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The influence of equal channel angular pressing (ECAP) on microstructure and mechanical behavior, as
well as, strain aging during ECAP and post-ECAP of Mg-1.8Zn-0.7Si-0.4Ca biomedical alloy was exam-
ined. The alloy in solid solution heat-treated condition was processed by ECAP with route BC at 350 and
400 �C. The specimens ECAPed at 350 �C were aged at 125 and 150 �C for different times. The hardness
and shear punch test results indicated that performing ECAP at 350 �C for 4 passes increases the hardness
and shear strength of the alloy from 48 HV and 110 MPa to 71 HV and 188 MPa, respectively. It was
revealed that the average grain size of the alloy decreases from 78 µm to about 3 µm after 4 passes of ECAP.
Three precipitates of CaMgSi, Ca2Mg6Zn3, and Mg2Si were detected in the solid solution specimen. After 4
passes of ECAP at 350 �C, Ca2Mg6Zn3 was completely dissolved and the morphology of Mg2Si changed
from Chinese script to fiber-shaped particles. Dynamic strain aging occurred at high-temperature ECAP,
and the specimens were overaged during post-ECAP aging. Small MgZn particles were detected in the
overaged sample.
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1. Introduction

During the last two decades, in order to achieve some
properties such as low density, good recycling capacity, high
damping capacity, machinability, and high specific strength and
stiffness, a significant research has been carried out on
magnesium and its alloys (Ref 1-5) in automotive, aerospace,
electronics, biomedical, and sports industries. However, despite
the advantages of these materials, their applications in the
mentioned industries are restricted due to limited ductility and
strength. Therefore, still further researches should be carried
out to improve the mechanical properties of magnesium and its
alloys. Referring to the published works, It is known that the
addition of certain alloying elements such as Al, Cu, Li, Zn,
and rare earth (RE) metals to the Mg alloys and the grain
refinement of these alloys enhance noticeably their properties
(Ref 6-12).

Regarding the effects of addition of alloying elements, Li
et al. (Ref 13) and Cai et al. (Ref 14) have shown that the
addition of Zn promotes the grain refinement and improves the
corrosion resistance and mechanical properties. Zhang and
Yang (Ref 15) have found that a low content of Ca in Mg-Zn
system results in grain refinement and better oxidation resis-
tance. According to the data published by De Negri et al. (Ref
16), the addition of Si enhances the melt fluidity and improves
both the strength and corrosion resistance, but reduces the
formability. This is because the hard Mg2Si intermediate phase
prevents the grain boundary sliding, and consequently it
increases the creep resistance (Ref 17).

Some researchers have used the severe plastic deformation
(SPD) technique to refine the grains of Mg alloys (Ref 18, 19).
They have shown that grain refinement improves both the
strength and ductility of the alloys. Equal channel angular
pressing (ECAP), multi-directional forging (MDF), and accu-
mulative roll bonding (ARB) processes have been the good
candidates for the production of ultrafine-grained materials (Ref
20). Among these techniques, ECAP has been one of the most
effective processes for grain refining. In this process, as
schematically shown in Fig. 1, a billet is pressed through a die
with two channels intersecting at an abrupt angle, Φ, and with a
corner angle, Ψ. Since the specimen dimensions are nearly
constant during the ECAP, the process can be repeated for
several times to achieve a noticeable strain and grain refinement
(Ref 21, 22). It has been reported that the presence of solute
atoms in the microstructure of some alloys may lead to
precipitation hardening during the ECAP, especially at high
processing temperatures; therefore, superior properties have
been achieved by the combination of precipitation hardening
and grain refinement (Ref 23, 24).
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The main factors affecting the specimens properties in
ECAP process are die angle (Φ), corner curvature angle (Ψ),
strain rate, processing temperature, route, and number of passes
(Ref 25, 26). However, the limited number of slip systems of
some alloys with hexagonal close-packed structure such as
magnesium alloys makes the ECAP difficult at room temper-
ature due to the possibility of cracking during the process (Ref
27). Increasing the temperature of the process or the channel
angle can reduce the possibility of cracking of materials with
low formability (Ref 28, 29).

