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Abstract 

This article provides a report on the effect of multiaxial deformation (MAD) on the structure, texture, mechanical characteristics, and 
corrosion resistance of the Mg-0.8 (wt.)% Ca alloy. MAD was carried out on the alloy in the as-cast and the annealed states in multiple 
passes, with a stepwise decrease in the deformation temperature from 450 to 250 °C in 50 °C steps. The cumulative true strain at the 
end of the process was 22.5. In the case of the as-cast alloy, this resulted in a refined microstructure characterized by an average grain 
size of 2.7 μm and a fraction of high-angle boundaries (HABs) of 57.6%. The corresponding values for the annealed alloy were 2.1 μm 

and 68.2%. The predominant mechanism of structure formation was associated with discontinuous and continuous dynamic recrystallization 
acting in concert. MAD was also shown to lead to the formation of a rather sharp prismatic texture in the as-cast alloy, whilst in the case 
of the annealed one the texture was weakened. A displacement of the basal poles {00.4} from the periphery to the center of a pole figure 
was observed. These changes in the microstructure and texture gave rise to a significant improvement of the mechanical characteristics of 
the alloy. This included an increase of the ultimate tensile strength reaching 308 MPa for annealed material and 264 MPa for the as-cast 
one in conjunction with a twofold increase in ductility. A further important result of the MAD processing was a reduction of the rate of 
electrochemical corrosion, as indicated by a significant decrease in the corrosion current density in both microstructural states of the alloy 
studied. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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1. Introduction 

Magnesium alloys are widely used as structural materials
in aerospace, automotive, and consumer electronics, due to
their low density and high specific strength [ 1 , 2 ]. Magnesium
and its alloys have also been suggested as promising materials
for biomedical applications [ 3 , 4 ]. This is based on a range of
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heir favorable properties that include (i) a combination of low
ensity and relatively high strength, similar to that of corti-
al bone tissue, (ii) good biocompatibility, (iii) bioresorbabil-
ty, i.e., the ability to dissolve in physiological environments
5] . The latter property would eliminate the need for surgical
xtraction of an implant. In this context, magnesium alloys
re being widely explored for orthopedic implants, coronary
tents, fasteners, etc. [3-9] . 

A drawback of many magnesium alloys and pure magne-
ium is an excessively high biodegradation rate. Additionally,
heir strength is also often insufficient for some applications.
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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oth the corrosion rate and strength of magnesium can be
odified by suitable alloying and/or grain refinement. Cal-

ium (Ca), manganese (Mn), zinc (Zn), and zirconium (Zr),
re considered important alloying elements for biomedical
agnesium alloys since they are non-toxic for the human

ody and can reduce the biodegradation rate [9-10] . Recently,
agnesium alloys with rare-earth elements (Y, Nd, Gd) have

een examined with a view of using them for biomedical
urposes [ 11 , 12 ]. 

The properties of the alloys can also be tailored by con-
rolling their microstructure, for example, by refining the
rain size. The effective method of grain refinement down
o the ultra-fine grain (UFG) scale is severe plastic deforma-
ion (SPD) [13] . The most developed SPD methods include
igh-pressure torsion (HPT) [14-16] and equal-channel an-
ular pressing (ECAP) [17-20] ; the capacity of these meth-
ds to refine the structure of various metals and alloys was
emonstrated in a number of works. Yet there are limita-
ions to their upscaling aimed at large-scale production in
n industrial environment. Other SPD methods, more suitable
or industrial applications, are therefore of interest. One of
hese methods is multiaxial deformation (MAD), also known
s multi-directional forging (MDF) [21] . The possibility of
rain refinement in magnesium alloys by multiaxial deforma-
ion was demonstrated in [22-25] . 

In the present work, a binary low-alloyed Mg-0.8% (wt.%)
a alloy processed by MAD was examined. Alloying with
alcium is considered as a promising approach to develop-
ng Mg-based alloys for medical implants because it is an
ssential element for a number of vital body systems and,
n particular, for bone tissue. There is also evidence that Ca
an exhibit anticarcinogenic properties [26] . The main effect
f SPD on materials and its defining feature is a significant
ncrease in strength – usually at the expense of ductility. How-
ver, recently it was shown that SPD can simultaneously in-
rease both strength and the in-service performance of metal-
ic materials, such as wear resistance [27-29] , corrosion resis-
ance [ 30 , 31 ], cold resistance [32] , fatigue strength [33-35] ,
nd electrical conductivity [ 36 , 37 ]. A particular advantage of
AD as applied to Mg alloys is its ability to produce crys-

allographic texture favorable to their property profile. 
These considerations have guided us in our selection of the

lloy (Mg-0.8% Ca) and the process (MAD) for this study.
he effect of processing by MAD on the microstructure, tex-

ure, mechanical properties, and corrosion resistance of the
lloy is reported below. 

. Experimental 

Magnesium alloy Mg-0.8% (wt.%) Ca (henceforth desig-
ated as Mg-0.8% Ca alloy for simplicity) was melted in an
lectric resistance furnace in a metal crucible and cast in a
hick-walled steel mold heated to 150 - 200 °C to an ingot
f 40 mm diameter and 120 mm length. Specimens from the
lloy ingot were heat treated in a muffle furnace for 6 hours
t a temperature of 510 °C, and then quenched in water. After
eat treatment, two types of cylindrical billets for MAD pro-
essing were cut. Small billets (Ø10 mm × 14 mm length)
ere used for microstructure investigations, while large bil-

ets (Ø15 mm × 35 mm length) were used for mechanical
esting. 

