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HIGHLIGHTS GRAPHICAL ABSTRACT

¢ A new magnesium-based nanocomposite
is developed by friction stir processing
(FSP).

e Akermanite ceramic particles are used
as reinforcing agents.

e Mechanical properties are enhanced due
to grain refinement by FSP.

o Corrosion resistance is enhanced due to
particle fragmentation and
redistribution.

e Improved biocompatibility is observed
due to the positive effects of
Akermanite.

ARTICLE INFO ABSTRACT

Keywords: In the present research, a composite with a magnesium alloy (WE43) as the matrix and Akermanite as the
Magnesium bioactive and reinforcing agent was fabricated by friction stir processing (FSP), resulting in a microstructure with
Akermanite

uniformly distributed fine grains, second-phase particles and micro-sized Akermanite particles. The effect of an
addition of Akermanite to the alloy on the mechanical properties and corrosion resistance of the resulting
composite was investigated. The compressive strength and ductility of the composite were found to be signifi-
cantly higher than those of the monolithic WE43 alloy. The value of yield strength of the WE43 sample increased
from 75 MPa up to 119 and 225 MPa for WE43-6P and WE43-A-6P samples, respectively. Also, the value of the
ultimate compressive strength of the WE43 sample increased from 210 MPa up to 240 and 362 MPa for WE43-6P
and WE43-A-6P samples, respectively. The value of elongation for WE43, WE43-6P, and WE43-A-6P samples
were 4.5%, 16%, and 22%, respectively. The EIS test showed that the corrosion mechanism of WE43 sample is a
combination of localized pitting and uniform corrosion, which shifted towards more uniform corrosion with
higher corrosion resistance by applying FSP and adding Akermanite powder. The potentiodynamic polarization
and in vitro immersion tests confirmed this finding, as evidenced by the increase in polarization resistance from
0.192 for the monolithic WE43 alloy up to 0.339 and 0.609 kQ/cm? for WE43-6P and WE43-A-6P samples,
respectively. The mass loss rate of the WE43 sample decreased from 20.82 to 10.13 mm per year for the WE43-A-
6P sample after 312 h immersion in SBF solution. All tests approved that by applying FSP and adding Akermanite
to WE43, the corrosion resistance in the SBF solution could be significantly enhanced.
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1. Introduction

Magnesium is a unique material for biomedical applications in view
of its biocompatibility, biodegradability and high strength to density
ratio. Considerable similarities of magnesium and its alloys to natural
bone in mechanical properties and density, as well as their contributions
to bone growth, have made magnesium an interesting candidate for
orthopedic applications [1,2]. Human bone has a density of 1.8-2.1 g/
cm?® and elastic modulus of 3-20 GPa, being quite close to those of
magnesium alloys, i.e., 1.74 t0 2.9 g/cm® and 41-45 GPa, respectively
[3]. This contracts the currently used orthopedic materials, such as ti-
tanium having a density of 4.4-4.5 g/cm® and elastic modulus of
110-117 GPa [4,5].

In addition to the mechanical properties, biodegradability is an
extremely important merit of magnesium and, therefore, magnesium has
attracted a lot of interest in recent years in developing metallic biode-
gradable medical devices, e.g., fracture fixation devices. On the other
hand, biodegradation also means the deterioration of mechanical
properties during the service time of such devices when damaged tissue
heals by itself, accompanied by rapid hydrogen gas release. This may
lead to the destruction of adjacent tissues. Like most of other metals in
an aqueous medium, a protective layer of M(OH)n is formed, which is an
insoluble protective layer of Mg(OH); in the case of magnesium, thereby
reducing the corrosion rate. Because of the presence of a high concen-
tration of chloride in body fluids (approximately 150 mmol/1), Mg(OH),
will be degraded and converted into soluble MgCl,, which results in
unsuspended corrosion. Also, the MgO layer could be formed and act as
protective film [6-11]. An addition of rare earth (RE) elements to
magnesium has shown to have significant strengthening and
anti-corrosion effects and therefore the alloying approach has been
extensively taken to develop new biomaterials for orthopedic applica-
tions [12,13]. This approach however does not render solution to the
weak bioactivity of magnesium, but making biocompatibility a more
complex issue.

Adding bioactive ceramic powders like SiC [14,15], ZnO [16], Har-
dystonite [17], hydroxyapatite [18,19] etc., to magnesium is a less
explored approach to enhance corrosion resistance and bioactivity
simultaneously. In the field of bio-ceramics for bone tissue engineering,
calcium silicate-based bio-ceramics have in recent years received a lot of
attention because of their ability to promote osteoblast proliferation and
differentiation relative to calcium phosphate-based bio-ceramics [4-6,
20]. Among the silicate-based bio-ceramics, Akermanite has been found
to have the most suitable release ratio of calcium, silicon, and magne-
sium ions into the body fluid, thereby playing an important physiolog-
ical role in bone metabolism. Akermanite has been used as a coating on
metal implants or bone tissue engineering scaffolds [20-22].

