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Abstract—The structure homogeneity of the Mg–0.8% Ca alloy is shown to increase with temperature during
uniaxial compression. Plastic deformation localizes in narrow and wide deformation bands at 250–350°C. A
small number of regions with recrystallized grains is observed only after deformation at 400°C. A relatively
homogeneous recrystallized structure with an average grain size of about 20 μm forms after uniaxial compres-
sion at t = 450°C. Multiaxial deformation at decreasing temperature in the range 450–250°C significantly
refines the initial structure of the Mg–0.8% Ca alloy to an average grain size of 2.1 μm. This structure leads
to a significant hardening, namely, an increase in the yield strength to 193 MPa and the tensile strength to
308 MPa. The relative elongation after multiaxial deformation increases by more than two times.

Keywords: magnesium alloy, compression, multiaxial deformation, mechanical properties, grain size, recrys-
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INTRODUCTION

The main advantages of magnesium alloys as struc-
tural materials are a low density, a high specific
strength, high damping, workability and machinabil-
ity, good weldability in some cases, and the ability to
absorb shock energy and vibrations; these advantages
make them very promising for use in various branches
of modern technology, where saving in weight of a
structure plays a decisive role [1–3]. Magnesium
alloys are widely used in aerospace engineering; rocket
engineering (control pats, aircraft seat parts, landing
gears, rocket bodies, and others); and automotive,
electrical, and other fields.

Magnesium is also well biocompatible with the
human body and is able to completely dissolve in it.
Magnesium alloys due to these peculiarities can be
used in medicine, for example, for producing the
orthopedic implants, coronary stents, and fasteners
[4–10]. Such implants must have a high plasticity,
strength, and a moderate rate of biodegradation. Mag-
nesium does not have high mechanical properties and
has a very high corrosion rate. The corrosion rate of
magnesium alloys can be changed and their mechani-

cal and biological properties can be enhanced by alloy-
ing and grain refining.

Calcium is considered as one of the main elements
for alloying the magnesium alloys intended for bio-
medical implants, since it is nontoxic to the human
body and can slow down the rate of biodegradation
and is an essential element for the normal functioning
of a number of vital body systems, in particular, the
bone tissue. Calcium can also exhibit anticarcinogenic
properties [11]. Studies have shown that Mg–Ca alloys
demonstrate good biocompatibility in vitro and in vivο
and increased corrosion resistance when they gradu-
ally dissolve in the bone tissue [12]. In addition to the
enhancement of the biological properties, calcium as
an alloying element can also enhance the mechanical
properties of pure magnesium.

The strength and plastic properties of magnesium
alloys can be improved and the rate of corrosion can
be slowed down by decreasing the grain size [13].
Severe plastic deformation (SPD) is the most effective
modern technique to form an ultrafine-grained
(UFG) structure [14]. A great number of work is
devoted to the most common SPD technique, equal
channel angular pressing (ECAP) [15–19], and a
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much smaller number of works, to multiaxial defor-
mation of magnesium alloys [20–22]. It is widely
believed that any metal forming, including uniaxial
compression and, of course, multiaxial deformation
(multiaxial isothermal forging), causes a considerable
structure heterogeneity. However, a comparison of the
structure and the properties of pure copper after
ECAP and multiaxial deformation [23, 24] showed
that multiaxial deformation resulted in even better
mechanical properties and good homogeneity than
ECAP does.

The aim of this work is to study the structure for-
mation during compression to select the conditions of
multiaxial deformation of an Mg–0.8% Ca alloy and
to form a structure and properties after multiaxial
deformation.

EXPERIMENTAL
The object of the study was an Mg–0.8% Ca mag-

nesium alloy. The alloy was cast in an electric resis-
tance furnace in a metal crucible. An ingot 40 mm in
diameter and 120 mm long was prepared by casting
into a steel mold heated to 150–200°С.

Samples 15 × 35 mm in size were cut from a volume
cast Mg–0.8% Ca alloy workpiece. The samples were
placed in a Nabertherm furnace for homogenization
and were water quenched after 6-h holding at 510°C.

Compression tests were carried out according to
Russian Standard GOST 8817–82 (Metals. Compres-
sion Testing Technique). Cylindrical samples 10 mm
in diameter and 14 mm in length were cut from the as-
cast and heat treated (homogenized) alloy. Uniaxial
compression was performed on an Instron 300LX uni-
versal hydraulic static testing machine at 250, 300,
350, 400, and 450°C and a strain rate of 1 mm/min.
The tests were conducted to 75% vertical deformation
or to fracture.