Referring to the literature, due to destructive effect of
addition of Si on formability of the Mg alloys (Ref 17), the SPD
process of the Mg-Zn-Ca alloys containing the Si element and
being suitable for production of biomedical applications has
rarely been studied (Ref 30). Thus, further research is needed to
assess the evolution in the mechanical and microstructural
properties of these alloys during the process. In present work, a
quaternary system of Mg-1.8Zn-0.7Si-0.4Ca alloy has been
employed. This composition was chosen because it has been
introduced by the authors as a suitable composition for the
production of new degradable implant alloy for the human
body (Ref 30, 31). First, the alloy is produced by the casting
process. Then, it is severely deformed in solid solution state by
the ECAP process, up to 4 passes at relatively high temper-
atures to improve its strength and ductility. In these experi-
ments, the effects of ECAP temperature and the number of
passes and strain aging during the ECAP (dynamic strain aging)
and after ECAP (post-ECAP static aging) are assessed on the
alloy for the first time. It is exhibited that the combination of
severe plastic deformation and aging of the alloy leads to
significant grain refinement enhancing the strength and ductility
of the alloy.

2. Experimental

The high-purity Mg, Zn, Si, and Ca elements were melted at
780 °C in a steel crucible, using an electrical resistance furnace
for producing the Mg-1.8 Zn-0.7 Si-0.4 Ca alloy. The melting
was carried out under the Foseco Magrex 36 covering flux in an
argon atmosphere to protect the magnesium and calcium from
oxidation. In the casting process, first the magnesium ingot was
melted at 780 °C, and then, the Si, Zn, and Ca elements were
added to the melt. In order to minimize the casting defects, the
melt was completely stirred and poured into a cylindrical steel
die preheated to 400 °C by using the tilt casting technique. The
dimensions of the cast rods were 16-mm diameter and 120-mm
height. The chemical composition of the rods was determined
using the inductively coupled plasma (ICP-OES) test. The
results are presented in Table 1.

To perform the ECAP process, the cast rods were machined
into cylindrical specimens with length of 100 mm and diameter
of 14.8 mm. The specimens were solution treated at 500 °C for
8 h under an argon atmosphere followed by water quenching. In
order to avoid probable natural aging, the supersaturated solid
solution (SSS) specimens were ECAPed immediately after
quenching from the solution treatment temperature. The ECAP
tests were performed using die angles of Φ=120°, Ψ=0°, and a
pressing speed of 0.17 mm s−1 on a hydraulic press of 60-ton
capacity. The process was carried out at different temperatures
up to 400 °C through route BC. It has been demonstrated that
the mentioned route is the most effective technique in refining
the microstructure and achieving equiaxed and homogenous
grains of high-angle boundaries (Ref 32). Before the ECAP
process, the machined specimens were heated to reach the
pressing temperature and immediately inserted into the ECAP
die preheated to the same temperature. At the processing
temperatures below 350 °C, the specimens were failed by
cracking during the first pass of ECAP. But at temperatures
higher than 350 °C, they were successfully ECAPed up to 4
passes. The ECAP at 400 °C was conducted only for a single
pass, because no distinct change was observed in the
microstructure and mechanical properties of the specimen after
the first pass. After each pass, the ECAPed specimens were
immediately water quenched. A MoS2 suspension was used as
the lubricant in the ECAP tests. The ECAPed specimens were
aged at 125 and 150 °C up to 24 h. The ECAP temperature was
continuously controlled with the tolerance of ±5 °C during the
tests.