Friction stir processing (FSP), based on the principles of friction stir
welding, is a relatively new method for material processing and for the
fabrication of surface composites. Because the process involves severe
plastic deformation, FSP of metals often results in significant grain
refinement and enhanced physical and mechanical properties [17,
23-30]. When FSP is applied to fabricate composites, additional benefits
can be gained [31,32]. During FSP, severe plastic deformation results in
stirring and vigorous plastic flow, facilitating the even distribution of
reinforcing particles, in addition to heat generation causing dynamic
recrystallization and significant grain refinement. By increasing the
number of FSP passes, the uniformity of the particles in the following
FSP passes increases, which is a reason for the enhancement of nucle-
ation locations for new grains and inhibition of the grain growth. The
process of FSP affects the microstructure and thickness of heterogeneous
layers [14,33,34]. Recently, this technique has been successfully applied
to create surface composites with fine-grained microstructures [15,
35-38]. In the preceding research of the authors [23], it was found that
severe plastic deformation during the FSP process caused redistribution
of second-phase particles in the magnesium alloy WE43, in addition to
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significant grain refinement. By increasing FSP passes and resultant
strains, the corrosion resistance and mechanical properties of the alloy
were significantly improved [13,14,25,39,40].

The present research was aimed at enhancing the corrosion resis-
tance and mechanical properties of the WE43 magnesium alloy further.
To this end, Akermanite particles were added into the WE43 alloy to
form a WE43-A composite. In addition to the characterization in
microstructure and mechanical properties, the corrosion behavior of the
fabricated composite was investigated by performing electrochemical
impedance spectroscopy (EIS), potentiodynamic polarization (PP) and
in vitro immersion tests.

2. Materials and experimental procedures

The WE43 magnesium alloy with the chemical composition given in
Table 1 was used as the base material for preparing composite samples.
An Akermanite (CapMgSizO7) powder was used as the bioactive and
reinforcing agent. To minimize agglomeration of particles, the powder
was dried, followed by dispersion in ethanol with the help of an ultra-
sonic stirrer.

FSP was conducted on the plate samples with a width of 50 mm and a
length of 140 mm after annealing at 440 °C for 3 h. For inserting
Akermanite particles into the WE43 plate, a groove with a width of 1
mm and a depth of 2 mm was machined along the length of the plate.
The samples were cleaned, washed with soap and then degreased with
acetone for 30 min and dried by blowing warm air. A schematic illus-
tration of applied FSP and dimensions of FSP tool are shown Fig. 1. After
inserting Akermanite particles into the groove, the groove was capped
by a flat pin-less cylindrical tool with a diameter of 15 mm.

FSP was carried out using a tool with a shoulder diameter of 15 mm,
a pin height of 2.5 mm and a pin diameter of 3.5 mm. The tool moving
speed was 107 mm/min and the rotational speed was 1180 rpm [30,41].
The FSP process was repeated up to six passes, which was expected to
lead to a uniform distribution of Akermanite particles in the composite.
The schematics of process procedure is presented in Fig. 2. In this paper,
the sample prior to FSP, the sample with six passes FSP and sample with
six passes FSP + Akermanite powder are named WE43, WE43-6P and
WE43-A-6P, respectively.

A TESCAN VEGA/XMU scanning electron microscope (SEM) was
used to confirmed the sizes and morphology of Akermanite particles.
SEM samples were ground to grit 1500 SiC sandpaper and polished.
Subsequently, the samples were electro-etched in a 300 ml HNO3 + 700
ml CoHsOH solution at 20 V and —35 °C. A HUVITZ HR3-TRF-P optical
microscope (OM) and SEM equipped with an energy dispersive spec-
trometer (EDS) were used to investigate the microstructures of WE43,
WE43-6P and WE43-A-6P samples. To reveal the microstructures in OM,
samples were polished and etched in a reagent solution of 5 ml acetic
acid +5 g picric acid +100 ml ethanol +10 ml distilled water. The grain
structures of the samples were examined with an electron backscatter
diffraction (EBSD) detector attached to the Philips XL30S FEG-SEM. The
average grain size was determined using ImageJ analyzer. A DRON-8 X-
ray diffractometer (XRD) with copper Ka radiation at 40 KV and 30 mA
was used for the characterization of the Akermanite powder.

To evaluate the mechanical properties, uniaxial compression tests
were conducted, according to the ASTM E9 standard. Cylindrical spec-
imens with a diameter of 2 mm and a height of 3 mm were machined
along the length. Before the tests, to minimize surface roughness and
thus friction between the specimen and tool, both end sides of the
specimens were mechanically polished. The tests were performed with a
50 kN SANTAM universal tensile/compression machine at a crosshead

Table 1
Chemical composition of the WE43 magnesium alloy used in this study.

