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ABSTRACT

The effect of three deformation methods (equal channel angular pressing (ECAP), multiaxial deformation (MAD),
and rotary swaging (RS)) on the structure, texture, mechanical and corrosion properties of magnesium alloy
WE43 (Mg-3.56%Y-2.20%Nd-0.47%Zr) was studied. Microstructure, texture, and mechanical properties were in-
vestigated by optical and transmission electron microscopy, X-ray diffraction, and tensile testing, respectively.
Corrosion resistance was evaluated by a combination of mass loss and hydrogen evolution measurements, as well
as electrochemical testing. To assess the effect of the various deformation methods on the biocompatibility in vitro
of the alloy, hemolysis and cytotoxicity on peripheral blood cells and proliferation of multipotent mesenchymal
stromal cells were evaluated. It tests showed that grain refinement in the range of ~ 0.6 - 1 ym achieved by
mechanical processing is responsible for a significant improvement of mechanical properties. A notable decrease
in the corrosion rate was observed after ECAP and MAD processing. MAD and ECAP enhanced alloy biocompati-
bility in all in vitro tests, while the effect of RS was less significant. In summary, the results obtained demonstrate
that not only do the deformation methods employed improve the mechanical properties of alloy WE43, but they
also increase its corrosion resistance and biocompatibility in vitro.

1. Introduction

can be similar in their mechanical characteristics to bone tissue, while
being bioresorbable, and notionally decomposing in the body during

Presently, orthopedic implants and cardiovascular stents are pre-
dominantly fabricated from stainless steel or titanium alloys — both such
alloy systems are not biodegradable. To date, such non-biodegradable
alloys have worked well in implant applications, but a significant dis-
advantage is the requirement of a second operation to remove the im-
plants if necessary. Additionally, a non-biodegradable implant placed
in a patient’s body may also contribute to negative reactions due to the
unintended gradual release of metal ions [1]. In addition, the stiffness
of stainless steel and titanium alloy implants significantly exceeds that
of cortical bone, which can cause uneven bone remodeling due to a
stress shielding effect [2,3]. Consequently, significant research efforts
are presently focused on developing a new generation of implants that

the bone regeneration process. Promising candidates for creating such
implants are magnesium-, zinc- and iron-based alloys, as well as degrad-
able polymers. Magnesium and its alloys are potentially favorable biore-
sorbable materials owing to their biocompatibility and uniquely favor-
able mechanical properties, which are similar to those of bone tissue
[4-9].

However, despite a promising property profile, magnesium-based
implant materials have some disadvantages. Firstly, pure magnesium
has an excessively fast degradation rate, which leads to a rapid loss of the
load-bearing capability of the implant before new bone tissue is formed.
Secondly, its biodegradation is accompanied with profuse release of hy-
drogen gas in the implantation area, which negatively affects the tissues
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surrounding the implant and slows down the bone regeneration pro-
cess [10,11]. The corrosion resistance of Mg can be improved by alloy-
ing, which offers a range of possibilities regarding alloy design [12,13].
There may be an issue with magnesium alloys, though, as some of them
exhibit pitting corrosion [14,15]. This can lead to non-uniformity of the
mechanical properties of the implant and its premature failure. An inter-
esting avenue to improving the biocorrosion properties of magnesium
alloys while at the same time providing the necessary strength and duc-
tility is by modifying their microstructure [16-20]. Therefore, current
research into biodegradable implant materials targets magnesium alloys
with a microstructure that enables a favourable combination of strength
and ductility combined with programmable, uniform corrosion.

A means to moderate the degradation of magnesium is via alloying
with specific elements. In addition, consideration to related properties
such as strength and ductility, or provide the alloy with antibacterial ca-
pability [21] — are also essential. Biocompatibility and the impact of the
alloying elements and degradation products on the human body is of
paramount importance for the choice of the alloy system. At present,
zinc [22,23], calcium [24,25], silver [26,27], manganese [28,29],
strontium [30], lithium [31,32], some rare-earth metals (yttrium,
neodymium [33,34], gadolinium [27, 35]) and, in small quantities, alu-
minum [33, 36,37] (despite its potentially harmful effect on the human
body [38]) are the most common alloying elements studied in the con-
text of Mg-based alloys. Zirconium (Zr) is also present in some alloys
as a structural modifier (grain refiner). The addition of these elements
(rare-earth metals) to magnesium has a positive effect on the corrosion
resistance in biomedical environments and enhance Mg-alloy strength.

In order to improve the mechanical properties, deformation pro-
cessing can be effectively applied to Mg-alloys as there is potential to
strengthen Mg-alloys from grain refinement owing to the Hall-Petch co-
efficient for Mg-alloys, with grain refinement not necessarily having a
negative impact on alloy ductility (although, this may also be depen-
dent on the specific crystallographic textures imparted). It is necessary
to find such methods of deformation processing that would bring about
an improvement of mechanical properties without sacrificing the corro-
sion resistance. For these purposes, the formation of an ultrafine-grained
(UFG) structure in magnesium alloys can be appropriate. Not only does
the formation of an UFG, i.e. submicron scale, grain structure lead to
a significant strengthening of magnesium alloys, but it does not impair
their corrosion resistance, and in some cases even improves it [39]. In
addition, the formation of a UFG structure often helps to solve a further
problem with magnesium alloys, viz. the occurrence of pitting corro-
sion, i.e. localisation of corrosion processes leading to undesired non-
uniformity of the mechanical properties of the implant [40]. Therefore,
obtaining magnesium alloys with a deformation-induced UFG structure
is a promising avenue to improved implant materials.