Cylindrical samples 10 mm in diameter and 14 mm
in length were cut from workpieces for structural
examination after multiaxial deformation at decreas-
ing temperature, and samples 15 mm in diameter and
35 mm in length, for studying the mechanical proper-
ties after deformation.

Uniaxial compression was performed with an
Instron 300LX universal hydraulic static testing
machine at a strain rate of 1 mm/min for samples 10 ×
14 mm in size and at 2 mm/min for samples 15 × 35 mm
in size. The temperature of the beginning of deforma-
tion was tb = 450°С. The temperature was decreased
between passes at a step of 50°C. Nine passes were car-
ried out in total. The temperature of the end of multiax-
ial deformation was te = 250°C. A temperature decrease
below this temperature increased the probability of
sample fracture. A total true strain after one pass was
~2.5 and a total true strain after nine passes was 22.5.

Tensile tests were carried out according to Russian
Standard GOST 11701–84 (Tensile Testing Tech-
RUSSIAN METALLURGY (METALLY)  Vol. 2018  No.
niques for Thin Sheets and Ribbons). Flat samples
with a gage length of 16 mm and a cross-section of
1.5 × 3 mm were subjected to tensile tests. Deforma-
tion of the samples was carried out by uniaxial tension
using an Instron 5882 universal testing machine at a
temperature of 20°C and a strain rate of 10–3 s–1.

Samples for metallographic examination were pre-
pared in the following several stages:

(i) grinding on sandpapers with decreasing grain
sizes using a StruersA/S LaboPol-5 (Denmark) grind-
ing-and-polishing machine;

(ii) final polishing on a Struers MD-Chem disk
using an O–PS (SiC) suspension with an average
abrasive particle size of ~50 nm;

(iii) chemical etching in a reagent consisting of
100 mL ethanol, 5 g picric acid, 5 mL acetic acid, and
10 mL water.

Metallographic studies of the cast, homogenized,
and deformed samples were carried out on an Olym-
pus GX71 optical microscope (OM) using the Image
Scope M analysis software package. The average grain
size was determined by the random intercept method
using the Image Scope software.

X-ray diffraction (XRD) analysis was performed
using a Rigaku Ultima IV diffractometer and CuKα
radiation in the angle range 20°–80°.

Microstructural examination was carried out using
FEI Quanta 200 3D and FEI Nova NanoSEM 450
scanning electron microscopes (SEM) equipped with
backscatter electron (BSE) detectors, energy disper-
sive spectrometry (EDS) attachments, and electron
backscatter diffraction (EBSD) attachments. The
OIM Analysis Database 6.2 software was used to per-
form EBSD analysis and to analyze EBSD data. Black
lines indicate high-angle boundaries (θ > 15°) and white
lines indicate small-angle boundaries (2° < θ < 15°) on
the orientation maps.

RESULTS AND DISCUSSION
Initial Structure of the Mg–0.8% Ca Alloy

The Mg–0.8% Ca alloy was investigated in two ini-
tial states, cast and homogenized. Figures 1a and 1b
show SEM images of the initial cast structure of the
Mg–0.8% Ca alloy. The structure in the cast state
consists of a magnesium matrix and a second phase,
which is dark in the OM image (see Fig. 1a) and is
light-colored (Fig. 1b) in the SEM image (BSE). The
matrix mainly exhibits grains 65 μm in average size,
but there are several coarse grains the size of which
reaches 200 μm (Fig. 1a). A continuous network
(average thickness of ~1.1 μm; Fig. 1b) of the second
phase is observed along grain boundaries. The second
phase in the form of uniformly distributed equiaxed
and elongated particles (average size of some particles
is ~2.5 μm; Figs. 1a, 1b) is also in grain bodies. The
volume fraction of these particles is 3.2%. XRD anal-
 11



1048 YURCHENKO et al.

Fig. 1. Microstructures ((a, c) OM and (b, d) SEM) of the Mg–0.8% Ca alloy: (a, b) initial as-cast state and (c, d) homogenized
state.
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ysis suggests that the second phase is represented by
Mg2Ca intermetallic particles. The calcium content in
the matrix in the initial as-cast state was 0.29 ± 0.03%,
according to EDS analysis.