Element Mg Zn Y Zr Sc Nd Gd

Wt. % Balance 0.08 3.72 0.41 1.47 2.13 1.11
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speed of 0.5 mm/min.

Electrochemical Impedance Spectroscopy (EIS), Potentiodynamic
Polarization (PP) and in vitro immersion tests were conducted by using
an EG&G potentiostat-galvanostat device (model VersaSTAT4). A three-
electrode cell with the sample as the working electrode, saturated
calomel electrode (SCE) as the reference electrode and a platinum rode
as the counter electrode is shown in Fig. 3. Before performing electro-
chemical analysis, all the samples with 10 mm? surface area were
immersed in the simulated body fluid (SBF) solution for 20 min for
stabilization. The electrochemical tests were performed at ambient
temperature and repeated three times. The EIS tests were performed
according to the ASTM B457-67 standard over an applied frequency
range of 0.01-10° Hz at a 10-mV amplitude. The obtained results were
fitted using the ZSimpWin 3.21 software. The potentiodynamic polari-
zation tests were carried out, according to the ASTM G102-98-E1 stan-
dard at —250 mV below open circuit potential (OCP) up to reference
electrode potential (SCE) at a scan rate of 1 mV/S. To investigate the
corrosion behavior of the deformed Mg and the FSPed composite in
physiological environments, in vitro immersion tests in SBF were con-
ducted according to ASTM G31-72. Samples were in disc form with a
dimeter of 1 cm and a thickness of 2 mm. During the immersion tests,
samples were placed inside an incubator at 37 °C. After the immersion
testes at different time points up to 312 h, the samples were washed with
water, dried in air and weighed with +0.001 g accuracy. The samples
were cleaned using a solution composed of 180 g/L chromic acid and 2 g
AgNOs3 to remove corrosion products, while leaving the samples intact.
The samples were then weighed again to calculate the actual weight
losses that had occurred during the immersion tests.

3. Results and discussion
3.1. Characteristics of the starting materials

Fig. 4 shows the microstructure of the as-annealed WE43 sample
prior to FSP. It can be observed that the structure of the WE43 sample
that had been annealed at 440 °C for 3 h was fully recrystallized with
approximately equiaxed coarse grains. This could be attributed to the
sufficiently high annealing temperature for long time, resulting in grain
growth to values between 10 and 40 pm according to ASTM E112.
Second-phase particles had a blocky and rode-like morphology, situated
close to and along the grain boundaries. The secondary phase particles
in this alloy are most likely included Mg-RE and Mg-Nd particles which
form during solidification [42].

Applied
Axial Force

Extracted
samples for

analysis
Base Metal

\0“ The Groove to add the
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Fig. 5 presents an SEM image and XRD pattern of the Akermanite
powder. It is clear that the range of Akermanite particle sizes were be-
tween 1 and 3 pm, particle sizes were quite similar to each other and
particles had a spherical morphology. The XRD pattern of the Aker-
manite powder was in agreement with that of pure Akermanite standard
powder (JCPDS: 01-077-1149 card), confirming the phase composition.

3.2. Microstructure of the matrix alloy after FSP

An overall OM macrograph showing the structures across different
zones of the FSP WE43 sample is presented in Fig. 6 (a). This image was
captured on the cross section of the sample normal to the pin-moving
direction. A number of zones that are well-known in the FSP material,
i.e., stir zone (SZ), thermomechanically affected zone (TMAZ), heat-
affected zone (HAZ) and the base metal were all observed. To illus-
trate the zones, SZ was separated by a black dash line from the other
zones. It can be seen that the depth of SZ was about 4 mm.

An EBSD image showing the grain structure in the SZ of the FSP
WE43 alloy after six passes of FSP is presented in Fig. 6 (b). The average
grain size was reduced from 18 to 2.5 pm, which indicated significant
grain refinement because of dynamic recrystallization imposed by se-
vere plastic deformation during FSP. As a result of applied deformation
in the SZ zone, the density of dislocations increased. Indeed, generated
heat due to friction between pin and magnesium matrix gives an op-
portunity to the dislocations to move and produce low angle grain
boundaries. The misorientation angle of formed grain boundaries is less
than 15 °, and by performing more severe plastic deformation during
FSP, the misorientation angle increases, and low angle grain boundaries
convert to high angle grain boundaries, and, consequently, grain
refinement occurs, and new grains form [43,44]. More applied severe
plastic deformation in the SZ zone leads to an increment in the density of
dislocations and also intensified dynamic recovery and recrystallization.
Therefore, intensified dynamic recrystallization plays a crucial role in
making finer grains. In addition, higher applied severe plastic defor-
mation due to higher flow velocity of the strain and subsequently higher
dislocation density causes improvement of dynamic recovery and
recrystallization and fabrication of smaller grains [34,43].

