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Abstract: A Mg-1.32Bi-0.72Ca (BX11) alloy having bimodal grain structure was successfully prepared
by a novel processing route of combining extrusion and three-pass caliber rolling. The first extruded
and then caliber-rolled (E-CRed) alloy demonstrates a necklace-like grain structure with ultrafine
grains formed around the microscale deformed grains, which is remarkably different from the uniform
microstructure of the as-extruded alloy. In addition, the E-CRed BX11 alloy exhibits strong basal
texture which is mainly original from the microscale deformed grains. Furthermore, the E-CRed BX11
alloy demonstrates excellent comprehensive mechanical properties, with an ultra-high yield strength
of 351 MPa and a good elongation to failure of 13.2%. The significant strength improvement can be
mainly attributed to the significant grain refinement and much stronger basal texture compared with
the as-extruded sample.

Keywords: Mg-Bi-Ca; mechanical property; bimodal microstructure

1. Introduction

Magnesium (Mg) alloys with advantages of low density have great potentials to be used in transport
vehicles for weight-saving. Improving the mechanical properties of the Mg alloys is considered as an
essential issue for their wider usage at present because of their relatively poor mechanical performance
compared with steel, titanium alloys, and aluminum alloys [1-3]. There have been numerous studies
focused on the development of new Mg alloys with good mechanical properties via various methods,
including alloying strategies and advanced processing technology. Until now, high strength has been
achieved in Mg-Al [4,5], Mg-Zn [6-8], Mg-Ca [9,10], and Mg-Sn [11,12]-based alloys by incorporating
grain refinement, precipitation hardening, and texture hardening. The Mg-Bi alloy system also
shows typical precipitation-type phase equilibrium and several Mg-Bi-based alloys with attractive
mechanical properties have been fabricated in recent years [13-16]. For example, the Mg-5Bi-1Ca/Si
(all compositions quoted in this work are in wt. % unless otherwise stated) alloy exhibiting a tensile

Metals 2020, 10, 332; d0i:10.3390/met10030332 www.mdpi.com/journal/metals


http://www.mdpi.com/journal/metals
http://www.mdpi.com
http://dx.doi.org/10.3390/met10030332
http://www.mdpi.com/journal/metals
https://www.mdpi.com/2075-4701/10/3/332?type=check_update&version=2

Metals 2020, 10, 332 20of 11

elongation (EL) of over 40% has been fabricated by Remennik et al. [13] through the rapid solidification
(RS) and extrusion process. In addition, Somekawa et al. [14] found that low temperatures (105-210
°C) extruded Mg-2.5Bi alloy, demonstrated a room temperature tensile EL of 170%. On the other
hand, the processing route of low temperature extrusion [14] or RS-involved extrusion [13] is not
commercially acceptable for the mass production of Mg alloys to date. In this respect, a dilute Mg-Bi-Ca
alloy was successfully fabricated by single-step conventional extrusion processing [17]. However, the
strength of the as-extruded Mg-Bi-Ca alloy is too low, with the yield strength (YS) of only 135 MPa,
and further enhancement on the strength of the BX11 alloy is urgently expected.

Recently, caliber rolling has been introduced as one of the modified rolling processes that can be
used for the mass production of Mg-based materials containing ultra-fine grains with high strength.
Until now, there have been several researches focused on enhancing the mechanical properties of Mg
alloys by caliber-rolling processing [18-21]. Somekawa et al. [18] found that the YS of as-extruded
Mg-Zn, Mg-Al, Mg-Ca, Mg-5n, and Mg-Y binary alloys could be significantly improved after 4
or 14-pass caliber-rolling processing. Lee et al. [19] reported that seven-pass CRed AZ31 alloy
demonstrated YS, ultimate tensile strength (UTS), and EL of 298 MPa, 378 MPa, and 20.9%, respectively.
Later, they further [20] fabricated an ZK60 alloy with ultra-fine grain microstructure, yielding a YS of
364 MPa, UTS of 389 MPa, and an EL of 18% by six-pass caliber rolling. Mukai et al. [21] reported the
weakening of the basal texture and enhancement of YS when applying the caliber rolling to the AZ31
alloy. All these works demonstrated the great potential of caliber rolling in enhancing the mechanical
properties of the Mg alloy, but the pass number of caliber rolling is too many, which inevitably leads to
the decrease of production efficiency and increase of cost.

