
MAWE Donnerstag, 14.02.2019
1902 / 128456 [S. 187/196] 1

Influence of heat treatment and aging on
microstructure and mechanical properties of
Mg-1.8Zn-0.7Si-0.4Ca alloy

Einfluss der Wärmebehandlung und Alterung auf das Gefüge und
die mechanischen Eigenschaften der Magnesiumlegierung
Mg-1.8Zn-0.7Si-0.4Ca

M. Shaeri1, K.K. Taheri2, A.K. Taheri1, M.H. Shaeri3

In order to optimize the aging treatment of Mg-1.8Zn-0.7Si-0.4Ca alloy, different
times and temperatures of solid solution and age hardening were applied to the
alloy specimens. Microstructures and mechanical properties of the specimens were
investigated using the optical microscopy, field emission scanning electron micro-
scopy equipped with an energy dispersive x-ray spectrometer, x-ray diffraction,
hardness, and shear punch tests. The lowest hardness and strength were achieved
by solution treating of the alloy at 500 8C for 8 h, presenting the optimal condition
for solution treatment of the alloy. The microstructural examinations revealed three
different precipitates consisting of CaMgSi, Ca2Mg6Zn3, and Mg2Si in the solid sol-
ution specimens. It was found that the highest peak hardness and strength are ob-
tained by aging the alloy at 150 8C for 16 h. This condition was confirmed by differ-
ential scanning calorimetry (DSC) tests performed on the solid solution and aged
specimens.
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1 Introduction

In recent years, the application of magnesium based
alloys has considerably been progressed in various
industries. The low density, high strength, and good
castability of these alloys are the main reasons for

their developments in automotive, aerospace, elec-
tronic industries, as well as, in the sport and optical
equipment [1, 2].

One of the most recent and important applica-
tions of magnesium alloys is in medical industry as
biodegradable materials since they can be absorbed
in human body [3]. Although certain titanium alloys
or stainless steel are widely used as the permenant
and non-permanent bone implants, but nowadays
the magnesium based alloys are the more appro-
priate candidates for the non-permanent application,
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because; (i) they are biodegradable, hence, no need
for secondary surgery for their removal, (ii) their
elastic moduli (45 GPa) are closer to that of the nat-
ural bone (15–25 GPa), (iii) magnesium is an essen-
tial element for the human body, and (iv) they have
a low density being close to that of human bone [4,
5]. However, the high corrosion rate, low mechan-
ical properties, and low cold formability are the
magnesium main setbacks [6, 7]. It has been re-
ported in the literature that the magnesium proper-
ties can be improved by adding certain alloying ele-
ments [8]. A wide range of elements such as
aluminum, zirconium, copper, lithium and the rare
earth (RE) elements have been added to magnesium
to enhance its mechanical and physical properties
[1, 9–12]. It has been exhibited that aluminum has
an undesirable effect on osteoblast and neurons, and
the rare earth elements are not absorbed easily in
the human body causing hepatotoxicity, while zinc
and calcium are essential and useful elements for
the human body. Silicon is also useful for healing
process and immune system of human body as well
as in growing of bones. On the other hand, the addi-
tion of zinc improves the mechanical properties and
corrosion resistance. A low content of calcium in
magnesium–zinc system leads to grain refinement
and better oxidation resistance. The addition of sili-
con has positive effects on magnesium based alloys.
It enhances the melt fluidity and improves strength
and corrosion resistance. The presence of Mg2Si
phase enhances the creep resistance, but the high
content of silicon may lead to low formability [5,
13–17].

Mechanical properties of magnesium alloys can
also be improved by age hardening process [18]. It
has been reported that zinc and calcium improve the
age hardening response of the magnesium alloys
[19]. Referring to the literature it is noted that the
effects of addition of both silicon plus calcium on
the microstructure, mechanical properties, and the
aging response of the biomedical magnesium –zinc
alloys have not been studied yet.

