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Abstract

Dilute Mg—Bi alloy is a recently developed alloy system with good extrudability and ductility. However, there is a limited
understanding of the influence of extrusion temperature on its microstructure when extruded at lower temperatures (<300 °C),
which restricts the further enhancement of its mechanical properties. In this work, we investigated the microstructure
evolution at multiscale levels (micro-scale, nanoscale, and atomic scale) affected by different extrusion temperatures. The
results show that particle-stimulated nucleation by the pre-existed Mg;Bi, particle can significantly refine the grains (even
down to a grain size of ~80 nm), and it is a dominant dynamic recrystallized mechanism, especially at 100 °C and 200 °C,
though, with negligible influence on the final texture. In addition, dynamic precipitation with nano-sized precipitates (tens
of nanometers) occurs in these temperatures, and they can provide the Zenner pinning effect to hinder grain growth. Most
significantly, deformation-induced bismuth clusters (which can potentially be tailored to provide significant strengthening
without deteriorating the ductility) were observed both in the matrix and at grain boundaries in all the extrusion tempera-
tures. As the temperature increases, the size and the density of these clusters increases. Finally, an attempt at quantification
of the strengthening contributions from the grain size, nanoparticles, clusters, and solid solution is provided, indicating the
significant effect of extrusion temperature on varying these contributions.

Keywords Dilute magnesium alloys - Extrusion temperatures - Mechanical properties - Multiscale microstructures -
Bismuth clusters

1 Introduction

There has been increasing demand for high-strength and
low-cost magnesium alloys for automotive applications.
Dilute magnesium alloys, incorporating low-temperature or
severe plastic deformation, can obtain balanced strength and
Tingting Guo and Yulei Tai contributed equally to this work. ductility [1-4]. To date, most of the work examines the effect
of solute elements to elicit information regarding the role of
individual elements on the microstructure and texture modi-
fication in dilute Mg—Bi alloys [5-12]. Some recent papers
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along the grain boundaries [5] in such a way that preferen-
tial grains growth with basal texture was restricted in short
term annealing. When combined with Mn and other micro-
elements, this addition can result in a substantial increase in
yielding stress, achieving 378 MPa and a reasonable elon-
gation of 16.8% (Mg—1Bi—1Mn-0.3Zn-1A1-0.5Ca (wt%))
[5]. Minor addition of Ca to Mg—1wt%Bi alloys, similar to
the effect of rare-earth element in other magnesium alloys
[17-19], generates < 2 11 2 > texture after hot extrusion
[11, 20]. Furthermore, Ca traces can enhance the dynamic
recrystallization rates with fine grains sizes, yielding a
good combination of yielding strength and elongation (see
Mg-1Bi-1Zn-0.6Ca (Wt%) in Ref. [12]).

Nonetheless, there is very little information in the present
literature about systematically investigating the microstruc-
ture features at different scales (grains at the micro-scale, the
second phase at the micro or nanoscale, and solute atoms at
the atomic scale) in extruded dilute binary Mg—Bi alloys at
low extrusion temperature (<300 °C) to reveal the influence
of extrusion temperature, which is critical for the further
enhancement of their mechanical properties.

One of the challenges associated with Mg—Bi alloys is
that the constituent Mg;Bi, particles are easily formed in
casting and hard to dissolve in the heat treatment due to
the high melting point (873 °C), which is usually detrimen-
tal to fracture toughness [21, 22]. However, coarse Mg;Bi,
particles can affect dynamic recrystallization via particle
stimulated nucleation (PSN) [23] and hence refine the grain
size [21, 24] or modify the deformation texture [25]. Low
temperature extruded Mg-2.5 wt%Bi alloys studied by
Somekawa and Singh [26] exhibited an ultrafine grain size
of ~1.2 pm, and micron-sized Mg;Bi, particles of a volume
fraction of ~2.5% were also observed in their work. Because
the course Mg;Bi, particles can potentially have a significant
effect on the grain refinement and texture, making an assess-
ment of the role of Mg;Bi, particles on recrystallization dur-
ing extrusion is important.