Therefore, in this study, we attempted to improve the strength of as-extruded Mg-Bi-Ca alloy by
simple three-pass caliber rolling. Besides, the relevant strengthen mechanism will also be discussed
based on the microstructure characterization.

2. Materials and Methods

The extruded rod with the dimension of ® 10 mm X L 60 mm and chemical composition of
Mg-1.32Bi-0.72Ca wt. % (hereafter denoted as BX11) was used as the rolling blank. The processing
method and parameters of fabricating the as-extruded BX11 rod was described in our former
research [17]. As illustrated in Figure 1, the caliber-rolling process was carried out at temperature
of 300 °C with grooves size from 9.6 mm to 7.9 mm, and the area reduction of the 3-pass caliber
rolling is ~25%, corresponding to a strain ecr = —In (A/Ag, where Ay and A are the cross-sectional area
of the initial extruded billet and the caliber-rolled rod, respectively, of 22.3%. The rod was rotated
between the passes of the caliber-rolling progress, and after the third pass rolling, the sample was
air-cooled to room temperature. For the tensile property test, the dog bone-shaped tensile specimens
with gage diameters of 4 mm and lengths of 16 mm were machined. Room temperature tensile tests for
E-CRed samples along the rolling direction (RD) were carried out at a strain rate of 1 x 1073 s7! in the
SUNS-UTM5105X testing machine (SHENZHEN SUNS TECHNOLOGY STOCK CO., LTD., Shenzhen,
Guangdong, China), having 100 kN load capacity. The mechanical properties of as-extruded BX11 free
from caliber rolling were also tested as a benchmark. All samples were tested at least three times to
confirm the repeatability of the tensile properties.

In order to analyze the strength mechanism, microstructure characterization was carried out
by Olympus BX51M light microscope (LM; OLYMPUS, Tokyo, Japan), JEOL JSM-7000F scanning
electron microscope (SEM, JEOL Ltd., Tokyo, Japan) equipped with an energy dispersive spectrometer
(EDS) and a Tecnai G? 20 transmission electron microscope (TEM, FEI Company, Hillsboro, OR, USA)
equipped with energy-dispersive X-ray spectroscopy (EDX). Metallographic samples for microstructure
characterization were cut from the as-extruded and the center part of the E-CRed BX11 alloy along
the extrusion direction (ED) and RD, respectively. In order to figure out the phases in the specimen,
X-ray diffraction (XRD) analysis was conducted using Bruker D8 Focus (Bruker AXS GmbH, Oestliche
Rheinbrueckenstr, Karlsruhe, Germany). A solution made of 4.2 g picric acid, 70 mL ethanol, 10 mL
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acetic acid, and 10 mL distilled water was adopted to etch the specimens for LM and SEM observation.
For EBSD examination, the specimen surface was, firstly, mechanically ground, then polished by
colloidal silica for 30 min. HKL Chanel 5 analysis software was used to analyze the EBSD data. In terms
of TEM observations, the related thin disc samples with a diameter of 3 mm were mechanically polished
to a thickness less than 200 um, followed by ion milling using a GATAN 691 Precision ion polishing
system (Technoorg Linda Co. Ltd., Ipari Park utca, Budapest, Hungary).
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Figure 1. Schematic illustration of 3-pass caliber rolling. RD: rolling direction; ND: normal direction;
TD: transverse direction.