Figures 1c and 1d show the microstructure of the
Mg–0.8% Ca alloy after homogenizing annealing.
Figure 1c suggests that the average grain size increased
to several hundreds of micrometers after homogeniz-
ing annealing as compared to that of the as-cast state.
Instead of a continuous network of the second phase,
both elongated and equiaxed (after coagulation) parti-
cles with an average size (transverse) of about 2.5 μm
are located along grain boundaries after homogeniza-
tion (see Figs. 1c, 1d). Their volume fraction is 1.5%.
Rather fine (average size of ~0.3 μm) and uniformly
distributed equiaxed particles, the volume fraction of
which is ~1%, should be noted (see Fig. 1d). Some
Mg2Ca intermetallic particles seem to dissolve during
homogenization; therefore, the calcium content in the
matrix increases to 0.57 ± 0.04%.
RUS
Mechanical Behavior and Microstructure Evolution
in the Mg–0.8%Са Alloy during Uniaxial Compression

As-cast state. As was mentioned above, uniaxial
compression tests were conducted in the temperature
range 250–450°C to select the conditions of multiaxial
deformation of the Mg–0.8% Ca alloy and to study
dynamic polygonization and recrystallization pro-
cesses. Dynamic softening processes are usually stud-
ied by structural methods together with investigation
of a f low stress–strain (σε–ε) diagram.

The σε–ε curves of the as-cast Mg–0.8% Ca alloy
samples (Fig. 2a) suggest that this dependence upon
uniaxial compression is exponential at a deformation
temperature t = 250°C. However, a linear increase in
the f low stress is observed at t = 300°C. A steady-state
stage of material f low is observed starting from 350°C.
The length of the stage increases when the uniaxial
compression temperature is increased. This stage is
observed throughout the entire deformation at t =
450°C. Table 1 lists data on the dependence between
SIAN METALLURGY (METALLY)  Vol. 2018  No. 11
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Fig. 2. Stress–strain curves for different temperatures of the uniaxial compression of the (a) as-cast and (b) homogenized Mg–
0.8% Ca alloy.
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Table 1. Yield strength σ0.2 and flow stress σ20 of both as-
cast and homogenized Mg–0.8% Ca alloys vs. uniaxial
compression temperature t

t, °C

Mechanical properties of the alloy, MPa

cast homogenized

σ0.2 σ20 σ0.2 σ20

250 35.2 120.0 25.2 127.5

300 28.5 64.8 18.4 75.4

350 20.2 35.7 12.7 35.4

400 10.3 18.1 9.7 21.7

450 7.5 11.4 6.8 11.2
yield strength σ0.2 and flow stress σ20 at a relative strain

of 20%. The difference between σ0.2 and σ20 decreases

exponentially when the uniaxial compression tem-
perature is increased.

Figure 3a shows the microstructure of the as-cast
Mg–0.8% Ca alloy sample after a 75% uniaxial com-
pression performed at 250°C. The structure is strongly
nonuniform and contains a large number of localized
deformation zones. There exist individual large areas
that are not involved in the process of plastic deforma-
tion. At 300°C, the number of the zones at the center
of the sample that are not involved in plastic f low
decreases. However, there are weakly deformed
regions on the periphery of the sample. Uniaxial com-
pression at t = 350°C results in a more homogeneous
structure (Fig. 3c) as compared to the structure after
deformation at 250 and 300°C.

The structure after uniaxial compression of the
alloy at t = 400°C exhibits a small number of regions
with fine recrystallized grains. A heterogeneous
recrystallized structure with mainly coarse and irregu-
larly-shaped grains forms during compression at
450°C (Fig. 3e). However, there is a small number of
small regular-shaped polyhedral grains located both at
the boundaries and in the triple junctions of the coarse
grains. The average grain size after compression at t =
450°C was about 13 μm.

Figure 4 shows orientational maps of the as-cast
Mg–0.8% Ca alloy after uniaxial compression in the
range 250–450°C. Figure 4a suggests that localized
deformation zones are shear bands. Inside the latter,
both regions with a recrystallized structure (average
grain size of ~2 μm) and fragments with low-angle
boundaries about 2 μm in size are formed (Fig. 4b). In
general, plastic deformation is concentrated mainly
only in shear bands, whereas other regions stay out of
plastic f low. The propagation of structural homogene-
ity can be observed after uniaxial compression at t =
RUSSIAN METALLURGY (METALLY)  Vol. 2018  No.
450°C (Fig. 4c), which is in agreement with the OM
data (see Fig. 3c). At this deformation temperature,
the number of undeformed regions is smaller, shear
bands expand, and the average size of recrystallized
grains in them increases to ~6 μm (see Figs. 4c, 4d).