Another potentially essential factor to consider in devel-
oping high-performance dilute magnesium alloys is the
effect of solute atom clusters. They are known to enhance
the strength of magnesium with little cost to ductility [27,
28], and are also known to change the type or dispersion
of precipitates [29, 30]. Sasaki et al. [31]. recently found
that a high number density of Al atoms was attracted to
the vacancy clusters in a severely deformed (equal channel
angular extrusion at 150 'C) Mg-9 wt% Al alloy. Notably,
the number density of Al clusters is comparable to the val-
ues in some aged-hardened aluminum alloys. This result
does show that it is feasible to produce dense deformation-
induced solute clusters, and they are highly possible to
empower magnesium alloys with a substantial strengthening
response. First-principle calculation suggested that bismuth
in magnesium displays negative grain boundary segregation
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energy and negative cohesive energy [32, 33]. This result
indicates that bismuth atoms prefer not only to segregate
at grain boundaries but also to form clusters. Hence, solute
cluster hardening is possible in the Mg—Bi alloy system.

Therefore, in this work, we investigated the microstruc-
ture evolution at multiscale levels (micro-scale, nanoscale,
and atomic scale) and to reveal the influence of extrusion
temperature (100 “C, 200 “C, and 300 “C) on a dilute Mg-2
wt% Bi alloy. Pure magnesium samples extruded at the same
conditions were also prepared for comparison.

2 Experimental Details

The as-received Mg-2 wt% Bi cast ingot was homogenized
at 480 °C for 6 h. This was followed by the extrusion at
100 °C, 200 °C, and 300 °C, respectively, with an extru-
sion ratio of 18 and a ram speed of 1.7 mm/s. Extrudates
were quenched in the water immediately to inhibit the grain
growth. Pure Magnesium extrusion samples were prepared
with the same processing. Dog-bone-shaped samples with
a gauge dimension of ¢3 mm X 10 mm for tensile testing
were prepared and tested at a strain rate of 107> s™! at room
temperature. The contact extensometer (Epsilon, produced
by Epsilon Technology Corp, USA) is employed for strain
measurement until fracture.

The microstructures of the longitudinal section of the
extrudates along the extrusion axis were examined. Elec-
tron backscattered diffraction (EBSD) was employed by a
field emission Zeiss Sigma 500 Scanning Electron Micro-
scope (SEM) to obtain the initial crystallographic texture.
The zone of interest was extracted by Focused Ion Beam
(FIB) in Thermo Scientific Scios 2 and deposited to a cop-
per grid for inspection by an FEI Tekna G2 F30 transmission
electron microscope (TEM) for characterizing the features of
the nano particles and the grain size. A double aberration-
corrected Thermo Fisher Scientific Themis Z scanning trans-
mission electron microscope was utilized for atomic-scale
imaging.

Atom probe tomography (APT) samples were prepared
by the standard two-step electropolishing. APT were per-
formed on a CAMECA Local Electrode Atom Probe LEAP
5000XR instrument, at 40 K with a pulse fraction of 20%,
and a detection rate of 0.5%. Because bismuth has a very
high atomic weight, a pulse repetition rate of 50 kHz was
selected. APT data were reconstructed and analyzed with the
IVAS embedded in CAMECA AP suite 6 software.
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Fig. 1 Tensile true stress-true strain curves of Mg—2Bi and Pure mag-
nesium extruded at 100 °C, 200 °C and 300 °C, respectively. With
increasing extrusion temperatures, the 0.2% offset yielding stress
of Mg-2Bi is 187+8 MPa, 180+2 MPa, and 167 +4 MPa, respec-
tively, and the 0.2% proof stress of pure magnesium is 146 +8 MPa,
122 +5 MPa, and 107 +7 MPa, respectively

