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Magnesium alloys containing biocompatible components show tremendous promise for applications as tempo-
rary biomedical devices. However, to ensure their safe use as biodegradeable implants, it is essential to control
their corrosion rates. In concentrated Mg alloys, a microgalvanic coupling between the a-Mg matrix and sec-
ondary precipitates exists which results in increased corrosion rate. To address this challenge, we engineered the
microstructure of a biodegradable Mg-Zn-RE-Zr alloy by friction stir processing (FSP), improving its corrosion
resistance and mechanical properties simultaneously. The FS processed alloy with refined grains and broken and
uniformly distributed secondary precipitates showed a relatively uniform corrosion morphology accompanied
with the formation of a stable passive layer on the alloy surface. In vivo corrosion evaluation of the processed
alloy in a small animal model showed that the material was well-tolerated with no signs of inflammation or
harmful by-products. Remarkably, the processed alloy supported bone until it healed till eight weeks with a low
in vivo corrosion rate of 0.7 mm/year. Moreover, we analyzed blood and histology of the critical organs such as
liver and kidney, which showed normal functionality and consistent ion and enzyme levels, throughout the 12-
week study period. These results demonstrate that the processed Mg-Zn-RE-Zr alloy offers promising potential
for osseointegration in bone tissue healing while also exhibiting controlled biodegradability due to its engineered
microstructure. The results from the present study will have profound benefit for bone fracture management,
particularly in pediatric and elderly patients.

1. Introduction

Bone fracture management involves fixation using an implant to
support bone/tissue healing followed by its removal [1,2]. Permanent
implants made from titanium, stainless steel and cobalt-chromium have
been commonly used in orthopedic surgeries [3]. Patients can benefit
from biodegradable implants by avoiding secondary removal surgery,
reducing pain, physical discomfort, and cost savings [4,5]. Essential
requirements for biodegradable bone implant material include
biocompatibility with living tissues, mechanical integrity over its
intended service life and controlled degradation coupled with non-toxic
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byproducts [5]. Amongst different biodegradable metals, Mg alloys have
been found to possess optimal mechanical properties that are closet to
bones and good biocompatibility [6-8]. Consequently, Mg based alloys
have been extensively researched for biodegradable implant application
[6-14].

Mg alloys utilization as implants is impeded by their comparatively
high corrosion rates. Mg has a low electrode potential of —2.372 V [15]
against normal hydrogen electrode, making it extremely active in
aqueous media containing chloride ions, such as human body physio-
logical conditions. Although Mg(OH), formed during exposure to
aqueous media can act as a passive surface film [16,17], Mg exhibits
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negative difference effect, whereby both hydrogen evolution and
corrosion rate of magnesium grows with increasing potential [18,19],
leading to unstable passive film. Rapid corrosion can cause the implant
to lose its mechanical integrity before bone healing and promote
hydrogen gas accumulation leading to subcutaneous swelling [10,20].

Ideally, Mg alloy biodegradable implants should be able to me-
chanically support bone during healing, commensurately degrading as
healing completes. Many studies on biodegradable orthopedic implants
have suggested bone tissue healing varies between 3 and 12 months [8,
10,21,22], based upon works of Erinc et al. [23], and Erbel et al. (clinical
trials of cardiovascular Mg scaffolds) [24]. Therefore, the implant is
expected to completely degrade within a period of 12-24 months [25,
26]. Based on this proposed bone healing period, a preferred corrosion
rate of <0.5 mm/year for biodegradable Mg implants has been sug-
gested [8,10]. However, it has been shown that several factors such as
type of bone tissue, fracture location, and patient age significantly affect
healing times [27-29]. Hence design criteria for biodegradable Mg al-
loys should be based on tissue specific corrosion rates, good mechanical
properties, and alloy constituents with null toxic side effects.

To achieve an optimal biodegradable Mg based alloy, several tech-
niques have been proposed, such as alloying additions, grain refinement
and coatings to improve its mechanical and corrosion properties [8].
Among the different Mg alloying additions, Zn, Zr and RE have been
shown to influence both mechanical and corrosion properties [8,16,30].
Mg-Zn and Mg-RE alloys presents one of the most favorable mechanical
properties (strength and ductility) [8,31,32]. Addition of 3 wt% of Zn (a
trace nutrient element [8,33]), has shown optimal increase in Mg alloy
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mechanical and corrosion resistance [34-36] and hence used in present
study. Zr is a grain refiner and microstructure stabilizer for Mg alloys
[37-39] and its addition to Mg-Zn alloy system has shown 57% and 10%
increase in yield and tensile strength, respectively [40]. Although there
have been apprehensions about alloying Mg with RE [41,42], it has been
suggested that the quantity of RE in Mg alloys should be optimized to
prevent toxicity whilst improving alloy mechanical properties [43].
Long term in vivo studies of Mg-RE biodegradable alloys, did not reveal
statistically significant accumulations of RE in critical organs or imme-
diate bone surrounding [44,45]. These results showed that, ostensibly,
RE additions in Mg alloys may not lead to adverse effects within sub-
jects, and it was metabolized, leading to homeostatic levels being
achieved.

Considering characteristics of different alloying elements, we nar-
rowed down to Mg-Zn-RE-Zr alloy (ZE and EZ series) for biodegradable
implant application, owing to their favorable mechanical and corrosion
properties. The microstructure of this alloy system comprises a-Mg with
T-phase secondary precipitates along grain boundaries and Zr-rich phase
in grain interior (Fig. 1(b)). In our previous work, on mechanical and
corrosion properties of EZ33 and ZE41 alloys, it was observed that EZ33
had lower mechanical properties compared to ZE41, but relatively more
uniform corrosion properties [46-48]. The observed corrosion resis-
tance in EZ33 alloy was attributed to development of a more stable
protective surface film, evidenced by higher open circuit potential (OCP)
for the alloy [46,47]. Both the T-phase and Zr-rich precipitate act as
cathode to the anodic a-Mg matrix in Mg-Zn-Zr-RE alloys [49]. In EZ33
Mg alloy, micro galvanic coupling occurred between the T-phase
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Fig. 1. (a) Schematic of friction stir processing of EZ33 Mg plate and retrieval of Mg implant from the stir zone. (b) Microstructure of EZ33 base material shows T-
phase precipitates along grain boundaries and Zr rich phase in the middle of a-Mg grains. (c) Friction stir processed EZ33 size zone shows refined grains and broken-

down T-phase precipitates, compared to base material.
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precipitate and matrix leading to loss of precipitates, however the
Zr-rich region did not influence the alloy corrosion response [48].
Consequently, EZ33 alloy showed more uniform corrosion and higher
corrosion resistance compared to ZE41 alloy, resulting in better me-
chanical integrity [48].

To achieve relatively uniform corrosion on the selected Mg alloy,
secondary precipitates must be distributed uniformly along with refined
grains. Several severe plastic deformation (SPD) techniques have been
adopted to modify Mg alloy microstructure [50,51]. Corrosion in Mg is
high, due to poor stability of the passive oxide layer caused by
compression stresses therein, owing to its geometrical incompatibility
with the hexagonal base Mg lattice [52]. As a result of SPD process, grain
boundaries are increased which minimizes mismatch between the oxi-
de/hydroxide layer and the base Mg substrate, leading to improved
corrosion properties [52]. Friction stir processing (FSP) is a SPD process,
in which a rotating tool is plunged into the workpiece and translated to
modify its microstructure [53]. Mg-RE alloy subjected to FSP showed
refined grains (0.7 pm from 70 pm) resulting in decreased corrosion rate
(0.04 mg/cm?. day from 0.18 mg/cm? day), owing to higher grain
boundary per unit volume, leading to improved passivation kinetics
[54]. Mg-Zn-RE alloy processed using FSP showed decreased secondary
phases volume fraction, compared to base material [55]. Refined grains
and lower secondary phases resulted in higher corrosion resistance, due
to more uniform corrosion behavior and re-dissolution of secondary
phases into the matrix [55].