Therefore, in this research a new alloy, Mg-
1.8Zn-0.7Si-0.4Ca, has been casted and its micro-
structure and mechanical properties after different
solution heat treatment and artificial aging have
been investigated. This system was chosen due to
the useful effects of the elements for the human
body, enhancement of mechanical properties, avail-
ability of the elements, and economical issues.

2 Material and experiments

The rods of Mg-1.8Zn-0.7Si-0.4Ca alloy were pro-
duced by melting the high purity magnesium, zinc,
silicon and calcium elements in a steel crucible, us-
ing an electrical resistance furnace. The melting was
carried out under the Foseco Magrex 36 covering
flux in an argon atmosphere to protect the magne-
sium and calcium from oxidation. In the casting
process, the magnesium ingot was melted first at
780 8C and after complete melting the silicon ele-
ment was added to the melt which mechanically
stirred for 2 minutes. 30 minutes later, the zinc ele-
ment was added and the stirring was carried on. Af-
ter about 15 minutes the calcium element was add-
ed. Then, in order to minimize the casting defects
and to produce the rods of the alloy the melt was
completely stirred and poured into a steel die pre-
heated to 400 8C.

Each cast rod had dimensions of 16 mm diame-
ter and 120 mm height. The chemical composition
of the rods was determined using the inductively
coupled plasma (ICP-OES) test, Table 1. Specimens
of 20 mm height were cut from the rods to perform
the solution treatment and aging tests.

Solution treatment was carried out at 350 8C,
400 8C, 450 8C and 500 8C for 2 h, 4 h, and 8 h
under argon atmosphere followed by water quench-
ing. In order to avoid probable natural aging, before
the test, the specimens were maintained in a freezer
with temperature of -25 8C. After the solid solution
treatment, the aging process was performed at
125 8C, 150 8C, 175 8C and 200 8C for the periods
of 4 h, 8 h, 12 h, 16 h, 20 h, 24 h.

The microstructures of the cast, solution treated,
and aged specimens were examined by the Optical Mi-
croscopy (OM, Olympus BX51 M). The specimens
were prepared by standard metallographic procedures
and were etched in a 4 % Nital solution for about 3
minutes. X-ray diffraction analysis (XRD) was used to
detect the phases in the microstructure of the speci-
mens. The x-ray diffraction analysis was carried out by

Table 1. Chemical composition of the Mg-1.8Zn-0.7Si-
0.4Ca alloy (wt. %) determined by inductively coupled
plasma.

Alloying elements Mg Zn Si Ca

% wt 97.09 1.78 0.72 0.41
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a PANalytical, X’Pert Pro MPD using Cu�Ka radia-
tion in the 2q range of 208–808 with an accelerating
voltage of 40 kV. Also, a detailed study on the micro-
structure and precipitates was performed using a field
emission scanning electron microscopy (FESEM,
MIRAZ TESCAN) equipped with an energy dispersive
x-ray spectrometer and differential scanning calorim-
etry (DSC, Universal V4.2E TA) using a heating rate
of 5 8C/min up to 250 8C under the protection of Ar
atmosphere.

To evaluate the mechanical properties, hardness
and shear punch test (SPT) were carried out on dif-
ferent specimens. The shear punch test was used be-
cause the specimen volume is small and it can be
performed easily in short times. Disks of 1 mm
thickness were cut by an electro-discharge wire-cut
machine and ground to thickness of 0.7 mm for the
shear punch test. A shear punch die of 3.175 mm
outside diameter and 2.225 mm inside diameter was
used. The tests were carried out at room temperature
by a Hounsfield H10KS compression testing ma-
chine using a cross-head speed of 0.25 mm/min.
The applied load as a function of the punch dis-
placement was plotted. The shear stress was calcu-
lated using the following relationship [20].

t ¼ P
pdt

ð1Þ

where P is the load of punch, d the average diame-
ter of the punch and die, and t the thickness of the
specimen.

