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Abstract: Improving the mechanical properties of Mg alloys is of great significance for their wide
application. A micro-alloyed Mg-1.45Bi-0.79Ca alloy (in wt.%) exhibiting a high tensile yield strength
of 394 ± 5 MPa and a moderate elongation of 6.6 ± 0.6% was fabricated by single pass extrusion. The
superior high strength is mainly attributed to the synergy effects of ultra-fine dynamic recrystallized
grains; numerous Mg2Ca, Mg3Bi2, and Mg2Bi2Ca nano-precipitates; residual dislocations; sub-grain
boundaries; as well as strong <10-10> fibre texture in the extrusion direction.

Keywords: Mg alloy; extrusion; microstructure; dynamic recrystallization; mechanical properties

1. Introduction

Thanks to their low density, good castability, high damping capacity, and good bio-
compatibility, Mg alloys have shown significant application potential in transportation,
biomedical industries, and other fields [1,2]. However, the strength of commercial high-
strength Mg alloys such as AZ80 and ZK60 is still much lower than that of wrought Al
alloys such as 2024 and 7075 [3]. Besides, the low corrosion resistance [4] and significant
plastic anisotropy [5] also retard the wide application of wrought magnesium alloys. In
terms of strength, it is clear that further improvement of the mechanical properties of Mg
alloys is of great significance on their way to becoming a commercial alternative to Al alloys
and steel.

It is reported that alloying Mg with rare-earth elements (REs) such as Gd and Y is
an effective method for achieving high strength and moderate ductility [6]. However, the
increase in cost caused by RE addition is a major obstacle to their commercial application.
In order to promote application, some new low-cost, high-strength RE-free Mg alloys, such
as Mg-Al- [7,8] and Mg-Sn-based [2,9] alloys, have been fabricated. Pan et al. developed an
Mg-2Sn-2Ca (TX22, all compositions quoted in this work are in wt.%) alloy [9] with very
fine grains exhibiting an ultra-high tensile yield strength (TYS) of 443 MPa. Similar to the
Mg-Sn-based alloy, the Mg-Bi-based alloy, as a typical precipitation-type phase equilibrium,
also demonstrates great potential in developing RE-free high-strength extrudable materi-
als [2]. Besides, Bi element is non-toxic and is called “green metal” [10], and its price is
much lower than that of RE and Sn. Recently, several Mg-Bi-based alloys with attractive
mechanical properties have been fabricated. It is reported that, when 3–8% Bi is added
to pure Mg, the TYS of the extruded samples can be increased by 88 MPa to 129 MPa,
mainly because of the grain refinement and precipitation strengthening by fine Mg3Bi2

Metals 2022, 12, 1162. https://doi.org/10.3390/met12071162 https://www.mdpi.com/journal/metals

https://doi.org/10.3390/met12071162
https://doi.org/10.3390/met12071162
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/metals
https://www.mdpi.com
https://doi.org/10.3390/met12071162
https://www.mdpi.com/journal/metals
https://www.mdpi.com/article/10.3390/met12071162?type=check_update&version=1


Metals 2022, 12, 1162 2 of 7

phases [11,12]. Additionally, Al, Zn, Sn, Ca, and Mn have been introduced into Mg-Bi-
based alloys to improve their mechanical properties [13–20]. For example, by alloying an
Mg-Bi-based alloy with Al and Zn, an extruded Mg-8Bi-1Al-1Zn (BAZ811) alloy exhibiting
a TYS of 291 MPa and an elongation of 14.6% was fabricated in our former research [13].
More recently, alloying Mg-Bi alloys with Sn was also used to further increase their me-
chanical properties. An as-extruded Mg-5Bi-6Sn alloy having typical basic fiber texture
and partial dynamic recrystallization (DRX) microstructure exhibits a TYS of 264 MPa [14].
Furthermore, researchers have found that the addition of Ca will also significantly affect the
microstructure and properties of the Mg-Bi-based alloys. W.L. Cheng et al. [15] found that
the average grain size and intensity of the texture of the extruded Mg-1Bi-1Al alloy can be
significantly affected by the addition of different contents of Ca. S. Remennik et al. [16] de-
veloped a new type of ductile Mg-Bi-Ca alloy with an ultimate tensile strength of 205 MPa
and elongation (EL) of 40% by combining rapid solidification and hot extrusion. Inspired
by this study, our former studies [17,18] further found that high ductile Mg-Bi-Ca alloys
with elongation over 43% can be fabricated by the one-pass extrusion process. However,
the TYS of all the Mg-Bi-based alloys that have been fabricated up to now is still less than
360 MPa, thus the strength of Mg-Bi-based alloys urgently needs to be improved.

