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Abstract
Grain-refined AZ92 (GR-AZ92) alloy with superior tensile properties is developed by adding 1 wt% Zn and a very small 
amount of SiC (0.17 wt%) to commercial AZ91 alloy for enhancing the solid-solution strengthening effect and refining the 
crystal grains, respectively. The homogenized GR-AZ92 alloy with an average grain size of 91 μm exhibits a tensile yield 
strength (TYS) of 125 MPa, ultimate tensile strength (UTS) of 281 MPa, and elongation of 12.1%, which are significantly 
higher than those of AZ91 alloy with a grain size of 420 μm (TYS of 94 MPa, UTS of 192 MPa, and elongation of 7.0%). 
The peak-aging time of GR-AZ92 alloy (8 h) is significantly shorter than that of AZ91 alloy (32 h) owing to a larger amount 
of grain boundaries in the former, which serve as nucleation sites of Mg17Al12 precipitates. A short-aging treatment for less 
than 1 h of the GR-AZ92 alloy causes an effective improvement in its strength without a significant reduction in its ductility. 
The 30-min-aged GR-AZ92 alloy has an excellent combination of strength and ductility, with a TYS of 142 MPa, UTS of 
304 MPa, and elongation of 8.0%.
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1  Introduction

With the tightening regulations on the fuel efficiency and 
carbon dioxide emissions of vehicles, efforts are actively 
underway to reduce the weight of the vehicle body in order 
to conform to these regulations [1]. In this context, magne-
sium, which has the lowest density among commercially 
available structural metal materials, has been attract-
ing increasing attention for application in the transporta-
tion industry. Cast Mg alloys have been applied to various 
automobile components such as seat frames, instrument 
panel structures, radiator supports, transmission cases, and 
engine blocks [1, 2]. Mg-9 wt% Al-1 wt% Zn (AZ91) alloy 
is known to have excellent castability and relatively superior 

mechanical properties and corrosion resistance to other 
cast Mg alloys; for this reason, more than 90% of cast Mg 
products are used in the form of AZ91 alloy [3]. However, 
because Mg alloys generally have lower strength than steels 
and Al alloys—which are the predominantly used metals 
in automobiles—it is imperative to improve the mechanical 
properties of Mg alloys to enable them to replace steel or 
Al components.

The strength of cast Mg alloys can be improved by the 
addition of rare earth (RE) elements [4–7] or reinforcements 
[8–12]. Zhang et al. [4] reported that the addition of Y-rich 
misch metal (Ymm) effectively improves the tensile yield 
strength (TYS) of cast AZ91 alloy and showed that AZ91-
0.8Ymm (wt%) alloy exhibits excellent tensile properties, 
with a TYS of 160 MPa, ultimate tensile strength (UTS) of 
272 MPa, and elongation of 11%. Furthermore, Wang et al. 
[5] demonstrated that cast AZ91 alloy with added 1.0 wt% 
Nd has considerably higher tensile properties (TYS of 
120 MPa, UTS of 172 MPa, and elongation of 3.9%) than 
cast AZ91 alloy (TYS of 100 MPa, UTS of 161 MPa, and 
elongation of 3.2%). Cast AZ91 alloys containing these 
RE elements (e.g., Y, Nd, Ce, La, and Gd) exhibit superior 
tensile properties, with a TYS of 102–161 MPa, UTS of 
152–272 MPa, and elongation of 3.1–14.0% [4–7]. How-
ever, the addition of these expensive RE elements to Mg 
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alloys—whose material price is already higher than that 
of competitive material Al alloys—causes an increase in 
the cost of the final products; the consequential lower cost 
competitiveness of these products reduces their practical 
applicability. The addition of reinforcements such as silicon 
carbide (SiC), aluminum borate, and Cu particulates is also 
highly effective in improving the strength of the cast mate-
rial [8–12]. Ho et al. [8] showed that the addition of 15 wt% 
SiC to AZ91 alloy improves the TYS and UTS of the cast 
alloy by 257 and 289 MPa, respectively. Zheng et al. [9] 
also developed a high-strength cast AZ91 alloy with a TYS 
of 266 MPa and UTS of 352 MPa through the addition of 
30 wt% Al18B4O33 whiskers. The strength of the cast AZ91 
alloy can be improved by the addition of these reinforce-
ments (TYS of 122–299 MPa and UTS of 152–385 MPa), 
but its tensile elongation decreases considerably owing to a 
loss of ductility by the addition of hard and/or brittle rein-
forcements (elongation of 0.7–1.38%) [8–12]. Such low 
elongation makes it difficult to use reinforced cast AZ91 
alloy as a structural component that requires certain levels 
of ductility and toughness.

