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Abstract: A Mg—3.2Bi—0.8Ca (BX31, wt.%) ternary alloy with a yield strength of ~358.1 MPa was fabricated by hot
extrusion, room-temperature (RT) rotary swaging and subsequent aging treatment. A fine grain structure (~2 um) and a
few secondary phases were observed in the as-extruded alloy, accompanied by a weak non-basal texture. After RT
rotary swaging, the average grain size was reduced to ~1 pm via continuous dynamic recrystallization (CDRX). In
addition, a large number of residual dislocations piled up within the grain interior, along with the dynamic precipitation
of nano-phases. Peak aging occurred rapidly at 448 K for 35 min. After aging, the grain size hardly changed, the density
of residual dislocations slightly decreased, and a large number of nano-precipitates were introduced at the dislocation
pile-up sites. The grain boundary strengthening, dislocation strengthening and precipitation strengthening co-dominated

the strength of the as-aged alloy.
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1 Introduction

Magnesium (Mg) and its alloys have emerged
as highly promising metallic structural materials in
the transportation and aerospace sectors, attributed
to their low density, high specific strength and
stiffness, and excellent damping performance [1-5].
However, the relatively low absolute strengths of
Mg alloys, compared with certain steel and
aluminum alloys, significantly limit their potential
applications. Previous studies have demonstrated
that the incorporation of rare earth (RE) elements
can effectively enhance the properties of Mg alloys.
For example, LI et al [6] reported that adding
0.3 wt.% Ce to pure Mg resulted in a yield strength

of 352 MPa for the extruded alloy. Similarly, the
elongation at break of the Mg—Zn—Gd alloy,
investigated by JIANG et al [7] could be twice that
of the AZ31 alloy. Nevertheless, the high cost
associated with RE elements renders mass
production unfeasible. Therefore, there is an urgent
need to develop high-strength Mg alloys devoid of
RE elements.

RE-free high-strength Mg alloys can be found
in various systems and exhibit mechanical
properties comparable to Mg alloys containing RE
elements [8]. For instance, a submicron
Mg—2Sn—2Ca alloy was obtained through rapid
extrusion, where the addition of Ca promoted
pyramidal slip activation, resulting in high strength
while maintaining excellent elongation (~8%) [9].
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An as-extruded Mg—1.8Zn—0.1Ca alloy achieved
balanced mechanical properties, with a yield
strength of 285 MPa and an elongation of 9.1%
mainly due to the formation of a typical bimodal
structure composed of fine and coarse grains [10].
The microalloying of Mg—1.0Ca—1.0Al1-0.2Zn—
0.IMn (XAZM) alloys with various elements
results in the formation of dense sub-grains,
reduced residual dislocations, fewer coarse particles,
and weaker basal textures when leaner alloy
additions and higher extrusion temperatures are
employed. The XAZM alloy demonstrates
exceptional mechanical properties, exhibiting a YS
of approximately 425 MPa and an EL of around
11% [11]. These values are comparable to those
observed in most rare earth magnesium alloys. In
addition to the common Mg—Zn and Mg—Al
systems, Mg—Bi-based alloy systems also have the
potential for high strength-plasticity synergy.

Mg—Bi-based alloys have attracted
considerable attention in recent research as a
promising emerging alloy system [12,13] owing to
their superior corrosion resistance, thermal stability,
and biocompatibility. Bismuth (Bi) is neither
essential nor beneficial in mammals and exhibits
minimal biological activity. REMENNIK et al [14]
developed an innovative class of biocompatible
alloys based on the Mg—Bi system, demonstrating a
mild foreign body reaction and enhanced bone
formation observed around the Mg—Bi—Ca alloy
implant. These advanced alloy
emerging as viable candidates for biomaterials.
Furthermore, the mechanical properties of the
Mg—Bi—Ca ternary alloy system show potential to
rival those of commercial Mg alloy systems [15].
MENG et al [16] investigated the Mg—Bi—Ca
ternary alloy and found that its strength and
ductility in the extruded state exceeded those of
AZ31.