Severe plastic deformation (SPD) is an established method for im-
parting a UFG structure to metallic materials [40]. Among the SPD tech-
niques, high pressure torsion (HPT) and equal-channel angular press-
ing (ECAP) are the most popular ones [41]. The first method is a good
way to simulate the processes occurring in a metal under the most se-
vere conditions of deformation, while the second allows getting mas-
sive workpieces with UFG structure [41]. In addition, in recent years,
many research works aimed at studying the possibility of obtaining UFG
structures in metals and alloys by traditional metal working techniques,
which, due to their relatively low cost and greater commercial viabil-
ity, are sometimes preferable to SPD methods. Traditional techniques
include rotary swaging (RS) [42-44], multiaxial deformation (MAD) of-
ten referred to as isothermal forging [45,46], and radial shear rolling
(RSR) [47]. These techniques enable refinement of the structure and
the ensuing substantial strengthening of metallic materials, including
magnesium and its alloys, in a very efficient way. Besides, these pro-
cessing steps can easily be integrated in the current production cycles
at industrial scale. These considerations motivated the present study of
the effect of two conventional metal working techniques, alongside the
SPD treatment by equal-channel angular pressing, on the structure and

Materialia 13 (2020) 100841

the associated mechanical and in-service properties of one of the most
popular bioresorbable Mg-based implant materials: alloy WE43. While
some of the pertinent properties of the alloy were reported in litera-
ture [33,34, 48-52], its full property profile relevant for applications in
medical implants is not established so far. Below we present a compre-
hensive account of the effect of MAD, RS, and ECAP on microstructure,
texture, mechanical and corrosion properties, and in-vitro biocompati-
bility of alloy WE43.

2. Experimental

The present study explored magnesium alloy WE43, which was de-
termined according to chemical analysis of cast ingots contained 3.56%
Y, 2.20% Nd and 0.47% Zr (in wt. %). The cast alloy was homogenized
at 525°C for 8 hours, and ingots were then extruded at 430°C to obtain
rods with a diameter necessary for subsequent deformation processing
(25 mm - for MAD, 20 mm - for RS and 10 mm - for ECAP). The extru-
sion ratio! at this pre-processing step was 28.4 for deformation by equal
channel angular pressing, 10.2 by rotary swaging and 6.6 by multiax-
ial deformation. Upon deformation processing, the rods were annealed
again at 525°C for 8 hours and air cooled to create a supersaturated
solid solution of rare-earth metals in magnesium. In the following, the
condition of the alloy produced by this chain of processing steps will be
referred to as the initial state.

The processing steps for the various deformation methods and pro-
cessing schedules employed in this study are presented in Fig. 1. Multi-
pass Route Bc ECAP (with billet rotation by 90° between the passes)
was conducted using a die with a 120° angle between the entry and
exit channels, with a stepwise decrease of temperature from the initial
425°C to 300°C at the final, 12t pass. The cumulative equivalent strain
the ECAP billets underwent was about 7.8. Multiaxial deformation with
a stepwise decrease of temperature from 450 °C at the first cycle to 300
°C at the final, 28th cycle was also carried out. The cumulative equiv-
alent strain imparted on the MAD billets was about 17.5. The experi-
ments were conducted on an Instron 300LX universal hydraulic testing
machine at a deformation speed of 2 mm/min. Rotary swaging was car-
ried out on an RKM 2129.02 rotary swaging machine (with a maximum
force of 8 kN) with a decrease in temperature from 400 to 325 °C. The
machine had the frequency of 1920 min~! and the striker stroke of 3
mm. Accordingly, there were eight hits of strikers for one revolution of
the billet about its axis. The billets were deformed in two stages, first at
400°C and then at 325°C, to a cumulative strain to e = 0.94%.

The microstructure of the alloy in the initial state was studied by
optical microscopy using an Axio Observer D1m Carl Zeiss light micro-
scope. The microstructure formed after treatment by various deforma-
tion methods was studied by transmission electron microscopy (TEM)
using a JEM-1400 electron microscope (JEOL, Japan) operating at a
voltage of 120 kV. Specimen foils were first mechanically thinned to
180 ym and then subjected to ion bombarded in a GATAN 600 unit.
The size of the structural elements was measured by random intercept
method using Image Expert Professional 3 software.

The texture formed in the billets in the longitudinal direction was
examined using a DRON-7 X-ray texture diffractometer in CuK, ra-
diation in the reflection mode by recording five incomplete {00.4},
{21.1}, {10.2}, {10.3}, and {11.0} pole figures, at a maximum tilt an-
gle a;,., = 70° and at a step of 5° for « and g (0 - 360°) (where « and
p are the radial and azimuth angles in a pole figure, respectively). The
orientation distribution functions (ODFs) and the volume fractions of
the main orientations were calculated using approximation by a large
number of Gaussian normal distributions [53]. Quantitative analysis of
textures by this method makes it possible to evaluate the generalized

! The extrusion ratio was calculated using the formula: u = A,/A;, where A,
and A are the initial and the final cross-section areas of the billets, respectively.

