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Abstract: The microstructure and mechanical properties of ZK60 Mg alloy were investigated under different solution treatments and 
artificial aging conditions. When as-cast ZK60 alloy was solution treated at 400 °C for 10 h and artificially aged at 150 °C, the 
volume fraction of precipitates increased with the aging time up to 30 h. When the as-cast ZK60 alloy was solution treated at 400 °C 
for 10 h and artificially aged at 200 °C for 15−20 h, the volume fraction of precipitates reached a peak value. Tensile test at room 
temperature showed that a high density of the second phase precipitates was beneficial to improving the strength and elongation. 
Solution treatment at 400 °C for 10 h and artificial aging at 150 °C for 30 h is considered the optimum heat treatment condition to 
obtain a good combination of strength and ductility. 
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1 Introduction 
 

There has been a renaissance in magnesium alloy 
research in the last few years driven by increasing global 
awareness of the link between energy usage and climate 
change[1]. Magnesium alloys are potentially suitable 
candidates for replacing heavier materials in some 
automobile and aerospace parts[2−4]. The mechanical 
limitations of Mg alloys reside basically in their limited 
strength, plasticity and formability[5−6]. In order to 
improve the mechanical properties, some investigations 
focused on optimizing heat treatment processing 
routes[7−9]. 

In general, solution treatment and/or aging process 
is employed to enhance the mechanical properties of Mg 
alloys[8]. Solution treatment causes the precipitates 
dissolving into the Mg matrix and forms supersaturated 
solid solution during quenching. The aging process 
results in the transformation of supersaturated solid 
solution to fine precipitates. The precipitation of the 
second phases is dependent on aging temperature, time 

and chemical composition of the alloys. Among these 
variables, the temperature and time are controlled to 
elucidate the heat treatment process. Moreover, the aging 
time for these alloys must be carefully chosen to allow 
sufficient precipitation of the second phases. Depending 
upon their volume fraction and morphology, the second 
phase constituents strengthen and embrittle the matrix to 
varying degree. 

ZK60 Mg alloy is one of the most typical 
high-strength wrought Mg alloys. Considerable attention 
was concentrated lately on the study of the influence of 
heat treatment on the mechanical properties of ZK60 
alloy subjected to plastic deformation, including 
extrusion, rolling, forging and so on[10−12]. However, 
quite limited studies reported on the heat treatment 
procedures of as-cast ZK60 alloy[13]. In the present 
work, the effects of solution treatment and artificial 
aging on the microstructure and mechanical properties of 
ZK60 alloy in cast state are examined. This study also 
aims to determine the structure transformation of ZK60 
alloy after various heat treatments, and hence optimize 
the heat treatment parameters.  
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2 Experimental 
 

Alloy ingots of ZK60 were prepared from high 
purity Mg (99.98%), Zn (99.99%) and Mg-27.85Zr 
(mass fraction, %) master alloy in an electric resistance 
furnace. When the temperature reached 780 °C, molten 
alloy was stirred for 8 min and subsequently held for 30 
and 45 min, respectively. Then semi-continuous casting 
was used to prepare cylinder ingots of ZK60 magnesium 
alloy with a diameter of 90 mm. The actual chemical 
composition of the alloy is listed in Table 1. The ingots 
were solution treated at 400 °C for 10 h and subsequently 
water quenched. Artificial aging treatment was then 
performed at 150 and 200 °C for 5 , 10 , 15 , 20 , 25 and 
30 h, respectively. 
 
Table 1 Chemical composition of ZK60 alloy (mass    
fraction, %) 

Si Fe Cu Mn Be 

0.003 2 0.002 0 0.000 61 0.003 9 0.000 34 

Ni Zn Zr Mg  

<0.000 5 6.37 0.53 Bal.  

 
The microstructural characterization was performed 

by using optical microscopy (OM) and scanning electron 
microscopy (SEM, TESCAN VEGA Ⅱ LMU) with an 
accelerating voltage of 20 kV and conventional filament 
source. Specimens for OM and SEM observations were 
mechanically polished and chemically etched in a 
solution of 1.5 g picric acid + 25 mL ethanol + 5 mL 
acetic acid + 10 mL water. Phase analyses were 
performed with a Rigaku D/MAX-2500PC X-ray 
diffractometer (XRD). 