A relatively homogeneous recrystallized structure
with an average grain size of about 20 μm and a frac-
tion of high-angle boundaries of 68.4% forms after
uniaxial compression at t = 450°C (Fig. 4e).

The size and the volume fraction of Mg2Ca inter-

metallic particles in the as-cast Mg–0.8% Ca alloy
samples after uniaxial compression were determined
by SEM. Fine equiaxed particles should be noted after
uniaxial compression of the as-cast Mg–0.8% Ca
alloy in the range 250–450°C. For example, Fig. 5a
shows average particle size Dpav and volume fraction ϕp

of the second phase as functions of the uniaxial com-
pression temperature; i.e., the size of the second phase
was calculated using secondary particles, and the frac-
tion of the second phase, using the sum of primary and
secondary particles. Two stages can be distinguished in
the average particle size–uniaxial compression tem-
 11
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Fig. 3. Microstructures (OM) of the Mg–0.8% Ca alloy for (a, c, e) the initial cast state and (b, d, f) homogenized state after 75%
uniaxial compression at (a, b) 250, (c, d) 350, and (e) 450°C. A vertical axis coincides with the compression direction.
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perature curve. At the first stage (temperature range

250–400°C), the average particle size of Mg2Ca

increases smoothly and slightly from 0.2 μm at 250°C

to 0.3 μm at 400°C. At the second stage (400–450°C),

it increases markedly to ~0.8 μm. Two stages can also

be distinguished in the curve of the volume fraction of
RUS
the second phase versus the uniaxial compression

temperature. A noticeable increase in the volume frac-

tion of the second phase is observed at the first stage

(temperature range 250–300°C) from 3.6 to 5.3%.

However, a further increase in the uniaxial compres-

sion temperature to 450°C weakly affects the volume
SIAN METALLURGY (METALLY)  Vol. 2018  No. 11
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Fig. 4. Orientational maps of the Mg–0.8% Ca alloy in the initially cast state after 75% uniaxial compression at (a, b) 250,
(c, d) 350, and (e) 450°C.
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fraction. The volume fraction of Mg2Ca particles at

the second stage (300–450°C) is 5.3–5.4%.

Homogenized state. Figure 2b depicts the stress–

strain (σε–ε) curves of the homogenized Mg–0.8%
RUSSIAN METALLURGY (METALLY)  Vol. 2018  No.
Ca alloy. Uniaxial compression at 250°C results in
sharp growth of stresses at vertical strains up to ~15%.
The stress varies slightly in the strain range from ~15 to
20% and it decreases at strains above 20%, indicating
fracture of the sample. It should be noted that a
 11
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Fig. 5. (1, 1 ') Average size and (2, 2 ') volume fraction of
second-phase particles as functions of the temperature
after uniaxial compression of the (a) as-cast and
(b) homogenized Mg–0.8% Ca alloy.
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homogenized sample upon uniaxial compression at
250°C failed after a vertical strain of 30% (see Fig. 2b),
whereas the as-cast sample at the same temperature
was deformed to ε = 75% without fracture. The stress–
strain curves of the homogenized and as-cast samples
at 300°C are also different (see Fig. 2b). The following
two stages can be identified in the curve: an almost lin-
ear dependence of f low stress σε on strain ε is observed

in the region of relative strain to 15%, then a more
smooth stress growth during subsequent plastic defor-
mation is observed. Similar stages can be seen in the
stress–strain curve at 350°C (see Fig. 2b). However, in
this case, both the length of the first stage (linear stress
growth) and the slope of this stage of the curve
decrease. No first stage (linear stress growth) at 400
and 450°C, which was previously noted, is observed.
The curves describe only the steady-state f low stage.

Table 1 lists the data characterizing the yield
strength–flow stress curve at 20% relative strain of the
homogenized Mg–0.8% Ca alloy. It can be seen that
the stresses decrease with increasing temperature of
uniaxial compression decrease in both the as-cast and
homogenized states, and they are almost the same for
both cases at 450°C. It should also be noted that the
difference in the values of the yield strength in the as-
cast and homogenized states first increases from
28.4% at 250°C to 37.3% at 350°C and is within 10%
RUS
in the strain range 400–450°C. In turn, the difference
between σ20 of both states in the entire temperature

range is less than 6%.