In a previous study [17], we developed a
Ca-containing Mg—3.2Bi—0.8Ca (BX31, wt.%)
alloy that demonstrated high strain hardening
capacity; however, it exhibited a relatively low
tensile yield strength (TYS). For as-extruded BX31
alloy, the high strain-hardening is mainly caused by
multiple slip systems and {1012} extension
twinning during the tensile deformation. The
hetero-deformation induced (HDI) stress was found,
and its origin was mainly attributed to the distinct
Schmid factor (SF) and the low geometrical

systems are

compatibility factor (') between adjacent grains.
On the other hand, the basal {(a) screw dislocations
in {1012} extension twin interiors were observed,
which also provided the extra strain hardening
capacity.

Over the past decade, plastic
deformation (SPD) technologies, including equal
channel angular pressing (ECAP) and high-pressure
torsion (HPT), have been continuously refined to
enhance the strength of Mg alloys [18—22]. For
instance, ZHANG et al [23] demonstrated that
HPT led to significant grain refinement from
approximately 250 um to around 200 nm,
accompanied by a hardness increase from
approximately HV 60 to about HV 140 in an AZ80
alloy. However, these aforementioned methods
remain largely confined to laboratory settings and
present challenges for industrial implementation.

Rotary swaging (RS) is regarded as a novel
and efficient processing technique for producing
high-performance metallic materials such as
titanium alloys [24], within the industrial sector.
Recently, RS technology has also been utilized by
several researchers to refine grain size and enhance
the mechanical properties of Mg alloys [25-27].
For example, WAN et al [28] successfully
fabricated a nano-crystalline Mg—Gd—Y—Zr alloy
via RS process, achieving a yield strength of
650 MPa. HUANG et al [29] reported that by
integrating cold RS with aging treatment, the grain
size of an extruded WE43 alloy was remarkably
refined to approximately alongside
substantial precipitate formation, resulting in an
ultra-high yield strength of ~477 MPa.

In order to further enhance TYS, we attempted
to use RS technology. Additionally, it has been
observed that the Mg—Bi—Ca system exhibits
precipitation during heat treatment [15,16], and
numerous high-strength Mg alloys have been
successfully fabricated through a combination of
SPD and low-temperature aging treatment. LIU et
al [30] reported an increase of yield strength by
approximately 80 MPa for a Mg—Gd—-Y—Zn—
Cu—Ni alloy after exposure at 473 K for 66 h. KIM
et al [31] proposed a technique involving high-ratio
differential  speed rolling combined  with
low-temperature aging which yielded AZ91 alloy
sheets exhibiting remarkable yield strength
exceeding 400 MPa along with tensile elongations
of around 13%.
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In this study, we prepared an as-extruded
BX31 alloy rod, which was subsequently subjected
to RS and aging treatments. This process achieved a
TYS of 358.1 MPa and an ultimate tensile strength
(UTS) of 375.8 MPa. The microstructures and
mechanical properties of the BX31
different states were comprehensively investigated.

alloy in

2 Experimental

2.1 Sample preparation

A BX31 alloy ingot with a dimension of
d85 mm x 200 mm was fabricated by melting
high-purity Mg, Mg—10Bi (wt.%) and Mg—25Ca
(wt.%) master alloy in a steel crucible under the
atmosphere of SFs and CO, mixed gas (the mixing
volume ratio was 1:99). The ingot was
homogenized at 773 K for 24 h, and then extruded
at 573 K into bar billets of 20 mm in diameter [17]
for RS. One up to three passes of rotary swaging
were ultimately carried out at room temperature to
get diameters of 19.5, 19 and 18.5mm
(corresponding area reductions of 5, 10 and 16%),
respectively. The subsequent aging processes were
performed at 448 K [28,29] for different time in a
vacuum annealing furnace.