The compression tests at a constant rate of 1 mm/min
ere conducted using an Instron 300LX hydraulic machine

quipped with a radial heating furnace at temperatures of
50 °С , 300 °С , 350 °С , 400 °С , and 450 °С . The samples were
eformed to 75% strain or to failure if it occurred at a lower
train. MAD was carried out using the same machine at con-
tant deformation rates of 1 or 2 mm/min for samples of
0 mm diameter and 14 mm length or 15 mm diameter and
5 mm length, respectively. The first pass of MAD was per-
ormed at a temperature of 450 °С ; a next pass and the follow-
ng ones were conducted at a temperature lowered by 50 °C.
ine passes in total were performed - the last one at a tem-
erature of 250 °C. Further decrease of MAD temperature
esulted in pronounced cracking of the specimens and was
herefore not pursued. Stress-strain curves were recorded dur-
ng each individual compression step and were used to deter-
ine the flow stress as a function of the deformation temper-

ture. The true strain per pass was roughly estimated as 2.5;
he cumulative true strain amounted to 22.5. Smaller samples
f the alloy (Ø10 mm × 14 mm) in annealed condition were
sed to investigate the microstructure evolution during MAD,
hile larger samples (Ø15 mm × 35 mm) of the alloy both

n the as-cast and the annealed conditions were used to study
he microstructure and the mechanical and corrosion proper-
ies after nine MAD passes. 

Specimens for metallographic examination were prepared 

y grinding the samples with gradual reduction of the pa-
er grit and final polishing using an O-PS (SiC) suspension.
fterwards, the specimens were etched using a mixture of
00 ml of ethanol, 5 g of picric acid, 5 ml of acetic acid,
nd 10 ml of distilled water. Metallographic examination of
he specimens was performed with an Olympus GX71 optical
icroscope. The average grain size was measured by the lin-

ar intersects method using the ImageScope software (Leica,
ermany). 
Further microstructure examination was carried out with an

EI Quanta 200 3D and a Nova NanoSEM 450 FEI scanning
lectron microscopes (SEMs) equipped with back-scattered 

lectrons (BSE), energy dispersive spectrometry (EDS), and
lectron back-scattered diffraction (EBSD) detectors. The 
IM Analysis 6.2 software was used for the EBSD analysis

nd data processing. In the orientation maps presented, high-
ngle boundaries ( θ > 15 °) and low-angle boundaries (2 ° <

< 15 °) are indicated by black and white lines, respectively.
For phase identification, a RIGAKU Ultima IV X-ray

iffractometer (XRD) with the CuK α radiation was used. The
exture in the longitudinal direction was examined with a
RON-7 X-ray texture diffractometer with the CoK α radi-

tion in the reflection mode by recording six incomplete pole
gures, {10.0}, {10.1}, {10.2}, {11.0}, {10.3}, and {00.4},
t a maximum inclination angle αmax = 70 ° at a step of 5 °
or the α and β angles (0-360 °), where α and β are the ra-
ial and azimuth angles on the pole figure, respectively. The
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Fig. 1. Microstructure of the Mg-0.8% Ca alloy in (a) the as-cast and (b) the annealed conditions (optical microscopy). 
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X-ray measurements were performed on a section parallel to
the last loading direction of MAD. The orientation distribu-
tion functions (ODFs) were reconstructed from the measured
pole figures by an approximation based on a large number
(1000) of Gaussian normal distributions [38] . 

The quantitative analysis of textures by the above approx-
imation method allowed evaluating the generalized Schmid
factors for effective deformation mechanisms in the material
under study. To evaluate the orientation factors, which de-
pend on the generalized Schmid factors, the following rela-
tions were used [39] : 

M i = 

1 

m i 
, (1)

where m i are the generalized Schmid factors for basal, pris-
matic, and pyramidal slip and twinning. They can be esti-
mated for a chosen deformation system and the texture of the
alloy from the relation: 

m i = 

p ∑ 

j=1 

m i j W j , (2)

where m ij is the Schmid orientation factor calculated for the
i- th slip system and j- th texture component, W j is the volume
fraction of the j- th texture component, and p is the number
of texture components. 

Tensile tests were performed using dog-bone shaped spec-
imens with a gauge length of 16 mm, width of 3 mm, and
thickness of 1.5 mm. Mechanical testing was performed on
an Instron-5882 machine. The tests were carried out at room
temperature with an initial strain rate of 1 × 10 

−3 s −1 . Three
tests per each condition were conducted. 

The corrosion resistance of the Mg-0.8% Ca alloy was
evaluated in a 0.9% NaCl solution (physiological solution,
pH = 7) at room temperature by the potentiodynamic po-
larization method [40] . This method reveals the occurrence
of corrosion and provides information about the reaction rate
[40] and is often used to study binary Mg-Ca alloys [ 41 , 42 ].
A VMP potentiostat equipped with an EC-Lab software (Bi-
oLogic) was used. A PAR flat cell (Princeton Applied Re-
search) with a three-electrode configuration (working elec-
rode, saturated calomel electrode, and platinum counter elec-
rode) was used for testing. Before potentiodynamic scanning,
he samples were preliminarily ground with abrasive papers
ith a gradual reduction in the grit size (from P800 to P2500)

nd cleaned with ethanol. Scanning was performed in a range
rom 100 mV below the previously measured open circuit po-
ential (OCP) to -1000 mV at a rate of 1 mV/s. Each sample
as scanned five times. Between the scans, the samples were
olished and cleaned. 

. Results 

.1. Microstructure of the Mg-0.8% Ca alloy 

.1.1. Structure of the alloy prior to multiaxial deformation 

Fig. 1 a shows an optical micrograph of the as-cast structure
f the Mg-0.8% Ca alloy. The structure comprises a magne-
ium matrix and particles that appear dark in the OM image
 Fig. 1 a). The average size of the matrix grains is 61 μm
ith a scatter from 18 to 165 μm ( Fig. 1 a). The particles

re located at grain boundaries and form a continuous layer
ith an average thickness of ∼1.1 μm. The volume fraction
f these particles was estimated at 1.5%. Second-phase parti-
les are also present inside the matrix grains. These are dis-
ributed rather uniformly and are either equiaxed or oblong.
heir characteristic size and volume fraction are ∼ 2.5 μm
nd 3.2%, respectively ( Fig. 1 a). According to the XRD data,
he second phase was identified as the intermetallic compound

g 2 Ca ( Fig. 2 a). The calcium content in the matrix in the as-
ast condition determined by SEM-EDS analysis was 0.29 ±
.03 wt.%. 

