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Abstract
Microstructures and phase compositions of as-cast and extruded ZK60-xBi (x ¼ 0e1.64) alloys were investigated. Meanwhile, the tensile
mechanical property and hardness were tested. With increasing the Bi content, the as-cast microstructure is first refined obviously, and then
becomes coarse slightly. New small block compound which is rich in Zr, Zn, Bi and poor in Mg increases gradually, and MgZn2 phase decreases
gradually. The second phase mainly precipitates along the grain boundary. The as-cast tensile mechanical property is first enhanced obviously,
where the tensile strength sb, yield strength s0.2 and elongation d can reach 265 MPa, 151 MPa and 13.5% for ZK60-0.23Bi alloy, respectively,
then remains the high value for ZK60-(0.37e1.09)Bi alloys, and finally decreases obviously for ZK60-1.64Bi alloy. After hot extrusion, the
obvious dynamic recrystallization occurs. Broken block compound distributes along the extrusion direction by zonal shape. The average grain
size can reach only 4e6 mm. The extruded tensile mechanical property is enhanced significantly, where sb, s0.2 and d are at the range of
345e360 MPa, 285e300 MPa and 15.5e19.5%, respectively. Extruded tensile fracture exhibits a typical character of ductile fracture.
Copyright 2015, National Engineering Research Center for Magnesium Alloys of China, Chongqing University. Production and hosting by
Elsevier B.V. All rights reserved.
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1. Introduction

Magnesium alloy with high specific strength is used widely
in the automotive, communicated, electronic and aerial in-
dustries [1]. Wrought magnesium alloy exhibits the more
excellent comprehensive property including higher strength
and better ductility, however the plasticity is still relatively
poor owing to the limit of crystal structure (hexagonal close
packed, hcp) [2]. Therefore, it is necessary to develop the new
wrought magnesium alloy with high performance by investi-
gating the deformation mechanism. In order to ameliorate the
microstructure and enhance the mechanical property effec-
tively for the widely used ZK60 alloy, rare earth (RE) such as
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Y [3], Ce [4], Nd [5], Gd [6], Yb [7], Dy [8] and Ho [9] has
been added due to its unique atomic electron and chemical
property. The average grain size can reach 1 mm, and the
tensile strength sb, yield strength s0.2 and elongation d can
reach 395 MPa, 355 MPa and 12% respectively when ZK60-
4.32Dy alloy was extruded at the extrusion ratio l and
extrusion temperature T of 40 and 593 K, respectively [8].
However, the commonly expansive price for the rare earth can
hinder the wide application into wrought magnesium alloy.
Thus, it is necessary to develop the new high performance
wrought magnesium alloy without the rare earth. Metal Bi has
been added into the MgeAl series alloys to refine the
microstructure and enhance the elevated property effectively
through precipitating the Mg3Bi2 phase with higher thermal
stability [10], but its effects on the microstructure and tensile
mechanical property of ZK60 alloy have been rarely studied
yet. Therefore, the present paper is focused on studying the
microstructures and tensile mechanical properties of as-cast
ngqing University. Production and hosting by Elsevier B.V. All rights reserved.

mailto:zhhuang@live.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jma.2014.12.005&domain=pdf
www.sciencedirect.com/science/journal/22139567
http://dx.doi.org/10.1016/j.jma.2014.12.005
http://dx.doi.org/10.1016/j.jma.2014.12.005
http://www.elsevier.com/journals/journal-of-magnesium-and-alloys/2213-9567
http://dx.doi.org/10.1016/j.jma.2014.12.005


30 Z. Huang et al. / Journal of Magnesium and Alloys 3 (2015) 29e35
and extruded ZK60-xBi (x ¼ 0e1.64) alloys in detail, and then
discussing the strengthening and deformation mechanisms.

2. Experimental

Chemical compositions of as-cast ZK60-xBi alloys were
measured by inductively coupled plasma analyzer (ICP, JY
Ultima2). The tested Bi content was 0.23, 0.37, 0.54, 1.09 and
1.64% in weight percent, respectively. Alloy ingots were
prepared by melting pure Mg, Zn, Bi and Mge30%Zr master
alloy in an electric resistance furnace under the mixed atmo-
sphere of CO2 and SF6. When the melt temperature of pure
Mg reached 1003 K, pure Zn, Bi and the master alloy were
added into the melt in turn. Then, the melt was stirred twice
within 1 h to ensure the compositional homogeneity. After
adding the refine agent, the melt was held at 1033 K for
30 min. As the temperature cooled to 988 K, the melt was
poured into the wedge permanent mold with a preheated
temperature of 523 K, and then as-cast samples were obtained.
Casting rods obtained by the same technology were homog-
enized at 673 K for 8 h in a heat-treating furnace, and then
machined to a diameter of 100 mm. Extrusion rods were ob-
tained by an extruder with l, T and extrusion speed V of 60,
593 K and 0.5 m/min, respectively.