The grains were fully equiaxed, of similar sizes, and showed a
random orientation distribution in the EBSD image and the inverse pole
figure, all of which indicated the occurrence of dynamic recrystalliza-
tion (DRX) during.

Considering the low stacking fault energy (SFE) of magnesium and
the observed grain structure characteristics, these recrystallized grains

akermanite powder I

“ Compression

| test sample

Fig. 1. Schematic illustration of FSP, the position of sample extraction and the dimensions of FSP tool.
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were most likely formed through discontinuous dynamic recrystalliza-
tion (DDRX) [45-48].

An SEM micrograph is given in Fig. 6 (d), showing the grain structure
and second phase particles in FSP WE43 sample. By comparison with
Fig. 4 showing coarser grains and many second-phase particles inside
the grains and at the grain boundary regions in the as-annealed alloy,
Fig. 6 clearly manifests the simultaneous occurrence of grain refinement
and second-phase particle fragmentation and redistribution during FSP.

3.3. Distribution of Akermanite particles in the Mg-A composite

Fig. 7 shows the distribution of Akermanite particles in the stir zone
(SZ) of WE43-A-6P sample and corresponding elemental distribution
maps. It can be seen that the elements composing the Akermanite
powder, i.e., Ca, Si, Mg and O, all appeared in the elemental distribution
maps. In addition, many particles containing higher concentrations of
Ca, Si, Mg and O, were found in these maps. These particles appeared to
be agglomerated Akermanite particles. Agglomeration and clustering of
Akermanite particles could occur either prior to or during FSP and might
have negative influences on the mechanical properties and corrosion
resistance of the composite, which could not be ascertained. Less
agglomeration of Akermanite powder means a more uniform distribu-
tion on the matrix. Agglomeration may occur when particles are accu-
mulated in some part of the SZ zone. To eliminate agglomeration of
Akermanite, the powder was dispersed with ethanol and used six passes
FSP to achieve better distribution. Agglomeration could lead to pores
and increase inter-particles space, which could leave a negative effect on
strength and corrosion resistance [33]. On the other hand, as long as the
agglomerated Akermanite particles were uniformed distributed, the
negative influences might not be great, as they would result in smaller
interface areas between ceramic particles and the a-Mg matrix, which
tended to be the preferred sites of crack initiation and corrosion attack.
The presence of uniformly distributed agglomerated Akermanite parti-
cles led to the formation of a spread passive layer, which acted as
effective barriers to corrosion reactions, especially localized corrosion
reactions. The corrosion mechanisms will be explained in next
subsections.

3.4. Corrosion resistance of the Mg-A composite

3.4.1. EIS characteristics

Fig. 8 presents the Nyquist, bode and bode phase diagrams of WE43,
WE43-6P and WE43-A-6P samples in the SBF solution. Fig. 9 shows the
equivalent circuit for the samples after fitting the experimental data
with the ZSimpWin 3.21 software. From the Nyquist diagrams and
equivalent circuit, it is apparent that there are two capacitive loops in
the high and medium frequency ranges and one inductive loop in the
low frequency domain. The capacitive loops are the indicators of uni-
form corrosion, while the inductive loop is an indicator of absorbed
species or localized pitting corrosion. The electrochemical behavior of
the protective passive film and double electrical layer at the interface of
WE43-SBF solution were evidenced by one capacitive loop in the
Nyquist diagram. On the surface of Mg metal, as previously mentioned,
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Fig. 3. The schematics of three-electrode cell used in this study for electro-
chemical tests.
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Fig. 4. Microstructure of the annealed WE43 sample prior to FSP.

firstly, a thin barrier MgO film formed. Secondly, a thick porous Mg
(OH);, film formed and covered entire Mg substrate (MgO barrier film
and second-phase particles). Consequently, the second-phase particles
are coated with porous Mg(OH); layer and be passive. As a consequence,
the anti-corrosion properties of sample are increased. The produced
Mg?" cations due to dissolution of Mg at the Metal-electrolyte interface
were diffused thorough porous hydroxide film. So, the high-frequency
capacitive loop is related to the charge transfer resistance which in-
volves the cathodic and anodic reactions [11] and the
medium-frequency loop is correlated to double electrical layer.
Regarding to the equivalent circuit (Rso] (Qa1 (Rt (LpittingRpitting)))

6 Passes

Deformed Mg
Monolithic
WE43 Mg Alloy
:l Mg-based composite
6p +
Akermanite
v" Microstructure
v" Compression strength -
v

Corrosion (EIS, PP, in vitro

immersion test)