Fig. 1 b shows the microstructure of the Mg-0.8% Ca al-
oy after annealing treatment. The average grain size after
nnealing is seen to have risen to 95 μm with a scatter be-
ween 37 and 233 μm. The second-phase layer at the grain
oundaries has disappeared. Instead, rather coarse equiaxed
articles (with the average size of ∼2.5 μm) located on the
rain boundaries are seen. The volume fraction of these parti-
les is 1.5%. The presence of fine, homogeneously distributed
quiaxed particles with the average size of ∼0.3 μm and the
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Fig. 2. XRD patterns of the Mg-0.8% Ca alloy in (a) the as-cast and (b) the 
annealed conditions. 
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Fig. 3. Temperature dependence of the stress-strain curves for the Mg-0.8% 

Ca alloy under uniaxial compression in the as-cast (solid lines) and the an- 
nealed (dashed lines) conditions. 
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olume fraction of ∼1% populating the interior of the matrix
rains is observed ( Fig. 1 b). The results of the XRD analysis
 Fig. 2 b) also suggest that a certain amount of the intermetal-
ic Mg 2 Ca particles have dissolved during annealing – also
onfirmed by the increased calcium content in the matrix (to
.57 ± 0.04 (wt.%)), as determined by SEM-EDS. 

.1.2. Mechanical behavior of the Mg-0.8% Ca alloy during 

niaxial compression in the as-cast and the annealed 

onditions 
Fig. 3 shows the engineering stress-strain curves of the

lloy at different test temperatures in the as-cast and the an-
ealed conditions. The yield strength and the overall defor-
ation curves are lower for higher deformation temperatures.
he shape of the curves also changes. A prolonged strain
ardening stage is characteristic of the deformation in the
emperature interval of 250-300 ̊C in both structural states of
he material, but the character of strain hardening as reflected
n the shape of stress-strain curves is significantly different. At
igher temperatures (400-450 ̊C) a nearly steady state plastic
ow is observed after yielding. The annealed alloy exhibits a

ower yield point, but significantly higher flow stresses in the
train interval from 5-10% to 20-30%. At these high temper-
tures (400-450 ̊C) the differences between the deformation
urves of the annealed and the as-cast alloys nearly vanish. 

.1.3. Microstructure evolution during uniaxial compression 

Fig. 4 displays microstructures of Mg-0.8% Са in the as-
ast (a,c,e) and the annealed (b,d,f) states after uniaxial com-
ression at 250, 350, and 450 °C up to a strain of 75%. At
50 °C, the microstructure is inhomogeneous for both states
 Fig. 4 a, b). The initial grains are elongated in the defor-
ation direction and shear bands are visible, especially in

he annealed state. Fine recrystallized grains are clearly seen
long the boundaries of the initial grains and inside the shear
ands. The average grain size in the as-cast and the annealed
tate is, respectively, ∼ 2 μm and ∼ 0.8 μm. 

An increase in the deformation temperature to 350 °C is
een to give rise to an increase of the fraction of recrystallized
rains. Their average size rises to ∼ 6 μm in the as-cast
nd ∼ 3 μm in the annealed material ( Fig. 4 c, d). Further
ncrease in the deformation temperature to 450 °C leads to
he formation of a fully recrystallized microstructure with an
verage grain size of 23 μm and 20.5 μm and a large fraction
f high-angle grain boundaries (68.4 and 75.5%) in the as-cast
nd the annealed conditions, respectively ( Fig. 4 e, f). 

.1.4. Microstructure evolution during multiaxial 
eformation 

The EBSD IPF maps of the structure of the Mg-0.8% Ca
lloy in the annealed state after 1, 3, 5, 7, and 9 passes of
AD with a stepwise decrease of the deformation tempera-

ure (the first pass ending at 450 °C, the third at 400 °C, the
fth at 350 °C, the seventh at 300 °C, and the ninth at 250 °C)
re presented in Fig. 5 . Fig. 6 shows the average recrystal-
ized grain size as a function of the deformation temperature.
ote that optical microscopy returned grain size values very

imilar to those obtained by EBSD. Fig. 5 a demonstrates that
 non-homogeneous recrystallized structure in which regions
f relatively fine grains coexist with coarse grained regions
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Fig. 4. Microstructure after a compression test to 75% strain at 250 °C (a, b), 350 °C (c, d), and 450 °C (e, f) of the Mg-0.8% Ca alloy in the as-cast (a, c, e) 
and the annealed state (b, d, f). 
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have formed already after the first pass of MAD. The aver-
age grain of 17.7 μm determined after the first pass ( Fig. 6 )
dropped to ∼15.0 μm after three passes. At this stage, the
microstructure remained highly non-uniform ( Fig. 5 b). With
further straining, the trend of decreasing grain size with the
number of passes continues. The respective average grain size
values were 8.9, 3.4, and 2.1 μm after 5, 7, and 9 passes
( Fig. 6 ). The microstructure became noticeably more homo-
geneous, especially after 5 ( Fig. 5 c) and 9 ( Fig. 5 e) passes.
The fraction of high-angle boundaries (HABs) varied around
∼40-60% over the first 1-7 passes with an increase to 69.3%
after 9 passes. 

Fig. 7 illustrates the evolution of the second-phase parti-
cles in the Mg-0.8% Ca alloy during MAD with SEM-BSE
images. The micrographs show a clear picture of a bimodal
distribution of the particles with coarse, irregularly shaped
particles coexisting with fine round ones. The coarse parti-
cles seem to be largely unaffected by deformation, while both
the size and the fraction of the fine particles did evolve with
strain. The size of the coarse particles ( ∼3.5-4.5 μm) practi-
cally did not depend on the deformation temperature. Fractur-
ing of some particles after 9 passes (deformation at 250 °C)
(cf. e.g. Fig. 7 e, upper left corner) is to be mentioned. Fig. 8
shows the dependence of the average size of fine round par-
ticles and the fraction of both fine and coarse second-phase
particles on the temperature of MAD. The average size of
he fine particles was ∼0.6 μm after the first forging pass;
rom the third pass on it started to increase monotonically
nd reached a level of ∼1 μm after 9 passes. Concurrently,
he total volume fraction of the particles increased from 5.8%
fter 3 passes to 7.3% after 9 passes. 