3 Results and Discussion
3.1 Mechanical Response

The representative true stress-true strain curves of tensile
testing for Mg—2Bi and pure magnesium performed at dif-
ferent temperatures are presented in Fig. 1. It is seen that
the yielding strength for both Mg-2Bi and pure magne-
sium decreases with increasing the extrusion temperature,
which is the general rule for most magnesium extrudates
[34]. Alloying with bismuth obviously strengthens the
magnesium at different levels for all the cases. Compared
to pure Mg, the average 0.2% proof strength increases
by ~41 MPa, ~ 58 MPa, and ~ 60 MPa with increased extru-
sion temperature, respectively. The Mg-2Bi extruded at
100 °C exhibits the best mechanical property with a duc-
tility of ~25%, and the value markedly dropped to lower
than~ 15% at higher extrusion temperatures. The situation
for pure magnesium is different, i.e., it shows a brittle feature
(the elongation is close to ~5%) at two lower extrusion tem-
peratures while the elongation is enhanced to~13% when
samples were extruded at 300 °C.

3.2 Grains and Texture

To help interpret the temperature influence on the improved
mechanical properties of Mg—2Bi alloy, Fig. 2 shows the
microstructures taken by EBSD and the corresponding
inverse pole figure (IPF) for each condition. Micro-alloying

with bismuth could effectively promote dynamic recrystal-
lization efficiency and refine grains. This effect is more sig-
nificant for specimens extruded at 100 °C. The fully recrys-
tallized grains were refined to a sub-micron size of ~ 1.2 pm,
the same as that reported by Somekawa et al. via a similar
extrusion process [26]. Pure magnesium at the same extru-
sion temperature, on the other hand, contains ~50% (area
fraction) un-recrystallized (unDRXed) grains, which should
be partially responsible for the dropped yielding strength
and the ductility compared to its Mg—2Bi counterpart. At
the temperature of 200 °C, a small amount of unDRXed
grains is observed in both Mg-2Bi and pure Mg. The het-
erogeneity of the grain structure leads to the deterioration
of the ductility compared to those extruded at 100 °C.
When extrusion temperature rises to 300 °C, an almost fully
recrystallized bimodal grain structure in Mg—2Bi alloy is
clearly observed, consisting of fine grains of several microns
around the coarse particles and coarse grains with a diameter
of ~20-50 pum (45% area fraction). The corresponding grain
orientation spread (GOS) map in Fig. 2g suggests the inter-
nal strain energy in area of large grains is relatively smaller.
The matrix around the coarse particles, on the other hand,
exhibits the greater GOS, indicating that the presence of
particles promotes local nucleation sites and accelerates the
recrystallization. By contrast, pure magnesium shows a more
uniform distributed and fully recrystallized grain structure,
which promotes ductility.

The corresponding inverse pole figures for each case are
shown in Fig. 2h. Most materials show a <1 010> basal tex-
ture (Fig. 2a, b and e) or a non-fiber feature (Fig. 2¢ and f)
along the extrusion direction (For pure magnesium extruded
at 100 °C, the overall texture is not typical of extruded
magnesium alloys—the maximum intensity peak is offset
from <1010> by ~ 15°, contributed by unDRXed grains). The
DRXed grains at two lower temperatures are responsible for
the overall slightly weakened texture. The particle-induced
fine grains in Mg—-2Bi extruded at 300 °C do not substan-
tially alter the texture character, with the intensity peak
slightly tilted toward < 10 10>.1In general, adding 2 wt%
bismuth shows negligible influence on the recrystallized tex-
ture component and intensity in all the studied cases.

3.2.1 Grain Refining Mechanism in Mg-2Bi

We compare the morphology and distribution of Mg;Bi,
particles of Mg—2Bi extrudates to find out the reasons of for-
mation of their distinct microstructure at different tempera-
tures. SEM imaging in Fig. 3a and ¢ show the microstructure
of Mg—2Bi extruded at 100 °C and 300 °C. Mg;Bi, constitu-
ent particles shown in Fig. 3a were deformed as thin strips
up to~200 pm long (maximum up to~ 600 um long) and
were parallel with the extrusion direction. When extruded
at higher temperatures, as shown in Fig. 3), Mg;Bi, particles
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Fig.2 EBSD inverse pole figure (IPF) colored maps for a—¢ Mg—2Bi g shows the grain orientation spread (GOS) maps of the correspond-
and d—f pure magnesium extruded at different temperatures. White, ing map of c. the average GOS is 0.69 with a standard deviation of