The mechanical properties of the as-cast and 
heat-treated ZK60 alloys were measured by tensile 
testing and microhardness measurement at room 
temperature. Tensile specimens with size of d 5 mm ×  
50 mm were prepared through machining the alloy rods. 
Tensile tests were carried out on a CMT5105 material 
test machine at a constant strain rate of 10−3 s−1. The 
reported Vickers hardness (HV) represented the average 
value of ten separate measurements taken at randomly 
selected points under a load of 0.49 N for 10 s. 
 
3 Results and discussion 

 
The typical microstructure of as-cast alloy is 

presented in Fig.1. The OM image (Fig.1(a)) shows the 
bright contrast of α-Mg matrix and the dark contrast of 
the second phase. The eutectic is a mixture of Mg-Zn 
phase and supersaturated solid solution. Fig.1(b) shows 
the fine structure of Mg-Zn phase. 

 

 
Fig.1 OM (a) and SEM (b) images of as-cast ZK60 alloy  
 

The as-cast ZK60 alloy was held at 400 °C for 10 h, 
which could significantly reduce the volume fraction of 
the second Mg-Zn phase, resulting in a relatively high Zn 
solid solution concentration. As shown in Fig.2(a), it is 
clear that solution treatment also induces an obvious 
grain growth in ZK60 alloy. The mean grain size is 
almost doubled after solution treatment. Figures 2(b) and 
(c) show the optical microstructures of ZK60 alloy 
specimens subjected to solution treatment followed by 
aging at 150 °C for 15 h and 200 °C for 15 h, 
respectively. The sequential artificial aging treatment did 
not change much the grain size and distribution, while 
the precipitation of the second phase occurred inside the 
grains. 

SEM observation at higher magnification in Fig.3 
clearly shows these precipitates in the specimens after 
artificial aging at 150 and 200 °C for different time. Most 
of the precipitates with a size of less than 1 µm are very 
fine. It is found that the distribution of the precipitates is 
not homogeneous in the grains, and more precipitate 
particles are presented in the vicinity of grain boundaries. 
This may be attributed to that the grain boundary region 
can act as effective nucleation sites for precipitating of 
the second phase, since the grain boundaries possess high 
excess energy and the impurities tend to exist in the 
region. The volume fraction of precipitates varies with 
aging time at any temperature. From Figs.3(a−c), it can 
be seen that aging treatment at 200 °C for 15 h leads to a 
higher density of precipitates compared with that aging 
for 5 and 20 h. For aging at 200 °C, the precipitate 
particles increase gradually with holding time as shown 
in Figs.3(d−f). 
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Fig.2 Optical images of ZK60 alloy in varying heat treatment conditions: (a) Solution treated; (b) Solution treated, and aged at 150 
°C for 15 h; (c) Solution treated, and aged at 200 °C for 15 h 
 

 

Fig.3 SEM images of alloy after solution treatment followed by different aging parameters: (a) 150 °C, 10 h; (b) 150 °C, 15 h; (c) 
150 °C, 30 h; (d) 200 °C, 5 h; (e) 200 °C, 15 h; (f) 200 °C, 20 h 
 

In order to identify the second phase precipitates in 
ZK60 alloy, XRD analysis was carried out on the 
specimens. The XRD patterns of as-cast, solution treated 
and solution treated plus aged at 150 °C are illustrated in 
Fig.4, which indicates that the precipitates of the alloys 
at various heat-treatment states mainly consist of MgZn2 
and MgZn phases. From the intensity of diffraction peaks, 
it is concluded that the solution treatment gives rise to an 
obvious decrease in the volume fraction of the second 
phase, while lots of MgZn2 and MgZn phases precipitate 
again during the subsequent aging, especially during the 
aging treatment at 150 °C for 30 h. This is consistent 
with the result from OM and SEM observations. 

Typical EDS mapping of the precipitate particles in 
the alloy after solution treatment and aging at 150 °C for 
30 h is shown in Fig.5. It is noted that many precipitates 

 
 
Fig.4 XRD patterns of alloy in various heat treatment states: (a) 
solution treated, aged at 150 °C for 30 h; (b) Solution treated, 
aged at 150 °C for 15 h; (c) Solution treated, aged at 150 °C for 
10 h; (d) Solution treated; (e) As cast 
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Fig.5 EDS mapping analysis of ZK60 alloy subjected to solution treatment and aging at 150 °C for 30 h: (a) SEM image; (b−d) 
Distribution of Mg, Zn and Zr 
 
are found in the Mg and Zn EDS maps, which is in 
agreement with the XRD analysis. However, Zr element 
is found in some second phase particles, which may be 
attributed to the following two reasons: 1) Zr-rich 
particles can act as the nucleation sites during Mg 
solidification by the peritectic reaction[14−15]; 2) Zn2Zr3 
phase is presented in the grains[15]. It is possible that 
XRD analysis is not able to identify the Zr and Zn2Zr3 
phases due to the low concentration of Zr. 