The difference in the structure of the as-cast and the an-
ealed state can affect the formation of the microstructure
uring the MAD of large samples required for studying var-
ous characteristics of the alloy. Therefore, in analyzing the
bove data on the evolution of the structure of the annealed
lloy during the processing of large samples, the as-cast state
as also considered. Fig. 9 shows the EBSD orientation maps
f large samples taken in as-cast ( Fig. 9 a) and the annealed
 Fig. 9 b) conditions and then deformed by 9 MAD passes.
he structure of the alloy that was annealed and then MAD-
rocessed comprised grains with an average size of 2.1 μm.
he fraction of HABs was 68.2%. Note that the microstruc-

ures of the small and large samples of the annealed alloy
ere very similar (cf. Figs. 7 e and 9 b). A comparison of
ig. 9 a and b shows that the structure of the annealed and sub-
equently deformed alloy is more homogeneous than that of
he as-cast alloy. The occurrence of some coarse grains with
urved boundaries surrounded by necklaces of finer equiaxed
rains suggests incomplete recrystallization ( Fig. 9 a) as well
s a lower fraction of HABs, namely 57.6%. The average
rain size after MAD of the as-cast material was 2.7 μm. 
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Fig. 5. EBSD orientation maps of the annealed Mg-0.8% Ca alloy after (a) 1, (b) 3, (c) 5, (d) 7, and (e) 9 passes of multiaxial deformation. The color-coding 
key is given in Fig. 5 a. 

Fig. 6. Average grain size measured by optical microscopy (OM) and EBSD 

as a function of the multiaxial deformation temperature. 
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Table 1 
Main crystallographic orientations and their volume fractions in the Mg-0.8% 

Ca alloy after annealing. 

No. (hkil) < uvtw > ϕ1 � ϕ2 W 

1 ( 9 . 18 . ̄9 2 ) < 2 ̄1 ̄1 . 14 > 84 86 0 0.02 
2 ( ̄1 3 ̄2 8 ) < 2 ̄2 01 > 58 31 10 0.02 
3 ( ̄2 9 ̄7 . 17 ) < 0 ̄1 11 > 100 47 20 0.02 
4 ( 15 ̄6 . 12 ) < 10 . 195 > 139 38 40 0.02 
5 ( 59 . 14 . 16 ) < 1 ̄5 46 > 70 51 50 0.04 
6 ( 24 ̄6 3 ) < 1 ̄5 4. 14 > 82 76 50 0.02 
7 Non-textured component 0.86 
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Fig. 10 shows SEM-BSE images of the second-
hase particles in the Mg-0.8% Ca alloy in differ-
nt conditions. In the as-cast and deformed conditions
 Fig. 10 a) the Mg 2 Ca particles were often oblong, while in
he case of annealing performed prior to deformation the par-
icles were predominantly equiaxed. In the as-cast and then
eformed alloy the average particle size was 1.6 μm, but
ome larger particles with a size of up to ∼5 μm were also
ound ( Fig. 10 a). The volume fraction of the particles was
.1%. The annealed + MAD-processed alloy also contained
ome large particles ( Fig. 10 b), yet the average particle size
as considerably smaller ( ∼1 μm). The volume fraction of
he particles in this condition was 6.5%. 

.2. Texture of the Mg-0.8% Ca alloy 

.2.1. Texture of the alloy in the as-cast and the annealed 

onditions 
Fig. 11 a and b show the {00.4} and {10.0} pole fig-

res and the ODF sections for given Euler ( ϕ2 ) angles of
he alloy in the as-cast and the annealed conditions, respec-
ively. Table 1 presents the main components of the texture
f the annealed alloy. It is evident that in this condition
he texture is very weak. The fraction of the non-textured
onstituent is as high as 0.86. Weak preferential prismatic

( 9 . 18 . ̄9 2 ) < 2 ̄1 ̄1 . 14 > , ( 24 ̄6 3 ) < 1 ̄5 4. 14 > and deflected
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Fig. 7. SEM-BSE images of the annealed Mg-0.8% Ca alloy after (a) 1, (b) 3, (c) 5, (d) 7, and (e) 9 passes of multiaxial deformation. 

Fig. 8. Average particle size and the volume fraction of the second phase 
as a function of temperature of the multiaxial deformation of the annealed 
Mg-0.8% Ca alloy. 

 

 

 

 

 

 

 

 

Table 2 
Main crystallographic orientations and their volume fractions in the Mg-0.8% 

Ca alloy after MAD. 

Alloy state No. (hkil) < uvtw > ϕ1 � ϕ2 W 

As- 
cast 
state + MAD 

1 ( 48 . 12 . 1 ) < 7 ̄6 ̄1 8 > 55 87 50 0.10 
2 ( ̄1 2 ̄1 0 ) < 1̄ 012 > 119 90 30 0.04 
3 ( 06 ̄6 1 ) < 5 ̄3 ̄2 6 > 54 85 30 0.04 
4 ( 36 ̄9 1 ) < 3̄ 216 > 115 86 50 0.05 
5 Non-textured component 0.77 

Annealed 
state + MAD 

1 ( 38 . 11 . 13 ) < 12. 17 . 5 . 12 > 47 55 45 0.02 
2 ( ̄1 2 ̄1 3 ) < 11 . ̄6 ̄5 6 > 45 49 0 0.03 
3 ( ̄1 2 ̄1 2 ) < 7̄ ̄4 . 11 . 6 > 144 56 0 0.03 
4 ( ̄2 5 ̄3 4 ) < 5 ̄3 ̄2 5 > 55 64 5 0.02 
5 Non-textured component 0.90 

m  

w  

a  

(  

h  

T  

t  

a

3

 

t  
basal ( 59 . 14 . 16 ) < 1 ̄5 46 >, ( ̄1 3 ̄2 8 ) < 2 ̄2 01 > , ( ̄2 9 ̄7 . 17 ) <

0 ̄1 11 > orientations with a total fraction of 0.14 were also
detected (see Table 1 ). 