Texture is another critical factor influencing corrosion response of
Mg alloys. Studies have shown that for Mg alloys, basal texture, shows
improved corrosion resistance than non-basal textures [56-60]. Studies
on AZ31 alloy exposed to corrosion medium, observed that grains with
non-basal planes suffered greater corrosion attack in comparison to
grains with basal planes [57,61]. Similar observations have been made
for extruded Mg-Zn-Gd-Zr alloy where basal texture dominated extru-
sion surface showed higher corrosion resistance, compared to as-cast
alloy with random texture [62]. Notably, Mg alloys subjected to FSP
tend to exhibit dominant basal texture in the stir zone region [63-65].

Mg alloys processed through FSP has also shown considerable
improvement to mechanical properties such as strength and ductility
[66-68]. Magnesium has a hep crystal structure with a limited number
of independent slip systems, resulting in low room temperature ductility
and formability [69]. Mechanical properties of Mg alloys are influenced
by several microstructural features such as grain size, precipitates and
texture [70,71]. By engineering Mg alloys microstructure, its mechani-
cal and corrosion properties can be tailored. In the present work, the
microstructure of selected EZ33 alloy is engineered using FSP as an SPD
tool, with an aim to achieve the following material characteristics: (i)
grain refinement to aid passivation kinetics and improve mechanical
properties, (ii) reduce size and uniform distribution of secondary phases
in order to reduce microgalvanic effects and (iii) develop a favorable
texture. The processed Mg alloys are subjected to in vitro and in vivo
characterization to study corrosion response. The in vivo section has
been designed such that the corrosion rate of processed Mg alloy
implant, can be directly compared with bone tissue healing. The study
aims to address the following key questions:

Effect of alloying elements (material selection) on in vitro and in vivo
corrosion and comparison with existing alloys?

Effect of grain size, distribution of secondary phases and texture
(achieved through SPD) on in vitro and in vivo corrosion of selected
alloy?

To what extent is the animal model able to remodel the fracture
around the implant (osseointegration) and other effects on critical
organs functioning?

e How close is the match between corrosion of microstructure engi-
neered biodegradable Mg alloy implant compared with real time
healing of bone tissue?
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2. Materials and methods
2.1. Severe plastically deformed EZ33 implant material

In the present work, EZ33A Mg alloy in T5 condition is utilized as the
implant base material (BM). Chemical composition and microstructure
of BM are shown in Table 1 and Fig. 1 respectively. To refine the grains
of EZ33 BM, friction stir process, a severe plastic deformation method-
ology was employed. FSP was carried out on a 3 mm thick EZ33-BM
plate using an FSP machine (CFSWT, Beijing) containing a tool with a
shoulder diameter of 12 mm, and with a 2.8 mm long conical pin (5 mm
major diameter and 3 mm minor diameter) (Fig. 1(a)). The processing
(PD), normal (ND) and transverse (TD) directions with respect to the
workpiece is shown in Fig. 1(a). Process parameters utilized include a
tool rotational speed of 1500 rpm, translation speed of 20 mm/min and
tool tilt angle of 2°. The resulting microstructure from FSP contained the
stir zone (SZ), thermomechanical affected zone (TMAZ), heat affected
zone (HAZ) and base material (BM) (Fig. 1(a)). Since the stir zone un-
dergoes severe plastic deformation and results in refined grains as shown
in Fig. 1(c), the implant to be used for in vitro and in vivo testing was cut
from the stir zone with diameter of 1.4 + 0.05 mm using an electric
discharge machine. To assess the impact of subjecting the Mg alloy
material through FSP using a steel tool, the processed region (3 g
specimen) was analyzed for chemical composition variation pre- and
post-processing using inductively coupled plasma (ICP) analysis (IMR
Test Labs, NY).

2.2. Microstructural and texture characterization

Microstructural examination of the base material and FSP samples
was carried out on sample cuts from the top surface (normal plane) and
cross-section (processing plane) of the SZ. Samples were epoxy moun-
ted, grinded and polished up to 1 pm, using diamond suspensions. To
reveal the microstructure, samples were etched with acetic picral solu-
tion [72]. A FEI Quanta 400 scanning electron microscope (SEM) with
backscatter electron (BSE) imaging and Energy Dispersive X-ray spec-
troscopy (EDS) operated at 20 keV was used to examine secondary
phases, chemical composition, surface morphology of post-immersion
corroded samples. Grain size was measured by averaging more than
50 grain size diameters from 5 different microstructures for statistical
relevance. X-Ray Diffraction (XRD) was performed on the EZ33-BM
specimen to identify its constituent phases. Texture analysis was per-
formed using FEI field emission scanning microscope fitted with electron
backscatter diffraction (EBSD) analyzer, using 20 keV accelerating
voltage, 10 nA probe current and confidence index of 0.1. The pole
figures were obtained using the EBSD orientation imaging data.

2.3. Mechanical property evaluation

The EZ33 alloy specimens were evaluated for Vickers microhardness
(Future Tech FM-310, Japan) using 100 gf load and a dwell time of 15 s.
The tensile test was conducted using electromechanical MTS Insight 30
kN load tensile tester at ambient temperature with an initial strain rate
of 103/s. Tensile specimen had nominal cross-sectional area of 3 x 3
mm? and a gauge length of 12 mm.

2.4. In vitro corrosion

Immersion test, using the weight loss method, was implemented to
assess the in vitro degradation behavior of the implants. Samples similar
in dimension to those used for in vivo testing, were immersed in 250 ml
Hank’s balanced salt solution (HBSS, Sigma Aldrich) at 37 + 1 °C, to
simulate body conditions. Samples were removed at different time in-
tervals, washed with distilled water, air-dried and weighed. The calcu-
lated corrosion in mm/yr is given by Ref. [73]:
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Table 1

Chemical composition of EZ33A Mg alloy utilized in present work [47].
Element Zn Zr Ce La Nd Mn Fe Cr Mg
Wt.% 2.66 1.32 1.16 0.47 0.26 0.01 <0.01 <0.01 Balance

8760 x mass loss (g) e
Exposed area (mm?) x time (h) x density (g/mm?)

Corrosion rate =

From the initiation of immersion, weight measurements were taken
at hourly intervals in order to capture the initial rapid corrosion
response. Later, the interval between measurements was increased and
samples were immersed for a total duration of 12 weeks. In-situ corro-
sion tests (i.e. drop tests), were carried out by wetting the polished
surface of the base and processed material with HBSS and monitored
using an optical microscope. The drop test aided observation of the
corrosion front’s evolution and propagation, as well as the occurrence of
micro-galvanic effects in real time.