2.2 Mechanical properties testing

The Vickers
performed using an MHV-1000 tester with a load of
19.6 N and a dwell time of 10 s. The mechanical
testing machine (ETM-205D) was employed to
perform tensile tests at room temperature in a
direction parallel to the bar axis and employing an
initial strain rate of 1x103s™'. The dog-bone-
shaped tensile specimens measuring 16 mm X
6 mm x 2 mm in gauge length (along the extrusion
direction (ED), width and thickness were fabricated
via spark machining. Three tensile specimens were
tested to obtain reliable results.

micro-hardness test was

2.3 Microstructural observation

Phase constitution and dislocation density
were analyzed by X-ray diffraction (XRD, TTE III)
using Cu K, radiation at a scanning speed of
2 (°)/min. Scanning electron microscopy (SEM,
FEOL-JSM7800F) equipped with an Oxford Aztec
electron backscatter diffraction (EBSD) probe and
transmission electron microscope (TEM, FEI Talos

F200X) employed to observe the
microstructures and texture. Samples for EBSD
were prepared by mechanical polishing and
subsequent electron-polishing (by AC2 at 20 V and
0.05 A for 90s at —35 °C), and the step size for
EBSD measurement depended on the grain size of
the tested microstructure and ranged from 0.1 to
0.15 pm. Commercial HKL Channel 5 software was
used to analyze raw EBSD data. The foils for TEM
fabricated by mechanical
polishing to 60 um and then punched into disks of
3 mm in diameter. Subsequently, the treated foils
were further thinned by ion beam milling.

were

observations were

3 Results

3.1 Microstructures

Figures 1(a—c) show the inverse pole figure
(IPF) orientation maps corresponding to longitudinal
sections of alloys in the as-extruded, as-swaged,
and peak-aged conditions. The white background
indicates the zero analytic location based on EBSD
analysis. The as-extruded alloy was characterized
by a complete dynamic recrystallization (DRX)
microstructure with an average grain size of
approximately 2.1 um, accompanied by a weak
(2111)//ED texture (as illustrated in Figs. 1(a) and
(g)). Following RS, the average grain size
decreased to approximately 1.0 pm, with a notably
sparse occurrence of extension twins at an angle of
86° (designated as T in Fig. 1(b)). Concurrently, the
texture transformed from a weak (2111)//ED to a
pronounced (1010Y/ED  (Fig. 1(g)), and the
change in the grains’ orientation distribution
confirmed that the multiple slip systems were
activated during the RS process. Subsequent aging
(peak aging time of ~35 min, see Fig.2) did not
alter either the grain size or texture of the peak-aged
alloy (Figs. I(c) and (g)). Compared to the as-
extruded BX31 alloy, Vickers micro-hardness
increased from 56 to 69, indicating a significant
enhancement in the tensile strength of the aged
sample. On the other hand, Figs. 1(d—f) display the
Kernel average misorientation (KAM) distribution
maps along with corresponding average KAM values
for the as-extruded, as-swaged, and peak-aged
alloys. The as-swaged alloy exhibits an increased
average KAM value of ~1.118° compared to ~0.622°
for the as-extruded alloy, suggesting substantial
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Fig. 2 Vickers hardness distribution of as-extruded,
as-swaged, and peak-aged alloys treated at 448 K for
different time

formation of geometrically necessary dislocations
(GNDs) post-RS treatment. The average KAM
values slightly decreased to ~1.076° after aging heat
treatment, indicating that only minimal GNDs could
be eliminated during short aging durations. Due to
the low temperature and short aging time, only a

small number of residual dislocations introduced by
RS deformation were eliminated.

To further elucidate the mechanisms
underlying dislocation activation during the
swaging and aging processes, Fig. 3 displays TEM
images of the alloys in both the as-swaged and
peak-aged conditions, acquired under two-beam
diffraction conditions (g=0002 and g=0110). Some
short dislocation lines were discernible in the
as-swaged alloy under g= 0110, which were
identified as the (a)-component type dislocation.
These encompass both basal {(a) and non-basal {(a)
dislocations (marked by brown and yellow arrows
in Fig. 3(a), respectively), and this identification
was based on the g' 5#0 law. On the other hand, the
pyramidal {(c) and {c+a) dislocations were detected
under g=0002, denoted by blue and red arrows in
Fig. 3(b), respectively. As affirmed by MENG et al
[32], the intrinsic stacking fault energy is reduced
via Ca addition in Mg—Bi—Ca ternary alloy, which
can promote the transformation from basal slip to
non-basal slip mode.
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Fig. 3 TEM images of as-swaged (a, b) and peak-aged (c, d) alloys under two-beam diffraction conditions of g=0110