In this study, a new low-cost micro-alloyed Mg-Bi-Ca alloy with an ultra-high TYS
was successfully fabricated by single pass extrusion, and the related microstructure and
mechanical properties were systematically investigated and discussed.

2. Materials and Methods

The alloy ingot with an analysis composition of Mg-1.45Bi-0.79Ca (denoted as BX11)
was fabricated by melting high purity Mg, Bi, and Mg-20Ca master alloy and gravity
casting. The as-cast BX11 alloy with a dimension of Ø60 mm × 150 mm was homogenized
at 480 ◦C for 5 h, and then extrusion processing was carried out at 280 ◦C with an extrusion
ratio of 36:1 at an exit speed (Vexit) of 4 mm/s. Microstructure and texture characterizations
were conducted using an Olympus BX51M optical microscope (OM, OLYMPUS, Tianjin,
China), scanning electron microscopy (SEM, JEOL JSM-7000F, JEOL, Tianjin, China), energy
dispersive spectrometer (EDS), electron back-scatter diffraction (EBSD), and transmission
electron microscope (TEM) equipped with energy-dispersive X-ray spectroscopy (EDX).
The dog-bone-shaped specimens with the gauge dimension of Ø5.5 mm × 32 mm were
introduced for room temperature tensile tests, which were performed along the extrusion
direction (ED) using the SUNS-UTM5105X mechanical testing machine (SHENZHEN
SUNS TECHNOLOGY STOCK CO., LTD., Tianjin, China) with an initial strain rate of
1 × 10−3 s−1. The dimensions of samples used in room temperature tensile test and the
specimen after/before fracture are presented in Figure 1a,b, respectively. Three samples
of BX11 alloy were tested to ensure the consistency of the mechanical properties and
the average values and corresponding standard deviations were obtained for the sake
of simplicity.
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3. Results and Discussion

Figure 2 indicates OM and SEM images of the as-extruded BX11 alloy. Generally, the
alloy exhibits a bimodal microstructure consisting of fine dynamic recrystallized (DRXed)
grains and elongated unDRXed grains, as circled in red in Figure 2b. The volume fraction
of the unDRXed grains is ~45%. As shown in Figure 2a,c, a small amount of micro-scale
white second particles can be detected distributed along the ED in the matrix, which were
further characterized as Mg-Bi, Mg-Bi-Ca, and Mg-Ca intermetallics by the EDS results in
Figure 2d. The particles containing the same elements were identified as Mg3Bi2, Mg2Bi2Ca,
and Mg2Ca phases, respectively, in previously reported Mg-Bi-Ca alloys [17–19].
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Figure 2. OM (a,b) and SEM (c,d) micrographs of the as-extruded BX11 alloy.