Electrochemical measurements were conducted at 37 & 1 °C in HBSS
for a period of 24 h on specimen with 1 cm? cross sectional area in 250
ml solution. The pH was maintained at 7.4 + 0.1 using HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) buffering solution to
provide a more realistic representation of the corrosion process as it
would occur within the human body. Open circuit potential (OCP),
potentiodymamic polarization (PDP), and electrochemical impedance
spectroscopy (EIS) techniques were used to study corrosion behavior of
the base material and processed samples. A typical three-electrode setup
using Gamry Eurocell™ was used, with an exposed area of 0.25 cm? as
the working electrode, a graphite rod as counter electrode and saturated
silver/silver chloride (Ag/AgCl) reference electrode. Samples were
prepared using the same procedure for microstructural investigations
and were immersed for 10 min to achieve constant potential before
conducting the experiments. OCP was measured at different time in-
tervals to map its variation with time, with each sampling point obtained
by taking the average of the OCPs over a 30 min period. EIS measure-
ments were taken at OCP by sweeping the frequencies from 10° to 102
Hz with an applied sinusoidal potential of 10 mV in amplitude. PDP
scans were obtained by continuous scanning from —2.5 V vs. Egcp to 1.5
V vs. Egcp at a rate of 1 mV/s. Immersion and electrochemical tests were
duplicated to validate the repeatability of the results.

2.4.1. Cytotoxicity

NIH3T3, mouse embryonic fibroblast cells, were cultured in Dul-
becco’s Modified Eagle’s Medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 U/ml penicillin, and 100 pg/ml strepto-
mycin at 37 °C in a humidified atmosphere of 5% CO. Cytotoxicity tests
of EZ33 and its major rare earth alloying elements (Nd, La and Ce) were
carried out using indirect MTT (methylthiazolyldiphenyl-tetrazolium
bromide) assay based on the ISO-10993-5 standards [74].

Extracts were prepared using 10 mg powdered samples and incu-
bated in 10 ml of DMEM extraction medium with no serum addition.
After eight days of incubation in humidified atmosphere at 37 °C, the
NIH3T3 cells were seeded onto 96-well cell culture plates with 100 pl of
medium per well and incubated for 24 h for cell attachment. The DMEM
+10% FBS without metal extract was used as a negative control, while
DMEM with 25% FBS and 10% DMSO (dimethyl sulfoxide) was used a
positive control. 20 pl of MTT was added to each well and the samples
were further incubated for 3 h at 37 °C. 100 pl of DMSO was added to
each well as a stop solution and each well was incubated for 20 min
before being measured spectrophotometrically at 570 nm.

Statistical analysis was performed to evaluate the difference in cell
viability between the control and alloy extracts. Two-tailed t-test was
used for three samples in each group and statistical significance was
defined as p < 0.05.
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2.5. In vivo corrosion

In vivo corrosion study was performed using 24 Sprague Dawley rats
(12 male + 12 female) at the Laboratory Animal Research Center
(LARC), Qatar University following IACUC protocol no: 2-6/2019-1.
The male rats were 33 + 1 weeks old with average body weight of 645

+ 43.2 g and female rats were 22 + 1 weeks old with average body

weight of 334.8 + 28.6 g. All animals were housed in individual cages.
The animals were divided in two groups: implant group (6 male + 6
females) and control group (6 males + 6 females). The implant group
received our experimental alloy implant (EZ33 Mg alloy), whereas the
control group underwent surgery without implant insertion. Animals
were injected with a xylazine/ketamine combination (0.1 ml/100 g rat
wt.) to induce anesthesia through intraperitoneal route. Fur on the hind
leg was shaved to reveal skin. 5% povidone-iodine was applied as anti-
septic. A scalpel with a blade (#22) was used to make an incision on the
skin and muscles. Muscles were held in place with retractors to highlight
the femur. Transcortically, a 1.5 mm hole was drilled into the femur with
a hand drill. The implant was inserted transcortically into the femur.
After the procedure the muscles and skin were approximated with
absorbable and non-absorbable sutures, respectively. Meloxicam (2 mg/
kg) was given to all of the animals as analgesic after surgery for three
days. Post-surgery food and water were made available ad libitum to the
animals. Three male animals (2 implant and 1 control group) of the 24
were lost within two days after the surgery. All the animals were
monitored for recovery and health status. Animals were euthanized at 4,
8, and 12 weeks post surgery to investigate tissue repair, organ histol-
ogy, and implant recovery. The in vivo corrosion rate (CR) was
measured based on the implant volume loss (AV), exposed implant
surface area (A) and exposure time (t) and was represented as [75]

AV
TAXt

(2

The corrosion results were converted to median and standard devi-
ation. Mann-Whitney U test was used to compare the groups at p value of
0.05.

2.5.1. MicroCT

The implant material was imaged using a Thermo-Fischer Heliscan
(Mk1) X-ray microcomputed tomography scanner to study implant
corrosion and osseointegration. Scans of animal model bones were
performed using 90 kV beam voltage, 50 pA current and an 850 ms
exposure time, captured using a space filling protocol. A 0.2 mm
thickness stainless steel filter was placed between the source and sample
to minimize beam hardening effects, with a 5 mm Al filter used at the
detector. The acquired radiographs were reconstructed using iterative
reconstruction, with the resultant volume images analyzed using
Thermo-Fisher Avizo 9.2.0. Initially, the Non-Local Means (NLM) filter
was applied to reduce image noise [76], proceeded by the application of
an unsharp mask. In order to obtain image-based estimates of implant
volumetric degradation, it is necessary to segment tomographic image
data into its targeted component material phases (i.e. alloy implant and
bone tissue). Due to similar attenuation characteristics of the studied Mg
alloy implant and the surrounding bone tissue, interactive thresholding
was deemed impractical. Consequently, segmentation of the implant
material was carried out manually using Avizo’s Segmentation Editor.



V.C. Shunmugasamy et al.
2.6. Blood serum analysis

Blood samples were taken through cardiac puncture in EDTA-coated
plasma preparation tubes (Cat# 362788; BD, Mississauga, ON, Canada).
Plasma samples were extracted from the blood by 30 min centrifugation
at 1000g. The samples were preserved in duplicates at —20 °C for lab-
oratory testing. Plasma samples were subjected to clinical chemistry
measurements using a Tecan™ spectrophotometer (Infinite 200Pro,
Tecan, Germany). Magnesium ions concentration was measured using
colorimetric reaction in an alkaline medium that forms colored complex
with xylidyl blue. The reaction between magnesium ions and reagents
was observed at 520 mm wavelength and 25 °C temperature (Magne-
sium liquicolor, CAT# 10010, Human Diagnostica, Germany). Calcium
ion concentration was estimated via a colorimetric reaction between
plasma calcium ions and o-cresolphthalein- complex (Calcium liqui-
color, CAT# 10011, Human Diagnostica, Germany). The reaction color
was measured at 540 nm wavelength.

Plasma concentrations of analytes associated with kidney function
were estimated using a spectrophotometer (Infinite 200Pro, Tecan,
Germany). Urease enzyme converts plasma urea into ammonia and
carbon dioxide. The produced ammonia reacts with hypochlorite and
salicylate to form green dye (Urea liquicolor, CAT# 10505, Human
Diagnostica, Germany). The color intensity was read at 540 nm wave-
length. Plasma creatinine enzyme activity was measured using a
multistep photometric end-point reaction. The change in color intensity
was measured 10 min apart at 540 nm wavelength (Creatinine. CAT#

Bioactive Materials 28 (2023) 448-466

10053, Human Diagnostica, Germany).

Liver function test enzymes, alanine aminotransferase (ALT) and
aspartate aminotransferase (ASP), and Alkaline Phosphatase (AP)
enzyme activities were measured spectrophotometrically in multistep
reactions. In brief, kinetic method for ALT determination used 2-oxoglu-
tarate, NADH, and sodium azide as substrate (GPT liquiUV, CAT#
12212, Human Diagnostica, Germany). The change in color intensity
was measured 10 min apart at 360 nm wavelength [77]. The ASP
enzyme activity was measured using multistep reaction between 2-oxo-
glutarate and 1-aspartate at 340 nm wavelength (GOT liquiUV, CAT#
12,211, Human Diagnostica, Germany). Alkaline Phosphatase, an
important enzyme for liver function and bone development, activity was
measured at 340 nm wavelength using p-Nitrophenyl phosphate as
substrate (Alkaline Phosphatase, CAT# 12217, Human Diagnostica,
Germany).