The microstructures of the solution-treated and ECAPed
specimens were examined by the optical microscopy (OM,
Olympus BX51M). The specimens were prepared by standard
metallographic procedures and were etched by 4% HNO3 in
ethanol solution for about 3 min. A detailed study on the
microstructure and precipitates was also performed using a field
emission scanning electron microscopy (FESEM, MIRAƷ
TESCAN) equipped with an energy-dispersive x-ray spectrom-
eter and differential scanning calorimetry (DSC, Universal

Fig. 1 Schematic of the ECAP die setup

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

Alloying elements Mg Zn Si Ca

wt.% 97.09 1.78 0.72 0.41
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V4.2E TA) using a heating rate of 5 °C min−1 up to 250 °C
under the protection of an Ar atmosphere. X-ray diffraction
facility (XRD) was utilized to identify the phases in the
microstructures of the solution-treated and ECAPed specimens
and the specimens aged after ECAP. The XRD analysis was
carried out by a PANalytical, X’Pert Pro MPD with Cu-Kα
radiation in the 2θ range of 20°-80° with an accelerating
voltage of 40 kV.

Hardness measurement and shear punch test (SPT) were
performed to assess the mechanical properties of the specimens.
Hardness measurement was carried out by an Instron-Wolpert
model PIATester 722 equipped with a Vickers indenter under a
load of 10 kg and dwell time of 15 s according to ASTM: E-92.
The average of at least 8 individual hardness measurements was
taken as the hardness of the appropriate specimen. For the shear
punch test, 1-mm-thick disks were cut by an electro-discharge
wire-cut machine and ground to thickness of 0.7 mm. A shear
punch die of 3.175 mm outside diameter and 3.225 mm inside
diameter was used. The tests were performed at ambient
temperature by a Hounsfield machine using a crosshead speed
of 0.25 mm min−1. Each shear punch test was repeated for 3
times, and the results variations were negligible. The applied
load versus the punch displacement was plotted. The shear
stress was calculated by the following equation (Ref 33-36).

s ¼ P

pdt
ðEq 1Þ

where P is the load of punch, d is the average diameter of
the punch and die, and t the thickness of the specimen. The
normalized punch displacement was measured by the follow-
ing relationship (Ref 33-35):

d ¼ h

t
ðEq 2Þ

3. Results and Discussion

3.1 ECAP of the Alloy

The variation in hardness with the ECAP pass number of the
solid solution specimens ECAPed at 350 °C is shown in Fig. 2.
As can be seen, the hardness increases with increasing the pass
number. The hardness increases after the first pass is more
profound and the effect of ECAP on increment of hardness
decreases with increasing the pass number. The hardness of the
specimen enhanced from 48 HV in the solid solution state to
58, 63, 68, and 71 HV after 1, 2, 3, and 4 passes of ECAP,
respectively.

Figure 3 shows the shear strength as function of normalized
displacement of the solid solution specimen and specimens
ECAPed at 350 °C up to 4 passes. It is obvious that the increase
in shear strength at the first pass is more than that of subsequent
passes. It increases from 110 MPa in the solid solution state to
142 MPa after the first pass and enhances to 166, 179, and
188 MPa after 2, 3, and 4 passes, respectively. After the fourth
pass of ECAP at 350 °C, the strength is about 70% higher than
that of the solid solution specimen. Another point which can be
observed from Fig. 3 is the increase in elongation with
increasing the pass number, especially at the initial passes of
ECAP.

In order to reveal the reason of mechanical properties
evolution during the ECAP process, the microstructure of the
specimens before and after the ECAP was investigated. The
optical microscopy (OM) images of the solid solution sample
and samples ECAPed at 350 °C are exhibited in Fig. 4. Very
large grains with the aggregation of precipitates in boundaries
can be seen in the OM micrographs of the solid solution sample
(Fig. 4a and b). After the first pass of ECAP, the grain boundary
precipitates are still present but with lower amounts (Fig. 4c
and d). Another microstructural change during the first pass is
the formation of fine grains inside the large grains. When the
second pass is carried out, the grain boundary precipitates
existed in the solid solution sample are not observed (Fig. 4e
and f). Thus, it can be deduced that strain-induced dissolution
takes place during the ECAP at 350 °C and the grain boundary
precipitates are completely dissolved after 2 passes of ECAP at
the mentioned temperature.