red, and black lines in EBSD maps represent grain boundary angle 1.07. h are the corresponding micro-texture indicated by inverse pole
2°-5°, grain boundary angle 5°-10° and high angle grain bounda- figure, and XO is the extrusion direction. MUD represents multiples
ries > 10°, respectively. The average grain size (AGS) is labeled. The of uniform distribution showing the maximum texture intensity

black irregulars highlighted with red circles in ¢ are Mg;Bi, particles.
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Fig.3 SEM images of Mg-2Bi
extruded at al00 °C and ¢

300 °C showing the morphol-
ogy and spread of Mg;Bi, parti-
cles. b EBSD band contrast map
containing elongated Mg;Bi,
particles showing the grain
structures in Mg—2Bi extruded
at 100 °C and d is the micro-
structure of enlarged image

of the red square at the tip of
elongated Mg;Bi, particles in b
taken by TEM

break up into shorter rods or, in most cases, into irregular
shapes, randomly distributed with the material flow. The
shape and distributions of Mg;Bi, constituent particles at
200 °C are in the middle of the above two states and not
discussed here. An EBSD map containing elongated par-
ticles for material extruded at 100 °C is shown in Fig. 3b.
Compared to the imaging area that avoided particles in
Fig. 2a, the texture exhibits another peak (2.5 MUD) which
is offset from < 1120 > by ~13°, and the average grain size
is even smaller, ~0.8um. This is might due to the differ-
ent magnitude of local lattice rotation and the strain mode
from the particle-free domains [35]. We believe the fine
grains in Mg—2Bi extruded at the two lowest temperatures
are most induced by PSN. This PSN mechanism also con-
tributes to the DRXed grains in Mg-2Bi when extruded
at 300 °C, especially the fine grains in the bimodal grain
microstructure.

The particle deformation zone around the particles [23,
36] (PDZ, as we analyzed by GOS in Fig. 2g, the area with
high stored strain energy around the coarse particles) is the
nucleation sites for PSN grains and affects the microstruc-
ture/texture. Sidor et al. [37] compared the PDZ generated by

Elongated Mg3Bi)

second

Elongated Mg3Bi) =

elongated and near equiaxed particles during rolling. They
suggested the particles with a larger aspect ratio (length/
width) induce higher strain gradient. The area fraction of
PDZ (Fpp, around a rod shaped particle can be expressed
as [37]:

— A8
Fppz —f(”ab D M

where f is the area fraction of particles (=~ 0.0133); A and B
represent the length of ellipsoidal PDZ along and perpendic-
ular to the particle strip, respectively; a and b are the length
and thickness of particles, respectively. Although one can-
not make an accurate assessment of the PDZ area induced
by a single particle by the present data, the two cases can
be roughly compared without considering the overlaps of
PDZ simply by taking the total number (only the particle
area>3.14 um? is counted.) of particles and average val-
ues of particle dimension in Fig. 3a and c, @;ygo ~ 15 um,
bigpec ~ 2.4 um, azppc ~ 4.4 um and bygpec ~ 2 um. The
total DRX area induced by PSN mechanism is crudely set
as 100% for the case in Fig. 3a, and this value in Fig. 3c is
assessed as ~55%, measured from Fig. 2c. So, the average
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PDZ area for particles with a larger aspect ratio is estimated
to be at least 8 times larger than that for smaller ones. Inspec-
tion of the EBSD band contrast map in Fig. 3b, the grains are
not indexed at the tip band of the elongated particles. TEM
shown in Fig. 3d reveals nano-sized grains in this area, with
an average size of ~80 nm. Therefore, the lattice rotation
at the tip band is extremely significant, promoting a high
number density of PSN nuclei and resulting in a remarkable
grain refining effect.