2.7. Histological specimen processing

Bone tissues collected after animal euthanasia were separated from
soft tissues and fixed in 10% buffered formalin solution for histology.
The bone tissues were decalcified for 48 h, with regions of interest
dehydrated in ascending grades of ethanol and finally embedded in
paraffin (Leica tissue embedder EG1150). Sectioning of the bone tissue
was done parallel to the bone sagittal axis at thickness of 5 pm using a
Leica microtome and sections were stained with Masson’s trichrome
stain. Liver and kidney sections were stained using Hematoxylin and

Fig. 2. (a) Microstructure of EZ33-BM showing
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Eosin stain. Stained sections were observed using optical microscopy
(OM, Zeiss Axiovert 40 Mat, Pleasanton, CA).

3. Results
3.1. Mg alloy implant material

The microstructure of EZ33-BM comprised of T-phase precipitates
along the grain boundaries in a-Mg matrix (see Fig. 1(b)) along with Zr-
rich precipitates in grains interior. ED line scan spectra of a single grain
along the precipitates and a-Mg matrix are presented in Fig. 2. The ED
spectra indicated Zn and RE rich composition along the grain boundary
precipitates and Zr rich composition in the precipitate located within
middle of the grain. Quantification of the composition at three different
locations marked in Fig. 2(a) is presented in Fig. 2(d). This confirms Zn,
RE rich composition along the grain boundary precipitates (Point 2) and
the presence of Zr rich precipitate within grain interior (Point 3). As
discussed in Section 2.1, T-phase precipitate in Mg-Zn-RE alloy has been
observed to exhibit a varying composition dependent upon alloy
composition [78-80]. XRD spectra of the EZ33 base material confirms
the presence of RE (Mg, Zn);; T-phase precipitates as shown in (Fig. 2
(c). The microstructure of FS processed EZ33 implant material is shown
in Fig. 1(c). Refinement of grains and uniform distribution of pre-
cipitates can be observed within the processed implant’s microstructure
(comparing Fig. 1(b) and (c)). ED line analysis of the microstructure
corroborates presence of a uniform distribution of secondary T-phase
precipitates in the a-Mg matrix as shown in Fig. 2(e). ED spot analysis
shows higher concentration of alloying additions in a-Mg (compare
Point 1 and 4 in Fig. 2(d)) indicating higher solid solution content after
FSP. The Zr-rich precipitates are also observed to be distributed in the
a-Mg matrix proximal to grain boundaries (Fig. 2(e)) and not within
grain centers, as observed in the base material (Fig. 2(a)).

The results of ICP analysis on the processed material (Table 2) sug-
gests that the composition of FSPed EZ33 alloy did not change signifi-
cantly subsequent to processing, when compared to the base material
(comparing Tables 1 and 2), with negligible addition of iron. The
orientation map obtained through EBSD for EZ33-BM and stir zone is
presented in Fig. 3(a) and (b), respectively. The microstructure obtained
through EBSD scans is similar to that observed through OM and SEM
imaging (Fig. 1). Grain orientations studied through pole figures of the
BM and the stir zone are shown in Fig. 3(c) and (d) respectively. The BM
shows a random texture with the basal pole (0001) showing peak in-
tensities at several points in the ND-TD plane. During friction stir pro-
cessing material flow in the stir zone is guided by the compressive stress
of tool shoulder and shear stress due to the tool pin. During the severe
plastic process that occurs during FSP, the basal pole of Mg alloys is
oriented along an ellipsoidal trace surface of the tool pin across stir zone
along the midplane [63,65,81]. Near the top and bottom of stir zone, the
basal pole is oriented along the ND plane, owing to the compressive
action of the tool shoulder [63,65,82]. The stir zone shows a single peak
indicating the basal pole (0001) is oriented perpendicular to the tool pin
surface, and rotated to an angle of about 45° from PD, as shown in Fig. 3
(d). It should be noted that the EBSD scan was obtained in the SZ to-
wards advancing side, hence the basal pole peak is rotated around ND.
Results of texture analysis shows FSP has resulted in a processed mate-
rial with a basal pole perpendicular to implant edges (extracted from the
stir zone) that should enhance corrosion resistance [57,61,62].

Grain size analysis of the processed implant material reveals a 91%
reduction and more uniform distribution when compared to the base
material as shown in Fig. 3(e). The reduction in grain size is reflected in
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the Vickers microhardness measurement, with the processed implant
material showing a 10.5% higher microhardness when compared to the
base material (Fig. 3(f)). The tensile stress-strain curves of the EZ33 base
and FSPed materials are shown in Fig. 3(g). From the tensile response it
can be observed that after FS processing the materials shows similar
ultimate tensile strength whilst ductility has been enhanced by 85%.

3.2. Degradation performance

3.2.1. Invitro response

Results of the in vitro corrosion of EZ33-BM and FSP specimens are
shown in Fig. 4(a). Based on our previous study on the corrosion of
EZ33-BM, the alloy displayed dissimilar corrosion characteristics at the
start of immersion period where corrosion rates were significantly
higher followed by a decrease in corrosion rate, reaching a steady state
after seven days [48]. The EZ33-BM exhibited dissolution of Mg matrix
around secondary phases present along the grain boundary, leading to
loss of secondary precipitates and integrity [48], as observed in Fig. 4(c).
Drop test on EZ33-BM showed microgalvanic coupling occurring be-
tween the T-phase precipitates and a-Mg matrix. The corrosion front
propagates along grain boundaries with evolution of hydrogen, due to
Mg dissolution around the precipitate, as shown in Fig. 5(a) and (b).
Continuous exposure of the EZ33-BM surface to the corrosion medium
resulted in dissolution of a-Mg around the precipitates and eventual
trenching and falling of the secondary precipitates (Figs. 4(c) and 5(b).
In comparison, the FSPed EZ33 surface subjected to the drop test did not
exhibit complete trenching of secondary precipitates as seen in Fig. 5(c).
Although few precipitates could be observed to fall out, the scale of these
precipitates are much smaller in size compared to the base material
(comparing Fig. 5(b) and (c)) and it did not affect the overall FSPed alloy
corrosion response. Similar findings were observed on a Mg-Al-RE alloy
subjected to friction stir processing, where a relatively uniform surface
morphology was observed with minimal localized attack [83]. Refine-
ment of secondary phases and their homogeneous distribution within
the a-Mg matrix resulted in a reduction in the local area ratio between
the cathodic T-phase precipitates and the anodic a-Mg matrix. This
minimized the galvanic corrosion between the matrix and secondary
phases leading to a relatively uniform corrosion morphology with
minimal trenching around the secondary precipitates. EDS elemental
analysis was carried out on the drop test exposed corrosion surface with
the distribution of elemental concentrations shown in Fig. 6(a) and (b)
for EZ33-BM and FSPed specimens, respectively. The elemental maps
show that formation of oxide layer occurs in the immediate surrounding
of precipitates in the base material while a consistent distribution of
oxygen is observed in FSPed specimen indicating a relatively uniform
surface film formation due to the mitigation of galvanic corrosion be-
tween the matrix and the refined T-phase precipitates as a result of FSP.
This was reflected in the corrosion rate measured from the weight loss
method. FSP leads to significantly lower corrosion rates with
steady-state corrosion achieved after ~9 weeks. FSPed implant material
was immersed for a total of 12 weeks from which a calculated corrosion
rate was 0.35 + 0.02 mm/yr was obtained. Weight-loss measurements
for base material were discontinued after 2 weeks due to the substantial
decrease in size and weight of the studied material, compromising its
mechanical integrity (Fig. 4(b)). The calculated corrosion rate for the
base material was 4.73 + 1.27 mm/yr.