2 e =1In(A, /Ay), where A, and A are the initial and the final cross-section
areas of the billets, respectively.
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Fig. 1. The processing histories of the alloy (a) and the schematics of RS (b), MAD (c) and ECAP (d) processes.

Schmid factors for active deformation systems in the studied material.
The orientation factors depend on the generalized Schmid factors ac-
cording to the following relations [54]:

M, = — 0

where m; denotes the generalized Schmid factors for basal and prismatic
slip and twinning. They can be estimated for a selected deformation
system and the texture of the alloy using the following relation:

P
m; = z ml-jVVj
Jj=1

where my is the orientation Schmid factor calculated for the ith slip
system and the jth texture component, Wj is the volume fraction of the
jth texture component, and p is the number of texture components.

The mechanical properties of alloy WE43 with the various processing
histories were determined by uniaxial tensile tests on an Instron 3382
testing machine with a strain rate of 1 mm/min at room temperature.
Cylindrical specimens with the diameter of 3 mm, the total length of 33
mm, and the gage length of 15 mm were used.

The corrosion resistance of the alloy was evaluated based on mass
loss, hydrogen evolution, and the potentiodynamic polarization (PDP)
measurements. A physiological saline solution (0.9% NacCl dissolved in
distilled water, pH = 7) was used as a test medium. The samples for
the tests were prepared by manual mechanical grinding on abrasive pa-
per (from P800 to P2500). The mass loss and the hydrogen evolution
tests were carried out at 37 °C, while PDP tests were conducted at room
temperature. After immersion in a corrosive environment and removal
of the corrosion products by cleaning in a mixture of Cr,O3;, AgNO;,
Ba(NO3), and reagent water for 1 min (ASTM_G1-03-E), a specimen
was weighed to determine the corrosion rate by the mass loss method.
The mass change was determined by weighing on an electronic scale
GR 200 with an accuracy of the fourth digit. Electrochemical tests were

@

Step 4: Draw

(c) (d

carried out on a VMP3 potentiostat, under the control of EC-Lab soft-
ware (BioLogic, France). The experimental setup included a PAR flat
cell with a “three electrode configurations” (a working electrode, a sat-
urated calomel reference electrode, and a Pt-mesh counter electrode).
Scanning was carried out at a speed of 1 mV/s in a range from 100 mV
below the open circuit potential to -1000 mV. The exposure time before
the start of the scan, necessary for the surface to reach a stable potential
(determination of the open circuit potential), was 10 minutes. For each
test sample five scans were conducted.

Biocompatibility in vitro was determined by assessing hemolysis in
red blood cells (RBC) suspension, viability of white blood cells (WBC),
and proliferation of multipotent mesenchymal stromal cells (MMSC).
Measurements of the biodegradation rate of alloy were carried out in
fetal bovine serum (FBS, HyClone UK Ltd., Thermo Scientific). Penny-
shaped samples used in biocompatibility (9 pieces of each states) and
biodegradation (3 pieces of each states) assays had a diameter of 8
mm and a thickness of 2 mm. They were ground on abrasive paper
(P2000) and then polished on wet cloth. Before the tests, the samples
were washed with distilled water, sterilized by autoclaving at a temper-
ature of 120°C for 30 minutes under a pressure of 1 atm, and dried in a
sterile atmosphere. The study of hemolysis and cell viability was carried
out using WBCs and RBCs of CBA mice (with a mass of 22 - 24 g) in accor-
dance with the methods described previously [55]. In brief, each sample
was incubated in 1 ml of a suspension of RBCs and WBC for 24 h at 37°C
in an atmosphere of 5% CO,. Intact cells incubated under the same con-
ditions were used as a control. To evaluate hemolysis, the optical density
(OD) of the supernatant was measured in triplets after 1, 2, 3, 4, 5 and
24 hours of incubation with alloy samples using an the MS Multiscan
(Thermo Fisher) plate reader at 540 nm. The cells viability assessment
after incubation with alloy samples and in the control was performed us-
ing the MTT test after 2 and 24 h of incubation by measuring the OD in
triplets on the plate reader at 540 nm. MMSCs were generated according
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to standard methods, isolating progenitor cells from the bone marrow of
CBA mice [56]. The study of the effect of samples on the proliferation of
MMSCs was carried out in the way described [57]. The main steps were
as follows: three samples of each alloy were preincubated overnight in
RPMI-1640 medium (Sigma-Aldrich); 540,000 cells were seeded onto
the alloy surface in 24-well plates with agarose—coated bottom, allowed
to adhere for 30 minutes, and then 2 ml RPMI-1640 medium (Sigma-
Aldrich) supplemented with 10% FBS, 4mM L-glutamine and 1% peni-
cillin/streptomycin (both PanEco, Russia) was added to each well. Cells
were further cultured for 7 days at 37°C for adhesion in an atmosphere
with 5% CO, The growth medium was changed daily. Cells treated with
the growth medium only were used as a control. The cell proliferation
in fresh growth medium was investigated in an MTT assay. OD of the
samples was measured in triplets on the plate reader at 540 nm. The dif-
ference between the counts for the samples of the processed alloy and
that in the initial state was calculated in percent (% of Initial state) to
assess the impact of the deformation methods on the biocompatibility
parameters of the WE43 alloy. Statistical analysis of the obtained data
was performed by calculating the mean value and the standard devia-
tion. Comparative analysis was performed in the t-test. The difference
between the value for a processed alloy and that for the initial alloy was
considered statistically significant at p <0.05.