3.2.2. Texture after multiaxial deformation 

Fig. 11 c and d show the data on the texture of the as-
cast and the annealed samples after MAD. The quantitative
information is presented in Table 2 . MAD of the as-cast alloy
has resulted in the formation of relatively sharp prismatic tex-
ture ( Fig. 11 c), which is typical for magnesium alloys after
similar processing [22] . In this condition, the fractions of the
ain preferred orientations and the non-textured component
ere 0.23 and 0.77, respectively (see Table 2 ). MAD of the

nnealed alloy has produced a considerably different texture
 Fig. 11 d). On the {00.4} basal pole figure, the basal poles
ave moved from the periphery toward the pole figure center.
he texture has also become much weaker. The main orienta-

ions make up a total fraction of just 0.1, the rest (0.9) being
ssociated with the non-textured component. 

.3. Mechanical properties of the Mg-0.8% Ca alloy 

Fig. 12 shows the stress-strain curves obtained in uniaxial
ensile tests of the Mg-0.8% Ca alloy at room temperature.
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Fig. 9. EBSD orientation maps of the Mg-0.8% Ca alloy after 9 MAD passes: (a) as-cast + MAD-processed; (b) annealing + MAD-processed. The color-coding 
key is given in Fig. 9 a. 

Fig. 10. SEM-BSE images of the Mg-0.8% Ca alloy after 9 passes of multiaxial deformation; condition prior to deformation: (a) as-cast; (b) annealed. 

Table 3 
Room-temperature mechanical properties of the Mg-0.8% Ca alloy in differ- 
ent conditions . 

State YS, MPa UTS, MPa EL, % 

As-cast 51 97 4.1 
Annealed 50 78 3.0 
As-cast + MAD 199 264 9.4 
Annealed + MAD 193 308 7.2 
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he yield strength (YS), the ultimate tensile strength (UTS),
nd the elongation to fracture (EF) are given in Table 3 . In
he as-cast state, the alloy exhibits a low strength: the yield
trength and the ultimate tensile strength have the values of 51
nd 97 MPa, respectively. The ductility of the as-cast alloy is
lso low, the elongation to fracture being only 4.1%. A result
f annealing is some deterioration of mechanical properties;
or example, the UTS and the EF dropped to 78 MPa and
.0%, respectively. A similarity of the shape of the stress-
train curves, with a pronounced hardening stage, for both
he as-cast and the annealed alloy should be noted. 

MAD processing is seen to have a substantial effect on the
echanical behavior of the alloy ( Fig. 12 ). The stress-strain

urve exhibits a short, yet pronounced, hardening stage after
ielding, followed by a prolonged stage of nearly steady state
ow. It is also seen from Table 3 that both strength and duc-
ility rose owing to MAD treatment. For example, the yield
trength increased nearly fourfold and reached 193-199 MPa.
he elongation to fracture also increased and reached 7.2-
.4%. Note that unlike the unprocessed alloy, the annealed
aterial had a substantially higher UTS (308 MPa) than the

s-cast one (264 MPa). 

.4. Corrosion properties of the Mg-0.8% Ca alloy 

The alloy dissolution in 0.9% NaCl solution (physiologi-
al solution, pH = 7) is revealed in Fig. 13 , which shows the
erformance of the alloy in the as-cast and the annealed con-
itions before and after MAD from potentiodynamic polariza-
ion (PDP) results. As revealed by electrochemical corrosion
ate testing, a significantly improved corrosion resistance and
 reduced corrosion rate of the alloy was achieved by MAD.
or example, in the as-cast condition, the corrosion potential
f the alloy was -1,595 ± 11 mV, and the corrosion current
ensity was 190.61 ± 55.19 μA/cm 

2 ( Fig. 13 a). After MAD,
he respective values were -1,507 ± 18 mV and 103.63 ±
3.30 μA/cm 

2 . Similarly, the corrosion potential and the cor-
osion current density of the alloy in the annealed condition
-1,581 ± 12 mV and 237.30 ± 13.27 μA/cm 

2 , respectively)
 Fig. 13 b) were altered by MAD to -1,536 ± 9 mV and
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Fig. 11. The (00.4) and (11.0) pole figures and ODF sections for ϕ2 = const of the Mg-0.8% Ca alloy in different conditions. 
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123.36 ± 19.03 μA/cm 

2 ( Fig. 13 ). Note that the as-cast al-
loy had very similar corrosion characteristics before and after
annealing. the same remained valid after MAD ( Fig. 13 c). 

4. Discussion 

The present study has demonstrated that MAD can be ef-
ficiently used to refine the structure and alter the texture of
the Mg-0.8% Ca alloy in the as-cast and the annealed states.
Through this kind of processing, the mechanical and corro-
sion properties of the alloy can be improved. To establish the
best possible MAD processing conditions, hot compression
tests at various temperatures were performed ( Figs. 3 and 4 ).
It was found that compression at 250 ̊С - the lower end of
the temperature range considered - resulted in the formation
of very fine ( ∼1 μm sized) grains. However, the fraction of
recrystallized grains was low. To achieve a reasonably ho-
mogeneous structure, a deformation temperature of 450 ̊С is
required. Therefore, MAD processing was started at 450 ̊С ,
ollowed by a stepwise decrease of the deformation temper-
ture at each subsequent MAD pass, ending at 250 ̊C. Such
rocessing schedule enabled the production of the material
ith a homogeneous structure and the average grain size of
2-3 μm. 
Fig. 14 shows the dependence of the flow stress during

AD on the average grain size determined by optical mi-
roscopy and EBSD analysis. A linear relation with a line
lope of -1 was found. We hypothesize that this relation is
overned by two processes, discontinuous dynamic recrys-
allization (DDRX) and continuous dynamic recrystallization
CDRX), acting in concert. Indeed, DDRX is known to oper-
te in magnesium alloys at high temperatures, such as 450 °C
43] , whilst CDRX would set in at later deformation steps, as
he temperature is dropped to 250 °C [44] DDRX is repeti-
ive in nature. A recrystallized grain would undergo the stages
f hot work hardening and dynamic recovery anew, until a
ritical strain is reached again, after which a repeat recrys-
allization would occur. Thus, the population of recrystallized
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Fig. 12. Stress-strain curves for uniaxial tensile tests conducted at room tem- 
perature on the Mg-0.8% Ca alloy in different conditions: 1 - as-cast; 2 - 
annealed; 3 - as-cast + MAD; 4 – annealed + MAD. 