Figure 3b shows the structure of the Mg–0.8% Ca
alloy sample in the homogenized state after uniaxial
compression at 250°C. Unlike other samples, this
sample was deformed only to a strain of ~30%. Its
structure contains a large number of relatively thin,
mainly curved, parallel bands. These bands intersect
with each other at about a right angle. Uniaxial com-
pression at 250°C makes grains f lat and their bound-
aries bent (see Fig. 3b). The general picture when the
uniaxial compression temperature is increased to
300°C somewhat changes: narrow localized deforma-
tion zones are noted. The shape of both fragments and
their boundaries changes greatly as compared to those
after compression at 250°C. The fragments seem to be
fragmented into separate regions, whereas their
boundaries become more or less continuous. Rela-
tively wide localized deformation zones are observed
after uniaxial compression at 350°C, the fraction of
which is about 40–45% (see Fig. 3d). Above 400°C,
regions with recrystallized small grains (Dg ≈ 8 μm)

form. However, a completely recrystallized structure
forms only after uniaxial compression at 450°C (see
Fig. 3f). Figure 3f shows that the microstructure is
rather homogeneous: clusters of fine regular-shaped
polyhedral grains with continuous boundaries are
observed together with individual coarse grains. The
average grain size after compression at 450°C was
~16.5 μm.

Figure 6 displays orientational maps of the homog-
enized Mg–0.8% Ca alloy after uniaxial compression
in the temperature range 250–450°C. Figure 6a sug-
gests that the structure exhibits relatively thin, parallel
bands inside coarse initial grains after uniaxial com-
pression at 250°C, which can also be clearly seen in
Fig. 3b. Figure 6b depicts recrystallized grains with an
average size of ~0.8 μm inside these bands. It should
be specially noted that the misorientation angle
between the boundaries of these bands is about 70°
with respect to the matrix, and the misorientation of
the boundaries inside the coarse initial grains is less
than 5°. Figure 6c demonstrates that uniaxial com-
pression at 350°C divide elongated coarse grains into
separate regions by bands, which is in agreement with
the OM data (see Fig. 3d). A recrystallized structure
with an average grain size of 3 μm is formed inside
these bands (Fig. 6d). The regions that form due to the
fragmentation of coarse grains by these bands retain
their initial orientation. Compression at t = 450°C
results in the formation of a highly nonuniform recrys-
tallized structure with an average grain size of about
20.5 μm and a fraction of high-angle boundaries
(HAB) of 75.5% (Fig. 6e).

Figure 5b displays the average particle size and the
volume fraction of the second phase as functions of
temperature after uniaxial compression of the homog-
SIAN METALLURGY (METALLY)  Vol. 2018  No. 11
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Fig. 6. Orientational maps of the Mg–0.8% Ca alloy in the initially homogenized state after 75% uniaxial compression at (a, b) 250,
(c, d) 350, and (e) 450°C.
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enized Mg–0.8% Ca alloy in the range 250–450°C. In

addition to coarse primary particles, the a volume

fraction of which is 1.2%, there are fairly uniformly

distributed secondary fine equiaxed second-phase

particles with an average size of ~0.3 μm and a volume
RUSSIAN METALLURGY (METALLY)  Vol. 2018  No.
fraction of 2% in Mg–0.8% Ca alloy samples after
uniaxial compression at 250°C (see Fig. 5b). An

increase in the deformation temperature to 300°C
weakly changes the distribution and the shape of the

Mg2Ca particles, but it changes their volume fraction,
 11
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which increases to ~2.5%. The volume fraction of
coarse particles is 1.4% (Fig. 5b).

A similar picture is observed for compression tem-
peratures of 350 and 400°C. The volume fractions of
fine particles in these cases increase to 2.67 and 2.73%,
respectively, but the total volume fraction of these par-
ticles in both cases is almost the same, ~5% (see
Fig. 5b). Fine secondary-phase particles begin to pre-
cipitate from the solid solution after uniaxial compres-
sion at 450°C, which can indicate that the particles
having precipitated from the solid solution in the
upsetting temperature range 250–400°C are coher-
ently related to the matrix.

However, the coherence is disrupted at the parti-
cle–matrix boundary upon uniaxial compression at
450°C, apparently, due to the intensive dynamic
recrystallization-induced migration of grain boundar-
ies. This explains the weakening the interaction
between the matrix and the precipitated fine particles.
The volume fraction of the fine particles in this case is
highest, (3.07%), and the total volume fraction
(including coarse particles) is 5.8% (Fig. 5b).