3.2.2 Strengthening Contributions from Grains

The effect of uniformly distributed grain size on the
strengthening ¢ can be expressed by the Hall-Petch equa-
tion as follows [38, 39]:

o =0y +kd'/? )

where o, is the friction stress, d is the grain size, and k is the
grain boundaries strengthening parameter. For the bimodal
grain structure, the Hall-Petch relation is re-written as [40]:

o= <af + kfdf‘% ) i+ (ac +k.d, : > f. 3)

The subscript f denotes the fine grains and subscript ¢
denotes the coarse grains. f; and f, are the volume frac-
tion of fine grains and coarse grains, respectively. The value
k depends on the deformation modes but is not impacted
much by the alloying elements [41, 42]. In all the cases, the
average Schmid factor of prismatic slip is in the range of
0.48-0.49 at the present loading conditions, hence the acti-
vation of prismatic slip determines the bulk yield stress. So k
may not vary much. The micro-hardness of pure magnesium
and the homogenized Mg—2Bi alloy after casting is~25 HV
and ~29 HYV, respectively. So, the friction stress for Mg—2Bi
employed in this work is~ 1.2 times that of pure Mg. We
set the grain size of 4.32 um as the boundary of fine and
coarse grains [43] for all the cases. The Hall-Petch param-
eters for fine and coarse grains of Mg-2Bi are o,=80 MPa,
k=97 MPa-ym'? and 6,=30 MPa, k=260 MPa-um'?
respectively [43]. The rough estimation for the increment
of yielding stress of Mg—2Bi (compared to pure magne-
sium counterparts) due to the refined grain size Ac,ynize
is~22 MPa, ~20 MPa, and ~23 MPa for extrusion tempera-
tures of 100 °C, 200 °C, and 300 °C, respectively.

3.3 Dynamic Precipitation
3.3.1 Characterization of Dynamic Precipitation
Bright-field TEM images before and after the extrusion of

Mg-2Bi alloys are shown in Fig. 4. In the homogenized
sample of Fig. 4a, only a few Mg;Bi, particles are observed.

@ Springer

By contrast, a high population of particles can be observed
in samples extruded at different temperatures. Two differ-
ent morphologies including a sphere and a rod are clearly
observed and un-uniformly distributed within grain interiors.
It is found that most rod particles are not orientation related
(as seen in Fig. 4d), thereby, they were probably those con-
stituent particles that formed in casting, turning thickened
in thermal mechanical process and deformed along the
extrusion direction. The spherical particles, on the other
hand, were dynamically precipitated during hot deforma-
tion, which were also observed by Jo et al. [21] in binary
Mg-Bi alloys. The precipitates’ size becomes larger with
increasing the extrusion temperature, measured as~21+12
nm, ~41+20 nm, and ~65 + 31 nm, respectively. Arrays of
the precipitates on the grain boundary can occasionally be
observed in all alloys (red arrow indicated in (d)), which
shows evidence of a Zenner pinning effect.

3.3.2 Strengthening Contributions of Dynamic Precipitates

Due to the interparticle spacing of rod-shaped particles is
larger than 1um, it is less likely that they could effectively
strengthen the prismatic slip (the yielding of tensile testing
at present cases is controlled by the prismatic slip [44]).
The contributions of spherical nanoparticles to the strength
increment At on the prismatic plane can be expressed as
[45]:

Ar = Gb In 0.785d

22y T=v(22 - 0785)a  ° @)

where G is the shear modulus of magnesium (17 GPa), b

is the magnitude of the Burgers vector (0.32 nm), v is the
Poisson’s ratio (0.3), and d is the average diameter. fis the
volume fraction of precipitates, estimated as ~0.12%, 0.1%,
and 0.1% with increases in the extrusion temperature (by
TEM). The precipitates harden against the prismatic slip
for~ 8.9 MPa, ~5.4 MPa, and ~3.5 MPa as the extrusion
temperature increases, respectively. Therefore, the yield
stresses increment due to the dynamic precipitated Mg;Bi,
particles are estimated as~17.8 MPa, ~10.8 MPa, and~7
MPa (the maximum Schmid factor 0.5 is taken). Compared
to the high number density precipitates generated by conven-
tional static aging [44], dynamic precipitates in the present
work are not an effective strength contributor.