The as-cast and extruded specimens were etched with 4%
HNO3 (volume fraction) in ethanol and a solution of 1.5 g
picric acid, 25 mL ethyl alcohol, 5 mL acetic acid plus 10 mL
distilled water, respectively. Microstructural observation was
carried out on optical microscope (OM, Leica DM IRM),
scanning electron microscope (SEM, JEOL JXA-8100) with
energy dispersive spectroscopy (EDS, OXFORD 7412). Phase
analysis was carried out on X-ray diffractometer (XRD, D/
MAX-RC) with Cu Ka radiation. Vickers hardness test was
taken using a load of 9.8 N and a holding time of 20 s. Tensile
Fig. 1. Optical graphs of as
test at ambient temperature was performed on material test
machine (DNS200) at a rate of 2 mm/min. Tensile fracto-
graphs were observed using SEM.

3. Results
3.1. Microstructures and mechanical properties of as-
cast alloys
Figs. 1 and 2 show the optical and SEM graphs of as-cast
alloys, respectively. As-cast ZK60 alloy exhibits the coarse
microstructure and few dispersed second phase. With
increasing the Bi content, the as-cast microstructure is first
refined gradually, where the average grain size d first de-
creases from about 220 mm for ZK60 alloy to about 40 mm for
ZK60-0.54Bi alloy and then becomes coarse slightly when the
Bi content exceeds 0.54%. In the meantime, small block
compound (see the arrows) increases gradually and mainly
precipitates along the grain boundary. A considerable amount
nevertheless still distributes within the grains.

Fig. 3 shows EDS spectra of as-cast alloys and the results
are listed in Table 1. For ZK60 alloy, there exist two different
MgeZn phases containing relatively low and high Zr contents,
respectively. For ZK60-0.23Bi alloy, no new phase containing
Bi can be observed distinctly because the added few metal Bi
should mainly dissolve into a-Mg matrix. For ZK60-1.09Bi
alloy, a new phase containing relatively high Zr, Zn and Bi
contents except the MgeZn phase can be observed obviously
(see the spectrum 1 in Fig. 3c), where Zr content can reach
62.06 at.% and while Mg content is only 1.85 at.%. It is
different from the precipitated Mg3Bi2 phase when metal Bi is
added into MgeAl series alloys.

Fig. 4 shows the distribution of each element among as-cast
alloys. For ZK60 alloy, majority of element Zn distributes
-cast ZK60-xBi alloys.



Fig. 2. SEM graphs of as-cast ZK60-xBi alloys.

Fig. 3. EDS spectra of as-cast ZK60-xBi alloys.
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along grain boundary to form MgeZn phase and element Zr
distributes uniformly. Yet, element Zr gathers obviously for
ZK60-1.09Bi alloy and at the same time the gathering region
contains high Zn and Bi contents and relatively low Mg
content, which is consistent with the EDS results.

In order to determine the block compound owing to the
addition of Bi, the comparison between the XRD spectra of as-
cast ZK60 and ZK60-1.09Bi alloys was made (see Fig. 5). It is
seen that the XRD spectra of the two alloys consist of the
peaks of a-Mg and MgZn2 phases, and the peaks of Mg3Bi2
phase cannot be observed among the XRD spectrum of ZK60-
1.09Bi alloy, which is consistent with the EDS results.

As the Bi content increases, hardness HV increases grad-
ually from 53.8 for as-cast ZK60 alloy to 80.0 for as-cast
ZK60-1.64Bi alloy (see Fig. 6). Fig. 7a shows the tensile
mechanical property of as-cast alloys. As-cast ZK60 alloy
Table 1

EDS results of as-cast ZK60-xBi alloys (atomic percent, at.%).