Fig. 2. the schematics of process procedure in this study.
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(b)
Fig. 5. (a) SEM image and (b) XRD pattern of the Akermanite powder.
(C¢Rp)) shown in Fig. 9, the corrosion mechanism was a combination of

uniform corrosion and localized pitting corrosion. In the equivalent
circuit, Rgol, Cf, R, Qq1 and R; present the electrical resistance of the SBF
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solution, electrical capacitance of the protective passive films, electrical
resistance of the protective passive films, phase element of the double
electrical layer and charge transfer resistance of the WE43-protective
passive film interface, respectively. Lyitting and Rpiwing indicate the
inductive behavior of formed pits. These electrochemical parameters
were obtained from fitting experimental data and are reported in
Table 2. The phase element of double electrical layer (CPEq)) indicates
the dielectric properties and deviation from the capacitive properties of
the double electrical layer. A small amount of CPE4 and a low deviation
from the ideal capacitive behavior indicate a bigger capacitive loop and
higher corrosion resistance with more homogenous surface. Applied FSP
process and addition of Akermanite powder caused to a size increase in
both high- and medium-frequency capacitive loops and also in the low
frequency inductive loop, which are indicating an increase in corrosion
resistance. The formed pits on the surface, due to the presence of second-
phase particles, must have been the main result of pitting corrosion.
With decreased pitting corrosion, because of the fragmentation and
redistribution of second-phase particles, the depths of pits reduced and
overall corrosion resistance improved. A more homogenous protective
MgO/Mg(OH); film on the surface could be of help in preventing intense
electrochemical reactions. In short, applying FSP (leading to the frag-
mentation and redistribution of second-phase particles) and adding
Akermanite particles to WE43 led to unstable pits with lower depths,
which could easily re-passivate and get removed from the surface.
Consequently, the uniformity of the protective passive layer increased,
the value of CPEq and the deviation from the ideal capacitive behavior
decreased, the electrochemical equilibrium between the anodic and
cathodic reactions increased, the intensity of micro galvanic couples
between the a-Mg matrix and second-phase particles decreased and
eventually, corrosion resistance increased.

The slope of the linear part of the bode diagrams, "n", can be used as
an indicator of the uniformity of the passive films (MgO/Mg(OH),) and
its effect on corrosion behavior. Fig. 8 (b) shows the bode diagrams of
WE43, WE43-6P and WE43-A-6P samples. It can be seen that by
applying FSP and adding Akermanite particles, the value of "'n" increased
and approached 1. The uniformity of the passive film on WE43, WE43-
6P and WE43-A-6P samples gradually increased, as evidenced by the
variation trend of the "n" value (nwg43< Nwr43-6p < NwWE43-A-6p)- The
uniformity of the passive film must be related to the sizes and distri-
bution of second-phase particles. A more uniform passive film could
more effectively protect the surface against destructive corrosive
reaction.

Fig. 6. (a) Multiple zones formed in the FSP WE43 alloy, (b) EBSD map showing the grain structure in the SZ of the FSP WE43 alloy, (c) inverse pole figure of the SZ
of the FSP WEA43 alloy, (d) low and (e) high magnification micrographs showing second-phase particles in the FSP WE43 alloy.



M. Mehdizade et al. Materials Chemistry and Physics 292 (2022) 126765
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(e)

Fig. 6. (continued).

The bode phase diagram provides additional information about the samples with the marked "h" parameter. The "h" parameter indicates the
corrosion behavior. The height of the single capacitive peak of the bode roughness of the surface of the sample and its influence in proceeding
phase diagram, "h", can be used to analyze the corrosion behavior. Fig. 8 corrosion reactions [11,38,49]. The "h" values of WE43, WE43-6P and
(c) shows the bode phase diagrams of WE43, WE43-6P and WE43-A-6P WE43-A-6P samples were 32.64, 26.34 and 20.81°, respectively. It is
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Fig. 9. Equivalent circuit diagram from EIS data fitting using the ZsimpWin 3.21 software.

Table 2 Table 3
Electrochemical parameters calculated from the experimental EIS data. Electrochemical parameters from potentiodynamic polarization analysis.
Sample  Rsol Q- Rai Rpit Lo (H/ Ksquare sample  Icor (A/  Egor (V B, (mV. B (mV.  Rp mpy
(Ohm/ m)g (Ohm/ (Ohm/ cm?) cm?) vs SCE) dec™) dec™) kQ/ (mm/
cmz) cmz) cmz) sz) year)
WE43 24.85 0.891 283.25 21.17 141.15 5.18 x WE43 206.161 —1.602 160.413 211.37 0.192 4.613
10° WE43- 141.496 —1.536 172.375 306.787 0.339 3.166
WE43- 24.72 0.745 364.11 36.85 233.42 2.58 x 6P
6P 107° WE43- 62.2 —1.535 147.288 214.504 0.609 1.391
WE43- 24.36 0.713 402.98 42.03 345.62 1.94 x A-6P
A-6P 105

clear that by applying FSP and adding Akermanite particles to WE43, the
roughness of surface increased and consequently the corrosion resis-
tance improved. Therefore, the WE43-A-6P sample with the highest
values of "n" and "h" showed the highest corrosion resistance.