3.4 Solute Clusters
3.4.1 Characterization of Bismuth Rich Clusters
In order to verify the possibility of the formation of Bi-clus-

tering, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) was employed to
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Fig.4 The morphology of
nanosized Mg;Bi, particles
taken by TEM for Mg—2Bi alloy
a homogenized at 480 °C for

6 h and extruded at b 100 °C, ¢
200 °C, and d 300 °C

(a) Homogenized ;

examine the microstructure at the atomic scale, as shown in
Fig. 5. Bright zones with Z-contrast from Bi-rich clusters
can be identified in all the cases. Bi clusters in the sample
extruded at the lowest temperature are faint and sparsely
distributed among the magnesium matrix. By contrast,
the other two cases show a higher number density of the
near-spherical and brighter contrast-featured clusters. The
average diameter of the bismuth clusters in the two cases
is similar. However, the number density per unit square
micron increases to~ 1.2 times for the sample extruded at
300 °C, compared with that extruded at 200 °C. This differ-
ence is mainly caused by accelerated diffusion kinetics from
the improved vacancy concentration at higher deformation
temperatures [46, 47]. First-principles studies have predicted
a very large Bi-vacancy binding energy (0.14 eV) in magne-
sium among all the solutes indicating the greater possibility
for forming Bi-clusters at higher temperatures. Moreover,
solute clusters are prone to segregate along grain boundaries
at higher extrusion temperatures as shown in Figs. 5d—f. The
properties of the grain boundaries, dynamic recrystalliza-
tion and deformation mechanisms may be influenced by the

segregation of bismuth clusters, which will be investigated
in future work.

3.4.2 Spatial Distributions of Bismuth Rich Clusters

Figure 6 displays the APT results for the alloys extruded at
200 °C. Figures 6a and b show the elemental distribution of
magnesium and bismuth, respectively. A 0.74 at% Bi iso-
concentration surface is used to delineate the bismuth solute
clusters in Fig. 6¢. Clearly, the distribution of bismuth is
non-uniform. The concentration of bismuth in the disloca-
tion core is significantly higher than that in the surrounding
matrix. As shown in Fig. 6d, the corresponding proximity
histogram is used to evaluate the average bismuth concentra-
tion around the dislocations, which is up to ~4.5 at% and an
enrichment factor of 40 compared to the concentration of
bismuth in solid solution. It is supposed that the dynamically
diffusing bismuth atoms cluster in the region and segregate
along the core of dislocations during hot extrusion (please
see HAADF-STEM characterization of Bi atoms segre-
gation to partial dislocations in reference [48]). A similar
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(d) 100 °C

~ Grain boundarie

Grain boundaries

Grain boundaries

Fig.5 HAADF-STEM images showing bismuth clusters in the magnesium matrix and the segregation at grain boundaries in Mg—2Bi extruded

atad 100 °C, b e 200 °C, and ¢ £ 300 °C

phenomenon was also reported by Bian et al. [28]. and Zeng
et al. [27]. in dilute Mg—Al-Zn—Ca and Mg—Zn—Ca alloys.
In their work, the co-clusters of Al1-Ca—Zn or Ca—Zn are
segregated to basal dislocations after 2% pre-strain and a
short-time bake-hardening treatment, where a maximum of
25% increase in yield strength was attained.

3.4.3 Strengthening Contributions of Bismuth Clusters

The solute cluster hardening is believed to be caused by
the cutting mechanism by dislocations, correlated to the
cluster size, volume fraction, and physical properties,
which can be expressed by Friedel’s statistic shearing
model [49]:

Ao = KPMG | = ()2 )
27h

where M is the Taylor factor (~2.5 for prismatic slip [50]),
f, is the volume fraction, which is estimated from APT
as~0.035% for alloys extruded at 200 °C, R is the radius
of clusters (nm), and k is a constant related to the shearing

@ Springer

mechanism (maximum value of ~0.1 is employed in this
work [51]). Equation 5 predicts a strength contribution
of ~27 MPa by bismuth clusters in Mg—-2Bi extruded at
200 °C. If we take the volume fraction of bismuth clus-
ter~0.038% (~ 1.2 times that extruded at 200 °C estimated
from Fig. 5) for Mg-2Bi extruded at 300 °C, the evaluated
value slightly increases to~29.5 MPa. For alloys extruded
at 100 °C, solid solution strengthening, rather than clus-
ter strengthening, plays a more important role due to the
very low number density of bismuth clusters observed in
this state.