Figure 3 shows the EBSD analysis results of the as-extruded BX11 sample. Both the
coarse elongated grains with an average grain size (AGS.) of ~9.8 µm and fine grains with
a dimeter of ~0.95 µm can be seen clearly in the inverse pole figure (IPF) maps, forming
a bimodal microstructure, which is well agreed upon with OM and SEM observation. In
addition, the BX11 alloy exhibits a basal fiber texture (see Figure 3d–f), which means that
the {0001} plane and the <10-10> direction are mainly oriented parallel to the ED. It should
be noted that the unDRXed grains demonstrate strong texture with <10-10>//ED, while a
more randomized texture is generated and two preferred orientations of both <10-10>//ED
and <2-1-10>//ED can be detected with the fine DRXed grains. The result is consistent with
previous works of the texture components’ transition during DRX [11,13]. Interestingly,
necklace-like structure with fine DRXed grains formed around the elongated grains can
be readily observed in the microstructure, indicating that the discontinuous DRX (DDRX)
happened during extrusion. It should be emphasized that the basal texture intensity of
the BX11 alloy is much higher than that of the high-alloyed Mg-8Bi-1Al-1Zn [13], low-
temperature and slow-speed (T = 200 ◦C, Vexit = 0.084 m/min) extruded AZ80 [21], and
high-speed (T = 300 ◦C, Vexit = 13 m/min) extruded Mg-Bi-Ca alloy [17], indicating that the
texture of the extruded Mg samples greatly depends on both the alloy composition and
its processing parameters, including temperature and speed. The mechanism of texture
evolution in Mg-Bi-Ca alloys prepared under different extrusion parameters needs to be
further systematically studied.
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In order to further reveal its precipitation behavior, TEM images and EDX results
of the as-extruded BX11 alloy are presented in Figure 4. Numerous nano-precipitates
can be found distributed homogeneously in the matrix, as circled by the red ellipses in
Figure 4b, and most of the precipitates are enrich with Mg and Ca, which is consistent
with the result observed in the high-speed extruded Mg-1.32Bi-0.72Ca alloy, and these
precipitates were confirmed to be Mg2Ca phases [17]. Besides, some precipitates are found
to stay nearby the residual dislocation lines, indicating that the dislocations may provide
preferred nucleation sites for the nano-precipitates. Moreover, high densities of the residual
dislocations are readily detected and these dislocations have partially transformed into sub-
grains and occupied the original grain interiors in the manner of continuous DRX (CDRX),
as indicated by the yellow arrows in Figure 4a,b. These sub-grains nearby the unDRXed
region have a size of ~100 nm, suggesting that the residual dislocations introduced by slow
speed extrusion play a critical role in generating the potential nuclei of recrystallization.
Figure 4c,d show more typical DRXed grains and most of them exhibit a grain size of
~0.55 µm. Apart from Mg2Ca particles, the ternary Mg-Bi-Ca phase and binary Mg-Bi
phase are also detected in the BX11 alloy, as shown in Figure 4c,d. The particles containing
the same elements were identified as Mg2Bi2Ca and Mg3Bi2 in other Mg-5Bi-1Ca alloys [16]
and the high-speed extruded Mg-1.32Bi-0.72Ca alloy [17], respectively.

According to the SEM and TEM images, it can be found that there are numerous
nano-scale Mg2Ca, Mg3Bi2, and Mg2Bi2Ca precipitates and a small amount of micro-scale
Mg2Bi2Ca and Mg2Ca particles in the as-extruded BX11 alloy. During hot extrusion, all of
these nano-scale precipitates and fine micro-scale particles (~1 µm) can substantially retard
DRX by greatly reducing the mobility of grain boundaries and inhibiting boundary bulging
required for the nucleation of new DRXed grains, which is known as the Zener pinning
effect [12,13]. On the one hand, this suppression of DRX eventually leads to partial dynamic
recrystallization of the BX11 alloy, forming a bimodal structure. On the other hand, these
fine particles can also inhibit the growth of DRXed grains through the grain-boundary
pinning effect, thereby resulting in considerable grain refinement of the DRXed grains in
BX11. As a result, the ultra-fine DRXed grains (~0.55 µm) in the BX11 alloy, which is formed
through both DDRX along grain boundaries and CDRX in the grain interior and effectively
pined by fine particles, is comparable to that in ultra-high strength TX22 [9], and much
smaller than that of the BAZ811 [13] and Mg-Bi-Mn alloy [20]. Accordingly, high strength
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can be expected in the BX11 alloy based on the ultra-fine DRXed grains, nano-particles
including Mg2Ca Mg2Bi2Ca and Mg3Bi2, residual dislocations, and sub-grain boundaries
in its microstructure.

Metals 2022, 12, x FOR PEER REVIEW 5 of 7 
 

 

high strength can be expected in the BX11 alloy based on the ultra-fine DRXed grains, 
nano-particles including Mg2Ca Mg2Bi2Ca and Mg3Bi2, residual dislocations, and sub-
grain boundaries in its microstructure. 