Therefore, in order to expand the application range of 
cast Mg alloys, it is necessary to improve both their strength 
and elongation without increasing the cost of the final prod-
ucts. This study attempted to develop RE-free Mg–Al–Zn 
alloy with superior tensile properties to commercial AZ91 
alloy through multiple applications of various strengthen-
ing mechanisms. For this purpose, the Zn content of AZ91 
alloy was optimized to enhance the solid-solution strength-
ening effect and the grain size was refined by adding a very 
small amount of SiC to achieve grain-boundary strengthen-
ing. A short-aging treatment was then performed to induce 
precipitation strengthening without a large reduction in 
ductility. The end product was a grain-refined AZ92 (GR-
AZ92) alloy with excellent strength and ductility. This paper 
discusses the enhancement of the tensile properties of the 
alloy through Zn addition and grain refinement and the con-
trol of its tensile strength and elongation via a short-aging 
treatment.

2 � Experimental Procedure

Cast ingots of Mg–9Al–0.2Mn alloys with different Zn 
contents—i.e., 1, 2, 3, and 4 wt% (hereafter referred to as 
AZ91, AZ92, AZ93, and AZ94, respectively)—were pre-
pared by first melting them in an electric resistance furnace 
at 750 °C under an inert atmosphere containing a mixture of 
CO2 and SF6 gases, then holding the molten metal at 700 °C 
for 15 min to stabilize it, and finally pouring it into a steel 
mold preheated to 210 °C. A cast ingot of GR-AZ92 alloy 
was fabricated by adding a small amount (0.7 wt% melt) 
of Al-SiC master alloy (20 vol% SiC) to molten AZ92 at 

750 °C during the casting process; the SiC particles (10 μm 
in size) included in the Al-SiC master alloy serve to enhance 
the heterogeneous nucleation of the primary Mg phase and 
refine the microstructure of the cast billet [13, 14]. All cast 
ingots were homogenized at 410 °C for 24 h and then water-
quenched. For aging treatment, the homogenized AZ91, 
AZ92, and GR-AZ92 alloys were machined to rectangular 
samples with dimensions of 20 × 20 × 10 mm3; aging heat 
treatment was performed at 200 °C for up to 64 h.

The microstructures of the as-cast and homogenized 
samples were analyzed by optical microscopy (OM), and 
the average grain size of the homogenized samples was 
measured by averaging the values obtained from five OM 
images through the linear intercept method. The hardness 
of the homogenized and aged samples was measured using 
a Vickers microhardness tester with a load of 0.2 kgf and 
a dwell time of 10 s. All hardness values were determined 
by averaging values excluding the maximum and minimum 
values measured at 10 different positions for each sample. 
Tensile tests of the homogenized and aged samples were 
performed at room temperature by using an Instron 4206 
universal testing machine with a strain rate of 1.0 × 10−3 s−1. 
The tests were performed three times using dog-bone-shaped 
samples (gage section: Ø6 mm × 25 mm) by means of an 
extensometer, and the average values of these measurements 
were used in this study.