Alloy Mg Zn Zr Bi

ZK60 Spectrum 1 61.87 38.06 0.07

Spectrum 2 21.11 60.29 18.60

Spectrum 3 30.15 54.58 15.27

Spectrum 4 72.78 26.97 0.25

Spectrum 5 98.26 1.60 0.14

ZK60-0.23Bi Spectrum 1 69.71 24.27 6.01

Spectrum 2 74.13 25.87

Spectrum 3 76.24 23.76

Spectrum 4 80.44 15.78 3.78

ZK60-1.09Bi Spectrum 1 1.85 23.39 62.06 12.70

Spectrum 2 69.11 30.89
exhibits the good tensile mechanical property, where sb, s0.2
and d are 225 MPa, 120 MPa and 9%, respectively. When a
small amount of Bi (0.23%) is added, sb, s0.2 and d can be
enhanced to 265 MPa, 151 MPa and 13.5%, respectively. With
increasing the Bi content to 0.37e1.09%, sb, s0.2 and d change
at the range of 250e260 MPa, 145e153 MPa and
11.0e14.0%, respectively. When the Bi content furtherly in-
creases to 1.64%, sb and d significantly decrease to 190 MPa
and 4%, respectively. In the meantime, s0.2 remains almost
unchanged. From the SEM morphology of tensile fractures of
as-cast alloys shown in Fig. 8aec, it is seen that all as-cast
tensile fractures exhibit a complex mode of ductile and brit-
tle fractures. Dimples occupy the majority, while few cleavage
steps and river patterns exist for ZK60 alloy. The river patterns
increase slightly for ZK60-0.23Bi alloy, whereas decrease
slightly again for ZK60-1.09Bi alloy. It is consistent with the
change in the elongation.
3.2. Microstructures and mechanical properties of
extruded alloys
Because ZK60-0.23Bi and ZK60-1.09Bi alloys exhibit the
as-cast fine grain and more excellent tensile mechanical
property, the two alloys together with ZK60 base alloy were
chosen to study the effects of Bi content on the extruded
microstructure and tensile mechanical property. Optical and
SEM graphs in the extrusion direction are shown in Figs. 9 and
10, respectively. Compared with the as-cast state, the extruded
microstructure is refined significantly as a result of the dy-
namic recrystallization (DRX) during the hot deformation



Fig. 4. Distribution of each element among as-cast ZK60-xBi alloys.
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process. For extruded ZK60 alloy, dynamic recrystallization
grains (DRGs) change at a size range from 2 mm to 10 mm with
d of 5 mm. Meanwhile, majority of MgZn2 phase dissolved
through homogenization does not re-precipitate during the hot
deformation process. When the relatively small amount of Bi
(0.23%) is added, the second phase is still relatively few and
Fig. 5. XRD spectra of as-cast ZK60-xBi alloys.
the fine recrystallization grains increase slightly. When the
added Bi content increases to 1.09%, the broken small block
compound enriched in Zr, Zn and Bi tends to distribute along
the extrusion direction by zonal shape. Furthermore, the
microstructure is not refined further, where the average grain
size is equivalent to ZK60 alloy.
Fig. 6. Hardness HV of as-cast and extruded ZK60-xBi alloys.



Fig. 7. Tensile mechanical property of as-cast and extruded ZK60-xBi alloys.

Fig. 8. SEM morphology of tensile fractures of as-cast and extruded ZK60-xBi alloys. Illustrations are the local magnification.
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After hot extrusion, HV value increases to 81.5, 79.1 and
80.3 for ZK60, ZK60-0.23Bi and ZK60-1.09Bi alloys,
respectively (see Fig. 6). But its increasing amplitude de-
creases gradually with increasing the Bi content, indicating
that the small block compound enriched in Zr, Zn and Bi
among the as-cast microstructure is even beneficial to improve
the corresponding hardness.
Fig. 9. Optical graphs of ext
Compared with the as-cast state, the extruded tensile me-
chanical property is enhanced significantly (see Fig. 7b). sb,
s0.2 and d can reach 350 MPa, 295 MPa and 19.5% for
extruded ZK60 alloy, respectively. sb first slightly increases to
360 MPa when a small amount of Bi (0.23%) is added, and
then slightly decreases to 345 MPa when the Bi content in-
creases to 1.09%. With increasing the Bi content, d gradually
ruded ZK60-xBi alloys.



Fig. 10. SEM graphs of extruded ZK60-xBi alloys.
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decrease to 15.5% and s0.2 remains almost unchanged. All
extruded tensile fractures change to a typical character of
ductile fracture (see Fig. 8def). For extruded ZK60 alloy,
uniform and deep dimples occupy the majority and at the
same time few fine second phase particles can be observed at
the bottom of dimples. As the Bi content increases, the
dimples become shallow and second phase particles increase
gradually, which is consistent with the gradual decrease in the
elongation.

4. Discussion

During the solidification process of the alloys, element Bi is
pushed to the solidification front, and then the growth of the a-
Mg primary crystal is hindered. On the one hand, the higher
the Bi content is, the higher the enrichment degree of the
solute is, and then the larger the obstacle for the dendrite
growth is. On the other hand, new a-Mg nuclei can form in the
constitutional supercooling region due to the solute enrich-
ment. Therefore, the as-cast microstructure is refined obvi-
ously. However, small block compound enriched in Zr, Zn and
Bi segregate significantly when the excess Bi content is added.
Meanwhile, the useful effect of Zr on refining the micro-
structure of MgeZn series alloys will be weakened. Thus, the
as-cast microstructure becomes coarsen slightly when the Bi
content exceeds 0.54%.