(a, ¢) and g=0002 (b, d), respectively

The dislocation density scarcely decreased in
the peak-aged alloy. Similarly, basal (@) and
non-basal (a) dislocations were identified under
g= 0110, and the pyramidal {(c) and (c+a)
dislocations were detected under g=0002 based on
the g-b#0 criterion (Figs. 3(c, d)). The number of
basal (a) and non-basal {a) dislocations obviously
declined; however, the pyramidal {(c) dislocations
slightly increased with aging. This can be ascribed
to the inherent instability of pyramidal incomplete
(ct+a) dislocations, which are prone to decomposing
into pyramidal (@) and pyramidal {¢) dislocations,
as discussed in the literature [33]. It is speculated
that the (c)-component type dislocation increases as
the {(c+a) dislocations are resolved.

Figure 4 shows the TEM observation of the
as-extruded alloy. In conjunction with our previous
study [34], both Mg,Ca and Mg,Bi,Ca phases were
identified in the BX31 alloy. The crystal structure
of the Ca-rich phase was further analyzed using
selected area electron diffraction (SAED). The
SAED pattern (Fig.4(a)) and mapping/line

scanning (Figs. 4(b—e)) collectively confirm the
presence of a uniformly distributed Mg,Ca phase
throughout the matrix, with an average size of
approximately 100 nm. Utilizing a similar
analytical method, the Mg:Bi,Ca phase was
detected (Figs. 4(f—j)). In comparison with the
Mg,Ca phase, the Mg,Bi,Ca phase exhibits a large
size of ~2 um and is observed to be distributed in
banded patterns within the extruded alloy matrix,
aligning with macroscopic extrusion flow and
parallel to ED. In particular, microcracks were
observed in the coarse phases, indicating that the
Mg,Bi,Ca phase is hard and brittle.

Figure 5 displays the TEM observation of the
as-swaged alloy. The Mg,Ca phase remains present
in the matrix, exhibiting no significant changes in
its size or number fraction (Figs. 5(a—e)).
Nevertheless, compared with the as-extruded alloy,
the coarse Mg,Bi,Ca phases disappeared after RS.
Instead, some finer new phases (~10 nm, Fig. 5(f))
were observed. Based on the SAED and mapping
results (Figs. 5(g—j)), these nano-phases were
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Fig. 5 TEM images and EDS results of Mg>Ca (a—¢) and Mg,Bi>Ca (f—j) phases for as-swaged alloy
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identified as Mg;Bi>Ca, suggesting that the coarse
Mg,Bi,Ca phases may have been severely fractured
during the RS process. Furthermore, the Mg,Bi,Ca
phases were dispersed throughout the Mg matrix.
Figure 6 shows the TEM results for the
peak-aged alloy. Compared with the as-swaged
alloy, the sizes of both Mg,Ca and MgBi,Ca
phases remained unchanged in the peak-aged alloy.
However, the number fraction of both phases rapidly
increased from 2.6% to 4.0%, with the Mg;Bi,Ca
nanophases increasing from 0.5% to 0.9%. A large
number of residual dislocations served as
precipitation sites for the nano-phase after RS
process, which enabled the alloy to reach the peak
aging rapidly. The movement of dislocations was
impeded differently by the shape, size and location
of the precipitates, and the mechanical properties of
the matrix were altered [35]. In this work, the shape
of the precipitates has been simplified as spherical
to facilitate quantification of their contribution to
the mechanical property contribution. In addition, it
was observed that a limited amount of Ca element
had accumulated along the grain boundary of the

alloy during the peak aging process (Fig. 6(i)).