Corrosion behavior was also evaluated using EIS. Fig. 7(a) illustrates
the evolution of OCP of EZ33 BM and FSPed condition as a function of
immersion time and both the conditions exhibit vastly different trends.
The OCP for EZ33-BM starts at a value of —1715 mV and increases

Table 2

Chemical composition of EZ33A Mg alloy after subjecting to FSP.
Element Zn Zr Ce La Nd Mn Fe Cr Mg
Wt.% 2.05 0.64 1.08 0.41 0.25 0.01 0.1 <0.01 Balance
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rapidly showing the initiation and progression of corrosion until an
equilibrium state is reached at the surface. Comparatively, the OCP for
FSPed EZ33 does not present significant variability during the 24 h
immersion period, though a slight decrease is observed at the start of
immersion followed by a continued increase in OCP after approximately
700 min. Towards the end of 24 h of immersion period, OCP of FSPed
EZ33 appears to continue increasing whilst a slow decline is noticed for
BM. This behavior is indicative of progressive formation of a stable
surface film on FSPed EZ33 surface, and also suggests that surface film
formed on BM was unable to maintain stability. The variation in slopes
between start and end of immersion, demonstrates inability of the sur-
face film forming on EZ33-BM to maintain its integrity. It should be
noted that initially, FSPed EZ33 presented nobler OCP values than the
base material which may be attributed to the higher RE content in a-Mg
grains in FSPed sample due to the disintegration and dissolution of
secondary phases back into the matrix (Fig. 2). However, towards the
end of immersion period, the potential of EZ33-BM becomes more
positive which may relate to relatively higher reactivity of the surface at
immersion experiment start.

Fig. 7(b) shows PDP curves for base material and FSPed samples after
24 h of immersion. Corrosion rates measured using PDP curves were 0.4
mm/yr and 0.15 mm/yr for EZ33 BM and FSPed condition, respectively.
The trend is similar to corrosion rates calculated by weight loss mea-
surements, albeit with minor disparities due to variation in exposure
area between the two techniques. The corrosion potential, Ecqyy, for both
samples is similar, as indicated by OCP measurements. Variation in
corrosion rates may be attributed to the difference in anodic and
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cathodic kinetics. A ‘passive window’ can be seen at E, of approxi-
mately —1.3 V vs. Ag/AgCl in the PDP curve for FSPed EZ33. The
presence of passivation in the anodic branch of FSPed EZ33 is a result of
a partially protective film forming on FSPed sample surface. This was
also observed in OCP curves. Nyquist plots from EIS data for both
samples are plotted in Fig. 7(c) and (d), which were used to study the
corrosion behavior at different timepoints as well as the developed
surface film. The proposed equivalent circuit model used for fitting the
EIS data is shown in Fig. 7(e) where the high frequency capacitive loop is
attributed to double layer capacitance in parallel with the charge
transfer resistance while the mid-frequency capacitive loop is related to
the surface film formed on the Mg alloy. On the other hand, the induc-
tive loop in the low frequency range modeled the behavior of the
absorbed/desorbed species on the metal surface. The fitting results for
the selected EIS measurements are presented in Table 3. EIS spectra for
both samples showed two capacitive loops at high and intermediate
frequency ranges, as well as inductive loop at low frequency ranges. This
is typical of Mg alloy corrosion, where the diameter of the capacitive
loop is an indication of the charge transfer resistance. The charge
transfer resistance of EZ33-BM continued to increase for the first 5 h,
indicating that an oxide layer was forming on the surface and therefore
increasing corrosion resistance of the material (Fig. 7(c)). However,
after 5 h of immersion, a decrease in the diameter of the capacitive loop
is observed until it reaches ~40% of its initial resistance value. The
developed surface film was weak and decrease in resistance signifies its
disintegration, resulting in high corrosion rates after 24 h of immersion,
as evidenced by weight loss and EIS fitted results. Conversely, FSPed
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Fig. 6. EDS elemental mapping on the post drop test corrosion surface showing distribution of different elemental compositions (a) EZ33-BM and (b) EZ33-FSP. The
uniform distribution of oxygen shows a consistent passivation layer forming in EZ33-FSP specimen, compared to EZ33-BM specimen.

condition (Fig. 7(d)) offered lower resistances than the base material,
though resistances increase steadily with progressive immersion until it
reaches 1.5 times its initial value after 24 h, which was higher than the
base material. Furthermore, the surface film resistance of FSPed EZ33
increased throughout the immersion time compared to EZ33-BM whose
film resistance decreased to ~40% of its initial resistance value. The
progressive increase of both charge transfer and film resistances confirm
the development of a stable oxide layer forming on the FSPed sample
surface capable of maintaining its integrity throughout the immersion
time. The capacitive values of the double layer (C) and surface film (Cy)
were also calculated from the equivalent circuit model (Table 3) and
presented higher and less stable values for EZ33-BM, further confirming
stable surface film formed on FSPed sample. Film thickness was deter-
mined from the effective dielectric film capacitance values (C¢) for ideal
capacitors (Table 3) and confirmed that the film thickness developed in
the FSPed sample was approximately double the thickness of that
formed on BM surface.

3.2.2. Cytotoxicity

Cytotoxicity tests were performed to understand the biocompati-
bility of EZ33 and compare it with that of its main rare earth alloying
elements: Nd, La and Ce. Fig. 7(f) shows the cell viability cultured for
eight days in two different mediums: DMEM + 10% FBS and DMEM +
25% FBS + 10% DMSO, where the latter served as the positive control.
As mentioned previously, there have been concerns about utilizing rare
earths in biodegradable applications due to their toxicity [84]. Based on
the results shown in Fig. 7(f), cerium displayed the lowest cell viability,
followed by neodymium and lanthanum, having comparable yet higher
absorbance levels. These results agree with those reported by Feyera-
band et al., in which eight REs were tested, with Ce being found to be a
highly toxic element, significantly affecting cell viabilities, followed by
lanthanum and neodymium [85]. Conversely, cells cultured in EZ33
alloy extracts showed a significant higher absorbance than the rare earth
elements, demonstrating that there was good cell growth. This was ex-
pected given the fact that these elements are present in EZ33 in trace
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amounts (Table 1). Therefore, it is possible for RE-based Mg alloys to
actually promote cell growth as long as the RE present in the alloy are
within tolerable concentrations to prevent cytotoxicity [86]. Feyera-
band et al. attempted to determine these levels by testing the biocom-
patibility of Ce, Er, La, Gd, Nd and Y and reported the half-lethal dose
which is the concentration in mg/kg of each element that would result in
the loss of 50% of cultured cells [85]. Comparing these results with the
addition of DMSO in the second medium, which is known to damage
living cells, a significant reduction in absorbance levels were noticed
across all extracts except for cerium. Since cerium has proven to be
highly toxic, the minor addition of 10% DMSO did not have a significant
impact upon cell viability. However, even with the deliberate action of
destroying living cells, EZ33 showed the highest cell viability levels
compared to pure rare earth extracts, further establishing cytocompat-
ibility of the alloy. According to ISO 10993-5, EZ33 exhibits Grade
0 cytotoxicity suggesting that it is an eligible material for biological
applications [74].

