atomistic
simulations [39,40]. Chen et al. [41] quantitatively measured the
contribution of {1012} twinning to the plastic strain in an extruded
AZ31. They found that at the very early stage of plastic deformation
(~0.25 % plastic strain), the contribution from {10T2} twins was about
14 %, indicating that the dominant deformation mode was basal dislo-
cation slip up to that point in plastic deformation. Then the plastic
deformation was quickly taken over and dominated by {1012} twinning.
But such a plateau did not appear in AZ31 [42]. Note that the yield stress
of AB31 and AB32 in compression (Fig. 5b) is significantly lower than
that of the AZ31 (~130 MPa [42]). This can be seen from the steeper
slope of the low stress stage deformation. Thus, in the case of AZ31, the
higher yield stress elevates the position of the yield point on the
stress-strain curve and this makes less significant the difference in stress
between basal slip and twinning. As the Al% is increased to 6 %, i.e.,
AB61 and AB62, the critical stress for basal slip goes up as a result of the
strengthening effect from the higher Al%. At the higher stresses, twin-
ning is activated quickly after the basal slip, and the range of the plateau
shortens, if compared to that of AB31 and AB32. As the Al% is further
increased to 9 %, i.e., AB91 and AB92, the plateau disappears.

For all the Mg-Al-Bi alloys in our work, the flow stress consistently
increases as the Al% and Bi% increase, but the stress-strain curves
remain nearly parallel (Fig. 7b). This indicates that both Al% and Bi%
influence the twin volume fraction during plastic deformation. The
range of low stress plastic deformation narrows with increasing Al% and
Bi%, especially the Al%, suggesting that, as the Al% increases, the
twinning activity and thus the twin volume fraction reduces. Thus,
alloying with Al effectively suppresses {1012} twinning at higher con-
centrations. To reveal this effect, we compare the twinning behavior of
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Fig. 8. The (0001) pole figures of each extruded material following 2 % or 4 % compressive strain. A center spot appears as the strain increases, indicating that the

dominant twinning mode is {1012}.

the six Mg-Al alloys with 1.0 % Bi and results are shown in Fig. 9. In this
figure, the IPF maps of samples AB31, AB61, and AB91 compressed to 2
% or 4 % are grouped and arranged for direct comparison. In Fig. 9a
(AB31), when compressed to 2 % strain, lenticular {1012} twins are
formed but these twins are rather thin at this strain level. The majority of
these extension twins are activated as a result of the reorientation of the
c-axes of individual crystals by nearly 90° around the (1120) tilt axis.
Thus, the c-axes of the twin lattices become close to parallel to the
compression direction. As the Al% is increased from 3 % to 6 % (Fig. 9b),
the twinning activity apparently decreases. Further increasing the con-
centration of Al to 9 % (Fig. 9¢) shows a significant decrease in twinning
activity. As the strain increases from 2 to 4 %, AB31 has a substantial
increase in twinning activity as more extension twins are nucleated and
grow, and the twins thicken or coalesce with increasing strain (Fig. 9d).
After 4 % strain, AB61 (Fig. 9e) presents a similar trend with more twin
nucleation and thickening. In contrast, at the highest A1%, AB91 shows a

much-reduced twin number density and area fraction, compared to
AB31 and AB61, which is consistent with the stress-strain curves (Fig. 7).
From these IPF maps, we can obtain twin volume fraction by measuring
the twin area fraction (these two quantities have the same statistical
significance). The twin area fractions are computed as %, where the
twinned area Ay, (in number of pixels) is measured from these IPF
maps by extracting the twinned areas from the parent grains. The results
are shown in Fig. 9g and h. It can be seen that the twin area fraction
consistently decreases with increasing Al%, especially at 9 % Al.