3. Results and Discussion

3.1. Mechanical Properties

The tensile properties of the E-CRed BX11 alloy are given in Table 1, and the representative
tensile stress-strain curves of the E-CRed BX11 alloy is presented in Figure 2a. An extraordinary
combination of exceptionally high strength and good ductility is achieved in E-CRed BX11 alloy with
the YS, UTS, and EL of 351 MPa, 381 MPa, and 13.2%, respectively. In addition, the stress-strain
curves of the as-extruded BX11 free from caliber rolling is also included in Figure 2a for comparation.
Before caliber rolling, BX11 alloy has a high ductility with EL of 43% but poor strength, with the
YS of only 135 MPa. The YS of the E-CRed BX11 sample is more than two times higher than
that of the as-extruded sample. Besides, the high YS of the E-CRed BX11 is much higher than
that of the newly developed Mg-6Bi [16] and Mg-1Ca [22] binary alloys and is higher than that
of more concentrated Mg-9.85n-1.2Zn-1Al [11] and Mg-8Bi-1Al-1Zn [15] samples. Furthermore, as
demonstrated in Figure 2b [4,5,10,11,15,16,19,21-34], the YS of the E-CRed BX11 sample is even
higher than those of some reported severe plastic deformation (SPD)-processed samples, including
accumulative roll-bonding processed AZ91 [23], rolled and 7-pass CRed AZ31 [19], and 12-pass
ECAPed Mg-3.7Al1-1.8Ca-0.4Mn [24] alloys. On the other hand, although the ductility of the E-CRed
BX11 is greatly decreased compared with the as-extruded sample, it is still much higher than those
of most other ultra-high strength Mg alloys, as presented in Figure 2b. Compared with the newly
fabricated Mg-3.5A1-3.3Ca-0.4Mn [5], Mg-25n-2Ca [25], and Mg-25n-1.95Ca-0.5Mn [26] alloys, which
are reported having the three highest YSs in rare earth-free (RE-free) Mg alloys, the E-CRed BX11
alloy shows a little lower strength but much greater EL. Detailed microstructure characterization was
conducted to explain the good mechanical performance of the E-CRed BX11 alloy, as presented in the
following section.

Table 1. Tensile properties of E-CRed BX11 compared with the as-extruded sample.

Alloys Process Parameters YS? (MPa) UTS* (MPa) ELS (%)
BX11 E', 300 °C, 4 mm/s 135+3 207 £4 43 +2
BX11 E-CRed 2, 300 °C 351+3 381+5 13.2+2

1 E: extrusion, 2 CRed: caliber rolled, 3 YS: yield strength, 4 UTS: ultimate tensile strength, and 5 EL: elongation.
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Figure 2. (a) Typical engineering tensile stress-strain curve of E-Cred BX11 alloy compared with
the as-extruded sample, and (b) comparison of yield strength (YS) vs. elongation (EL) of various
wrought Mg alloys [4,5,10,11,15,16,19,21-34]. (E: extrusion, CR: caliber rolling, LTSS-E: low temperature
slow speed extrusion, DE: double extrusion, ARB: accumulative roll bonding, ECAP: equal channel
angular pressing, HPR: hard plate rolling, HRDSR: high-ratio differential speed rolling, and MDF:

multi-directional forging.)

3.2. Microstructure

As shown in Figure 3, the initial LM (Figure 3a and b) and SEM (Figure 3c) microstructure of the
extruded rod consists of equiaxed grains, with average sizes of ~6 um along with some microscale
second phases. The EDS analysis results of these second particles listed in Table 2 reveal that these
second-phase particles consist of Mg-Bi and Mg-Bi-Ca compounds. Figure 4 shows the XRD results of
the as-extruded sample; combined with the EDS results, the Mg-Bi and Mg-Bi-Ca particles dispersed
in the matrix are determined as the Mg3Bi, phase and Mg,Bi,Ca phase, respectively. The result is
consistent with that in previously fabricated Mg-5Bi-1Ca [13] and Mg-1.2Ca-12Bi alloys [35].
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Figure 3. (a,b) Light microscope (LM) micrographs and (c) SEM images of as-extruded BX11 alloy.

Table 2. Energy dispersive spectrometer (EDS) results of the particles in the matrix of as-extruded

BX11 alloy.
Composition (wt. %)
Area .
Mg Ca Bi
A 76.34 6.33 17.33
B 73.48 0 26.52
C 93.60 2.27 4.13
D 93.90 0 6.10
E 99.73 0.27 0
l# B o-Mg
! @ Mg;Biy L l .
* Mg,BiCa
;
s
2
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Figure 4. X-ray diffraction (XRD) pattern of as-extruded BX11 alloy.



Metals 2020, 10, 332 60of 11

Figure 5. shows the LM microstructure of the E-CRed sample. The E-CRed BX11 sample
demonstrates a bimodal structure consisting of deformed grains and ultra-fine grains along the initial
grain boundaries, suggesting that dynamic recrystallization (DRX) occurred during the three-pass
caliber rolling at 300 °C. It should be noted that the bimodal grain structure is obviously different with
that of the low temperature and slow speed extruded (LTSS-Eed) AZ80 [30], in which the deformed
grains are greatly elongated and much larger.

Figure 5. (a) Low power and (b) high power LM micrographs of the E-Cred BX11 alloy.