g  

o  

Fig. 14. Relationship between the flow stress after various MAD passes and 
the corresponding average grain size. The grain size was measured by optical 
microscopy (OM) and EBSD; both sets of data are presented. 

h  

F  

t  

F
(
c

rains will be comprised by grains that are at different stages
f microstructure evolution, and this will affect the fraction of
ig. 13. Polarization curves (potential E in volt with respect to a saturated calom
a) in the as-cast condition and after MAD and (b) in the annealed (homogenize
urrent density for the specimens with different processing histories are seen in (
igh-angle boundaries, as determined by the EBSD method.
or example, after the 5th pass of MAD a significant frac-

ion of the subgrain structure with low-angle boundaries was
el electrode (SCE) vs. current density j) in 0.9% NaCl solution (pH = 7): 
d) condition and after MAD. The values of the corrosion potential and the 
 с ). 
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observed within the recrystallized grains ( Fig. 5 c). By con-
trast, after the 9th pass, at the end temperature of 250 °C, a
well-recrystallized microstructure with the HABs fraction of
69.3% was formed ( Fig. 5 e). 

The presented results also permit evaluating the effect of
the initial condition (as-cast vs. annealed) on the structure
and properties of the alloy produced by MAD and/or uniaxial
compression. Note that the primary goal of annealing in the
present case was to dissolve Mg 2 Ca second-phase particles.
According to the equilibrium binary Mg-Ca phase diagram, as
much as ∼1.3 wt.% of Ca can be dissolved in a Mg-Ca solid
solution at 510 °C [45] . However, this goal was only partially
achieved, as no full dissolution of particles was attained. The
volume fraction of the particles decreased from 4.7% in the
as-cast condition ( Fig. 1 a) to 2.5% after annealing at 510 °C
for 6 hours and quenching ( Fig. 1 b). Partial dissolution of
Mg 2 Ca in the as-cast and the annealed conditions was accom-
panied with an increase of Ca concentration in the Mg-based
solid solution from 0.29 to 0.57 wt.%. A strong correlation
between the observed changes in the volume fraction of the
particles (a decrease by about one half) and nearly a doubling
of the Ca concentration in the Mg matrix was observed. Most
probably, an adjustment of the annealing conditions (in terms
of temperature and time) is required to completely dissolve
the particles. However, a further increase of the annealing
temperature is problematic since the solidus temperature of
the alloy is 516.5 °C [45] . Further work on establishing opti-
mal heat treatment conditions for the alloy is required, which
is beyond the scope of the current study. 

Although the alloy in the as-cast and the annealed condi-
tions contained different amounts of Mg 2 Ca particles prior to
MAD, the variations in the particle fraction after 9 passes of
MAD were insignificant: 7.1 and 7.3%, respectively ( Fig. 8 ).
However, the genesis of these particles was different. For the
as-cast alloy, the fraction of particles increased only from
4.7 to 6.1% after MAD. This means that the majority of the
particles were “inherited” from the initial as-cast condition,
where the particles were mostly coarse and irregularly shaped
( Fig. 7 a). By contrast, for the annealed condition, the MAD
resulted in gradual increase in the volume fraction of these
particles from 2.7 to 6.5-7.3%, i.e. by a factor of 2.4-2.7
( Fig. 7 ). It can thus be surmised that most of the particles
found in the annealed alloy after MAD processing have pre-
cipitated during deformation (and possibly also due to heating
to the deformation temperature). These particles were much
finer than the coarse particles that were found prior to de-
formation, although they exhibited pronounced growth during
deformation ( Fig. 6 ). As a result, the average particle size
was much lower in the annealed + deformed alloy, viz. 1.0
μm against 1.6 μm in the as-cast + deformed condition. 

The second-phase particles are known to have an effect on
the microstructure development in Mg matrix during MAD
[46] . DDRX involves migration of boundaries of new defect-
free grains toward the interior of older deformed grains [43] .
The particles can pin the moving boundaries via the well-
known Zener drag mechanism [47] . Following Zener’s orig-
inal consideration, the pinning pressure P Z on a boundary
aused by homogeneously distributed spherical particles can
e expressed as: 

 Z = 3 γ
F y 

d 

, (3)

here γ is the boundary surface energy per unit area, and F y 

nd d denote the volume fraction and the size of the dispersed
articles, respectively. 

As the particles in the annealed condition were finer and
et had similar volume fractions to those in the as-cast state
t the most deformation temperatures ( Fig. 7 ), the pinning
ressure in the annealed state should have been greater. The
igher pressure is likely to be the reason for the finer grain
ize of the annealed alloy after MAD in comparison with the
s-cast condition (2.1 and 2.7 μm, respectively, see above).
he presence of finer, more homogeneously distributed par-

icles ( Fig. 9 ) can also be the reason for more recrystallized
tructure with a greater fraction of HABs in the annealed
lloy ( Fig. 8 ). On the other hand, coarse ( > 1 μm) particles
an potentially accelerate recrystallization due to the so-called
article-stimulated nucleation (PSN) [47] , i.e. formation of
pecific deformation zones around particles that can serve as
referential nucleation sites for new grains. However, in the
resent case no evidence for PSN was found in our experi-
ents ( Figs. 3 , 5 , 8 ). 
We should mention some inconsistencies between the mi-

rostructures observed in the Mg-0.8% Ca alloy after MAD
nishing at 250 ̊C and uniaxial compression at 250-350 ̊C.
hile after MAD the effect of the initial condition (either as-

ast or annealed) was insignificant ( Fig. 9 ), distinctly different
icrostructures strongly influenced by the initial conditions
ere observed after uniaxial compression ( Fig. 4 a-d). This
as not the case for compression at 450 ̊С , which produced
uite similar structures for the two initial states ( Fig. 4 e, f).
herefore, it can be conjectured that the differences in the

nitial structures were removed during initial stages of MAD.
his is at variance with the microstructure evolution and me-
hanical behavior of the alloy during uniaxial compression at
50-350 ̊C, which was affected by the initial microstructural
tate. Most probably, the effect is related to the difference in
he concentration of Ca in α-Mg matrix and/or the volume
raction of the second-phase particles in the as-cast and the
s-annealed material. Further studies are required to establish
he exact reason for the mentioned differences, which, again,
re beyond the scope of the present paper. 