Fig. 10 compares the effect of Al% on twinning in the 2 % Bi con-
taining alloys, i.e., AB32, AB62, and AB92. At 2 % strain, fine extension
twins can be observed in AB32, in contrast, very few extension twins are
observed in AB62 and AB92, maintaining the trend from Fig. 10a—c. This
implies that alloying with Al in this Mg-Al-Bi ternary system effectively
suppresses {1012} twinning. At 4 % strain, the extension twins in AB32
(Fig. 10b) appear to be coarser than at 2 % (Fig. 10a). By comparison at
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Fig. 9. Twinning behavior of the as extruded 1 % Bi samples after interrupted compression. (a) AB31 at 2 % strain. Thin twins can be seen. (b) AB61 at 2 % strain.
Fine twins can be seen. (c¢) AB91 at 2 % strain. Very few twins are present. (d) AB31 at 4 % strain. Twin density increases and twins coarsen rapidly. (e) AB61 at 4 %
strain. Twin density increases. (f) AB91 at 4 % strain. Twin density is low and the twins are very fine. The EBSD scans are conducted on the cross-sections
perpendicular to the extrusion direction. Overall, twinning activity drops with increasing Al%.

4 % strain, AB62 and AB92 (Fig. 10e and f) have fewer and finer
extension twins than AB32 (Fig. 10d). The quantitative measurements of
the twin area fraction of AB32, AB62 and AB92 at strains of 2 % and 4 %
are shown in Fig. 10g and h. Again, the results show that {1012}
twinning is significantly reduced with increasing Al%.

The IPF maps and the measurements of twin area fraction (Figs. 9
and 10) show that alloying with Al suppresses {1012} twinning. This
effect of Al on {1012} twinning is consistent with the literature reports.
Guo et al. [43] studied the effect of Al on the deformation behavior
during hot rolling of Mg-Al-Zn alloys in which 3 %, 6 % and 9 % Al were
added to the alloys. Their results showed that the extension twinning
was strongly suppressed as Al% was increased. Bian et al. [44] observed
similar effect of Al on the twinning behavior of Mg-Al-Mn alloys with Al
% in the range of 1 %-4 %. They showed that the relative {1012}
twinning activity decreased with increasing Al content. However, the
yield strengths of both tension and compression decreased with
increasing Al%, opposite to the trend in our Mg-Al-Bi alloys. In an
experimental study of twinning-detwinning during cyclic loading of
alloyed and unalloyed Mg using high energy X-ray diffraction,
Murphy-Leonard et al. [45] showed that Al increased the stress for
{1012} twin growth. As a result, it would be harder for {1012} twins to
grow with increasing Al%. Atomistic simulations also showed a similar
effect of Al on {1012} twinning. Wang [46] investigated the effect of Al
on extension twinning in Mg using molecular dynamics simulations and
density functional theory calculations. It was shown that the twin

volume fraction constantly decreased as more Al atoms were added into
the atomistic simulation system.

The stress-strain curves of compression tests (Fig. 7b) indicate that
the addition of Bi also has an effect on the twinning behavior as the Bi%
increases from 1 % to 2 %. We can see this effect by comparing the twin
area fraction at 4 % strain between AB31 (Fig. 9d) and AB32 (Fig. 10d),
AB61(Fig. 9e) and AB62 (Fig. 10e), AB91 (Fig. 9f) and AB92 (Fig. 10f).
At lower Al% concentrations, i.e., 3 % and 6 %, the effect of Bi% on
{1012} twinning is not as conspicuous as Al% (Fig. 9g and h and Fig. 10g
and h). But at high Al%, i.e., AB92, the twin area fraction is slightly less
than that of AB91.

The effect of Bi on the twinning behavior of Mg alloys is much less
studied and not well understood. Bi has a pretty large solubility (~9 %)
in Mg near the eutectic temperature (553 °C). At room temperature,
most of the Bi goes to the MgsBi, intermetallic phase after solidification.
After extrusion, the MgsBis precipitates remain in the matrix of a-Mg.
On the one hand, these MgsBi, precipitates, along with the f-Mg;7Al; 2,
strengthen the a-Mg matrix and thus increase the critical stresses for
dislocation slip. In terms of {1012} twin nucleation, the activation
volume for twin nucleation could be larger than dislocation nucleation
because highly coordinated atomic shuffles are required for this twin-
ning mode [9,47,48]. These atomic shuffles transform the basal plane of
the matrix lattice into the prismatic plane of the twin lattice as this pair
of planes are corresponding planes [47,48]. Thus, after twinning, the
c-axis of parent lattice is reorientated by nearly 90° [47,48]. Hence,