Figure 7(a) illustrates the stacking fault in
BX31 alloy after RS. WAN et al [28] indicated
extensive stacking faults (SFs) on the basal plane
and/or dislocation arrays that cut the ultrafine-
grained bands into nano-grains. However, the
number density of stacking faults is very small in
the as-swaged alloy. Therefore, stacking faults are
not the main factor in refining grains during RS
process.

Dislocation accumulation was observed in the
vicinity of the original grain boundaries, as shown
in Fig. 7(b). Short non-basal (@) dislocations
rearrangement distribution occurs inside the grains,
as illustrated in Fig. 7(c). Extensive dislocation
accumulation and interactions among dislocation
arrays led to increased misorientation in the matrix,
resulting in the formation of low-angle grain
boundaries (LAGBs). WAN et al [28] reported
similar dislocation cells in the swaged Mg—Gd-—
Y—Zr alloy, which were identified as precursors to
DRX formation. These LAGBs accumulate through
dislocation movement, giving rise to new grains on
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Fig. 6 TEM images and EDS results of Mg,Ca (a—¢) and Mg,Bi>Ca (f—j) phases for peak-aged alloy
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Fig. 7 TEM analysis during RS: (a) Stacking fault; (b) LAGBs near grain boundary; (c) Dislocation arrangement inside

grain; (d) Recrystallized structure

existing ones, a process known as continuous
dynamic recrystallization (CDRX) [36], leading to
grain refinement. This is shown by the ring-like
diffraction pattern presented in Fig. 7(d).

3.2 Mechanical properties

Figure 8 shows the tensile true stress—strain
curves and corresponding mechanical properties of
as-extruded, as-swaged, and peak-aged alloys.

The as-extruded alloy demonstrates a TYS, UTS
and elongation to failure (EL) of approximately
193.6 MPa, 347.3 MPa and 16.5%, respectively.
Notably, after RS, the TYS and UTS significantly
increased to ~318.3 and ~350.0 MPa, respectively.
Subsequent peak-aging treatment further enhanced
the TYS and UTS to ~358.1 and ~375.8 MPa,
respectively. However, the EL decreased from
16.5% to 3.4% and 2.1% after the RS and
subsequent aging process, respectively. The
strengthening effects of RS and subsequent aging
on the as-extruded BX31 alloy are substantial,
primarily attributed to grain boundary strengthening,

400
350 -
300 -
<
a
2 250 Peak-aged
a —— As-swaged
«g 200 As-extruded
2150+
= Alloy TYS/MPa UTS/MPa  EL/%
100 As-extruded  193.6482  3473+12.5 16.5+0.8
As-swaged  318.3+5.7 350.0+3.2  3.4+0.5
Peak-aged  358.1+7.3 375.845.5  2.1x0.6
50
0 0.03 0.06 0.09 0.12 0.15 0.18
True strain
Fig.8 Tensile true stress—strain curves and

corresponding mechanical properties of as-extruded,
as-swaged, and peak-aged alloys

dislocation  strengthening  and
strengthening mechanisms.

To further elucidate the variation in ductility
after RS at room temperature, Fig.9 shows the
fracture surfaces and EDS mapping of BX31 alloys

precipitation
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after undergoing tensile testing until failure at RT.
Dimples were observed on the surface of as-extruded
alloys (Fig. 9(a)), while an extensive cleavage plane
was evident on the as-swaged alloy surface
(Fig. 9(b)). Similar fracture morphology was also
noted in the peak-aged BX31 sample, as shown
in Fig.9(c). The matrix of the as-extruded
alloy contained numerous microcracks, whereas
microcracks were found to be associated with
fragmented second phases after RS and aging
processes. Fracture occurred within the Mg,Bi>Ca
and Mg,Ca phases of the as-swaged and peak-aged
BX31 samples, respectively, as revealed by SEM
and EDS mapping analysis. This indicates that
fragmented phases may have a detrimental effect on

the ductility of the alloy [37]. The brittle phases
serve as sources of cracks or fracture origins during
tensile deformation, indicated by the cyan arrows,
resulting in a significantly reduced tensile EL of the
BX31 alloy. A similar influence on ductility for the
same reason has also been reported for BX311 alloy
by MENG et al [32].