3 � Results and Discussion

It has been reported that Zn in the solid-solution state causes 
a larger change in both the a and c lattice parameters of 
Mg than do Al, Cd, Ga, In, Li, Mn, Sc, and Sn at a given 
atom concentration [15, 16]; this means that Zn is a highly 
effective alloying element for solid-solution strengthening 
of Mg. Therefore, the strength of AZ91 alloy—which is a 
representative cast Mg alloy with good mechanical prop-
erties—can be improved by controlling the Zn content of 
the alloy. Figure 1a shows the equilibrium phase diagram 
for Mg–9Al–0.2Mn–xZn (x = 0–6 wt%), as calculated with 
PANDAT software. From the calculated phase diagram, 
it can be seen that the maximum solid solubility of Zn in 
Mg–9Al–0.2Mn alloy is 2.74 wt% at 402 °C. To verify the 
effect of Zn content on the mechanical properties of cast 
alloys, Mg–9Al–0.2Mn–xZn (x = 1–4 wt%) alloys were fab-
ricated, and the tensile properties of the homogenized alloys 
were measured. Figure 1b shows the variations in the TYS, 
UTS, and elongation of the alloys with the Zn content. Both 
the strength and the elongation improve up to the addition 
of 2 wt% Zn, but the tensile properties, especially the UTS 
and the elongation, deteriorate when more than 3 wt% Zn is 
added. The higher strength and elongation of the AZ92 alloy 
than those of the AZ91 alloy are attributed to the additional 
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effects of solid-solution strengthening and grain refinement 
induced by a higher Zn content. As the Zn content of the 
AZ93 and AZ94 alloys is higher than the maximum solu-
bility of 2.74 wt%, internal microvoids are formed by local 
melting during homogenization heat treatment. Since these 
defects act as crack sources during plastic deformation, the 
alloys undergo premature fracture after yielding under ten-
sile loading; this results in a drastic reduction in their UTS 
and ductility. Therefore, the AZ92 alloy with strength and 
elongation superior to those of commercial AZ91 alloy is 
selected, and the crystal grains of this alloy are made finer 
through the addition of a grain refiner to further improve the 
tensile properties.

Owing to the high growth restriction factor (GRF) of Zr 
and similar crystal structure to Mg, Zr has been considered 
as a highly effective grain refiner for Al-free Mg alloys such 
as pure Mg and Mg–Zn-based alloys [17, 18]. However, Zr 
is an ineffective grain refiner for Mg alloys containing Al, 
Si, and/or Mn, because the strong affinity of Zr with Al, Si, 
and Mn causes the formation of intermetallic compounds 
[19, 20]. Carbon inoculation is regarded as the most effective 
way to refine the grains of Mg–Al alloys, and it is commonly 
known that aluminum carbide plays an important role of 
a potent nucleant that promotes heterogeneous nucleation 
[21, 22]. Carbon can be introduced into the melt in various 
forms such as C2Cl6, Al4C3, MgCO3, MnCO3, and graphite 
powders [21–26]. One method of carbon inoculation is the 
use of SiC—which has been widely used as a reinforcement 
in Al- and Mg-based composites—as an effective grain 
refiner for Al-bearing Mg alloys [27–29]; it has a particu-
larly remarkable grain refining effect when added to Mg–Al 
alloys containing less than 9 wt% Al [30]. When a large 
amount of SiC is added, the Si decomposed from the SiC 
particles reacts with Mg to give a Mg2Si phase with “Chi-
nese-script” morphology; this leads to a deterioration in the 

tensile properties of the cast material [30]. For example, a 
considerable amount of Mg2Si and/or residual SiC particles 
are present in Mg–3Al–10SiC (wt%) [27] and AZ91-5SiC 
(wt%) [30] alloys. In the present study, to refine the grain 
size of the AZ92 alloy without the formation of the Mg2Si 
phase, a very small amount of SiC (0.17 wt%) was added to 
the melt in the form of an Al–SiC master alloy.