3.4.2. Potentiodynamic polarization behavior

Fig. 10 shows the potentiodynamic polarization diagrams of WE43,
WE43-6P and WE43-A-6P samples. The electrochemical parameters
from polarization curves, i.e., Leorr, Ecorr, Ba (the slope of anodic branch)
and f.. (the slope of cathodic branch), mpy and Ry, were calculated with
the Versa STAT 4 software by drawing tangent lines on the anodic and
cathodic branches. The values are given in Table 3. The mpy value
indicating the weight loss per year as an indicator of corrosion rate in the
SBF solution, was calculated using Eq. (1) [50]:

0.00327 X icorr X (E.W)
py =
nxp

€9)

where n is the number of exchanged electrons in the dissolution reaction
(+2 for Mg), p is the density of the WE43 alloy, and E.W is the equivalent
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Fig. 10. Potentiodynamic polarization diagrams of WE43, WE43-6P and WE43-
A-6P samples.

weight of the WE43 alloy. In addition, R, represents the polarization
resistance of the sample and can be calculated using Eq. (2) [50]:

1

Ry=s
P 723030 + Dicor

(2)

It can be seen in Table 3 that the I, and mpy values decreased from
206.161 pA/cm? and 4.613 mm/year to 141.496 pA/cm? and 3.166
mm/year, respectively, while the R, value increased from 0.192 to
0.339 Q/cm?, as a result of FSP. As severe plastic deformation during
FSP led to the fragmentation and redistribution of second-phase parti-
cles and grain refinement, a uniform distribution of particles was ach-
ieved in the WE43 alloy, causing diminished intensity of micro galvanic
couples and resulting in more uniform corrosion reactions. Because of an
increase in number density and a decrease in the sizes of second-phase
particles, the E.oy value reduced to a more negative value (—1.536 V)
and the activation energy of corrosion reactions would thus be reduced
(i.e., thermodynamic aspect of corrosion).

As a result, the number density of pits increased and their sizes
decreased. The formed pits became unstable, which might re-passivate
and get removed from the surface of the substrate. Moreover, accord-
ing to literatures, two different passive films could form on the Mg
surface. The first one is the thin barrier MgO film on the surface of metal
that could not cover the intermetallic particles. The second one is the
thick porous Mg(OH), film that form on top of the barrier film and
intermetallic particles [11,51,52]. The dissolved Mger ions at the
interface diffuse through Mg(OH), porous film. The formation of the
passive films (MgO or Mg(OH),) in the fine-grained structure is known
to be faster and able to prevent further destruction of the surface [17,23,
38,39,53]. Once the WE43 alloy is brought to contact with an electro-
lyte, a protective passive film forms through an anodic reaction which is
related to the dissolution of magnesium ions at the interface of Mg
surface-SBF electrolyte according to Eq. (4):

2H" + 2¢~ = H, (cathodic reaction) 3
Mg = Mngr + 2e” (anodic reaction) 4

Then, first MgO and after Mg(OH) films form on the surface, according
to Egs. (5) and (6) [11,54,55]:

Mg + O = MgO 5)

Mg>* + 20H™ = Mg(OH), (6)
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The interactions between the above-mentioned factors led to an in-
crease in the polarization resistance. Furthermore, due to the addition of
Akermanite to the WE43 alloy and the formation of a surface composite,
the I.or and mpy values decreased from 141.496 pA/crn2 and 3.166
mm/year to 62.2 pA/cm? and 1.391 mm/year, respectively. In addition,
the R;, value increased from 0.339 to 0.609 Q/cm?. 1t was found that the
presence of Akermanite particles at the surface of WE43 indeed
improved the corrosion resistance. Calcium silicate-based ceramics
including Akermanite are biodegradable in SBF but more corrosion
resistant than magnesium. Therefore, a uniform distribution of Aker-
manite particles on the surface could result in further improved corro-
sion resistance.

Fig. 11 shows the corroded surfaces of WE43, WE43-6P and WE43-A-
6P samples after the potentiodynamic polarization tests. It is clear that
the uniformity of corroded surface increased from WE43 to WE43-6P
and to WE43-A-6P samples and the intensity of corrosion attacks
reduced. Akermanite particles had strong structural bonding with the
matrix, acted as obstacles to corrosion reactions, and reduced the for-
mation of stable pitting. In summary, the WE43-A-6P composite showed
the best polarization resistance with the highly uniformed corroded
surface.

3.4.3. In vitro degradation behavior during immersion in SBF
The corrosion reactions and generation of pits both have thermo-
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dynamic and kinetics aspects. Eqor shows the thermodynamic aspect
indicating the required driving force for proceeding corrosion reactions,
while I, represents the kinetic aspect of corrosion in controlled po-
larization test. In vitro immersion test is used for investigating the ki-
netic aspect of corrosion reactions without applying any potential or
current. The variations of mass loss rate and pH with immersion time in
SBF solution at 37 °C are shown in Fig. 12. The variation of mass loss rate
is directly related to the corrosion rate of the sample and the formation
of a natural protective film on the surface. The values of mass loss rate
were calculated by Eq. (7) [50],:

km
A @

where:

CR = Mass loss rate

k = Constant (8.76 x 10%

m = Mass loss (g).