Referring to Fig. 4(c), (d), (e), (f), (g), (h), (i), and (j) after
each pass of the ECAP at 350 °C, the grains become more

Fig. 2 Effect of the pass number on hardness of the specimens
ECAPed at 350 °C

Fig. 3 Shear strength of the solid solution (SSS) specimen and
specimens ECAPed for 1, 2, 3, and 4 passes at 350 °C as a function
of normalized displacement
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homogeneous and equiaxed, implying the occurrence of
dynamic recrystallization phenomenon during the high-temper-
ature ECAP (Ref 36-39). The presence of fine particles and
phases containing alloying elements such as Ca may retard the
movement of grain boundaries during grain growth, leading to
a finer grain structure, and increases the nuclei for the
recrystallization. The high temperature of the process can
cause grain growth after ECAP, but the existence of fine
precipitates and alloying elements slows down the dislocation
movements. On the other hand, as the specimens were
immediately quenched after the process and were not held at

high temperatures for long times, an intense grain growth could
not occur in them (Ref 37, 38, 40).

Figure 5 exhibits the grain size of the solid solution
specimen and specimens processed by ECAP at 350 °C versus
the pass number. According to this figure, by increasing the
number of ECAP passes, the grain size of specimen decreases
from 78 µm to about 20, 9.5, 5, and 3 µm after 1, 2, 3, and 4
passes of the process, respectively. As it is expected, the most
decrease in grain size occurring during the first pass correlates
with the most increase in the hardness and strength (Fig. 2 and
3). By increasing the passes, the grain size changes decrease.

Fig. 4 Optical micrographs of the solid solution specimen (a) and (b), and specimens ECAPed for 1 (c) and (d), 2 (e) and (f), 3 (g) and (h),
and 4 (i) and (j) passes at 350 °C

Journal of Materials Engineering and Performance



In order to characterize the phases and to investigate the
transformations during the ECAP process, the XRD patterns of
the alloy in solid solution state, after 1 pass and after 4 passes of
ECAP at 350 °C, are illustrated in Fig. 6. According to the
patterns, CaMgSi, Mg2Si, and Ca2Mg6Zn3 are the precipitates
in the solid solution and 1-pass ECAPed specimens.
Ca2Mg6Zn3 exists in the solid solution sample, but after 1
pass of ECAP at 350 °C the intensity of the appropriate peak
decreases and the peak is completely disappeared in the 4-pass
ECAPed specimen. The reduction and elimination in a phase
(the precipitates existing in the grain boundaries) after the
ECAP process at 350 °C are also observed in the OM images
(Fig. 4). Therefore, contrary to the solid solution and 1-pass
ECAPed specimens, the 4-pass ECAPed specimen contains
CaMgSi and Mg2Si precipitates.

Field emission scanning electron microscopy (FESEM) was
used for detailed investigations on the microstructure of the
solid solution specimen and specimens ECAPed for 1 and 4Fig. 5 Grain size of the solid solution specimen and specimens

processed by ECAP at 350 °C as a function of pass number

Fig. 6 XRD patterns of the solid solution specimen and specimens ECAPed for 1 and 4 passes at 350 °C
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passes at 350 °C. The results are shown in Fig. 7(a)-(f). Rod-
shaped (D, G), grain boundaries (B, F), and blocky precipitates
(C, E) can obviously be seen in the microstructure of the solid
solution (Fig. 7a and b) and 1-pass ECAPed specimen (Fig. 7c
and d), while, in the 4 passes processed specimen, the blocky
(H) and rod-shaped (I) precipitates exist and the grain boundary
precipitates cannot be observed (Fig. 7e and f).