Figure  2 shows the microstructures of the as-cast, 
homogenized, and peak-aged AZ91, AZ92, and GR-AZ92 
alloys. In all the alloys, the dendrite structure and second 
phase formed during solidification nearly disappeared by 
the homogenization treatment, except for a small amount 
of the Al8Mn5 phase; the presence of thermally stable 
Al8Mn5 particles is consistent with previously reported 
results for homogenized Mg–7.63Al–0.38Zn–0.15Mn 
(wt%) [31], Mg–8.6Al–0.67Zn–0.22Mn (wt%) [32], and 
Mg–7.45Al–1.85Zn–0.15Mn (wt%) [33] alloys. The aver-
age grain size of the homogenized AZ92 alloy (420 μm) is 
smaller than that of the AZ91 alloy (494 μm), which means 
that slight grain refinement is caused by the additional 
1 wt% Zn. The homogenized GR-AZ92 alloy has a much 
smaller grain size than the other alloys, and the addition 
of 0.17 wt% SiC to AZ92 alloy results in significant grain 
refinement from 420 to 91 μm. In addition, the AZ91 and 
AZ92 alloys without added SiC have large grain size dis-
tributions of ~ 200–1000 μm, whereas the GR-AZ92 alloy 
exhibits a relatively uniform grain structure. This is because 
the addition of SiC to the molten AZ92 alloy provides more 
nucleation sites that are present in the melt and restricts the 
grain growth, which leads to smaller, more, and equiaxed 
grains after solidification. After peak aging, two types of 
Mg17Al12 precipitates—i.e., discontinuous precipitates 
(DPs) and continuous precipitates (CPs)—were formed in 
all the alloys. The DPs with a lamellar structure of α-Mg 
and β-Mg17Al12 formed around the grain boundaries, and the 
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Fig. 1   a Equilibrium phase diagram for Mg–9Al–0.2Mn–xZn 
(x = 0–6 wt%), as calculated with PANDAT software. b Variation in 
tensile properties of homogenized AZ9x alloys with increase in Zn 

content. YS, UTS, and EL denote the yield strength, ultimate tensile 
strength, and elongation, respectively
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CPs with plate-type or lath-type morphology formed inside 
the crystal grains [34, 35]. The DPs are more homogene-
ously distributed in the GR-AZ92 alloy than the AZ91 and 
AZ92 alloys due to a larger area fraction of grain boundaries 
in the former. According to our previous study, the grain 
refinement increases the nucleation site of DPs, but does not 
affect their growth rate [36].

The age hardening curves of the homogenized AZ91, 
AZ92, and GR-AZ92 alloys are shown in Fig. 3, which 
reveals that the aged AZ92 alloy has higher hardness than 
the aged AZ91 alloy at a given aging time. Moreover, the 
difference in hardness in the peak-aged states of the AZ91 
and AZ92 alloys (32 and 24 h, respectively), 7.5 Hv, is 
greater than that in the homogenized state, 3.4 Hv. This 
increase in peak hardness and decrease in peak-aging time 
in the AZ92 alloy compared to the AZ91 alloy are related 
to the variation in solid solubility of Al upon the addition 
of 1 wt% Zn [37, 38]. Since the solid solubility of Al in Mg 
decreases with increasing Zn content, more Mg17Al12 pre-
cipitates form during aging treatment with added Zn, result-
ing in increased peak hardness. In addition, the formation of 

more precipitates reduces the peak-aging time owing to the 
saturation of the nucleation sites of precipitates [36]. This 
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drastic reduction in the peak-aging time of the GR-AZ92 
alloy is because the amount of grain boundaries, which serve 
as nucleation sites of the DP of the Mg17Al12 phase [39, 40], 
increases by grain refinement, leading to the promotion of 
precipitation behavior during aging. This agrees with the 
fact that the slope of the age hardening curve in the time 
range of 1–4 h, wherein the DP is mainly formed at the aging 
temperature of 200 °C [41], is larger for the GR-AZ92 alloy 
than for the AZ91 and AZ92 alloys (Fig. 3). These results 
demonstrate that the GR-AZ92 alloy with refined grains not 
only has higher hardness than the commercial AZ91 alloy in 
a homogenized state but also shows accelerated precipitation 
behavior during aging treatment, resulting in a shorter peak-
aging time and a stronger precipitation strengthening effect.

The homogenized GR-AZ92 alloy with enhanced solid-
solution and grain-boundary strengthening effects is sub-
jected to aging treatment for improving its tensile strength 
further through the formation of precipitates. It is known 
that when peak-aging treatment is performed to improve the 
yield strength of cast Mg–Al alloys, the strength effectively 
increases because of the formation of precipitates, whereas 
the ductility decreases drastically owing to the excessive 
formation of brittle DPs along the grain boundaries and 
the reduction in the ductility of the matrix by the forma-
tion of numerous CPs in the grains [42, 43]. Furthermore, 
the reduction in elongation by the formation of brittle DPs 
can be more pronounced in grain-refined alloys because 
more DPs are formed at the grain boundaries during aging. 
Accordingly, to obtain a good combination of strength and 
ductility through aging treatment, the formation of exces-
sive brittle DP phase should be prevented at the time a cer-
tain precipitate strengthening effect is induced through the 
formation of precipitates. For this purpose, the GR-AZ92 
alloy is aged for a relatively short time less than 1 h (this 
under-aging treatment is referred to herein as a short-aging 
treatment); a peak-aging treatment is also performed for 