The degradation rate of alloy WE43 was estimated by incubating
each sample in 2 ml of FBS at 37°C in an atmosphere of 5% CO, for
1, 2, 3, and 4 weeks. It was quantified by the relative mass loss (m,-
myg)/my x 100%, where my and m,, denote the final and the initial mass
of the sample. The sample surfaces after degradation tests were investi-
gated using an MMI-2 instrumental microscope.

The parameters of the roughness of the sample surface were mea-
sured to evaluate its effect on the corrosion properties and biocompat-
ibility of the alloy. Roughness measurements were carried out using a
WYKO NT 1100 optical profilometer (Veeco Instruments, USA) using
vertical scanning interferometry. The average roughness was measured
over a surface area of 900 x 1,200 ym for each microstructural state of
the alloy.

The cell and animal test protocols used in this work were evaluated
and approved by the local Ethics Committee of N.N. Blokhin National
Medical Research Centre of Oncology” of the Health Ministry of Russia.

3. Results

Fig. 2 displays the microstructure of WE43 alloy in the initial state
and after the deformation treatments employed in this study. Optical
microscopy image in Fig. 2a corresponding to the initial state exhibits
a uniform structure consisting of equiaxed grains of a magnesium solid
solution with an average grain size d of about 65 ym. The averaging
was done over microstructures in three ‘initial states’ corresponding to
pre-processing for subsequent ECAP, MAD, and RS. As mentioned in
Section 2, this pre-processing involved different diameter reductions for
the three deformation modes considered. We note, however, that after
annealing, the individual values of the average grain size for these three
extrusion histories did not differ within the measurement error. A fur-
ther microstructural feature of note is the occurrence of small inclusions
of the Mg,;Nd5 phase at grain boundaries [52, 58], which did not dis-
solve during annealing (Fig. 2a).

All three deformation methods led to the formation of an UFG struc-
ture (Fig. 2 b—e). After multiaxial deformation, the average grain size
was 0.93 + 0.29 ym. ECAP led to a refinement of the initial grain struc-
ture down to 0.69 + 0.13 um, while rotary swaging reduced the aver-
age grain size to 0.61 + 0.19 um. In the latter case, the formation of
twins with a width of 0.4 - 0.8 um was also observed. It should also
be noted that the presence of point reflexes on the electron diffraction
ring pattern indicates that the microstructure formed by the deforma-
tion processing had predominantly higher-angle grain misorientations.
In addition, the combination of pre-heating for processing and the de-
formation process itself also led to precipitation of dispersed particles of
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Table 1
The main orientations (hkil)[uvtw] and their volume fractions (W;) for
various microstructural states of alloy WE43.

Treatment (hkil) [uvtw] W;, %
Initial state for ECAP ~ (0001) [1560] 2
(121.23) [13.851] 2
(121.14) [85.13.1] 2
(242.11) [4261] 2
(1213) [3121] 2
non-textured material 90
ECAP (1210) [1011] 4
(1210) [1012] 5
(1210) [1018] 5
(1210) [3034] 4
(1210) [2027] 3
non-textured material 79
Initial state for MAD (1210) [1010] 1
(1214) [1675] 1
(2645) [1549] 1
(257.33) [2752] 1
(59142) [1019] 1
non-textured material 95
MAD (1233) [111.10.17] 1
(39121) [4313] 0.6
(0225) [10.1115] 0.6
(1431) [10.372] 0.6
(1438) [3302] 0.6
non-textured material 96.6
Table 2

The mechanical properties of alloy WE43 in the initial state (average
values for three «initial states») and after different deformation treat-

ments.
Microstructural state YS, MPa UTS, MPa El, % d, ym
Initial state 161 234 9 ~65
ECAP 260 300 13.2 0.69 + 0.13
MAD 210 300 17.2 0.93 +0.29
RS (325 °C, u =2.56) 287 416 7.9 0.61 + 0.19

the Mg, Nd5 phase. The average particle size was 0.34 + 0.21 ym, 0.45
+ 0.18 ym, and 0.31 + 0.09 um for MAD, ECAP, and RS, respectively.

The results of the texture analysis of the alloy in the respective initial
state and after deformation by MAD and ECAP are presented in Fig. 3
and Table 1.