The increment of the yielding strength of the present
alloys can be described as:

Ao = Ac + Ao

clusters

(6)

The net contribution from the solid solution can then
be estimated by Eq. 6. The relative contributions of the
hardening mechanism for alloys studied in the present
work are summarized and shown in Table 1. It is clear that
Hall-Petch hardening is always important for all the cases.
Deformation-induced precipitation and solute clusters are

+ Ao

grainsize + Ao-nanoparticles solidesolution
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Fig.6 Distribution of solute
atoms of a magnesium (in
purple) and b bismuth (in blue).
The red arrows indicate the pos-
sible positions of the dislocation
cores. ¢ and d are the 0.74 at%
iso-concentration surface of
bismuth and the corresponding
proximity histogram of bismuth,
respectively

Table 1 Strengthening contributions from different strengthening
mechanisms

100 °C 200 °C 300 °C
AUgrainsize ~53% ~34% ~38%
A"rwmopalrticles ~43% ~18% ~11%
Agclu.vters ~4% ~46% ~50%
A‘Tnvolz‘desolutiun ~2% ~1%

responsible for the difference in yielding strength incre-
ment. Solute clusters in dilute magnesium alloys are dem-
onstrated as an important hardening contributor. There-
fore, our work provides the fundamental studies of dilute
Mg-Bi binary alloy, so proper alloying and thermome-
chanical processing can be designed to manipulate the
microstructure at multiscale to improve the mechanical
properties further.
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4 Conclusions

The current work has systematically investigated the effect
of extrusion temperature on the mechanical responses and
microstructure of dilute Mg—2Bi alloys at different scales.
The main conclusions of the paper are the following:

1. Mg-2Bi alloy extruded at 100 °C showed the best
mechanical properties with a yield strength of ~ 187 MPa
and an elongation of ~25%. In contrast, the alloys
extruded at higher temperatures show a decreasing
yielding stress and ductility.

2. The addition of 2 wt% bismuth results in significant
grain refinement at extrusion temperature lower than
200 °C. Particle stripes stimulated nucleation is the
dominant mechanism for the observed ultra-fine grains.
By contrast, the alloy extruded at 300 °C showed a
bimodal grain structure. The constituent Mg;Bi, phase
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breaks up during extrusion, and the coarse fragments
accelerate the local grain refinement. The particle
deformation zone generated by Mg;Bi, particles with a
greater aspect ratio is larger than that of the near equi-
axed particle size. The tip area of the particle stripe is
shown to have a remarkable grain refining effect and it
can refine the grain size down to ~ 80 nm (Fig. 3d).

3. All alloys are shown to have the typical basal texture,
which is not weakened by the PSN effect.

4. The dynamic precipitation occurs during extrusion at all
temperatures, with a particle size of ~21 nm, ~41 nm,
and ~ 65 nm as the temperature increases. They provide
the Zenner pinning effect to hinder grain growth.

5. Deformation-induced bismuth clusters are observed and
characterized by HAADF-STEM and APT for the first
time. Bismuth clusters are found to densely distribute in
the matrix of two higher extrusion temperatures and seg-
regate along the grain boundaries and the dislocations.
The average size of clusters is similar in these two cases,
but the distribution is slightly denser in the magnesium
matrix of 300 °C.

6. In this work, the main contributors to the strength incre-
ment include PSN grains, deformation-induced nano
precipitates, and bismuth clusters. Apart from the Hall-
Petch hardening, the bismuth clusters also result in a
more substantial hardening effect, accounting for half
of the strengthening increment at two higher tempera-
tures. Our findings are expected to provide new insights
into manipulating the multiscale microstructure by new
alloying and thermomechanical strategies to improve the
synergy mechanical properties of dilute Mg—Bi-based
alloys.
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