8 h for comparison purposes. Figure 4 shows the tensile 
stress–strain curves of the homogenized, short-aged, and 
peak-aged GR-AZ92 samples, along with the curves of the 
homogenized AZ91 and AZ92 samples; the tensile proper-
ties of the samples are listed in Table 1. The homogenized 
GR-AZ92 sample exhibits significantly superior tensile 
properties to the other homogenized samples. The TYS, 
UTS, and elongation of the GR-AZ92 sample are ~ 33, ~ 46, 
and ~ 76% higher, respectively, than those of the AZ91 sam-
ple; the increase in strength is attributed to the combined 
effects of the solid-solution strengthening caused by Zn 
addition and the grain-boundary strengthening caused by 
grain refinement. In particular, it is known that the mechani-
cal properties of Mg alloys are greatly influenced by the 
grain size [44, 45], which is confirmed by the fact that the 
value of the Hall–Petch coefficient of Mg alloys is approxi-
mately four times that of Al alloys [45, 46]. Therefore, grain 
refinement is a much more effective way to improve the 
strength of Mg alloys. The homogenized AZ91 and AZ92 
samples have similar elongations of 7.0 and 7.6%, respec-
tively, whereas the homogenized GR-AZ92 sample has a 
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Fig. 4   a Tensile stress–strain curves of homogenized and aged alloys. b Variation in yield strength and elongation of grain-refined AZ92 alloy 
with aging time

Table 1   Tensile properties of homogenized and aged AZ91, AZ92, 
and grain-refined AZ92 (GR-AZ92) alloys

YS, UTS, and EL denote the tensile yield strength, ultimate tensile 
strength, and elongation, respectively

Alloy Heat-treated state YS (MPa) UTS (MPa) EL (%)

AZ91 Homogenized 94 192 7.0
AZ92 Homogenized 105 213 7.6
GR-AZ92 Homogenized 125 281 12.1

Aged for 10 min 130 297 9.6
Aged for 30 min 142 302 8.0
Aged for 60 min 145 304 6.4
Peak-aged for 8 h 161 256 2.5
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much higher elongation (12.1%) than these two samples. 
As the twinning stress increases with a decrease in grain 
size, the formation of twins—which act as crack sources—
during tensile deformation is suppressed in the GR-AZ92 
sample with smaller grains; this results in an increase in 
its ductility [47, 48]. As the aging time increases up to 1 h, 
the TYS of the GR-AZ92 samples increases gradually from 
125 to 145 MPa whereas its elongation decreases gradually 
from 12.1 to 6.4% (Fig. 4a, Table 1). The 8-h-peak-aged 
GR-AZ92 sample shows a high TYS of 161 MPa, but its 
elongation is extremely low, 2.5%. All the short-aged and 
peak-aged GR-AZ92 samples exhibit considerably higher 
TYS and UTS than the homogenized commercial AZ91 
sample; the TYS of the 30-min-short-aged GR-AZ92 sam-
ple is 48 MPa higher than that of the homogenized AZ91 
sample, and its elongation is also higher (8.0 and 7.6% for 
the former and latter, respectively). As shown in Fig. 4b, 
the TYS and elongation of the aged GR-AZ92 samples have 
a logarithmic dependence on the aging time: the TYS is 
linearly proportional to the logarithmic aging time whereas 
the elongation is inversely proportional to the logarithmic 
aging time. This correlation between the tensile properties 
and the aging time indicates that the strength and ductility 
of the GR-AZ92 alloy can be varied by controlling the aging 
treatment time in order to achieve the mechanical properties 
required for the components used.