Figure 5b shows that both the volume fraction and
the average particle size of the second phase as func-
tions of the compression temperature have almost the
same slope of the straight line. These parameters lin-
early increase with temperature in both cases. The
average fine second-phase particle size increases from
0.3 μm at 250°C to 0.48 μm after upsetting at 450°C.
The total volume fraction of the second phase changes
from 3.3 to 5.8%.

The investigation of the mechanical properties and
the regularities of the microstructure formation upon
uniaxial compression of as-cast and homogenized
Mg–0.8% Ca alloy samples showed that the behavior
of the temperature dependences of the yield strength
and flow stress of the samples is the same. Their
strength properties decrease monotonically when the
temperature is increased. The stage of steady f low
appears on the stress–strain curves at 450°C for all
states. The f low stress of the homogenized sample
changes nonmonotonically with the strain in the tem-
perature range 250–350°C as compared to that of the
as-cast sample, in which it increases smoothly when
strain is increased. The homogenized samples fail in
a brittle manner at a deformation temperature of
250°C after a strain of ~30%, and the as-cast samples
at the same temperature undergo deformation with-
out fracture.

As the uniaxial compression temperature
increases, the homogeneity of the structure increases
in the samples in both states. EBSD analysis shows
that plastic deformation during uniaxial compression
of homogenized samples at 250°C is localized in nar-
row bands, whereas plastic deformation in the as-cast
alloy samples is localized in relatively wide zones.
According to EBSD analysis, an increase in the defor-
mation temperature to 350°C widens the localized
RUS
deformation bands. A fine-grained recrystallized
structure with a grain size of 2–6 μm for the as-cast
state and 0.8–3 μm for the initially homogenized state
is formed inside these deformation bands in the tem-
perature range 250–350°C. A relatively homogeneous
recrystallized structure with an average grain size of
about 20 μm is formed at t = 450°C. According to OM,
a small number of regions with recrystallized grains
was observed only after deformation performed at
400°C. A relatively homogeneous recrystallized struc-
ture with an average grain size of 13 and 16.5 μm was
observed in both the as-cast and homogenized states,
respectively, after deformation at 450°C.

Thus, the results of the compression tests suggested
that multiaxial deformation should be carried out
starting from a temperature of 450°C to obtain a
mainly recrystallized structure.

Effect of Multiaxial Deformation Conditions
on the Microstructure and Mechanical Properties

of the Mg–0.8% Ca Alloy

The choice of multiaxial deformation conditions
was based on the assumption that deformation should
be started at 450°C to form a mainly recrystallized
structure, and it then should be performed upon
decreasing the deformation temperature to reach the
minimum grain size. A stage-by-stage decrease in the
deformation temperature can be used to achieve a
smaller grain size at each subsequent stage in a recrys-
tallized structure, which determines a lower critical
strain at a subsequent stage to form a recrystallized
structure [25]. The possibility to reach a smaller grain
size by decreasing the temperature of multiaxial defor-
mation was previously demonstrated by the example of
the Mg–0.3% Ca alloy [22].

Figure 7a shows the average grain size (OM) as a
function of the multiaxial deformation temperature of
the initially homogenized Mg–0.8% Ca alloy. A rela-
tively heterogeneous recrystallized structure was
formed after the first pass of multiaxial deformation
(t = 450°C). It included both grains of relatively small
size and regions with rather coarse grains. The average
grain size after the first pass of multiaxial deformation
(t = 450°C) was 18.9 μm (see Fig. 7a). The micro-
structure after the third (400°C), fifth (350°C), or sev-
enth (300°C) pass undergoes insignificant changes as
compared to the first pass: the structure also remains
slightly heterogeneous, but the degree of heterogeneity
decreases and the average grain size decreases to 11.5,
8, and 4 μm, respectively (see Fig. 7a). The homoge-
neity of the structure of the Mg–0.8% Ca alloy
reaches the highest level after nine passes of multiaxial
deformation (t = 250°C). This structure has regular-
shaped polyhedral grains with an average size of 2 μm
(Fig. 7a).

The structure of the homogenized Mg–0.8% Ca
alloy after multiaxial deformation was also analyzed by
SIAN METALLURGY (METALLY)  Vol. 2018  No. 11
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Fig. 7. (a) Average grain size Dgav vs. temperature t: (h) OM and (s) EBSD. (b) Flow stress σε vs. the average grain size upon
multiaxial deformation of the homogenized Mg–0.8% Ca.