As can be seen from Fig. 3, the strain produced by extrusion leading
up to what we call the initial state had a strong effect on the texture
of the alloy. A weak basal texture inclined to the center of the pole fig-
ure (00.4) by 50- 60° was formed in the alloy after extrusion with an
extrusion ratio of 6.6 and subsequent annealing, i.e. the pre-processing
for MAD (Fig. 3a). Calculations showed the presence of five basal ori-
entations, the volume fraction of which did not exceed 1%, and the
share of the non-textured component was 95% (Table 1). By contrast, a
sharp basal texture was observed after extrusion with an extrusion ra-
tio of 28.4 and subsequent annealing, i.e. the pre-processing for ECAP
(Fig. 3c). The texture formed encompassed five basal orientations, each
with a volume fraction of 2%. The share of the non-textured component
in this case is 90% (Table 1).

The two modes of severe plastic deformation used in subsequent pro-
cessing also had different effects on the texture of the studied alloy.
Thus, after MAD, the main orientations changed, and the initial texture
was much more scattered (Fig. 3b). In this case, the texture is also char-
acterized by five different | orientations whose total volume fraction
does not exceed 3.4%, and the share of the non-textured component
grows to 96.6%. Not only an increase in the sharpness of the texture,
but also a transformation from a basal texture to a prismatic one was
discovered in the case of ECAP (Fig. 3d). The ECAP-induced texture is
characterized by five basal orientations, the share of the non-textured
component being reduced to 79%.
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Table 2 summarizes the mechanical properties of alloy WE43 in the
initial state and after the deformation treatments investigated. It is seen
that the formation of a UFG structure in the process of deformation leads
to strengthening of the WE43 alloy. Thus, an increase in the yield stress
(YS) of the alloy from 161 MPa in the initial state to 260 MPa after
ECAP processing was observed. The ultimate tensile strength (UTS) in
this case rose from 234 to 300 MPa. In the case of MAD, the yield stress
after processing reached 210 MPa and the ultimate tensile strength was
300 MPa. However, grain refinement was most pronounced for rotary
swaging, which gave rise to the greatest increase in the strength charac-
teristics, the yield stress and the ultimate tensile strength reaching the
values of 287 and 416 MPa, respectively. The tensile elongation (EI) of
the WE43 alloy increased from 9% in the initial state to 13.2 and 17.2%
after ECAP and MAD, respectively, along with an increase in strength.
In the case of rotary swaging, a slight drop in tensile elongation from 9
to 7.9% was observed. It should also be noted that extrusion prior to an-
nealing did not have any significant effect on the mechanical properties
of the alloy in the initial state.

Fig. 4 shows the corrosion resistance results for WE43 in the initial
state and after deformation processing based on measurements by three
different methods: potentiodynamic polarization at room temperature,
mass loss, and hydrogen evolution measurements. All tests were per-
formed in physiological saline solution (0.9% NaCl dissolved in distilled
water).

The investigation of the corrosion resistance using the PDP tests
showed that the structure formed after all the studied types of deforma-

tion did not affect the resistance of alloy WE43 to electrochemical cor-
rosion. The magnitude of the corrosion potential of the alloy remained
the same within the error range for all four states and were equal to
-1.630 + 34 mV for the initial state of the alloy, -1686 + 8 mV for the
alloy after ECAP, -1595 + 38 mV after MAD, and -1608 + 27 mV after
RS. The corrosion current density values were about the same within
the measurement error: 21.3 + 4.5 yA/cm?, 21.8 + 6.5 yA/cm?2, 21.9
+ 89 yA/cm?, and 30.0 + 11.6 yA/cm? for the alloy in the initial state
and after ECAP, MAD, and RS, respectively.

As distinct from the PDP results, the data on the resistance to chemi-
cal corrosion showed a slightly different tendency. The grain refinement
by ECAP and MAD slowed down the chemical corrosion at 37°C. In the
initial, coarse-grained state, the mass loss of the alloy was 1.09 + 0.24
mg/cm?:day, whereas after ECAP and MD this quantity amounted to
0.56 + 0.09 mg/cm?.day and 0.80 + 0.06 mg/cm?.day, respectively.
An exception was the case of RS, when the structure formed by the pro-
cess did not affect the chemical corrosion rate (1.09 + 0.24 mg/cm?.day
v5.1.15 + 0.09 mg/cm?. day for the initial state). Hydrogen evolution ex-
hibited a similar tendency: ECAP and MD were found to reduce its rate,
while RS did not produce any sizeable effect. The corrosion rates cal-
culated from the hydrogen evolution data were as follows: 1.34 + 0.26,
0.60 + 0.04, 0.74 + 0.12, and 1.23 + 0.23 ml/cmz*day for the initial
state of the alloy and upon ECAP, MAD, and RS, respectively.

The effect of deformation treatment on the biocompatibility of WE43
in the initial state was studied in vitro by evaluating hemolysis (destruc-
tion of RBCs), WBCs viability, and MMSC proliferation after incubation
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Fig. 5. The effect of the deformation processing of alloy WE43 on the biocompatibility in vitro (a) hemolysis, (b) WBCs viability, (¢) MMSCs proliferation after 7
days of incubation, (d) mass loss of the alloy in FBS at 37°C, (e) hydrogen gas evolution during the degradation process after 6 days of incubation, (f) sample surface
after incubation in FBS (before removal of corrosion products). The hemolysis, WBCs viability and MMSCs proliferation values were calculated as a percentage of
the respective values for the alloy in the initial state defined as the initial state for ECAP processing.

of cells with samples of the alloy. In addition, a study of the alloy degra-
dation rate in fetal bovine serum at 37°C was conducted (Fig. 5).