 
Figure 4. TEM bright field images of the (a,b) elongated region and (c,d) DRXed region of the as-
extruded BX11 alloy. 

The tensile properties including TYS, ultimate tensile strength (UTS), and EL of the 
as-extruded BX11 alloy are summarized in Table 1, compared with AZ31 [13] and some 
other typical RE-free Mg alloys [9,11,12]. The typical tensile stress–strain curves of the as-
extruded BX11 alloy are represented in Figure 5, compared with pure Mg and AZ31 ex-
truded under similar conditions [13]. The as-extruded BX11 alloy shows a TYS of 394 ± 5 
MPa and acceptable elongation of ~6.6 ± 0.6%. As compared in Table 1, the TYS of the 
BX11 sample is much higher than that of commercial AZ31 alloy [13] and high-speed ex-
truded Mg-1.32Bi-0.72Ca alloy [17], and is even higher than that of the more concentrated 
Mg-8Bi-1Al-1Zn sample extruded with similar parameters [13]. Besides, the dilute BX11 
alloy by simple one-step extrusion in this study shows much higher strength than that of 
the Mg-1.32Bi-0.72Ca alloy processed by combining extrusion and caliber rolling [18], 
which ranks first among all the former reported Mg-Bi-based alloys up to now. Further-
more, compared with the newly developed ultra-high-strength and TX22 alloys [9], the 
more dilute BX11 alloy shows longer elongation and comparable ultra-high strength. 

Table 1. Alloying content (wt.%) and mechanical properties of the BX11 alloy, compared with other 
typical magnesium alloys [9,11–13]. 

Alloy Alloying 
Content 

Tensile Properties 
Remark 

TYS (MPa) UTS (MPa) EL (%) 
BX11 ~2% 394 ± 5.0 411 ± 4.3 6.6 ± 0.6 This study 
Mg ~0% 120 ± 3.0 208 ± 2.0 12 ± 2.0 [11] 

TX22 ~4% ~443 ~460 ~1.2 [9] 
Mg-2Bi ~2% 172 ± 1.0 218 ± 2.0 12.8 ± 0.5 [12] 

B6 ~6% 189 ± 3.0 228 ± 3.2 19 ± 2.0 [11] 
BAZ811 ~10% 291 ± 1.0 331 ± 1.0 14.6 ± 0.5 [13] 

AZ31 ~4% 200 ± 1.0 284 ± 1.0 24.5 ± 0.3 [13] 

Figure 4. TEM bright field images of the (a,b) elongated region and (c,d) DRXed region of the
as-extruded BX11 alloy.

The tensile properties including TYS, ultimate tensile strength (UTS), and EL of the
as-extruded BX11 alloy are summarized in Table 1, compared with AZ31 [13] and some
other typical RE-free Mg alloys [9,11,12]. The typical tensile stress–strain curves of the
as-extruded BX11 alloy are represented in Figure 5, compared with pure Mg and AZ31
extruded under similar conditions [13]. The as-extruded BX11 alloy shows a TYS of
394 ± 5 MPa and acceptable elongation of ~6.6 ± 0.6%. As compared in Table 1, the TYS of
the BX11 sample is much higher than that of commercial AZ31 alloy [13] and high-speed
extruded Mg-1.32Bi-0.72Ca alloy [17], and is even higher than that of the more concentrated
Mg-8Bi-1Al-1Zn sample extruded with similar parameters [13]. Besides, the dilute BX11
alloy by simple one-step extrusion in this study shows much higher strength than that of the
Mg-1.32Bi-0.72Ca alloy processed by combining extrusion and caliber rolling [18], which
ranks first among all the former reported Mg-Bi-based alloys up to now. Furthermore,
compared with the newly developed ultra-high-strength and TX22 alloys [9], the more
dilute BX11 alloy shows longer elongation and comparable ultra-high strength.

Table 1. Alloying content (wt.%) and mechanical properties of the BX11 alloy, compared with other
typical magnesium alloys [9,11–13].