4 Discussion

4.1 Formation mechanisms of fine grains

Figure 10 depicts a schematic diagram of the
DRX process of the BX31 alloy during RS and
subsequent aging. Dislocations accumulate near the
grain boundaries and secondary phases during the

Microcrack

Cleavage plane

N

pm

Fig. 9 SEM images of fracture surfaces and corresponding element mapping of BX31 alloys: (a) As-extruded;

(b) As-swaged; (c) Peak-aged

As-extruded

Second phase = Precipitates
@ Original grain Twin

1 Dislocation DRX

Nano-precipitates

RS (increasing strain)

LAGBs

Fig. 10 Schematic diagram of grain refinement of BX31 alloy during RS and subsequent aging
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early stages of the RS process. The dislocation
density increases as the number of RS passes
increases. Dislocation accumulation gives rise to
LAGBs with the original grain boundaries as the
precursors. The fractured second phases further
promote the formation of LAGBs by pinning
dislocations. With the continuous progression of the
RS process, LAGBs gradually transform into
high-angle grain boundaries (HAGBs) due to
dislocation pile up, ultimately resulting in the
formation of DRX grains. The size of DRX grains
gradually  enlarges, and local dislocation
concentration is alleviated during aging. Due to the
decrease in the solid solubility of solute atoms
during the RS and aging processes, many
nano-phases precipitate, accompanied by Ca
segregation near the grain boundary (see Fig. 5(d)).

Compared with BX31 alloy, AZ31 alloy
exhibited a higher number of twins, dividing the
original coarse grains into fine lamellar twins,
resulting in further refinement of the matrix by
forming dislocation arrays [26,38,39]. However,
only a few twins were observed in this work. It is
evident that the dislocation slip plays a crucial role
in refining the initial grains of the BX31 alloy
during the RS and aging processes.

4.2 Contributions of different strengthening
mechanisms
4.2.1 Grain refinement strengthening contribution
From the EBSD results (inset in Fig. 1), it was
found that the average grain size of the as-
extruded BX31 alloy was 2.1 um. After RS, the
corresponding grain size decreased to 1.0 pm. It is
worth noting that the grain size of the as-swaged
BX31 alloy remains almost unchanged after aging.
The equation used to calculate grain boundary (GB)
strengthening o4 based on the Hall-Petch (H—P)
relationship is as follows:

o,=c,+Kd " (1)

where oy is the yield stress of a single crystal or can
be considered as the yield stress of a very
coarse-grained polycrystal (about 25 MPa, as tested
for cast BX31 alloy, see Fig. S1 in supplementary
materials (SM)) [40,41], 4 is the mean grain
diameter, and K is a constant. Previous studies
showed that the H—P relation slope (K value) for
Mg alloys is dependent on grain size and texture
[42]. For as-extruded BX31 alloy, the texture effect

is considered to be the same as Ref. [32], and the K
value of 173 MPa-um 2 [43] was used for the
Mg—Bi—Ca alloy. However, the K value changes to
approximately 150 MPa-um™"? [13,42] when the
grain diameter decreases to 1.0 um. The previously
reported value of K for Mg—1.876Zn—0.112Ca
(wt.%) alloys was 217 MPa-um 2 [10], while the
maximum pole density deflection from TD to ED
by 15°-20° in the pole figure (and the max pole
density nearby (1010) direction in inverse pole
figures, as shown in Fig. 1(g)) indicated a texture
distribution similar to that of BX31 alloy.
Considering both grain size and texture, we selected
the middle value of 184 MPa-um "2 as the H-P
slope after RS and subsequent aging process. The
TYS values resulting from grain refinement were
calculated for the as-extruded, as-swaged, and
peak-aged alloy. The values obtained were 144.4,
209 and 209 MPa, respectively. The TYS variation
for both the as-swaged and peak-aged alloys,
compared to the as-extruded alloy, was 64.6 MPa.
4.2.2 Dislocation strengthening contribution