The dynamics of hemolysis was evaluated after 1, 2, 3, 4, 5, and
24 hours of alloy samples co-incubation with RBCs. Fig. 5a shows the
change in the hemolytic activity of WE43 alloy in the initial state after
deformation processing. After a short incubation period (one hour) all
the deformation treatments samples of the alloy caused a significantly
lower level of hemolysis compared to the alloy in the initial state. After
two hours of co-incubation, significantly lower hemolysis was initiated
by samples of the alloy processed by MAD and ECAP. With a further ex-
tension of the incubation time, a retardation of hemolysis was observed

only for samples processed by MAD, while ECAP and RS had no signifi-
cant effect on the activity of the alloy compared to the initial state.

Based on the analysis of changes in the MTT activity, it was found
that WE43 treated by MAD and ECAP depressed the cell viability to a
lesser extent than in the initial state. This improvement of cellular re-
sponse to WE43 associated with deformation-induced grain refinement
was more pronounced for a longer co-incubation time of 24 h than for
a two-hour exposure. No significant change in cell viability as a result
of co-incubation was observed for WE43 processed by RS.

A similar trend was established by studying the effect of the alloy
processed by severe deformation on the MMSCs proliferation. After 7
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Fig. 6. Sample surfaces after incubation in FBS for 28 days (before removal of corrosion products) for the alloy in the initial state (for ECAP-treated alloy) (a), after
MAD (b), and after ECAP (c). Images for the alloy following RS (d), after incubation in FBS for 14 days (e), 21 days (f), and 28 (g) days are also shown. (The red

arrows indicate localization sites of corrosion).

days of incubation it was found that MMSCs proliferation on WE43 sur-
face was boosted by processing by MAD and ECAP. By contrast, the RS
treatment almost did not change this biocompatibility parameter.

Fig. 5d shows the variation of the corrosion resistance with the incu-
bation time for the various states of alloy WE43 in terms of the relative
mass loss. The curves demonstrate that ECAP and MAD treatment hardly
caused any change of the sample mass over the test duration of 28 days.
After four weeks of incubation in FBS, the relative mass loss of the alloy
after ECAP and MAD was 2.70 + 1.48% and 0.51 + 0.36%, respectively
— much less than the mass loss of the samples in the initial condition

(6.71 + 1.85%). The effect of RS processing was significantly different,
both qualitatively and quantitatively. A strong localization of corrosion
with the formation of pitting wells was observed. Accordingly, the rel-
ative mass loss after 4 weeks of incubation in this condition was the
largest and amounted to 53.22 + 0.44%. In addition, prolonged evolu-
tion of hydrogen was observed during incubation in the test medium for
the alloy in the initial state and after RS (Fig. 5e). Profuse gas formation
can have negative consequences for biocompatibility of implants in vivo
and is obviously undesirable. Inspection of the surface morphology of
the MAD- and ECAP-treated samples showed that they did not exhibit
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any significant changes after 28 days of incubation in FBS. In general,
the samples degraded practically homogeneously. Only weak signs of
localization of corrosion were observed (Fig. 6 b, c). In contrast, pro-
nounced pitting is clearly visible on the alloy samples in the initial state
after 28 days of incubation in FBS (Fig. 6 a). Major degradation was
concentrated at these surface locations. In the case of RS-treated alloy,
localization of corrosion occurred already at the initial stage of incuba-
tion, and the degradation proceeded mainly from one edge of the sample
with an increase in the incubation time (Fig. 6 d-g). It should also be
noted that the surfaces of all samples were covered with an extremely
heterogeneous membrane consisting mainly of the degradation products
of the alloy.

4. Discussion

The results presented in the previous section show that all three de-
formation treatments studied (ECAP, MAD, and RS) lead to a significant
strengthening of the WE43 alloy yielding UTS values that can be as high
as 416 MPa. It should be noted that in the case of ECAP and MAD, in
addition to an increase in the strength of the alloy (up to 300 MPa),
an increase in tensile elongation to, respectively, 13.2 and 17.2%, was
observed. An increase in the strength of the alloy can be associated with
the formation of a UFG structure as a result of severe plastic deforma-
tion. The best performing material, with the highest strength value (416
MPa), was the alloy processed by RS. In this case, alongside the most
dispersed microstructure with an average grain size of 0.61 + 0.19 ym, a
large number of deformation twins were also observed. They contribute
to the strengthening of the alloy but slightly decrease its tensile ductil-
ity (Table 2). However, this reduction of ductility is not dramatic, and is
outweighed by the significant gain in strength. A similar strengthening
effect was also reported for the WE43 alloy processed by high pressure
torsion (HPT) [59]. Unfortunately, the UTS of 390 MPa achieved by
combining HPT with subsequent aging was accompanied with a drop of
tensile ductility to almost zero. RS processing also caused a reduction
of ductility, but the tensile elongation of more than 7% obtained by this
kind of processing can still be regarded as satisfactory. The observed
strengthening effects can be associated with grain refinement and, in
the case of RS, with an additional contribution from deformation twin-
ning. Although Mg,; Nds intermetallic particles were formed in the alloy
during deformation, their volume fraction was too small for their con-
tribution to strengthening to be of significance.