The composition of precipitates of the solid solution, 1-pass,
and 4-pass ECAPed specimens was characterized by energy-
dispersive spectroscopy (EDS) analysis (Fig. 8a-i). The EDS
analysis results for the solid solution and 1-pass ECAPed
specimens show three kinds of precipitates in the Mg matrix;
Mg2Si precipitates (D and G), Ca2Mg6Zn3 precipitates (B and
F), and CaMgSi precipitates (E and H) shown in Fig. 7. The
characterized precipitates in the 4-pass ECAPed specimen are
of the composition of Mg2Si (precipitates shown by I) and
CaMgSi (precipitates shown by H). By comparing the OM
images, XRD patterns, FESEM micrographs, and EDS analysis
results, it can be deduced that Ca2Mg6Zn3 is the unstable
precipitate. The high temperature combined with the strain
induced during the process causes the Ca2Mg6Zn3 phase to
completely dissolve at the second pass of ECAP at 350 °C. It
should be noted that since the size of precipitates are too small
and some of the Mg content belongs to magnesium matrix, the
high amount of magnesium element obtained in the precipitate
analysis is justified. Comparison of the Mg2Si precipitates in
the FESEM images of the ECAPed and solid solution

specimens shows that the morphology of Mg2Si is changed
during the ECAP process. In fact, the large Mg2Si particles
with Chinese script morphology are changed into small fiber-
shaped particles due to the strain imposed to the specimen
during the process.

Figure 9 illustrates the distribution maps of Mg, Si, Ca, and
Zn elements in the 4 passes ECAP processed specimen.
Concentration of the Si and Ca elements in the blocky
precipitates can obviously be seen in Fig. 9(c) and (d).
Considering the small size and dispersion of the Mg2Si
particles in the matrix [according to OM (Fig. 4)] and SEM
images (Fig. 6 and 8a), the concentration of Si in the regions
with Mg2Si can be distinguished. The Zn distribution map
(Fig. 9e) shows that this element is not concentrated in any
particle or region. The dark points in the Mg distribution map
(Fig. 9b) show the lower content of Mg rather than the whole
matrix.

The reasons for the increase in mechanical properties after
the ECAP process lie in grain refinement, change in precipi-
tation size and distribution, and enhancement of dislocation
density (Ref 37). As the specimens were in solid solution state
before ECAP, solute atoms had been present in the microstruc-
ture, and thus, dynamic aging could be another reason for the
increase in mechanical properties (Ref 41-43).

The ECAP process was also carried out at 400 °C. The
hardness of the specimen ECAPed at 400 °C for 1 pass was
measured as 51 HV. Comparing the hardness of the 1-pass

Fig. 7 FESEM images of (a) and (b) the solid solution specimen, (c) and (d) 1 pass ECAPed at 350 °C, (e) and (f) 4 passes ECAPed at 350 °C
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ECAPed specimen with the hardness of the solid solution
sample (48 HV) indicates that performing the ECAP process at
400 °C does not significantly affect the mechanical properties
of the specimen. The high temperature of the process causes an
intensive recrystallization. As a consequence, the increment of
dislocation density is prevented. On the other hand, the rapid
grain growth occurring at this temperature impedes the
improvement in mechanical properties (Ref 37).

Figure 10 shows the optical microscopy (OM) images of the
1-pass ECAPed specimen at 400 °C. As can be seen in Fig. 4(a)
and (b) and 10(a) and (b), the grain boundary precipitates
(Ca2Mg6Zn3) are completely dissolved at the first pass of
ECAP at 400 °C. On the other hand, the mean grain size of this
specimen has been decreased from about 78 µm in the solid
solution sample to about 55 µm after the first pass. The grain
size increases with increasing the ECAP temperature is in

Fig. 8 EDS results of point: (a) A, (b) B, (c) C, (d) D, (e) E, (f) F, (g) G, (h) H, and (i) I, in the FESEM images in Fig. 7
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consistence with the reported results for other ECAPed
materials (Ref 44-47). The presence of large grains in the
microstructure after ECAP prevents the significant improve-
ment in mechanical properties. Considering the fact that the
first pass of the ECAP process usually has the main effect on
the improvement in mechanical properties (Ref 25, 48-50), the
process was not continued for further passes at 400 °C.