A = Exposed area (cmz).

p = Density of the WE43 alloy (g/cm?).
t = Immersion time (h).

It is clear that during immersion, the rate of mass loss by passing time

R Oy % k
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Fig. 11. SEM images showing the surfaces of (a) WE43, (b) WE43-6P and (c) WE43-A-6P samples after potentiodynamic polarization in the SBF solution.
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Fig. 12. Variations of (a) mass loss rate of WE43, WE43-6P and WE43-A-6P
samples and (b) the value of pH with increasing immersion time.

was decreased because of the formation of the passive film and its
protective effect. By increasing immersion time, the compactness of
passive film increased and became more impenetrable. Therefore,
exposure of WE43 surface with corrosive ions in SBF solution decreased,
and passive film could be more effective in the protection mechanism.
As aresult, the mass loss rate of samples with increasing immersion time
was reduced. Moreover, the mass loss rate of the fabricated composite
sample with Akermanite powder is less than the as-received WE43
sample. This is because of grain refinement and the uniform structure of
fragmented second-phase particles, which leads to the formation of
compacter and more uniform passive films.

It is observable that by increasing immersion time, the concentration
of H" reduced, and the value of pH increased. In fact, the H' cations
reacted with Mg?* cations and MgO/Mg(OH),, layer as the passive film
created on the surface. By passing time, the reaction between H' and
Mg%* cations increased, and the MgO/Mg(OH), passive film became
compacter and thicker. By consuming H' cations in reactions with
Mg%*, the value of pH increased. The overall weight of samples in each
immersion time is an evaluation of reduction of weight because of
dissolution of Mg and increment of weight because of formation of
MgO/Mg (OH); passive film.
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It can be seen that there are the same variations of corrosion results
of different samples in potentiodynamic polarization, EIS and immersion
tests. In summary, the WE43-A-6P composite exhibited the highest
corrosion resistance and the WE43 sample prior to FSP had the poorest
corrosion resistance.

3.5. Mechanical properties of the Mg-A composite

Fig. 13 shows the stress-strain curves obtained from the uniaxial
compression tests of monolithic WE43 alloy, WE43-6P and WE43-A-6P
composite specimens. It is clear that the compressive strength and
ductility (i.e., strain to failure ef) values of WE43-6P and WE43-A-6P
specimens were much higher than those of the WE43 alloy without
experiencing FSP. The improvements in compressive strength and
ductility could be attributed to the reductions in grain size and frag-
mentation and redistribution of second-phase particles as a result of
severe plastic deformation involved in FSP. As grain size reduced, the
density of grain boundaries increased. Grain boundaries and fragmented
second-phase particles can act as obstacles in the movement route of
dislocations and lead to improvement of strength. Volume fraction,
distribution, size, and shape of second-phase particles (or additive par-
ticles like Akermanite) and interparticle distances between particles are
effective parameters in strengthening mechanisms by particles. So, by
achieving uniform and fragmented second-phase particles during FSP,
the strengthening effect is improved [14,15].

As shown earlier in Fig. 4, second-phase particles in WE43 sample
were located continuously along the grain boundaries, which could have
a negative effect on the mechanical properties of the WE43 alloy. The
occurrence of fragmentation and redistribution of second-phase parti-
cles during FSP indeed led to beneficial effects on the mechanical
properties. These results are in agreement with those reported by other
researchers who found that grain reinforcement and second-particle
fragmentation and redistribution could lead to improved mechanical
properties and corrosion resistance of magnesium alloys [38,56-61].

The ultimate compressive strength (UCS) and yield strength (YS)
values of WE43, WE43-6P and WE43-A-6P specimens are reported in
Fig. 14. As a result of the reinforcing effect of Akermanite particles on
the a-Mg matrix, the WE43-A-6P specimen exhibited the highest UCS
and YS, in comparison to WE43 and WE43-6P specimens. In addition,
the value of ef(%) for WE43, WE43-6P and WE43-A-6P samples are 4.5,
16 and 22, respectively. It can be concluded that the ductility of WE43-
A-6P specimen was markedly enhanced, which was quite unusual for
metal-matrix composites whose ductility is typically compromised by
the presence of embedded ceramic particles [62]. This remarkable
improvement could be attributed to the significant reduction in grain
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Fig. 13. Stress-strain curves obtained from uniaxial compression tests.
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Fig. 14. The values of ultimate compressive strength (UCS) and yield strength
(YS) of WE43, WE43-6P and WE43-A-6P samples.

size and fragmentation and redistribution of second-phase particles,
which were continuously distributed along the grain boundaries in the
as-annealed state (prior to FSP). Indeed, by grain refinement during FSP,
the fracture mechanism is converted from intergranular fracture to
transgranular fracture [63,64]. Grain boundaries, besides inhibition of
dislocation movement, can be effective in reducing crack growth and
consequently improving ductility [43,44]. During FSP, by applying cu-
mulative strains and raising local temperature, grains became refined
through dynamic recrystallization (DRX). In the WE43 magnesium
alloy, the DRX mechanism most likely includes discontinuous DRX via
nucleation and growth [65,66]. It should be mentioned that temperature
rise during FSP could cause grain growth directly after DRX. However,
second-phase particles and ceramic particles in the composite could
exert a pinning effect against grain growth.