An analysis of the texture induced by deformation processing was
carried out to identify the causes of the observed increase in ductility.
As shown earlier, a sharp prismatic texture was formed in alloy WE43
processed by ECAP. The calculation of the orientation factors of the slip
systems and the main twinning system in hexagonal close-packed metals
(an increase for basal and pyramidal slip and twinning and a decrease
for prismatic slip) also shows that the probability of prismatic slip is
increased, while that of basal and pyramidal slip and twinning weaken
by ECAP (Table 3). Enhanced probability of dislocation slip on prismatic
planes is known to be one of the main reasons for increased ductility of
magnesium alloys.

As discussed above, after MAD processing the alloy did not have a
pronounced texture. However, the calculation of the orientation factors
showed that the probability of basal slip declined and that of prismatic
slip rose as a result of processing. The overall outcome was an increase in

Table 3
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the ductility of the alloy. An additional effect is an increase in the pyra-
midal slip and twinning. The latter may be associated with the presence
of compressive stresses in the MAD process. However, unexpectedly, no
deformation twins were detected in the microstructure after MAD. It is
likely that the critical shear stresses in this case were so high that even a
significant decrease in the orientation factor was insufficient to initiate
the twinning process.

As already mentioned, high mechanical strength and sufficient cor-
rosion resistance are an important prerequisite for the use of Mg alloys
in medical implants. From this viewpoint, deformation processing pro-
ducing an UFG structure is promising, as it leads to improved strength
characteristics combined with adequate corrosion resistance. Indeed,
the present study demonstrated the formation of a UFG structure and
texture that gave rise to an increase in the strength of alloy WE43 with-
out a loss of its corrosion resistance. As a matter of fact, in the case
of ECAP and MAD the chemical corrosion rate was reduced and tensile
ductility was increased, cf. Fig. 5 and Table 2.

Currently, the mechanisms underlying the observed corrosion resis-
tance behavior cannot be considered as established. On the one hand, a
decrease in the average grain size leads to an increase in the length of
the grain boundaries exposed to the cell culture, which are essentially a
defect in the crystal structure of the alloy whose increase should affect
the corrosion resistance negatively through acceleration of the corro-
sion process. On the other hand, a high corrosion rate at an early stage
of the process can accelerate the formation of a protective layer consist-
ing of magnesium oxides and hydroxides, and subsequently slow down
the corrosion process. In addition, the UFG structure with a high den-
sity of grain boundaries can become a barrier to the spread of pitting
corrosion, which is also a serious problem with magnesium alloys [39].
Suppression of pitting will lead to a decrease in the localization of cor-
rosion, which will reduce non-uniformity of the mechanical properties
of an implant and hence the risk of failure during operation or prema-
ture fracture in service. There are several other factors whose interplay
complicates the interpretation of the corrosion behavior. Among them is
the occurrence of precipitation during the deformation processing. The
structure of the alloy in the initial state consists of large grains of a su-
persaturated magnesium solid solution. In addition to grain refinement,
the deformation process leads to the precipitation of dispersed inter-
metallic Mg4; Nds particles, thus creating closely spaced micro galvanic
couples with the Mg matrix, which enhances corrosion.

A factor that can influence corrosion resistance is surface roughness
after the formation of an UFG structure [60], and therefore the surface
roughness was (Table 4). The parameters measured included the aver-
age roughness (Ra), the root mean square roughness (Rq), the average
maximum peak-to-valley value (Rz), the average maximum height of
the profile (Rt), the kurtosis (Rku), and the skewness (Rsk).

As seen from Table 4, all three processing techniques employed,
MAD, ECAP, and RS, brought about a significant decrease in the param-
eters Ra, Rt, Rz, and Rq. It is believed that the surface features defining
the roughness profile are associated with differences in the bulk mi-
crostructure — in the condition of testing — in particular the reduced
grain size and increased dislocation density. We note that the magni-
tude of the parameters Rku and Rsk is the greatest for the samples of
WE43 processed by RS. This was probably the reason for the extremely
high biodegradation rate in FBS for the extended incubation time of
four weeks, and also the strong localization of corrosion. This behavior

Orientation factors for alloy WE43 in the initial state and after processing.

State of the alloy Basal {0001}<1120>

Prismatic {1010}<1120>

Pyramidal <c+a>  Twinning {1012}(1011)

Initial state for ECAP 4.6 6.2
ECAP 6.0 4.3
Initial state for MAD 4.8 5.5

MAD 53 4.4

4.1 4.0
5.0 5.0
5.6 6.0
4.7 4.6
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Table 4
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The surface roughness parameters for the WE43 alloy with various processing histo-
ries (The initial state for ECAP-treated alloy was used as a reference.).