3.2.3. In vivo response

The present study has been designed in such that control animal
models would be subjected to exact surgical procedure as implant group,
with the exception of receiving implant material, providing a measure of
the bone healing time period. pCT scan images of bone healing in control
animal models are shown in Fig. 8(a). It can be observed that bone re-
covers restitutio ad integrum by eight week post-procedure. Stage 2 of
bone healing [87,88]: formation of fibrocartilaginous callus, can be
observed, marked by an arrow in the pCT orthoslices shown in Fig. 8(c).
Further to this, Stage 3 of bone healing [87,88]: formation of bony
callus, can be observed in the puCT orthoslices presented in Fig. 8(d),
followed by bone remodeling (Fig. 8(d)). The control group in the pre-
sent study suggests that bone healing occurs over a time period of eight
weeks, which approximates to the time period observed for bone healing
in pediatric patients [27,89]. The control group, aids the establishment
of a base time period over which the implant material needs to have a
stable corrosion rate, whilst creating no discernible inflammation or
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Fig. 7. (a) Evolution of open circuit potential of base material and FSPed EZ33 alloy exposed to HBSS for 24 h, (b) Potentiodynamic polarization curves and (c) and
(d) Nyquist plots for base material and FSPed EZ33 alloy, respectively. (e) Equivalent circuit utilized for sitting EIS data for both EZ33 BM and FSPed materials during
different time intervals. (f) Results of cytotoxicity — cell viability cultured for a period of eight days.

Table 3

Fitting results for EIS measurements made on EZ33 base material and friction stir processed in HBSS at open circuit potential at different immersion time, as per the

equivalent circuit shown in Fig. 7(e).

Time Rep, Ohm.cm? x 10? R¢, Ohm.cm? x 10? Capacitance (Cep), Capacitance, (C)F/  Film thickness nm RL, Ohm.cm? x 10> L

min F/cm2 x 107° cm? x 10°° H.cm? x 10°

EZ33 BM FSp BM FSP BM FSP BM FSp BM FSP BM FSP BM FSP

alloy

10 5.67 + 5.77 + 4.63 + 215+ 413 £ 4.79 £ 2.89 + 5.77 £ 0.30 £ 0.15 + 0.40 + 0.67 + 6.13 £ 1.20 +
0.24 0.13 0.24 0.18 0.04 0.03 0.07 0.22 0.01 0.04 0.08 0.02 0.09 0.18

60 9.07 + 5.87 + 5.19 + 3.17 £ 4.99 + 5.02 + 3.68 + 4.43 + 0.24 + 0.20 + 0.59 + 0.76 + 3.33 £ 2.04 +
0.36 0.21 0.28 0.18 0.17 0.01 0.15 0.21 0.06 0.04 0.04 0.03 0.49 0.03

160 10.05 + 6.37 + 4.69 + 3.38 £ 4.69 + 5.23 £ 4.18 + 4.31 £ 0.21 + 0.20 + 0.80 + 0.77 £ 1.97 + 2.01 £
0.51 0.19 0.27 0.20 0.16 0.05 0.19 0.21 0.05 0.04 0.06 0.01 0.40 0.34

330 9.63 + 6.84 + 4.32 + 3.15 + 5.08 + 497 + 391 + 4.67 + 0.22 + 0.19 + 1.15 + 1.41 + 1.79 + 2.45 +
0.61 0.22 0.22 0.23 0.19 0.02 0.16 0.26 0.05 0.03 0.08 0.05 0.44 0.52

780 7.23 + 8.57 + 3.06 + 3.71 £ 5.03 + 7.89 + 4.44 + 3.81 + 0.20 + 0.23 + 1.85 + 1.29 + 1.29 + 2.47 +
0.15 0.29 0.19 0.20 0.22 0.07 0.16 0.22 0.05 0.04 0.23 0.22 0.27 0.46

1440 2.14 + 8.85 + 1.74 + 3.55+ 6.49 + 7.38 £ 5.89 + 3.08 £ 0.15 + 0.28 + 2.16 + 3.40 £ 6.05 £ 0.822 +
0.14 0.95 0.11 0.34 0.06 0.04 0.05 0.42 0.02 0.02 0.14 0.15 0.10 0.14
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(a)

toxic corrosion products. Following this, corrosion of the processed
implant material is accessed and the corrosion rate is juxtaposed with
the established healing time period.

The FSPed EZ33 implant material was inserted transcortically into
the rat femur as shown in Fig. 8(f), and was well tolerated by all animal
models. No swelling or infections were observed around implant site,
and the animals behaved and fed normally throughout the study period
(12 weeks). This was reflected in their weights measured during
euthanasia: male — 679.6 + 54.8 g; female — 347.8 + 35.9 g. The in vivo
corrosion of inserted implant was monitored through pCT imaging at
regular intervals (0, 4, 8 and 12 weeks) throughout the study time
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Fig. 8. (a) pCT orthoslices of femur bones of control
group showing bone healing by Week 8. (b) Higher
magnification of hole drilled in femur at Week 0, (c)
fibrocartilaginous callus formation in Week 4 spec-
imen - Stage 2 of bone healing [87,88], (d) bony
callus formed in Week 8 specimen — Stage 3 of bone
healing [87,88] and (e) bone remodeling in 12-week
specimen — Stage 4 of bone healing [87,88]. (f) Im-
plantation of FS processed EZ33 implant in the rat
femur animal model and (g) pCT orthoslices showing
degradation of friction stir processed EZ33 implants
at different time periods.

period, with representative 2D orthoslices for the respective in vivo time
intervals (i.e. 4, 8 and 12 weeks) presented in Fig. 8(g). The images
evidence varying degrees of corrosion on the implants. The processed
EZ33 material resulted in increased bone formation around the implant
from weeks 4-12, as can be seen in Fig. 8(g). Gas evolution due to
corrosion of the implanted material is minimal and did not ostensibly
affect bone regeneration. New bone formation occurred around the
implant in the cortical and medullary cavity areas from 4 weeks, as can
be seen in Figs. 8(g) and 9(a)-(f). Histological slices of the implanted
femur showed active bone growth with osteoblastic activity (osteoblasts
and osteocytes) around the implant site at four weeks (Fig. 9(b)). At
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Fig. 9. Histological slices of FSPed EZ33 Mg implanted rat femur in Masson’s trichrome stain after (a), (b) Week 4, (c), (d) Week 8 and (e), (f) Week 12 in vivo study
period. At Week 4 osteoblasts (*) are observed around the implant, Week 8 shows osteocytes (A) and new bone (NB) formation around the implant and Week 12
shows new bone around the implant. (g) HE stained histological slices of kidney and liver for different sampling interval compared with control (Week 12) specimen.

eight weeks, new bone formation could be observed around the implants
(Fig. 9(d)), and at 12 weeks the implant was completely surrounded by
bone growth (Fig. 9(f)).