The effect of ECAP temperature on the microstructure can
be mentioned briefly as: (a) grain size increase and (b)
formation of more equiaxed grains by increasing the temper-
ature. The grain size after 1 ECAP pass at 400 °C is about
55 µm and after ECAP at 350 °C is about 20 µm. The grain size
increases with increasing the temperature because the applied
shear stress to the specimen and consequently the effect of the
process on grain refinement decreases. On the other hand, the
high temperature of the process leads to dynamic recovery and
probably grain growth. The grain refinement in the ECAP
process directly depends on the recovery rate and recrystal-
lization. More grain refinement occurs at lower temperatures,
because the recovery rate is lower (Ref 44, 45).

3.2 Dynamic Strain Aging of the Alloy

The induced strain combined with the high temperature of
the process can lead to formation of precipitates during the
ECAP. In order to investigate the occurrence of dynamic strain

aging during the process, the DSC analysis results of the solid
solution specimen and specimens ECAPed for 1 pass and 4
passes at 350 °C are presented in Fig. 11. An exothermic peak
can be seen around 110 °C in heating of the solid solution
specimen up to 250 °C (Fig. 11a). This peak is attributed to the
formation of GP zones and precipitates. It should be noted that,
during the DSC test, the endothermic peaks are owing to the
enthalpy change related to the dissolution of precipitates, and
the exothermic ones are due to the heat evolution associated
with formation of precipitates (Ref 51). Comparing the curves
of ECAPed with the unECAPed specimens indicates that the
exothermic peak is completely eliminated after ECAP. Due to
dynamic precipitation occurring during the deformation at high
temperature (350 °C), the solute atoms of matrix are extracted
out to the precipitates. Therefore, after the ECAP process,
enough solute atoms did not exist for more precipitation, and
consequently, no exothermic peak appeared in the DSC curves
of ECAPed specimens. Formation of GP zones and fine
precipitates during the process leads to the increment of
mechanical properties of the specimen.

3.3 The Aging Behavior of the ECAPed Specimens

The hardness and shear strength of the specimens ECAPed
at 350 °C for 1, 2, 3, and 4 passes after aging at 125 and 150 °C
for different times are shown in Fig. 12 and 13, respectively. As

Fig. 8 continued
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can be seen, the hardness and shear strength of the specimens
have not been changed considerably. The age hardening in
highly deformed structures is controlled by hardening due to
the formation of GP zones and precipitates and softening due to
recovery, grain growth, and precipitate growth. According to
Fig. 12, by increasing the ECAP passes, the variation in
hardness at both aging temperatures decreases. The hardness of
4-pass ECAPed specimen continuously decreases during the
aging process. The decline in the hardness values is due to
recovery, precipitate growth, and formation of incoherent
precipitates. On the other hand, the amount of the solute atoms
is reduced due to dynamic precipitation during the high-
temperature ECAP process; therefore, precipitation hardening
in post-ECAP aging process does not occur. Softening of the
specimen along with the DSC results shows that the specimens
are overaged during the aging after the ECAP process (Ref 52-
54).

The FESEM micrograph of 4-pass ECAPed specimens at
350 °C and aged at 150 °C (overaged condition) is shown in

Fig. 14. As can be seen, there are several small precipitates in
the micrograph of the overaged specimen while no small
precipitate is observed in the microstructures of the solid
solution and ECAPed specimens. In the solid solution state,
solute atoms exist in the matrix of the alloy; therefore, dynamic
aging in the ECAP process leads to the formation of very fine
precipitates from the solute atoms which cannot be detected by
FESEM. The long time and high temperature of the aging
process after the ECAP provide a suitable condition for the very
fine precipitates to grow up, and thus, the precipitates can
obviously be seen in the FESEM micrograph of the specimen in
the overaged condition. The XRD results reveal that these fine
precipitates are MgZn. The XRD patterns of the specimens
ECAPed at 350 °C for 1 and 4 passes and then aged at 150 °C
are shown in Fig. 15. The precipitates existing in the 1-pass
ECAPed and aged specimen are CaMgSi, Mg2Si, Ca2Mg6Zn3
being the same as those before aging. As mentioned before, the
Ca2Mg6Zn3 phase starts to dissolve during the ECAP process at
350 °C and would completely be dissolved after 4 passes of