Magnesium has an elastic modulus of 42 GPa, which is close to that
of human bone and consequently this can largely overcome the draw-
back of other metallic implant materials with much higher Young’s
modulus, which may cause stress shielding [67-69]. However, magne-
sium suffers from low strength, even compared to human thigh bones,
which consequently limits its applications to repairing or regenerating
no or low load-bearing bones. For load-bearing applications, sufficient
strength is needed right after implantation and a certain strength must
be retained throughout the biodegradation period, e.g., three months. It
can be seen in Fig. 14 that the UCS of the as-annealed monolithic WE43
alloy is 210 MPa, which is higher than the strengths of human thigh
bones ranging from 130 to 205 MPa [70-73], but only marginally higher
than the strength of human femur in a healthy body. As a matter of fact,
the as-annealed monolithic WE43 alloy with a YS value of 75 MPa is not
really suitable for load-bearing implant applications, because the mini-
mum strength of an implant after implantation must be at least equal to
the strength of human bone. An easy solution might be to increase the
cross-sectional area of the implant so as to provide required load-bearing
capability. Apart from the fact that such a solution might be anatomi-
cally not desirable or feasible, an increase in cross section may result in
an increased stress-shielding effect due to an increase in the stiffness of
the implant. Therefore, increasing the cross-sectional area of the implant
does not seem to be the right approach to compensating for the low
strength of magnesium. Moreover, a biodegradable implant becomes
weaker over time along with its biodegradation. In other words, further
improvements of the WE43 magnesium alloy in mechanical properties
are very much desired, although it is already advantageous when
compared to biodegradable polymers [74,75]. It can be seen in Fig. 14
that when this alloy is processed by FSP, even without ceramic particle
reinforcement, it may marginally meet the minimum requirements for a
load-bearing implant material. With the addition of ceramic particles,
the composite can attain a yield strength, which is 3 times as high as the
YS of the as-annealed WE43 alloy, thereby leaving a certain strength
margin for strength reduction during its biodegradation. Actually, such
an improvement in compressive strength is necessary, as other
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researchers have already shown that the biodegradation rate may
significantly increase, when the implant is subjected to physiological
loading [6,12,25]. In addition, the fluidity of the electrolyte in vivo also
affects the biodegradation rate of Mg-based materials by introducing
shear stresses and affecting the adhesion of corrosion products to the
substrate and local pH [76]. In addition, simultaneous actions of stress
and corrosion may result in the activation of stress corrosion cracking
(SCC) [77-82] or corrosion fatigue [79,83-86]. Mechanical stability
during the healing and recovery of damaged bone is a basic requirement
of an implant for orthopedic treatments, which is based on sufficient
mechanical strength and strength retention during biodegradation [76,
87]. The achieved improvements in strength and ductility through FSP
and ceramic particle reinforcement in this research could offer the
required mechanical stability. Thus, the FSP composite could become a
candidate material for load-bearing orthopedic applications.

4. Conclusions

The research was intended to confirm the hypothesis that the com-
bination of applying FSP and adding Akermanite ceramic particles to the
WE43 alloy would result in improved mechanical properties and
corrosion resistance. The main results are listed below:

1. By applying FSP to the alloy up to six passes, second-phase particles
became fragmented and redistributed in the a-Mg matrix, and the
grain structure was significantly refined to an average size of 2.5 pm.
Also, the uniformity of additive Akermanite powder is improved.

2. The composite showed the highest strength and the highest ductility.

3. The corrosion mechanism of the materials was a combination of
uniform and localized pitting corrosion. The improvement in corro-
sion resistance after applying FSP and adding Akermanite particles
was attributed to more uniform corrosion and reduced pitting
corrosion.

4. The uniformity of the corroded surface is improved by applying six
passes FSP and the addition of Akermanite powder.

5. Applying six passes FSP causes to form a more uniform, stable, and
compact passive film on deformed composite. Therefore, corrosion
resistance significantly increased.

6. Regarding immersion test, the value of pH of electrolyte and mass
loss of samples is increased, and the concentration of H' cations and
corrosion rate is decreased by increasing immersion time. At the
same time, the corrosion rate and mass loss of WE43-A-6P are higher
than other samples.
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