The present investigation of the mechanical properties
f the Mg-0.8% Ca alloy showed that the ultimate tensile
trength in the as-cast state was higher than that in the an-
ealed one. After MAD, the UTS of the initially annealed
amples was higher ( Table 3 ). The fact that the ultimate ten-
ile strength in the as-cast state is higher than in the annealed
ne can be explained by finer grains (61 μm vs. 95 μm) and
 greater volume fraction of the particles (4.7% vs. 2.5%) in
he former condition. The reversal of the tensile performance
fter MAD, i.e. the observation that the tensile strength of
he as-annealed material was higher than that of the as-cast
ne can be associated with a smaller grain size (2.0 μm vs.
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Table 4 
Orientation factors for main slip systems and the { 10 ̄1 2 } < 10 ̄1 1 > twinning 
systems of the Mg-0.8% Ca alloy. 

State Basal Prismatic Pyramidal Twinning 

As-cast 4.558 4.981 4.600 4.624 
Annealed 4.507 4.790 4.796 4.885 
As-cast + MAD 6.259 3.960 5.235 5.118 
Annealed + MAD 4.595 4.651 5.494 5.980 
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.7 μm) and a higher volume fraction of the particles (6.5%
s 6.1%) in the latter. 

The ductility of magnesium alloys is generally strongly
ependent on texture. The analysis of the orientation fac-
ors of the as-cast alloy after MAD has revealed a signifi-
ant weakening of the activity of basal slip, pyramidal slip,
nd twinning in the { 10 ̄1 2 } < 10 ̄1 1 > system with the con-
omitant activation of intense prismatic slip ( Table 4 ). By
ontrast, MAD of the annealed alloy activates the basal slip
nd, to a degree, weakens the activity of prismatic slip. The
orresponding orientation factors for these slip systems be-
ome close, and plastic deformation occurs mainly by basal
nd prismatic slip. Such changes in the orientation factors
re most likely caused by the occurrence of preferred orien-
ations of dynamically recrystallized grains. The emergence
f these preferred orientations is associated with the precipi-
ation of second-phase particles due to the decomposition of
he supersaturated solid solution after MAD of the annealed
lloy. A higher tensile elongation after MAD of the as-cast
lloy compared to the annealed one was recorded. This can
e explained by a lower concentration of particles in the for-
er case. A further factor is the activation of the prismatic

nd pyramidal slip as well as twinning in the as-cast alloy.
heir combined effect turns out to outperform the effect of

he basal slip activation after MAD of the annealed alloy. In
ummary, it can be stated that the MAD processing of the
g-0.8% Ca both in the as-cast state and in the annealed

ondition gives rise to a substantial increase of both strength
nd tensile ductility of the alloy. 

There are conflicting reports on the effect of SPD on the
orrosion characteristics of Mg alloys. On the one hand, an
ncrease of the corrosion resistance of Mg and its alloys after
CAP or MAD treatment was reported in a number of pub-

ications [ 31 , 48-50 ]. On the other hand, a negative effect of
PD on the corrosion resistance was reported in [ 51 , 52 ]. Note

hat better corrosion characteristics were obtained in tests per-
ormed in environments with a low concentration of Cl − ions,
hereas an increase in the Cl − concentration has led to the
pposite behavior [51] . This might be an indication that the
ormation of a protective layer on the surface of the UFG
agnesium alloys might be at play. Such a layer would likely

rovide protection only against non-aggressive environments 
ith a low Cl- concentration [51] . 
The effect of grain size in UFG Mg-based alloys on their

orrosion rate was investigated in several studies [52-54] .
enerally, a finer grain structure leads to a lower corrosion

ate in less aggressive environments. It was also found that
hemical inhomogeneity, as well as the evolution of the vol-
me fraction and spatial distribution of intermetallic particles
uring SPD can strongly affect the corrosion resistance [49] .

In our case, an increase in the corrosion resistance and a
ecrease in the corrosion rate in an 0.9%NaCl solution after
AD of the alloy can be attributed to a significant grain re-

nement, an increase in the uniformity of the distribution of
icrostructure constituents, and the ensuing decrease of the

roclivity for pitting nucleation. An increase of corrosion re-
istance may also be associated with a decrease in the surface
oughness due to the grain refinement in the samples. The
orrosion resistance of the MAD-modified material is further
mproved over that of the unprocessed one owing to a more
venly distributed fine Mg 2 Ca particles. A factor contribut-
ng to the corrosion properties of SPD processed materials is
 large number of crystal lattice defects accumulated in the
ourse of deformation. Usually these defects are detrimental
o the corrosion resistance. Discontinuous dynamic recrystal-
ization is known to reduce the defect density [43] , which
ay have a positive effect on the corrosion resistance of the

lloy. 
It should be noted again that the corrosion potential and

he current density in both pre-MAD states of the alloy con-
idered were the same within the error of measurement. This
ay stem from similar microstructures of the alloy in the

s-cast and the as-annealed states. In both states, the mi-
rostructure comprises a magnesium-based solid solution and
he Mg 2 Ca phase, which is distributed relatively evenly both
t the boundaries and in the grains. The structures differ only
n the amount of the Mg 2 Ca phase, which is slightly lower af-
er homogenization by annealing. MAD leads to an increase
n the corrosion potential and a reduction of the corrosion
urrent density, which is tantamount to an increase of the
orrosion resistance and a drop of the degradation rate. These
haracteristics of corrosion were found to be nearly the same,
ithin the experimental error, for both initial states. This sim-

larity of the corrosion characteristics can be explained by the
imilarity of the MAD-induced microstructures, as quantified
y the respective grain sizes of 2.0 and 2.7 μm, Mg 2 Ca parti-
le sizes of 1.0 and 1.6 μm, and the Mg 2 Ca volume fractions
f 6.5 and 6.1%. 

Table 5 shows the results of comparison of the mechanical
roperties and corrosion resistance of the Mg-0.8%Ca alloy
btained in the current work with the properties previously
btained using other treatments of the Mg-(0.8-1)%Ca alloys.