In order to further investigate the microstructure of the E-Cred BX11 alloy, TEM experiments
were carried out. TEM images and corresponding selected area electron diffraction (SAED) patterns of
caliber rolling-processed samples with different resolutions are shown in Figure 6. Figure 6a presents
the dark field TEM image of the E-Cred BX11 alloy together with the corresponding SAED patterns
exhibiting diffraction rings (inserted in Figure 6a), which indicates that the sample contains nano-scaled
grains with high-angle grain boundaries. In Figure 6b and c, the bright field TEM image clearly
demonstrates that three-pass caliber rolling produces ultra-fine grains with sizes of ~200 nm. Besides,
as indicted by green arrows in Figure 6b and ¢, many sub-grains can be detected near the ultra-fine
grain area, and some nano precipitates are found to stay along or nearby the residual dislocation
lines. Based on the represented EDX result in Figure 6d, the precipitate is rich of Mg and Ca, similar
with those in the as-extruded BX11 sample, which is conformed as the Mg,Ca phase in our former
research [17]. Moreover, as observed in Figure 6d, residual dislocation lines are readily detected, and
these robustly generated dislocations during caliber rolling have partially transformed into sub-grains,
as indicated by the yellow arrows in Figure 6d. It is thus hypothetical that the sub-grain boundaries and
the residual dislocations induced by caliber-rolling processing play the critical role in generating the
potential nuclei of the recrystallization [9,36]. In addition, these nano-precipitated particles are found
to be distributed at the DRXed sub-grain boundaries (Figure 6d), which can contribute to the formation
of the ultra-fine grains to some extent through the pinning effect on grain boundary movement in the
present caliber-rolling conditions. Surprisingly, the ultra-fine grain size of the E-Cred BX11 alloy is
comparable with that obtained by SPD-processed Mg alloys, such as the 18-pass ECAPed AZ31 [21],
ARBed AZ91 [23], 12-pass ECAPed Mg-3.7Al-1.8Ca-0.4Mn [24], Deed Mg-0.5Ca [10], and even the
RE-containing Mg-10Gd-5.7Y-0.5Zr [28] alloys. Accordingly, the bimodal microstructure containing
submicron grains and sub-grains and residual dislocations, as well as microscale and nanoscale second
phase particles, will inevitably contribute to the high strength of the present E-Cred BX11 alloy.
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Figure 6. (a) Dark field TEM image and corresponding selected area electron diffraction (SAED) pattern
of the E-CRed sample, and (b-d) bright field images and energy-dispersive X-ray spectroscopy (EDX)
results of the precipitate.

Figure 7 shows the EBSD analysis results of the E-CRed BX11 alloy. After three-pass caliber
rolling, both the deformed coarse grains with the volume fractions of ~55% and ultra-fine grains with
dimeters less than 1 pm can be seen clearly in the inverse pole figure (IPF) maps (Figure 7a—). This
bimodal microstructure is well agreed with the LM observation. In addition, the E-CRed BX11 alloy
exhibits basal texture (Figure 7d—f), which means that the {0001} plane are mainly oriented parallel to
the RD. The texture type is significantly different from the “RE” texture of the as-extruded sample [17].
In addition, the maximum texture intensity (Imax) of the E-CRed sample is 8.64 multiples the uniform
density (mud.), which is much stronger than that of the sample free of rolling. It should be noted that
the deformed grains in the E-CRed sample demonstrate strong textures, with the {0001} plane direction
mainly oriented parallel to the RD, while a different texture type is generated with the ultra-fine DRXed
grains, the intensity of which is only half of that of the deformed grains, as indicated in Figure 7e f.
The result is consistent with previous research results of the texture components transition during
DRX [15]. The basal texture intensity of E-CRed BX11 alloy is much higher than that of the as-extruded
BAZ811(Imax = 3.7) [15], Mg-6Bi (Imax = 4.5) [16], and as-extruded BX11 [17] alloys, and even stronger
than the LTSS-Eed bimodal AZ80 alloy (Imax = 5.1) [30], indicating that the texture of the extruded alloy
greatly depends on not only the alloy composition but also the processing route. It can be expected



Metals 2020, 10, 332 8of 11

that the strong basal texture can inevitably strengthen the alloy by suppressing the basal slip during
the tensile test along the RD [5,29]. Interestingly, the necklace-like structure with fine DRXed grains
formed around the deformed grains can be readily observed in the microstructure, indicating the
discontinuous DRX during caliber rolling. As a result, a bulk Mg alloy having necklace-like structure
with strong basal texture was successfully fabricated by combining two simple thermomechanical
processes in the present study.