The CT scan slices were processed to segment the implant at different
time intervals. The resulting segmented images of the in vivo corroded
implants at different time intervals are shown in Fig. 10(a). The implant
volume is calculated and is utilized to derive the in vivo corrosion rate of
FS processed EZ33 implant material using Eq. (2). Implant volume at
different time intervals and associated in vivo corrosion rates are pre-
sented in Fig. 10(b) and (c), respectively. The implant volume changed
until week eight and maintained a constant value until end of present
study (12 weeks), having a similar trend to that inferred from in vitro
weight loss measurements (Fig. 6(a)). The corrosion rate maintained at
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an average of 1 mm/year until eight weeks, decreasing to 0.7 mm/year
until the end of the study’s duration. The evaluated implant volume
(normalized with respect to the initial implant volume) and corrosion
rate are compared with different Mg alloys (WZ21 (Mg-Zn-Ca-Y), ZX50
(Mg-Zn-Ca) and ZX50-MAO (micro arc oxidized)) from the existing
literature [5,89], as shown in Fig. 10(d) and (e), respectively. The FSPed
EZ33 alloy showed in vivo corrosion properties that fall between the two
aforementioned Mg alloys: i.e. fast corroding ZX50 and slow corroding
WZ21 [5,89]. Notably, comparison of the in vivo corrosion rate of FSPed
EZ33 with that of different Mg alloys (Fig. 10(f)) [5,8,89-911], reveals
superior corrosion properties for the candidate implant material. It is to
be observed here that the in vivo corrosion rates obtained from literature
[8], for the different Mg alloys can have variability due to processing
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Fig. 10. (a) Segmented in vivo corroded EZ33-FSP
implants at different time intervals. Variation of (b)
implant volume and (c) corrosion rate calculated
based on pCT orthoslices showing EZ33 implant
degradation performance over the tested period.
Comparison of (d) normalized implant volume
(implant volume at particular time/initial implant
volume) and (e) corrosion rate calculated based on in
vivo implant volume loss over the exposed time
period. Data for alloys WZ21, ZX50 and ZX50-MAO
are obtained from Refs. [5,89]. (f) Comparison of in

vivo corrosion rate of different Mg alloys [5,8,89-91],
(C) - as cast; (E) — extruded; (R) — rolled; MAO —
micro arc oxidized; FSP — friction stir processed.
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conditions and exposure to different corrosion environment [8,92].

Although no inflammation and high gas evolution were observed
around the implant site, the functionality of critical organs (kidney and
liver) were analyzed by performing blood serum analysis. The blood
serum was analyzed for Mg, Urea, Ca, blood urea nitrogen (BUN) and
enzymes (Alanine aminotransferase (ALT), Aspartate aminotransferase
(AST), Alkaline phosphatase (AP) and creatinine, (Fig. 11). The results
of blood work subjected to Mann-Whitney U statistical test with a p
value of 0.05, showed that there was no significant difference between
the control and implant groups at each sampling interval. Moreover,
histological slices of the critical organs (kidney and liver) substantiated
blood serum analysis results, showing normal tissues at each sampling
interval (Fig. 9(g)). These results suggest that degradation of the FS
processed EZ33 Mg alloy did not adversely affect the functionality of the
animal model’s critical organs over the study period.

4. Discussion

The utilization of Mg-Zn-RE—Zr alloy (EZ33) for biomedical appli-
cations has been studied by subjecting the alloy to severe plastic
deformation, engineering the microstructure to simultaneously improve
mechanical and corrosion properties. FSP resulted in refined grains in
the stir zone that resulted in improved microhardness. The mechanical
properties of Mg alloys have been shown to exhibit a Hall-Petch rela-
tionship, with decreasing grain size leading to improvements in
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hardness [93,94]. Venkataiah et al., performed FSP of Mg-Zn-Zr-RE
alloy ZE41 and observed an average grain size of 3 pm in the processed
region compared to 110 pm within the initial material, resulting in a
15% increase in microhardness in the processed material [95].

The tensile stress-strain curves of the EZ33 base and FSPed materials
are shown in Fig. 3(g). From the tensile response it can be observed that
after FS processing the materials shows similar strength whilst ductility
has been enhanced by 85%. The mechanical properties of severe plas-
tically deformed Mg alloys are dependent on factors such as grain size,
grain boundary character and texture [63,68,81,96]. Mg alloys sub-
jected to FSP have shown considerable increase in ductility with similar
or even enhanced strength [68,97-100]. Although FSPed material
showed a fine grain microstructure compared to the starting base ma-
terial (Fig. 3(e)), the strength of processed material was similar to the
base material. Kumar et al., studied effect of microstructure on tensile
response of Mg-RE alloy WE43 by subjecting to FSP [68]. The study also
made a similar observation under tensile loading, with increased
ductility and similar strength for processed material compared to base
material. It was reported that the alloy strength was influenced by
presence of high angle grain boundaries and microstructural and texture
analysis showed similar boundary spacing for base material and FSPed
material [68]. In addition, the precipitates similar to the present alloy
are located along the grain boundaries and did not contribute to strength
[68]. Wang et al., also reported that FS processed Mg alloy exhibited
weak yield strength — grain size dependence due to the evolved texture
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Fig. 11. Results of blood serum analysis showing variation of (a) Mg, (b) urea, (c) calcium and (b) blood urea nitrogen (BUN) and different enzymes (e) Alanine
aminotransferase (ALT), (f) Aspartate aminotransferase (AST), (g) Alkaline phosphatase (AP) and (h) creatinine, with respect to duration of implantation for control

and implant groups.

in HCP Mg alloy post FSP [81]. Hence improvement in strength post FSP
was not observed while ductility showed remarkable increase. The in-
crease in ductility through FSP is attributed to the evolved texture in the
stir zone and activation of non-basal slip systems [81,97,98].

The alloys electrochemical response under in vitro conditions
showed improved passivation owing to refined grain size, uniform dis-
tribution of secondary phases and preferred texture. The in vivo
component of the study was performed with an aim to establish a time
frame for the alloy to support bone regeneration. This could have pro-
found implications for pediatric long bone fracture management. To
understand corrosion of the processed alloy material under in vivo
conditions, transcortical model implantation is preferred [5,89], since it
provides insights into the corrosion response to both cortical bone and
marrow. Based on the present study, three major findings can be
ascertained for the application of Mg based alloys for clinical
applications:

e FSP grain refinement, uniformly distributed secondary phases and
preferred basal texture inhibit corrosion process.

e FSP results in more uniform corrosion in Mg alloys.

e Steady release of Mg ions aids implant-bone interface development.
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The results will be discussed in detail based upon these three
findings.

4.1. FSP - grain refinement, uniform distribution of secondary phases and
preferred basal texture — inhibit corrosion process

In the literature, several techniques such as coatings and/or de-
positions have been explored to control the biodegradability of Mg al-
loys [8,101-103]. However, in such methods there is always a chance of
poor performance if the coating is broken, resulting in the exposure of
the base metal and excessive corrosion. Moreover, the coating should be
selected such that no toxic reaction products are released due to its
dissolution. To improve corrosion resistance and control biodegrad-
ability of Mg alloys, microstructure engineering (grain size, distribution
of secondary phase and texture) through friction stir processing provides
improved control of the entire alloy microstructure. FSP resulted in a
dominant basal texture in addition to refinement of grains and uniform
distribution of secondary phases. Studies have shown that Mg alloys
with a preferred basal orientation have exhibited greater corrosion
resistance [57,61]. In vitro (EIS and OCP) results on EZ33 alloy showed
formation of surface oxide layer upon exposure to HBSS and the stability
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of layer remained intact with time offering higher stability in the FSPed
specimen when compared to BM.