Fig. 9 (a) The FESEM image of the specimen ECAPed at 350 °C for 4 passes, (b) to (e) the distribution maps of Mg (b), Si (c), Ca (d) and
Zn (e) in the specimen
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ECAP. After aging of the 4-pass ECAPed specimen, the new
phase of MgZn appears which could not be detected in other
specimens. The overaging process could lead to the formation
of large precipitates detected by XRD. It can be concluded that
the MgZn particles are responsible for the age hardening of the
Mg-1.8Zn-0.7Si-0.4Ca alloy during the high-temperature
ECAP process.

4. Conclusions

In this work, microstructure evolution and mechanical
behavior of Mg-1.8Zn-0.7Si-0.4Ca biomedical alloy subjected
to ECAP process by route BC at 350 and 400 °C in solid
solution state were investigated. The conclusions derived from
the results are summarized as follows:

1. Significant grain refinement can be achieved in Mg-
1.8Zn-0.7Si-0.4Ca alloy ECAPed for 3 or 4 passes at
350 °C. The mean grain size is reduced from 78 µm to
about 3 µm. The grains after ECAP are reasonably
equiaxed.

2. The shear strength and hardness of the solid solution-
treated Mg-1.8Zn-0.7Si-0.4Ca alloy are considerably in-
creased during the ECAP process at 350 °C. After 4

passes of ECAP at 350 °C, the shear strength and hard-
ness are increased to 188 MPa and 71 HV, respectively.

3. Characterization of the precipitates by EDS and XRD
indicates that the microstructures of pre-ECAP and 1-pass
ECAPed specimen at 350 °C consist of CaMgSi, Mg2Si,
and Ca2Mg6Zn3, while, the present precipitates in the

Fig. 10 (a) and (b) The optical micrographs of the 1-pass ECAPed
specimen at 400 °C

Fig. 11 DSC results of (a) solid solution, (b) 1 pass ECAPed at
350 °C, and (c) 4 passes ECAPed at 350 °C specimens
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microstructure of 4-pass ECAPed specimen are CaMgSi
and Mg2Si. Therefore, the Ca2Mg6Zn3 phase dissolves
during the ECAP at 350 °C. The morphology of Mg2Si
is changed from Chinese script to fiber-shaped particles
after ECAP.

4. Dynamic strain aging may occur during the ECAP of the
alloy at 350 °C. Aging of ECAPed specimen does not
lead to the hardness increase. The 4-pass ECAPed speci-
men is overaged in the post-ECAP aging, and the hard-
ness is decreased.

5. New phase of MgZn is detected in the XRD pattern of
the overaged sample of the alloy. It can be deduced that
the phase is nucleated due to the dynamic strain aging of
the alloy during the ECAP process. Overaging causes the
small tiny precipitates of this phase to grow and become
detectable by FESEM and XRD.

6. Performing the ECAP process at 400 °C does not result
in a distinct change in the microstructure and mechanical
properties of the alloy.

Fig. 12 Effect of aging time on hardness of specimens ECAPed at
350 °C and aged at (a) 125 °C and (b) 150 °C

Fig. 13 Shear strength of the specimens ECAPed at 350 °C and
aged at (a) 125 °C and (b) 150 °C as a function of normalized dis-
placement

Fig. 14 FESEM image of overaged specimen (4 passes ECAPed at
350 °C followed by aging at 150 °C for 12 h)
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