A. Goldman et al.

2% Strain

4% Strain

(g8) 2% Strain

Twin Area Fraction

AB32 AB62 AB92

0.3

0.2

0.1

Materials Science & Engineering A 944 (2025) 148941

40pm pa
() AB92

[1120]

(h) 4% Strain

[0002]  [1070]

AB32 AB62 AB92

Fig. 10. Twinning behavior of the as extruded 2 % Bi samples after interrupted compression. (a) AB32 at 2 % strain. Twins are activated. (b) AB62 at 2 % strain. Thin
twins are activated. (c) AB92 at 2 % strain. Very few twins can be seen. (d) AB32 at 4 % strain. More twins are formed and the twins coarsen. (e) AB62 at 4 % strain.
The EBSD scans are conducted on the cross-sections perpendicular to the extrusion direction. Similar to the trend in Fig. 9, the amount of twinning significantly

decreases with increasing Al% along with the higher Bi%.

pre-existing dislocations in the matrix promote twin nucleation because
the elastic strains near the dislocation core help accommodate the misfit
strain at the twin boundaries which are usually highly incoherent [49].
During {1012} twinning, a misfit strain is produced along the c-axis,

which equals @ ~ 6.7 % (y is the c/a ratio, 1.624 for Mg), whereas a

contraction is produced along the (1010) direction [48]. This misfit
strain along the [0002] effectively accommodates the tensile deforma-
tion along the c-axis. This strain accommodation is fundamentally
different from that of twinning dislocations that must glide on the
theoretical twinning plane. When the Al% and Bi% increase, the critical
stresses for dislocation nucleation and slip increase, and this reduces the
probability of twin nucleation. Moreover, numerous experimental ob-
servations and atomistic simulations indicate that {1012} is not medi-
ated by twinning dislocations [47-51], contrary to the classical twinning
theory. Gharghouri et al. [52] observed that precipitates in Mg alloys
could be completely engulfed by the {1012} twins without leaving any
trace of plastic shearing. They also found that the {1012} twins did not
have constant habit planes or twin boundaries and they could easily
bypass the precipitates. Using in-situ TEM, Liu et al. [53] observed
similar twin-precipitate interaction in Mg alloys, in which {1012} twin
boundaries migrated around the precipitates and bypassed them. These
experimental observations, along with many others [51,54,55], confirm
that there should not be any twinning dislocations at {1012} twin
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boundaries. Thus, the effect of precipitates on {1012} twinning is ex-
pected to be limited and dependent on the strength of the interface
between the precipitate and the Mg matrix, as well as the volume frac-
tion of the precipitates. As the Bi% increases, the volume fraction of
Mg3Biy increases, and the stress for twin growth increases accordingly.
This effect is reflected in the slight shift of the stress-strain curves in
compression along the extrusion direction (Fig. 7b).

4.2. Effect of Bi on the ductility of Mg-Al alloys

Perhaps the most interesting feature in the stress-strain curves is the
insignificant reduction in tensile ductility (Fig. 7a) across the whole
range of Al concentration from 3 % to 9 %. Despite the significant
improvement in strength at the high Al concentrations, the ductility is
still maintained. Although the strain to failure in compression decreases,
the strains for AB91 and AB92 alloys remain greater than 12 % which
are higher than wrought AZ91 (Fig. 7b). The reduced strain to failure in
compression can be related to twinning that is activated and dominates
the low stress stage deformation. After twinning, the matrix is reoriented
by ~90°, which changes the orientation relationship between the matrix
and the precipitates. This change may also weaken the interfacial
bonding between the precipitates and the matrix, resulting in reduced
strain to failure [56]. These results indicate that a small addition of Bi
(<1.0 %) to Mg-Al alloys would be beneficial for ductility. This is
particularly important for design of new Mg alloys with good ductility
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while retaining high strength.