20

15

10

5

0
500 450 400 350 300 250

(a)

Dgav, μm

t, °C Dgav, μm

100

10

1 10

(b)

σε, MPa

Fig. 8. (1) Average particle size Dpav and (2) volume frac-
tion of second-phase ϕp as functions of the temperature of
the multiaxial compression of the homogenized Mg–
0.8% Ca alloy.
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EBSD. It can be seen that the average grain sizes
determined by EBSD analysis is in agreement with
that determined by OM (Fig. 7a). For example, the
average grain size was about 17.7 μm after the first pass
of the multiaxial deformation, 8.9 μm after the fifth,
3.4 μm after the seventh, and 2.1 μm after the ninth
pass.

Figure 7b shows f low stress σε as a function of aver-

age grain size Dgav determined from OM and EBSD.

All experimental points can be approximated by a lin-
ear dependence at a slope of the straight line of unity.
The form of the curve suggests that structure forma-
tion is controlled by one process, the discontinuous
dynamic recrystallization (DDR, the Bailey–Hirsch
mechanism), in the entire temperature range. It is
worth noting that DDR usually is observed in magne-
sium alloys at high temperatures, such as 450°C. A
controlling mechanism at low temperatures (250°C) is
usually continuous dynamic recrystallization (the
Cahn–Burgers mechanism) [26].

Figure 8 shows the average particle size and the vol-
ume fraction of second-phase as functions of the tem-
perature of the multiaxial compression of the homog-
enized Mg–0.8% Ca alloy. There are two kinds of par-
ticles in the structure after the first pass of multiaxial
deformation (t = 450°C): relatively fine (Dpav ≈

0.58 μm) particles, which are mainly equiaxed in
shape, and coarse particles, which are mainly irregular
in shape (Dpav ≈ 3.6 μm). The total volume fraction of

two kinds of particles after the first deformation cycle
is 5.8% (see Fig. 8). The size of the fine Mg2Ca parti-

cles after three multiaxial deformation passes (t =
400°C) increases to 0.87 μm, but their volume fraction
remains the same, 5.8% (Fig. 8). An increase in the
number of passes to seven (t = 300°C) does not cause
any significant changes in the distribution of these
RUSSIAN METALLURGY (METALLY)  Vol. 2018  No.
particles and in their morphology. The average size of
fine particles in the temperature range 400–300°C
varies within the measurement error and is 0.9 μm,
whereas the total volume fraction of the Mg2Ca parti-

cles after seven passes (t = 300°C) increases by 0.7%
(to 6.5%). Nine passes of the multiaxial deformation
(t = 250°C) increase both the average particle size and
the volume fraction of the second phase. In particular,
the particle size increases to ~1 μm, and the total vol-
ume fraction of the particles increases from 6.5 to 7.3%
(Fig. 8). It is interesting that the similar evolution of
the average size can be observed in the case of coarse
particles. The average size of coarse particles before
seven multiaxial deformation passes (t = 300°C) varies
only slightly and is ~3.7 μm, that is within the error of
 11
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Fig. 9. Orientational maps of both (a) as-cast and (b) homogenized Mg–0.8% Ca alloy samples after nine passes of multiaxial
deformation.
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Fig. 10. SEM images of the second-phase particles in both (a) as-cast and (b) homogenized Mg–0.8% Ca alloy samples after nine
passes of multiaxial deformation.
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measurement. It reaches maximum after nine passes
(250°C) and is ~4.7 μm, whereas the size of individual
particles is ~10 μm. This coarsening of particles is
often accompanied by a change in their shape.

Figure 9 displays the orientational maps after nine
passes of the multiaxial compression of the as-cast and
homogenized samples. Figures 9a and 9b suggest that
the degree of structure uniformity of the homogenized
sample is higher than that of the as-cast sample. In
particular, recrystallized grains whose average size is
2.1 μm have a regular polyhedral shape practically in
the entire volume of the first sample; the fraction of
HAB is 68.2%. However, there are regions in which
dynamic recrystallization has not been fully completed
in the as-cast sample after deformation. This assump-
tion is supported by the presence of a number of
regions with coarse grains, with bent boundaries, and
surrounded by chains of fine equiaxed grains (Fig. 9a).
The average grain size in this case is 2.8 μm and the
fraction of HAB is 57.6%.
RUS
Comparison of second-phase particles in both
(a) as-cast and (b) homogenized Mg–0.8% Ca alloy
samples after nine passes of multiaxial deformation
(Figs. 10a, 10b) showed the following. The Mg2Ca

particles in the as-cast sample after nine passes (see
Fig. 10a) often acquire an elongated shape as com-
pared to those in the homogenized sample after simi-
lar deformation that are predominantly equiaxed-
shaped. The average particle size in the initial as-cast
sample is 1.6 μm and their volume fraction is 6.1%.
The average size of the equiaxed particles in the
homogenized sample after nine passes is ~1 μm, and
their volume fraction is slightly higher than that in the
as-cast sample after deformation and is 6.5%.