Alloy Alloying
Content

Tensile Properties
Remark

TYS (MPa) UTS (MPa) EL (%)

BX11 ~2% 394 ± 5.0 411 ± 4.3 6.6 ± 0.6 This study
Mg ~0% 120 ± 3.0 208 ± 2.0 12 ± 2.0 [11]

TX22 ~4% ~443 ~460 ~1.2 [9]
Mg-2Bi ~2% 172 ± 1.0 218 ± 2.0 12.8 ± 0.5 [12]

B6 ~6% 189 ± 3.0 228 ± 3.2 19 ± 2.0 [11]
BAZ811 ~10% 291 ± 1.0 331 ± 1.0 14.6 ± 0.5 [13]

AZ31 ~4% 200 ± 1.0 284 ± 1.0 24.5 ± 0.3 [13]
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Figure 5. Typical tensile stress–strain curves of the as-extruded BX11 alloy compared with AZ31 
[13]. 

Based on the above microstructure characterization results, the good mechanical 
properties of the BX11 sample originate from the bimodal microstructure, where fine 
DRXed grains provide strength, while coarse unDRXed grains enable strain hardening 
and thus decent ductility [22]. It is well accepted that the submicron grain size can signif-
icantly contribute to the high strength according to the Hall–Petch relationship [23]. Com-
pared with AZ31 extruded under similar conditions [13], calculations by the Hall–Petch 
equation [24] indicate that the contribution to yield strength by grain refinement is 135.0 
MPa, demonstrating that the relatively high strength in the BX11 alloy mainly comes from
grain refinement. Besides, the strong fiber texture, nano precipitates, micro-sized phases, 
residual dislocations, sub-grain boundaries, and dissolved solute atoms should also con-
tribute to the resultant high strength. However, it should be noted that the strong fiber 
texture is detrimental to the formability of the BX11 alloy. Overall, the TYS of the present 
BX11 alloy with tiny amount of alloying elements additions (~2 wt.%) is among the strong-
est RE-free Mg alloys. The dilute alloying elements and the simple one-step extrusion are
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mechanical property originates from the bimodal microstructure consisting of ultra-fine
DRXed grains and deformed unDRXed grains with residual dislocations and sub-grain 
boundaries, a strong fiber texture, and homogeneously distributed nano-precipitates. In 
addition, the formation of sub-micron grains and the evidence for both DDRX and CDRX 
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Figure 5. Typical tensile stress–strain curves of the as-extruded BX11 alloy compared with AZ31 [13].

Based on the above microstructure characterization results, the good mechanical prop-
erties of the BX11 sample originate from the bimodal microstructure, where fine DRXed
grains provide strength, while coarse unDRXed grains enable strain hardening and thus
decent ductility [22]. It is well accepted that the submicron grain size can significantly
contribute to the high strength according to the Hall–Petch relationship [23]. Compared
with AZ31 extruded under similar conditions [13], calculations by the Hall–Petch equa-
tion [24] indicate that the contribution to yield strength by grain refinement is 135.0 MPa,
demonstrating that the relatively high strength in the BX11 alloy mainly comes from grain
refinement. Besides, the strong fiber texture, nano precipitates, micro-sized phases, residual
dislocations, sub-grain boundaries, and dissolved solute atoms should also contribute to
the resultant high strength. However, it should be noted that the strong fiber texture is
detrimental to the formability of the BX11 alloy. Overall, the TYS of the present BX11 alloy
with tiny amount of alloying elements additions (~2 wt.%) is among the strongest RE-free
Mg alloys. The dilute alloying elements and the simple one-step extrusion are expected
to inspire a new alloy design strategy for fabricating high-performance Mg products for
larger-scale industrial applications. It is also necessary to further evaluate the anisotropy of
the BX11 alloy by preparing the corresponding extruded sheets.

4. Conclusions

In summary, an extraordinary high-strength RE-free BX11 alloy with a TYS of ~394 MPa
and elongation of ~6% was successfully fabricated by one-step extrusion. The good mechan-
ical property originates from the bimodal microstructure consisting of ultra-fine DRXed
grains and deformed unDRXed grains with residual dislocations and sub-grain bound-
aries, a strong fiber texture, and homogeneously distributed nano-precipitates. In addition,
the formation of sub-micron grains and the evidence for both DDRX and CDRX were
also revealed.
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