The grain store dislocations to accommodate
the deformation of the BX31 alloy during the
swaging process. High-density residual dislocation
tangles generated during the RS process also
contribute to the strength of as-swaged alloys. The
improvement in yielding strength caused by work
hardening can be estimated using the Taylor
formula [28,44,45]:

o ,=MaGbp'? ()

where the strength increase caused by residual
dislocations is denoted by ¢g,, M is the Taylor factor
with a value of 2.1 [28], a is a constant taken as
0.24 [46], G is the shear modulus of Mg equal to
1.66x10*MPa, b is the magnitude of the Burgers’
vector taken as 0.3202 nm, and p is the dislocation
density obtained from the XRD (see Fig. S2 in SM)
analysis of the peak broadening. The calculation
formula is as follows:

p=1/D* 3)
where D is the crystal size. It can be calculated by

the Scherer equation, and the formula is as follows:

kA
pcosf

(4)

where k£ 1s the Scherer’s constant and has a value of
0.89 [47], 4 is the X-ray wavelength, equal to



4060 Yang CHEN, et al/Trans. Nonferrous Met. Soc. China 35(2025) 40504064

0.154056 nm, and p is the Full width at half
maximum (FWHM) corresponding to the position
of peak 26 [48].

The final calculated dislocation strengthening
values are shown in Table 1.

Table 1 Dislocation strengthening contribution at
different states

State p/nm2 0,/ MPa  Ag,/MPa
As-extruded 0.000063 21.2 -
As-swaged 0.000846 77.9 56.7
Peak-aged 0.000705 71.1 49.9

It can be seen from the results in Table 1 that
the dislocation strengthening effect during RS
process is slightly lower, at about 56.7 MPa,
compared to the GB strengthening contribution of
64.6 MPa. The dislocation density of the as-swaged
BX31 alloy slightly decreased after the aging
process, producing a slightly lower strength of
approximately 49.9MPa.

4.2.3 Precipitation strengthening contribution

The size of the second phase is refined to the
nano-scale by radial stress during RS. During aging,
some nano-phases continuously precipitate,
impeding the movement of dislocations. The
strengthening contribution of nano-phases can be
calculated according to the formula of the
mechanism in Orowan [35,49,50]:

0.785d
op= MGb In———2= ®)

b
1= | &2 0785 |4,

N

The Poisson ratio (v) is taken as ~0.3. Here, d,
and f, represent the mean radius and volume
fraction of the precipitated phase, respectively.

TEM was used to calculate the average size
and volume fraction of the second phase in the three
states. The statistical results are shown in Table 2.
Showing that the volume fraction of the precipitates
increased from ~1.8% in the as-extruded state to
~2.6% in the as-swaged state and then to ~4.0% in
the peak-aged alloy.

It can be calculated that the precipitation
strengthening values for as-extruded, as-swaged,
and peak-aged are 43.3, 51.7 and 87.4 MPa,
respectively. The contributions of the main
strengthening mechanisms are listed in Table 3.

Table 2 Statistical results of average size and volume
fraction of precipitated phase at different states

State Phase Average Volume
size/nm size/nm fraction/%
>25 56.0 1.7
As-extruded
<25 9.6 0.1
>25 52.0 2.1
As-swaged
<25 9.6 0.5
>25 51.0 3.1
Peak-aged
<25 7.1 0.9

Table 3 Contribution of strengthening mechanisms on
TYS of BX31 alloy at different states

State od/MPa g,/ MPa op/MPa
As-extruded 144.4 21.2 433
As-swaged 209.0 77.9 51.7
Peak-aged 209.0 71.1 87.4

The strengthening effect of the BX31 alloy
after RS deformation is mainly provided by the
GB strengthening (64.6 MPa) and dislocation
strengthening (56.7 MPa), and the precipitation
strengthening contribution is weakened (8.4 MPa).
The alloy strength can be further enhanced through
peak-aging after RS deformation. The strengthening
contributions are mainly refinement strengthening
(64.6 MPa, the calculated grain size did not change
in the as-swaged BX31 alloy, therefore, the effect of
refinement strengthening is the same as that after
RS), dislocation strengthening (49.9 MPa, a small
amount of dislocation accumulation introduced by
RS can be eliminated after aging treatment, thus the
strengthening effect is weaker than that in the
as-swaged state), and precipitation strengthening
(44.1 MPa). The TYS was calculated using an
empirical equation, resulting in values that are
similar to those obtained from tensile tests.