Figure 11 depicts stress–strain curves for the Mg–
0.8% Ca alloy after uniaxial tension. Table 2 shows
yield strength σ0.2, tensile strength σu, and relative

elongation δ determined from mechanical tests. The
as-cast alloy exhibits the low strength: a yield strength
of 51 and a tensile strength of 97 MPa. The plasticity in
SIAN METALLURGY (METALLY)  Vol. 2018  No. 11
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Fig. 11. Flow stress σε vs. strain ε determined during the
uniaxial tension of the Mg–0.8% Ca alloy samples in the
(1) as-cast and (2) homogenized states and after multiaxial
deformation of (3) as-cast and (4) homogenized samples.
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this state is also low and the relative elongation is only

4.1%. Homogenization significantly deteriorates the

mechanical properties: tensile strength σu and relative

elongation δ decrease to 78 MPa and 3%, respectively.

However, the yield strength remains unchanged

(about 50 MPa). The strength after multiaxial defor-

mation of the samples in both states significantly

increases. The yield strength of both as-cast and

homogenized samples increases by a factor of about 4

(to 199 and 193, respectively). At similar σ0.2, a

homogenized sample has a tensile strength of

308 MPa, whereas σu of the as-cast sample after defor-

mation is somewhat lower (264 MPa). However, the

plasticity of the alloy in the cast state is higher (δ =

9.4%) than in the homogenized state (δ = 7.2%).

The greater increase in the ultimate tensile strength

after multiaxial deformation of the homogenized Mg–

0.8% Ca alloy can be explained by a slightly smaller

grain size, a slightly smaller Mg2Ca particle size, and a

slightly larger volume fraction of these particles. An

increase in the plasticity after multiaxial deformation

seems to be associated with scattering of the sharp
RUSSIAN METALLURGY (METALLY)  Vol. 2018  No.

Table 2. Yield strength, tensile strength, and relative elonga-
tion of the Mg–0.8% Ca alloy in different states

State
σ0.2 σu δ, %

MPa

Cast sample:

initial 51 97 4.1

after multiaxial deformation 199 264 9.4

Homogenized sample:

initial 50 78 3.0

after multiaxial deformation 193 308 7.2
prismatic texture, as it was observed in the case of an
Mg–0.3% Ca alloy [21].

When the deformation temperature is decreased,
multiaxial deformation was found to enhance the
mechanical properties of the Mg–0.8% Ca alloy sig-
nificantly.

CONCLUSIONS

(1) Structure examination showed that the struc-
ture homogeneity in both as-cast and homogenized
Mg–0.8% Ca alloys during uniaxial compression
increases with temperature. Plastic deformation local-
izes in narrow deformation bands in the homogenized
sample upon deformation at 250°C, and it localizes in
relatively wide zones in the as-cast sample. Deforma-
tion at 350°C widens localized deformation bands. A
fine-grained recrystallized structure is formed inside
these bands. A relatively homogeneous recrystallized
structure with an average grain size of about 20 μm is
formed in both states after uniaxial compression at t =
450°C.

(2) Multiaxial deformation significantly refines the
initial coarse-grained structure of the Mg–0.8% Ca
alloy, when the temperature is decreased. A homoge-
neous recrystallized structure with an average grain
size of 2.1 μm and a HAB fraction of 68.2% forms after
nine passes of multiaxial compression (last at t =
250°C) of the homogenized samples.

(3) It was found that the structure-forming mecha-
nism in the entire temperature range of the multiaxial
deformation of the Mg–0.8% Ca alloy is discontinu-
ous dynamic recrystallization.

(4) Microstructure refinement causes a significant
increase in the mechanical properties of the Mg–0.8%
Ca alloy. The yield strength of the deformed samples
increases by a factor of about 4 (to 199 and 193,
respectively), as compared to the initial as-cast and
homogenized states. The tensile strength of the
homogenized sample after multiaxial deformation is
308 MPa, and that of the as-cast sample is 264 MPa.
The relative elongation of the Mg–0.8% Ca alloy after
multiaxial deformation of both initial states increases
by more than two times.
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