As a softening and grain-refining mechanism for magne-
sium alloy, dynamic recrystallization can ameliorate the
deformation microstructure and enhance the mechanical
property effectively. Among the influence factors, thermal
vibration and atomic diffusion become stronger, and nucle-
ation rate for dynamic recrystallization increases as the tem-
perature rises. Low deformation speed is favorable for the
nucleation and growth of new grain. Improving the deforma-
tion degree can increase the nuclei number of new grains. The
finer the original microstructure is, the smaller the DRGs are.
In addition, second phase particle can hinder the movement of
grain boundary undoubtedly [2].

In the present paper, large extrusion ratio (l ¼ 60) can
generate large deformation degree and ensure the adequate
refinement of the microstructure and the occurrence of dy-
namic recrystallization. Middle extrusion temperature
(T ¼ 593 K) can guarantee not only the occurrence of dynamic
recrystallization, but also no easy growth of DRGs. Low
extrusion speed (V ¼ 0.5 m/min) can guarantee the fine
microstructure. In addition, the addition of Bi can change the
solidus line, reduce solidification time and refine the micro-
structure. Meanwhile, it can change the electronic structure of
the alloys, increase the bond energy between atoms and
enhance the structural stability. Then the formation and
movement of large-angle grain boundary are limited and the
growth of DRGs is inhibited [11]. Hence, the extruded
microstructure is refined significantly with d of 4e6 mm.

Strengthening mechanism mainly includes the grain-
refinement strengthening, solid-solution strengthening, pre-
cipitation strengthening, dispersion strengthening and hard-
ening for magnesium alloy. Among them, the grain-
refinement strengthening is generally considered the most
important strengthening mechanism [12,13]. In the present
paper, when the relatively small amount of Bi (0.23%) is
added, the as-cast microstructure is refined significantly. Then
the tensile mechanical property can be enhanced obviously
owing to the grain-refinement strengthening, where sb, s0.2
and d can reach 265 MPa, 151 MPa and 13.5%. When
0.37e1.09%Bi is added, the as-cast microstructure is refined
continually or becomes coarsen slightly where the average
grain size is still significantly smaller than that of the ZK60-
0.23Bi alloy. However, the second phases including the
MgZn2 phase and the small block compound enriched in Zr,
Zn and Bi increase gradually, which can lead to the generation
of the micro-cracks at the interface under the tension defor-
mation easily. Taking the abovementioned two affects into
account, the as-cast tensile mechanical property is not
enhanced further for these alloys; however it is still signifi-
cantly better than that for ZK60 alloy. When the Bi content
increases to 1.64%, the as-cast microstructure becomes
coarsener and the increasing small block compound segre-
gates seriously. Therefore, its as-cast tensile mechanical
property deteriorates significantly and is even lower than that
for ZK60 alloy.

After hot extrusion, the microstructure is refined signifi-
cantly resulting from the dynamic recrystallization, where the
average grain size reaches only 4e6 mm. Here, the grain-
refinement strengthening plays a prominent effect. Mean-
while, the broken and fine compound enriched in Zr, Zn and Bi
can play the dispersion strengthening to a certain extent.
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Consequently, the extruded tensile mechanical property is
enhanced significantly. When the small amount of Bi (0.23%)
is added, the few second phase and increasing fine recrystal-
lization grains result in a slight enhancement in the tensile
strength. When the Bi content increases to 1.09%, the
microstructure is not refined further, and then the tensile
strength decreases slightly. With increasing the Bi content, the
second phase increases gradually and tends to distribute along
the extrusion direction by zonal shape, which leads to a slight
decrease in the elongation.

5. Conclusions

With increasing the Bi content, the as-cast microstructure is
first refined obviously, and then becomes coarse slightly. New
small block compound enriched in Zr, Zn and Bi increases
gradually, and MgZn2 phase decreases gradually. The as-cast
tensile mechanical property is first enhanced obviously, then
remains the high value, and finally decreases obviously when
the Bi content exceeds 1.09%. After hot extrusion, the obvious
dynamic recrystallization occurs. Broken block compound
distributes along the extrusion direction by zonal shape. The
average grain size can reach only 4e6 mm. The extruded
tensile mechanical property is enhanced significantly, where
sb, s0.2 and d are at the range of 345e360 MPa, 285e300 MPa
and 15.5e19.5%, respectively. Extruded tensile fracture ex-
hibits a typical character of ductile fracture.
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