4.2. FSP results in more uniform corrosion in Mg alloys

In vitro corrosion of EZ33-BM in HBSS showed that secondary phases
acted as cathodic sites to anodic a-Mg, resulting in anodic dissolution
and eventual loss of precipitates, as shown in Fig. 4(c) [48]. Subjecting
the alloy to FSP resulted in a microstructure with refined grains,
preferred texture and uniformly distributed secondary precipitates. In
vitro weight loss corrosion exposure of as-received specimens led to
specimen disintegration by nearly half its initial volume within the first
two weeks, resulting in BM weight loss experiments being halted pre-
maturely (Fig. 4(a)). However, the FSP EZ33 specimen’s corrosion was
relatively uniform (Fig. 7(a)) since the precipitates had been broken and
uniformly distributed in the a-Mg matrix as can be seen in Fig. 2. The
relatively uniform corrosion observed in the FSP EZ33 specimen
compared to base material, is a result of refined grains, broken and
uniform distribution of secondary precipitates and preferred basal
texture.

The implant specimen subjected to 12-week in vivo corrosion was
analyzed using SEM fitted with EDS to study compositional variation

(®)
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occurring at the bone-implant interface and within its immediate vi-
cinity. The in vivo embedded implant surface was lightly polished and
etched with acetic picral solution to reveal the microstructure and is
shown in Fig. 12(a). Critically, microstructure of the 12 week in vivo
corroded implant (Fig. 12(a)) looks similar to the FS processed implant
microstructure (Fig. 1(c)). In the case of as-received EZ33 alloy, when
exposed to HBSS, dissolution of a-Mg occurred, resulting in loss of sec-
ondary precipitates (comparing EZ33-BM alloy in vitro corroded
microstructure in Fig. 4(c) with initial microstructure in Fig. 1(b)).
Exposing this alloy system in BM condition could result in excessive
release of precipitate elements (i.e., RE, Zr and Zn) (Fig. 2(f)) into the
animal model leading to toxicity. In the FS processed sample, secondary
precipitates were broken down and uniformly distributed, with some of
the alloying elements dissolved back into the a-Mg matrix resulting in an
a-Mg solid solution (comparing a-Mg composition — Point 1 and 4 in
Fig. 2(d)).

To evaluate compositional changes on the in vivo corroded implant,
an EDS scan was performed along the line depicted in Fig. 12(a). ED line
scan analysis (Fig. 12(b)) shows dispersion of T-phase precipitates in
a-Mg matrix similar to the FS processed alloy (Fig. 2(f)). ED spot analysis
of a-Mg and precipitates on the in vivo corroded implant (Point A and B
in Fig. 12(a) respectively), is presented in Fig. 12(c). Comparing the

- Fig. 12. (a) SEM image showing precipitates in a-Mg
C.
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composition of a-Mg (point A) and precipitate (point B) in the in vivo
corroded specimen (Fig. 12(c)) and FSP implant specimen (Fig. 2(d)), it
could be observed that content of Mg is lower in in vivo corroded
specimen. Corrosion of Mg within an aqueous medium occurs by anodic
dissolution and cathodic reduction of Mg metal, resulting in formation of
Mg(OH); and evolution of hydrogen gas [16]. Exposure of FSPed EZ33
alloy under in vivo condition shows that dissolution of Mg occurs uni-
formly throughout the entire implant with the corrosion rate around 1
mm/year until eight weeks, eventually reducing to 0.7 mm/year. The
corrosion of the implant occurs more within the medullary cavity
compared to the cortical region of the bone as observed in Figs. 8(g) and
10(a). Similar observation has been made by Kraus et al., during in vivo
study of ZX50 and WZ21 Mg alloy implants [89]. This behavior can be
attributed to higher vascularization, with the presence of blood vessels
in the bone marrow removing implant degradation products and
balancing the local pH. Although corrosion was higher within the
medullary region, it did not result in any detectable inflammation or
toxic reaction products, along with, non-deterrence to new bone
formation.

4.3. Steady release of Mg ions — aids implant-bone interface

The 12-week implant group specimen was analyzed with SEM/EDS
to study the bone-implant interface for new bone formation and to
detect the degree to which implant elements were permeating into the
surrounding bone. SEM image of the implanted bone specimen observed
in longitudinal cross-section is shown in Fig. 12(d). It can be observed
that the implant material is surrounded by new bone formation, in
similitude to femur histology slices (Fig. 9(e) and (f)). ED spot analysis of
the implant area shown in Fig. 12(e), shows major presence of calcium,
phosphorus, carbon, oxygen and some content of magnesium and zinc,
as shown in Fig. 12(f). Li et al., utilized EDS analysis to study four weeks
in vivo exposed Mg—Ca alloy specimens and observed presence of Ca, P,
C and O on the Mg alloy implant surface [104]. Natural bone is a
heterogenous hierarchical structure, composed of an inorganic mineral
phase (hydroxyapatite), organic phase (collagens) proteins and water
[87,105-107]. The mineral phase primarily comprises of amorphous
calcium phosphate (hydroxyapatite — Cajo(PO4)s(OH)2) along with
calcium carbonate [87,105-107]. The presence of bone minerals on the
implant surface suggests good osseointegration between bone and the
implanted alloy. The 12-week implant specimen was cold mounted and
slightly polished to reveal implant, as shown in Fig. 12(g). Higher
magnifications of the implant — bone interface is presented in Fig. 12(h)
and (i). ED line scan analysis across the implant — bone interface rep-
resented by line in Fig. 12(h) and is shown in Fig. 12(j). This analysis
shows high content of Mg, Zn elements within the implant region and Ca
and P elements in the cortical bone (CB) region (Fig. 12(j)). The
trabecular bone (TB) formed around the implant shows varying con-
centration of elements. To further analyze the composition changes
across the implant — bone interface, ED spot analysis was performed on
TB and CB at points shown in Fig. 12(i). The ED spot analysis show that
content of Mg and Zn is higher in the trabecular bone within the im-
mediate vicinity of the implant, when compared to the cortical bone
(Fig. 12(h)). The release of Mg ions along with the deposition of Ca and P
on the implant are indications of osteoblastic activity, leading to for-
mation of new bone around the implant site [44,104,108].

4.4. Outlook

Results from the present study suggest FSPed EZ33 alloy to be a
suitable implant material for pediatric patients and can eliminate the
need for secondary surgeries. Further research is needed to study long
term corrosion effects until the implant material is completely degraded
along with ICP on internal organs to identify trace element deposition
and the corrosion behavior of different implant geometries such as
screws, plates and nails.
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5. Conclusions

A Mg-Zn-RE-7Zr alloy i.e., EZ33 Mg alloy was subjected to friction
stir processing and studied for in vitro and in vivo corrosion response
and biocompatibility. The following conclusions can be drawn based
upon the present study.

1. Friction stir processing of EZ33 Mg alloy resulted in refined grains
and a uniform distribution of T-phase precipitates in the a-Mg ma-
trix, resulting in improved hardness and ductility, compared to the
base material.

. In vitro corrosion of the FSPed EZ33 alloy indicated the formation of
a stable surface film, while the surface film formed on BM specimen
was unstable as time progressed, leading to a higher degree of
corrosion. This was further corroborated with the results of weight
loss measurements.

. FSPed EZ33 alloy exhibited a relatively uniform in vivo corrosion
behavior. The in vivo corrosion rate was maintained at an average of
1 mm/year until week eight and decreased to 0.7 mm/year until the
termination of the study at week 12. Study of the control animal
models suggested a bone recovery window of 8 weeks (Stage 3 of
bone healing), which was similar to that observed for bone healing in
pediatric patients. Osteoblastic activity was observed around the
implant at four weeks leading to new bone formation around the
implant at eight weeks. The FSPed EZ33 implant showed good
osseointegration at eight weeks, stable corrosion rate, and did not
create undesirable inflammation or produced toxic corrosion
products.
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