Thus, the corrosion potential of the as-cast Mg-0.8%Ca
lloy noticeably exceeds the corrosion potential of the MAD-
reated alloy and amounts to -1.73 ± 0.01 V, while the cor-
osion current density of the last one is higher [55] . At the
ame time, the corrosion resistance of the extruded Mg-0.79%
a alloy is close to the values obtained after MAD (-1.59 V
nd 99.8 μA/cm 

2 for the corrosion potential and the current
ensity, respectively). However, it should be noted that the
ltimate tensile strength of the extruded Mg-0.79%Ca alloy
as appreciably lower than the strength of the MAD-treated
g-0.8% Ca alloy (in both initial states) [58] . It is also note-
orthy that the corrosion potential of the alloy obtained in the
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Table 5 
Comparison of mechanical properties and degradation rate of bioresorbable Mg–Ca alloys. 

Alloy YS, MPa UTS, MPa EL, % Electrolyte solution Corrosion potential, V Current density, μA/cm 

2 Reference 

Mg-0.8% Ca, 
As-cast + MAD 

199 264 9.4 0.9% NaCl solution -1.507 ± 18 (SCE) 103.63 ± 23.30 Present 
study 

Mg-0.8% Ca, 
Annealed + MAD 

193 308 7.2 -1.536 ± 9 (SCE) 123.36 ± 19.03 

Mg-0.8% Ca, As-cast - - - Hanks’ balanced salt 
solution 

-1.73 ± 0.01 (SCE) 50 ± 10 [55] 

Mg-1%Ca, ECAP 110 200 7 - - - [56] 
Mg-1%Ca, HPT 229.4 ±7.6 315.6 ±20.7 1.6 ±0.3 - - - [57] 
Mg-0.79%Ca, 
Extrusion 

- ∼195 - Hanks’ solution ∼-1.59 (SCE) 99.8 [58] 

Mg-1%Ca, As-cast ∼40 71.38 ±3.01 1.87 ±0.14 SBF ∼-1.89 (SCE) - [59] 
Mg-1%Ca, Hot 
Rolling 

∼125 166.7 ±3.01 3 ±0.78 ∼-1.93 (SCE) - 

Mg-1%Ca, Hot 
Extrusion 

∼130 239.63 ±7.21 10.63 ±0.64 ∼-1.75 (SCE) - 

Mg-1%Ca, Extrusion 185.1 ±3.0 239.3 ±10.0 19.5 ±2.6 Hanks’ solution −1.65 ±0.02 
(SCE) 

8.45 ±1.61 [60] 
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present study is the lowest compared to the corrosion potential
of the Mg-0.8% Ca and Mg-1% Ca alloys processed by ex-
trusion and hot rolling, although the corrosion current density
slightly exceeds the previously obtained values [58-60] . At
the same time, the strength values obtained by the combined
treatment (annealing + MAD) are close to the values obtained
previously on the Mg-1% Ca alloy by high-pressure torsion.
The greatest benefit of MAD processing was the enhanced
tensile ductility of the Mg-0.8%Ca alloy. It outperformed the
HPT-treated Mg-1% Ca alloy in terms of tensile elongation
by far (7.2% and 1.6 ±0.3%, respectively) [57] . 

To sum up, the results of the current study showed that
MAD can be effectively utilized to refine the microstructure
of the Mg-0.8% Ca alloy, which is regarded to be promising
for biomedical applications. The MAD-induced microstruc-
tural changes improve the mechanical characteristics (strength
and ductility) of the alloy, as well as its corrosion resistance
in NaCl solution. The resulting microstructures and proper-
ties of the alloy were found to be somewhat sensitive to its
initial state (as-cast or as-annealed) prior to MAD. The ob-
served effect was mostly attributed to dynamic precipitation
of second-phase particles in the annealed alloy. The findings
obtained provide valuable guidance for development of pro-
cessing routes for this and other biomedical Mg alloys in a
quest for attaining advanced mechanical and functional prop-
erties. 

5. Conclusions 

1. The multiaxial deformation (MAD) of the annealed Mg-
0.8% Ca alloy with stepwise drops of temperature be-
tween the MAD passes was shown to produce a refined
microstructure amenable to improved mechanical and cor-
rosion performance of the alloy. 

2. The principal mechanism responsible for the structure for-
mation during MAD of the Mg-0.8% Ca alloy in the tem-
perature range involved in the multi-pass processing (450-
250 °C) was associated with dynamic recrystallisation –
both continuous and discontinuous. This assertion is still
hypothetical and calls for further investigation. 

3. No texture was present in the as-cast alloy. Annealing re-
sulted in the formation of a weak texture of the prismatic
and deflected basal types with a total fraction of 0.14.
MAD of the as-cast alloy led to the formation of a rather
sharp prismatic texture with the fraction of the main ori-
entations of 0.23. After MAD of the annealed alloy, the
{00.4} basal poles moved from the periphery to the center
of the pole figure and the sharpness of the maxima became
weaker. The fraction of the non-texture component rose to
0.9. 

4. The microstructure refinement by MAD was accompanied
with a substantial improvement in the mechanical prop-
erties of the Mg-0.8% Ca alloy. Thus, the yield strength
increased by a factor of ∼4, to 193-199 MPa. The ulti-
mate tensile strength after MAD of the annealed material
reached 308 MPa, while that of the as-cast and subse-
quently deformed one was 264 MPa. The ductility, as de-
termined by tensile elongation, also rose by a factor of ∼
2, to 7.2-9.4 %. 

5. Within the measurement error, the corrosion potential and
the corrosion current density of the as-cast and annealed
samples of the Mg-0.8% Ca alloy, measured by the po-
tentiodynamic polarization method, were nearly the same.
MAD was found to improve the corrosion resistance con-
siderably, along with a reduction of the corrosion rate. 

6. As an overall takeaway conclusion, it can be asserted that
MAD processing of Mg-0.8% Ca leads to a favorable com-
bination of mechanical and corrosion properties, which
qualifies the alloy as a candidate for applications in re-
sorbable medical devices. 
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