Figure 6 shows the aging hardening curves of ZK60 
specimens at constant aging temperatures of 150 and  
200 °C for different time, respectively. The specimens 
for aging treatment were solution treated at 400 °C for 10 
h and obtained a microhardness of HV 67. The hardness 
increased to the peak value of HV 79 after aging at 200 
°C for 15−20 h, then tended to decrease. The variation 
tendency of hardness value with aging time at 150 °C is 
different from that at 200 °C. For the specimen subjected 
to artificial aging at 150 °C, no peak value was found 
and the hardness was enhanced with the increase of 
holding time, when the aging time is up to 30 h, the 
hardness is about HV 77. 

According to the aging curves, uniaxial tensile 
testing was performed on seven ZK60 specimens in 
different heat-treatment states. The obtained tensile 
engineering stress—strain curves are shown in Fig.7. All 
the stress— strain curves can be divided into three 
regions. Region I corresponds to the elastic deformation. 
In region II, obvious strain hardening is present and the 

 
Fig.6 Aging hardening curves of alloy under different aging 
conditions 
 
plastic deformation is uniform across the gauge length. 
In region III, localized necking occurs and the stress 
decreases gradually. 

A quantitative summary of the tensile results for 
each sample, including ultimate tensile strength (σb), 
yield strength (σ0.2) as well as elongation-to-failure (δ), is 
listed in Table 2. Table 2 shows the effect of heat 
treatment condition on the tensile properties of as-cast 
ZK60 Mg alloy. The as-cast alloy was solution treated at 
400 °C for 10 h, and then artificially aged at varying 
temperature and time conditions. Solution treated alloys 
exhibit a decreased yield strength and increased tensile 
elongation compared with the as-cast ZK60 specimens. 
After subsequent aging treatment at 150 °C for 10 h, the 
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Table 2 Tensile properties of ZK60 alloy in different heat 
treatment states 

Heat treatment σb /MPa σ0.2 /MPa δ/% 

As-cast 261 128 16.3 

Solution treated 273 108 21.5 
Solution treated,  

aged at 150 °C for 10 h 274 123 19.4 

Solution treated,  
aged at 150 °C for 15 h 277 132 19.8 

Solution treated,  
aged at 150 °C for 30 h 285 145 21.7 

Solution treated,  
aged at 200 °C for 5 h 266 133 13.0 

Solution treated,  
aged at 200 °C for 15 h 280 146 17.3 

Solution treated,  
aged at 200 °C for 20 h 277 148 14.5 

 
specimen possesses higher strength and lower tensile 
elongation in comparison with the solution treated one. It 
is interesting to note that both the strength and elongation 
increase with increasing aging time. After aging 
treatment at 150 °C for 30 h, σb and σ0.2 are up to 285 
and 145 MPa, respectively, which are obviously higher 
than those of as-cast and solution treated samples. In 
addition, the elongation of the specimen under this 
condition under 21.7%, which is comparable to that of 
the solution treated one and greater than that of the 
as-cast one. For aging treatment at 200 °C, the tensile 
strength and elongation reach peak values with the aging 
time of 15 h, and then exhibit a decrease with increasing 
aging time. 

The strength of Mg alloys is generally influenced by 
the contributions from intrinsic lattice, grain boundaries, 
solid solution, second phases and dislocations[16−17]. A 
possible expression of the yield strength of as-cast 
specimen can be approximated linearly as[6]: 

 
dispgbnss02.0 σσσσσ +++=                    (1) 

 
where σ0 is the intrinsic lattice resistance to basal slip; 
σnss is the contribution of non-uniform solid solution 
which is associated mostly with effects of Zn and Zr; 
σgb=Mksd−1/2 is the grain boundary contribution through 
the Hall-Petch relation, in which d is the grain size, M is 

the Taylor factor for basal ship, ( ) 2/1
crss

* p
s MCk τ= , 

p
crssτ  is related to more difficult prismatic slip in a single 

crystal for Mg based alloys and C* is a constant; 
σdisp=KVε is the dispersion strengthening due to the 
second phase, where K is a constant, V is the volume 
fraction of Mg-Zn phases and ε is the applied strain. 