Hardness test was performed on different sol-
ution treated and aged specimens polished to a mir-
ror-like finish. The test was undertaken using an
Instron-Wolpert model PIA Tester 722 hardness
tester equipped with a Vickers indenter under a load
of 10 kg. The average of at least 8 individual hard-
ness measurements was taken as the hardness of the
appropriate specimen.

3 Results and discussion

3.1 Solution treating

The evaluation of the specimens‘ hardness shows
that by increase in the time and temperature of solid
solution treatment, the hardness decreases, Figure 1.
The most significant reduction occurs in solution

treatment at 500 8C for 8 h which can be considered
as the optimal condition for solid solution of the al-
loy in this work.

The hardness of the as cast specimen was about
59 HV 10 while it was about 48 HV 10 for the
specimen solution treated at 500 8C for 8 h. The
reason of the hardness reduction may be attributed
to dissolution of hard precipitates and grain growth
during the solution treatment. The same trend has
been observed by in Mg�Sn�Mn alloy [21].

The results of shear punch test of the specimens‘
solution treated at 500 8C for 2 h, 4 h, and 8 h dem-
onstrate that the ultimate strength and elongation are
decreased by increasing the solid solution time, Fig-
ure 2. Similar to the hardness results, the lowest
shear strength of the alloy solution treated samples
has occurred at the maximum time and temperature
investigated in our work.

Comparison of the optical microscope images of
the as cast and solid solution treated alloy at 500 8C
for 8 h shows a decrease in the amount of precip-
itates, especially those located in the matrix, Fig-
ure 3. Moreover, the formation of nearly equiaxed
grains with an average size of about 78 mm due to
solution treatment is noted.

For a better investigation of the microstructure, the
specimen was examined using field emission scanning
electron microscopy (FESEM), Figure 4. Referring to
this figure, three main precipitates in the alloy com-
posed of; (i) geometrical shapes with sharp angles

Figure 1. Effect of the solid solution time and temperature
on hardness of the alloy.
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(point A), (ii) white precipitates spreading in the
grains and on grain boundaries (point B), and (iii) rod
shaped precipitates being irregularly dispersed in the
matrix (point D) are observed.

Energy dispersive spectroscopy (EDS) analysis
was used to characterize the precipitates, Figure 5.
The analysis shows the existence of magnesium, sil-
icon and calcium elements in the precipitates
marked by “A”. Considering the amount of each el-
ement, the composition of these precipitates is prob-
ably CaMgSi. Similarly, according to these results,
precipitates B and D have the composition of
Ca2Mg6Zn3 and Mg2Si, respectively. The high
amount of magnesium element obtained in the pre-
cipitate analysis is justified, because the precipitates
sizes are too small and some of the magnesium con-
tent, is due to magnesium matrix.

X-ray diffraction analysis was also performed to
confirm the microstructural results of the alloy, Fig-
ure 6. Careful investigation of the pattern confirms
the three precipitates detected by the energy dis-

Figure 2. Dependence of shear strength of the solution trea-
ted specimens at 500 8C for 2 h, 4 h, and 8 h on normalized
punch displacement.

Figure 3. Optical micrographs of a) as cast and b) solution treated at 500 8C for 8 h alloy.

Figure 4. a), b), c) Field emission scanning electron microscopy images of the solid solution specimen (8 h at 500 8C) at
different magnifications.
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persive spectroscopy analysis. No binary system of
silicon and zinc and ternary system containing mag-
nesium, silicon and zinc is detected being in agree-

ment with the Si�Zn phase diagram which indicates
that silicon and zinc do not dissolve in each other
and from any binary precipitates [16]. However, ac-
cording to Mg�Si�Ca phase diagram, the formation
of different ternary compositions is possible. The
presence of CaMgSi and Mg2Si is in agreement
with the phase diagram at low amounts of silicon
and calcium contents. Under the equilibrium solid-
ification condition, the CaMgSi particles are formed
during solidification. The eutectic phase of Mg+
Mg2Si is observed in the binary Mg�Si system. It
was reported that adding calcium to this binary sys-
tem changes the morphology of the eutectic Mg2Si
to fine dispersed fiber shaped particles which is in
agreement with the Mg2Si morphology observed in
this work [17, 22], Figure 4.