Furthermore, the typical basal fiber texture
was observed after RS. Accordingly, the SF value
for basal slip is low, which is 0.216 when tension
occurred along with the RS direction. According to
the literature [51], the relationship between the
yield strength and the SF for basal slip has been
proposed. It can be seen that the strength increases
with the decrease of SF value.

ZHALI et al [49] reported that Ca segregation
can occur in Mg alloys at RT, and that a minor solid
solution strengthening effect is caused by Ca atoms.
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However, the Ca content is low in the BX31 alloy,
thus, its contribution to strengthening is not
considered here. On the other hand, the SFs
may significantly influence dislocation movement
and cross-slip during the plastic deformation
process, thereby affecting mechanical properties
considerably [52,53]. Previous research [29,54] has
suggested that there is a linear relationship between
yield strength and the reciprocal of the average SFs
spacing in Mg alloys. Similarly, given that only a
limited number of SFs were observed in the
as-swaged alloy, their impact on strength can be
deemed negligible.

4.3 Ductility change of BX31 alloy after swaging
and subsequently aging

Currently, the paradox of balancing ductility
and strength remains unresolved for metals that
have undergone cold deformation. In the case of
Mg alloys, the yield strength increases while
ductility decreases during RS deformation. Swaging
reduces grain size, thereby enhancing the strength
of the BX31 alloy. However, a finer grain structure
may accommodate fewer dislocations due to an
increased number of GBs. During tensile testing,
the activity of dislocations is impeded by GBs,
resulting in a concentration of dislocations near the
GBs. Additionally, substantial residual dislocations
were retained in the a-Mg matrix after RS and the
subsequent aging process, as depicted in the KAM
maps of Figs. 1(d—f). The dislocation storage capacity
of fine grains decreases due to the high density of
residual dislocations. The presence of residual
dislocations promotes the emergence of micro-
stress concentrations, which significantly contribute
to reduced ductility during tensile testing. The
ductility decreased from 16.5% to 3.4% and 2.1%
for the as-swaged and peak-aged BX31 alloys,
respectively.

In addition, the relationship between the
ductility and the SF for basal slip is presented in the
literature [51]. That equation shows that the SF
value for basal (a) slip is proportional to the
ductility of the Mg alloy. For BX31 alloy, the
ductility decreases with a decrease of SF after RS
and the subsequent aging process. The ductility of
the BX31 alloys was drastically reduced due to
residual dislocations and texture.

5 Conclusions

(1) This work presents a Mg—3.2Bi—0.8Ca
ternary alloy with a high yield strength of
~358.1 MPa fabricated by hot extrusion, room
temperature RS and subsequent aging treatment.
The yield strength exceeds that of most non-RE Mg
alloys.

(2) After peak-aging, a certain amount
of nanoscale Mg,Bi,Ca phases continuously
precipitated. The high strength of the peak-aged
alloy was mainly attributed to grain boundary
strengthening (~209 MPa), dislocation strengthening
(~71 MPa), and precipitation strengthening
(~87 MPa). However, the ductility of BX31 alloys
decreased with increasing strain hardening.

(3) Grain refinement was achieved in the
as-extruded BX31 alloy using the RS technique,
mainly through the CDRX mechanism. Based on
the original grain boundaries, LAGBs were formed
through dislocation accumulation. The LAGBs
gradually transformed into HAGBs as strain
increased, and finally evolved into DRX grains,
thereby refining the grain structure.
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