0001

- L]

Max.=7.01 1210

Max. = 8.64 1210 Max. = 14.21 1210

Figure 7. (a,b,c) Inverse pole figure maps and (d,e,f) inverse pole figures of the E-CRed BX11 alloy;
(a,d) overall, (b,e) un-DRXed, and (e f) DRXed regions.

Furthermore, as shown in Figure 8 [4,5,10,11,15,16,19,21-34], the E-CRed BX11 alloy with dilute
cheap alloying elements demonstrates excellent tensile properties compared with the other high-strength
Mg alloys. Based on the above microstructure characterization of the E-CRed BX11, its high strength
and good ductility are mainly attribute to the necklace-like bimodal structure, which is reported
to be beneficial to both the strength and ductility. The good combination of both high strength
and high ductility was also observed in a necklace-like bimodal-structured Mg-9Al-1Zn processed
by hard plate rolling (HPR) [29]. It has been proposed as one strategy to achieve high-strength
ductile materials by developing a bimodal microstructure, where the ultra-fine grains provide high
strength while the coarser grains enable strain-hardening by providing more space to accommodate
dislocations [37-39]. As to the texture strengthening, the much stronger basal texture of the E-CRed
BX11 alloy will inevitably contribute to the high strength by restricting the activation of the dislocation
slip and, at the same time, decrease its ductility [40,41]. Besides, the ultra-high strength of the E-CRed
BX11 will be slightly further enhanced by precipitation-strengthening from fine Mg,Ca precipitates
and the dispersion-strengthening from relatively large Mg3Bi, and Mg,Bi,Ca phases, as well as
solid-solution-strengthening from dissolved Ca and Bi.



Metals 2020, 10, 332 9of 11

500
o
— ) . .
ﬂ“., 400 4 This study » v e ° ®
s (E-CRed BX11) A "
\\. * |
— <
= o *
=)
o 3004 °* < v >
c
Q 4
- °
) 200 .
T
[ 1 x
— M BX11(E-CRed) @ [4]AZ80 (LTSS-E) A [4] Mg-8Al-4Sn-2Zn (LTSS-E)
>_ W [5] Mg-3.5A1-3.3Ca-0.4Mn (E) « [10] Mg-0.5Ca (DE) P> [11] Mg-9.8Sn-1.2Zn-1.0Al (LTSS-E)
100 @ [15] Mg-8Bi-1Al-1Zn (E) @ [16] Mg-6Bi (E) @ [19] AZ31 (R+7-pass CR) % [20] ZK60 (6-pass CR)
@ [21]AZ31 (E) [21] AZ31 (E + 15-pass CR) @ [22] Mg-1Ca (LTSS-E) A [22] Mg-0.13Ca (LTSS-E)
W [23]AZ91 (ARB) « [24] Mg-3.7AI-1.8Ca-0.4Mn (12-pass ECAP) P> [25] Mg-2Sn-2Ca (E)
1 @ [26]Mg-2Sn-1.95Ca-0.5Mn (E) @ [27] Mg-8Gd-3Yb-1.2Zn-0.5Zr (E) @ [28] Mg-10Gd-5.7Y-0.5Zr (E)
% [29] Mg-9Al-1Zn (HPR) @ [30] AZ80 (LTSS-E) M [31] AZ91 (E+HRDSR)
0 @ [32] AZ61 (20-pass MDF) A [33] Mg-8Gd-3Y-1Zn (5-pass ECAP) [34] Mg-2.1Nd-0.2Zn-0.4Zr (DE)
: : : ; r
0 6 12 18

Alloying content (%)

Figure 8. Comparison of YS vs. alloying content of E-CRed BX11 alloy with reported various wrought
Mg alloys [4,5,10,11,15,16,19,21-34].

4. Conclusions

In summary, we successfully enhanced the strength of a dilute BX11 alloy by three-pass caliber
rolling. The RE-free E-CRed BX11 alloy exhibits a high YS of ~351 MPa and, at same time, a good
ductility of ~13.2%. The excellent mechanical properties are mainly attributed to the combined
results of grain refinement and texture-strengthening from the bimodal structure. Overall, the dilute
alloying elements and the simple-processing technology of the combination of the commercially
accepted, both, conventional extrusion and caliber rolling are expected to inspire the new alloy
design strategy and processing method for fabricating high-performance Mg products for larger-scale
industrial applications.
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