The formation of Ca2Mg6Zn3 as a principle precip-
itate in Mg-Zn-Ca systems has been reported by pre-
vious researchers. For example, it was reported that
Mg2Ca and Ca2Mg6Zn3 phases are formed during the
solidification of the Mg�Ca with low content of zinc

Figure 5. Energy dispersive spectroscopy results of point a) A, b) B, c) C and d) D of the solid solution specimen field emis-
sion scanning electron microscopy images.

Figure 6. X-ray diffraction analysis pattern of the solid solu-
tion specimen (8 h at 500 8C).
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(under 1 %) at 503 8C and at 399 8C, respectively
[23]. By increasing the amount of zinc in Mg�Ca sys-
tem (more than 1 %), Mg2Ca phase diminishes and
the eutectic phase of Mg+Ca2Mg6Zn3 is formed by
the following equation: [19, 24]

L !Mgþ Ca2Mg6Zn3 ð2Þ

As the amount of zinc in the alloy tested in this
work is more than 1 %, no Mg2Ca was detected in
the x-ray diffraction analysis confirming [23].

Concentration of silicon and calcium in some of
the precipitates can clearly be seen in the elemental
distribution map, Figure 7. Moreover, in the dis-
tribution map of the silicon element, some zones are
completely dark containing no silicon, and some
light zones that match completely with the fiber
shaped precipitates distributed in the matrix, in-
dicating the existence of silicon element in these
precipitates. Comparison of the field emission scan-
ning electron microscopy images, energy dispersive

Figure 7. (a) The field emission scanning electron microscopy image of the solid solution sample, (b) to (f) the distribution
maps of magnesium (b), calcium (c), silicon (d) and zinc (f) in the specimen.
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spectroscopy analysis, x-ray diffraction pattern, and
the elements distribution maps proves that CaMgSi
(polygonal precipitates), Ca2Mg6Zn3 (grain boun-
dary precipitates), and Mg2Si (fiber shaped precip-
itates distributed in the grains) are the main precip-
itates in the solid solution Mg-1.8Zn-0.7Si-0.4Ca
alloy.

3.2 Aging behaviour

The dependence of alloy hardness on temperature is
similar to age hardenable alloys consisting of con-
tinuous increment of hardness to a maximum and
then decreasing as the aging time increases further
[25, 26], Figure 8. The reason for the hardening is
the formation Guinier-Preston zones followed by
precipitation. It is noted that the maximum hardness
is achieved by aging treatment at 150 8C for 16 h.
This process leads to 20 percent increment in micro-
hardness. Furthermore, at higher temperatures, the
time to reach to peak hardness is decreased. This is
because diffusion of solute atoms within the grains,
grain boundaries, and dislocations is easier at higher
temperatures, so, the precipitates nucleation and
growth rate increase with the increase in aging tem-
perature.

The shear strength normalized displacement
curves of the specimens with maximum hardness at
each aging temperature indicate that, the ultimate

shear strength decreases when temperature is in-
creased to more than 150 8C, Figure 9. Since the
diffusion rate increment at higher temperatures re-
sults in larger precipitates, thus, the decrease in
shear strength at temperatures higher than 150 8C
may be attributed to the growth of the precipitates
of lower coherency.

The microstructure of the peak aged alloy was
observed by optical and scanning electron micro-
scopy, Figure 10. Comparison of the specimens‘
microstructure reveals no distinct difference in the
microstructure of the solution treated specimen after
aging, Figure 4, 10. This is because the Guinier-
Preston zones and precipitates forming during the
aging process are too small to be detected by scan-
ning electron microscopy (SEM) examination even
at high magnifications [27].