Figure 5 shows the TYS and elongation values of the 
GR-AZ92 samples as determined in this study, together with 
those of commercial AZ91 samples obtained from the litera-
ture [49–62]. In the as-cast state, AZ91 samples have a TYS 
of ~ 70–115 MPa and an elongation of ~ 2–5% [49–51, 54–61]; 
this difference in the strength and ductility of the same alloy 
is because the mechanical properties of as-cast material can 
be changed by tuning casting process conditions such as the 
size and shape of the mold, casting temperature, holding time, 
and cooling rate and by altering metallurgical factors such as 
the size and distribution of casting defects and second phases, 

the size of grains and dendritic cells, the chemical segrega-
tion, the fluidity, the heat of fusion, and the impurity level 
[63]. The mechanical properties of homogenized materials 
also vary depending on the microstructure before homogeni-
zation, the homogenization temperature and time, the tem-
perature of the quenching medium, the quenching delay, etc. 
[64]. However, a homogenized material generally exhibits a 
higher elongation than its as-cast counterpart owing to the 
microstructural stabilization of the former—e.g., a reduction 
in casting defects, elimination of atomic segregation, and dis-
solution of the second phase. The homogenized AZ91 sam-
ples also have relatively higher elongations (~ 4–11%) than 
the as-cast ones (~ 2–5%), but they have almost the same TYS 
[49–55]. In addition, when aging treatment is performed on 
an alloy with a supersaturated solid-solution state, its strength 
generally improves and its elongation decreases owing to the 
formation of precipitates; however, the mechanical properties 
of aged material are also affected by various factors such as 
the amount of dissolved solute atoms, their diffusivity, the 
aging temperature and time, the number of annealing steps, 
and cooling conditions [65, 66]. The TYS of the aged AZ91 
samples increases to ~ 105–137 MPa by the precipitation of the 
Mg17Al12 phase, but their elongation decreases to the level of 
the as-cast AZ91 samples [49–53, 62]. The GR-AZ92 samples 
have higher strength and elongation than these as-cast, homog-
enized, and aged AZ91 samples (Fig. 5). The homogenized 
GR-AZ92 sample has a comparable TYS to and more than 
twice the elongation of the aged AZ91 samples, and the short-
aged GR-AZ92 samples have higher strength and ductility than 
the aged AZ91 samples. The GR-AZ92 sample peak-aged for 
8 h, which is shorter than the peak-aging time (~ 16–38 h) of 
AZ91 alloy [52, 67], shows a significantly higher strength than 
the aged AZ91 samples. Moreover, because the refined grains 
of the GR-AZ92 sample accelerate the precipitation behavior 
during aging, the aging time is effectively shortened; this, in 
turn, improves the productivity and reduces the energy used 
in heat treatment. Accordingly, the GR-AZ92 alloy, which 
has higher strength and ductility than the AZ91 alloy, can be 
manufactured simply by adding 1 wt% Zn and a very small 
amount of SiC grain refiner to the AZ91 alloy, which does not 
significantly increase the material cost. Moreover, since this 
alloy has numerous grain boundaries that serve as nucleation 
sites of DPs during aging, a good combination of strength and 
ductility with TYS larger than 130 MPa and elongation larger 
than 6.4% can be obtained by subjecting the alloy to a short-
aging treatment less than 1 h.

4 � Conclusion

With the aim of manufacturing a cast Mg alloy with superior 
strength and ductility, 1 wt% Zn and a very small amount 
of SiC (0.17 wt%) were added to commercial AZ91 alloy 
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for enhancing the solid-solution strengthening effect and 
refining the crystal grains, respectively. The homogenized 
GR-AZ92 alloy with an average grain size of 91 μm exhib-
its significantly higher tensile properties (TYS of 125 MPa, 
UTS of 281 MPa, and elongation of 12.1%) than the homog-
enized AZ91 alloy (TYS of 94 MPa, UTS of 192 MPa, and 
elongation of 7.0%). In addition, because the refined grains 
accelerate the precipitation behavior induced during aging 
treatment, the strength of the GR-AZ92 alloy can be effec-
tively improved, without a major reduction in its ductility, 
through a short-aging treatment less than 1 h. The GR-AZ92 
alloy short-aged for 30 min has an excellent combination 
of strength and ductility, with a TYS of 142 MPa, UTS of 
304 MPa, and elongation of 8.0%.
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