Rt, nm

State of the alloy Ra, nm

Initial state + Polishing 356 3370
MAD + Polishing 136 1055
ECAP + Polishing 26 620
RS + Polishing 69 1950

Rz, nm Rq, nm Rku Rsk

2540 434 3.03 -0.69
1020 168 2.93 -0.48
358 33 5.12 -0.69
1400 98 1446  -1.96

is likely connected with the formation of deformation twins in WE43
deformed by RS. However, further research is needed to confirm this
hypothesis.

Surface roughness also had an effect on the biocompatibility param-
eters. Thus, the observed decrease in hemolysis and increase in the cell
viability of the alloy in the initial condition induced by deformation
processing is correlated with a decrease in the values of Ra, Rt, Rz, and
Rq. However, these phenomena may also be associated with a decrease
in the degradation rate of the alloy after the deformation treatments in
the early stages of incubation. Since a decrease in the degradation rate
led to a reduction of the rate of hydrogen evolution and less alkaliza-
tion of the culture medium, biocompatibility might have been improved.
The likelihood of this effect of the degradation rate on biocompatibility
is also confirmed by the results of the assessment of changes in MMSC
proliferation after 7 days of incubation with the studied alloy. In our ex-
periments, a significant increase in the degradation rate was observed
for the initial and swaged alloy after 7 days of incubation, which was
accompanied with profuse hydrogen evolution (Fig. 5e). By contrast,
the degradation rate of the alloy processed by MAD and ECAP hardly
changed. The results on the MMSC proliferation dynamic, in general,
correlate with these data. It was proven that MAD- and ECAP-treated
WE43 promoted the proliferation in vitro of these cells compared to the
alloy in the initial state. The behavior of the RS processed alloy tells us
a different story. There are reasons to believe that the acceleration of
the biodegradation process for this condition inhibits cell proliferation
due to an increase in the pH of the medium. The ensuing deterioration
of the properties of the growth culture medium causes mechanical re-
pulsion of cells from the surface of the alloy samples due to the rapid
formation of numerous hydrogen bubbles. In addition, corrosion of the
alloy was also accompanied with the formation of a surface coating with
needle-like crystals of magnesium hydroxide Mg(OH), (Fig. 5f). Possi-
bly this inhibited the proliferation of MMSCs by mechanically damaging
the cells when they adhered to the surface.

Summarizing the data obtained, we can conclude that the structure
refinement to a UFG state by the severe plastic deformation techniques
considered enables a significant improvement of the properties of alloy
WEA43, albeit to different degrees. Along with an increase in strength
due to a pronounced grain refinement and the formation of deformation
twins in the case of rotary swaging processed material, the ductility of
the alloy can also be increased in the presence of a favorable texture.
Furthermore, changes in the microstructure by severe plastic deforma-
tion techniques, using the right processing regime, can also lead to im-
proved corrosion resistance, which in turn improves biocompatibility in
vitro. That is to say, the formation of the UFG structure may not only
enhance the strength characteristics of alloy WE43, but also improve its
in-service properties, significantly expanding the possibilities of using
the alloy in medical implants. It should be noted that the formation of
deformation twins by rotary swaging, while producing the best results
in terms of strength, accelerates corrosion. However, it may be possible
to solve this problem by designing new temperature and deformation
regimes. In any case, investigations aiming at further improvement of
the property profile of alloy WE43 relevant for implant applications are
believed to be the order of the day. Further in vitro experiments need to
be complemented with in vivo assays, and we are planning such studies
for future work.

5. Conclusions

—_

It was revealed that mechanical processing of magnesium alloy
WE43 by various methods of severe plastic deformation leads to the
formation of an ultrafine-grained structure. Severe plastic deforma-
tion resulted in an average grain size in the range of ~0.6 - 1 ym,
and Mg, Nd5 phase intermetallic particles with an average size of
0.30 - 0.45 ym.

Through processing by rotary swaging, it was possible to increase
the UTS of the alloy to 416 MPa with a small decrease in ductility to
~7.9%. In the case of ECAP and MAD processing, grain refinement
led to an increase in tensile ductility to about ~17.2% due to the
activation of prismatic slip, along with a concomitant increase in
the UTS to ~300 MPa.

Grain refinement caused by all three deformation methods employed
did not result in a deterioration of the resistance of WE43 to electro-
chemical corrosion. In fact, results revealed that ECAP and MAD led
to a decrease of corrosion rate in both short-term and four-week long
experiments. However conversely, processing by rotary swaging was
found to accelerate biocorrosion of WE43 in a simulated body fluid
(fetal bovine serum).

It was shown that grain refinement by ECAP and, especially, MAD
improved the biocompatibility of the initial alloy, impeding hemoly-
sis, WBCs viability, and MMSC proliferation. The deformation treat-
ment of WE43 in the initial state by RS contributed to a short-term
decrease in its hemolytic activity.

Overall, the present study indicated that the properties of WE43, an
alloy that has already been deemed as a candidate relevant to medi-
cal implants, can be improved significantly, making the magnesium
alloy WE43 particularly significant in terms of a leading property
profile.
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