The susceptibility to precipitation of the alloy to
solid solution (500 8C for 8 h) and age hardening
(150 8C for 16 h) was evaluated by differential
scanning calorimetry analysis, Figure 11. An exo-
thermic peak appeared at approx.110 8C in heating
the solid solution alloy up to 250 8C, Figure 11a.
This peak is related to formation of Guinier-Preston
zones and precipitates. Hardness evolution curve
can be helpful for a better comprehension of the dif-
ferential scanning calorimetry results, Figure 12.
Considering the differential scanning calorimetry re-
sults and the hardness change with temperature of
the as aged specimen, it can be seen that the exo-
thermic peak in the differential scanning calorimetry

Figure 8. Hardness changes of age hardened specimens at
125 8C, 150 8C, 175 8C and 200 8C with time.

Figure 9. Shear strength with normalized displacement of
aged hardened specimen at different aging temperature.
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curve coincides with the hardness peak of the aged
specimen. It should be noted that at low aging tem-
peratures (about 70 8C), very fine Guinier-Preston
zones which are hardly detectable by transmission
electron microscopy (TEM) and have low effect on
hardness enhancement start to form. At higher tem-
peratures and longer aging time, the size and num-
ber of Guinier-Preston zones are increased and
nano-scaled precipitates start to form resulting in
the peak hardness [28, 29].

It is interesting to note that in the differential
scanning calorimetry results of the peak aged speci-
men the exothermic peak is absent, Figure 11b.
Comparison of differential scanning calorimetry
curves proves that the elimination of this peak is be-
cause the specimen has been in aged condition, so,

no Guinier-Preston zone has been formed during the
reheating of this specimen in differential scanning
calorimetry tests. This is because the precipitation
during the aging process considerably decreases the
solute atoms, therefore, no Guinier-Preston zone is
formed in heating of the aged sample in differential
scanning calorimetry tests, but during the heating of
solid solution samples the Guinier-Preston zones are
formed and by extending the aging process, nano-
scaled precipitates and Guinier-Preston zones trans-
form to large incoherent precipitates which leads to
the reduction in hardness of the specimen. The for-
mation of Guinier-Preston zones and enhancement
in mechanical properties during aging of Mg-Zn-Ca
alloy has been studied by [28]. They attributed the
formation of Guinier-Preston zones to the presence

Figure 10. a) Optical microscopy and, b) Field emission scanning electron microscopy micrographs of the peak aged spe-
cimen (aged at 150 8C for 16 h).

Figure 11. Differential scanning calorimeter results of; a) solid solution specimen, and b) peak aged specimen (aged at
150 8C for 16 h).
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of zinc and calcium elements in the alloy. Zinc is
responsible for the age hardening response of
Mg�Zn�Si alloy and the silicon element does not
involve in the aging precipitates [30]. Thus, one
may conclude that both zinc and calcium are the el-
ements existing in the aging precipitates which
could not be detected in this work due to their small
sizes. The weak exothermic peak around 230 8C can
be attributed to Guinier-Preston zones rearrange-
ments, Figure 11b [31].

4 Conclusion

In this work, the effects of time and temperature of
solution treatment and aging process on the micro-
structure and mechanical properties of Mg-1.8Zn-
0.7Si-0.4Ca were investigated. The results of hard-
ness and shear punch tests showed that a solution
heat treatment of 500 8C at 8 h produces an opti-
mum condition of the material. Three main precip-
itates have been observed in the solution heat treat-
ed specimens composed of CaMgSi, Ca2Mg6Zn3

and Mg2Si precipitates. The Ca2Mg6Zn3 precipitates
were mostly concentrated at grain boundaries, while
the other two precipitates were irregularly dis-
tributed in the matrix. The optimum aging condition
of the alloy was holding the solution treated speci-
men at 150 8C for 16 h. After this period, the pre-
cipitates are transformed to coarse and incoherent

precipitates leading to decrease in hardness and
shear strength of the alloy. Similarly, the strength
and hardness of the alloy decrease if the aging tem-
perature increases to more than 150 8C.
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