There have been reports that adding Bi to Mg alloys positively affects
their mechanical properties. Recently, Shen et al. [57] conducted
high-throughput DFT calculations of how alloying elements affected the
generalized stacking fault energy on {1011} pyramidal-I and {1122}
pyramidal-II slip planes. Specifically, the unstable stacking fault energy
is a measure of the energy barrier to dislocation nucleation and glide,
and a lower value (in reference to pure Mg) is preferred for better
ductility. These pyramidal dislocations are the only slip systems that can
accommodate the strains along the c-axis because the Burgers vectors 1 (

1123) have a component along the c-axis. Their calculations screened a
total of 54 elements in the Periodic Table. The formation enthalpy of
solid solutions was also calculated. Their results showed that Bi is one of
the promising candidates that could reduce the unstable stacking fault
energy on the two pyramidal slip planes. Thus, Bi is expected to promote
pyramidal dislocation slip in Mg alloys. It has been shown that the low
ductility of Mg and Mg alloys is partly due to the lack of sufficient active
pyramidal slip systems that have a critical stress about one to two orders
of magnitude higher than basal slip [58]. Thus, activating more pyra-
midal slip systems would greatly benefit the ductility. Meng et al. [26]
developed a rare-earth free Mg-1.32Bi-0.72Ca alloy. A single step
extrusion was conducted on the cast ingot after homogenization and the
extrusion temperature was 300 °C. They found that the basal texture was
weakened after extrusion and the extruded samples presented a very
high tensile ductility (~43 %). This extraordinary ductility was attrib-
uted to the refined grain size (~6.3 pm) and the weakened basal texture.
Their TEM work showed that non-basal pyramidal dislocation slip
became the main deformation mode that gave rise to the high ductility.
Somekawa and Singh [59] studied the mechanical properties of dilute
Mg-Bi alloys after extrusion. A fine grain size (~1.2 pm) was obtained in
the extruded samples. Superior ductility (170 %) at room temperature
was observed when Bi% was 0.3 at%, but the ductility decreased with
increasing Bi%. The superior ductility was attributed to grain boundary
sliding in the fine-grained microstructure. The effect of Bi on as-cast
AZ31, AZ61 and AZ91 alloys was studied by Moshaver et al. [60].
They reported that optimal strength and ductility were achieved when
the Bi% was about 1.0 %. But the workability and formability decreased
with greater Bi concentration. The relatively better ductility of the AB
alloys than AZ alloys is also related to the morphology, size and distri-
bution of the precipitates. From Figs. 5 and 6, alloying with Bi sup-
presses the formation of Mgj7Alj, precipitates that are plate-like along
the basal planes in Mg-Al alloys [36]. The fine, spherical MgsBi, pre-
cipitates are more beneficial for ductility than plate-like Mg;7Al;5. The
literature reports and the results in our work (Fig. 7) suggest that Bi is
indeed beneficial for the ductility of Mg alloys, but the concentration
should be at the low end or less than 1.0 %.

5. Conclusions

In this work, we systematically investigate the effects of Al and Bi on
the deformation behavior of extruded Mg-Al-Bi alloys with the Al% of
3~9 wt% and Bi% of 1~2 wt%. The following conclusions can be drawn.

1. Addition of Bi suppresses the formation of plate-like p-Mg;7Al;o
precipitates that are commonly observed in the AZ Mg alloys. For low
alloy compositions (Al = 3 % and Bi = 1-2 %), fine (hundreds of
nanometers) precipitates are formed in the matrix and at the grain
boundaries. As the alloy concentration increases, the precipitates
become coarser, and form streaks along the extrusion direction
across the grains.

2. The strength of the AB alloys increases with increasing Al% and Bi%.
However, interestingly, the tensile ductility is not significantly
affected by the increasing alloy concentration, and a fairly good
ductility (14 %-18 %) is retained across the range of concentrations.
The strain to failure in compression decreases but retains greater
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than 12 %. This behavior can be related to the refined precipitates by
the addition of Bi.

3. The activity of {1012} extension twinning consistently decreases
with increasing Al% and Bi%, indicating that in the Mg-Al-Bi alloys,
{1012} twinning is suppressed as the Al% and Bi% increases.
Alloying with Al effectively suppresses {1012} twinning, especially
at high concentrations. This effect may be beneficial to mitigate the
yield asymmetry and tension/compression anisotropy that is widely
observed in wrought Mg alloys.

4. Based on our results, an optimal Bi% less than 1.0 % is suggested for
high strength Mg-Al-Bi alloys while much of the ductility is still
retained.
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