The microstructure of the solution treated specimen 
is more simple compared to that of the as-cast specimen. 
The yield strength of the solution treated specimen in 
that case can be expressed as[6]: 

 

 
Fig.7 Tensile engineering stress—strain curves of alloy in 
different heat treatment states 
 

gbuss02.0 σσσσ ++=                          (2) 
 

where σuss is the contribution of uniform solid solution. 
The microstructure change induced by artificial 

aging is mainly the precipitation of Mg-Zn phases. The 
yield strength of the specimens subjected to solution 
treatment plus aging can be written as: 

 
precgbuss0 σσσσσ +++=y                    (3) 

 
where σprec=KVε is the precipitation strengthening due to 
the second phase, where K is a constant, V is the volume 
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fraction of Mg-Zn precipitates and ε is the applied strain. 
Solution treatment increases the grain size greatly, 

which results in the fact that the contribution of σgb to the 
strength of solutionized specimen is significantly weaker 
compared to that of as-cast specimen. At the same time, 
the contribution of σprec to the strength is almost 
negligible for the solutionized specimen. Therefore, it is 
reasonable that the yield strength of the solution treated 
specimen is comparatively lower than that of the as-cast 
specimen. 

Numerous MgZn and MgZn2 precipitates form 
when the specimens are subjected to the treatment of 
solution treatment plus aging. Additionally, the grains 
grow quite slightly during aging treatment. The 
combined contribution of σgb and σprec to the yield 
strength of aged specimens is stronger compared to the 
contribution of σgb to the strength of the solutionized 
specimen, which is responsible for the fact that the yield 
strength of aged specimen is higher than that of solution 
treated specimen. According to the SEM observations, 
the volume fraction of precipitates increases with the 
holding time increasing for these specimens aged at 150 
°C. Consequently, the yield strength is the highest when 
the aging time is 30 h. For the specimens aged at 200 °C, 
the highest volume fraction of precipitates and yield 
strength are obtained when the aging time is 15−20 h. 

After solution treatment and aging at 150 °C for 30 
h, the specimen exhibits the highest tensile strength and 
elongation among these experimental specimens. This 
indicates that the precipitation of the second phase is 
beneficial to the enhancement of both strength and 
ductility, which is different from some results reported in 
Refs.[10−11]. It is considered that the formation of some 
second phase compounds containing impurities (such as 
Mg2Si and Mg2Ni) during aging could purify the Mg 
matrix, which might improve the plasticity of the alloy. 
Further systematic investigation is needed to explain the 
phenomenon. 
 
4 Conclusions 
 

1) When the as-cast ZK60 alloy is subjected to 
solution treatment at 400 °C for 10 h and artificial aging 
treatment at 150 °C for different times, the volume 
fraction of precipitates increases with the aging time up 
to 30 h. 

2) When the as-cast ZK60 alloy is subjected to 
solution treatment at 400 °C for 10 h and artificial aging 
treatment at 200 °C, the volume fraction of precipitates 
reaches the peak value with aging time of 15−20 h. 

3) Solution treatment at 400 °C for 10 h plus 
artificial aging at 150 °C for 30 h can be considered the 

optimum heat treatment. A good combination of tensile 
strength and ductility is achieved under this treatment 
condition. 
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热处理对 ZK60 镁合金组织与力学性能的影响 
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摘  要：研究固溶和时效热处理工艺对铸态 ZK60 镁合金显微组织与力学性能的影响。结果表明，当固溶处理条

件为 400 °C 下保温 10 h、时效处理温度为 150 °C 时，ZK60 合金中析出相随时效时间的延长而增加，直至 30 h。

当时效温度升至 200 °C 时，析出相体积分数在时效时间为 15~20 h 时达到最大值。室温拉伸实验表明，高密度第

二相析出物有利于提高合金的强度和塑性。优化的热处理工艺条件为 400 °C 固溶 10 h 随后于 150 °C 时效 30 h，

得到的镁合金兼具有高的强度与塑性综合性能。 

关键词：镁合金；热处理；析出；强度；塑性 
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