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ARTICLE INFO ABSTRACT

Keywords: Magnesium (Mg) alloys have significant potential for use as bioresorbable orthopaedic implant devices due to
Strontium-substituted calcium phosphate their controllable mechanical properties and an ability to promote new bone growth. However, difficulty lies
coatings

with controlling the rate of corrosion in physiological conditions to ensure the load-bearing capability of the
device is maintained for the required period of time, specifically until an adequate quantity of new bone tissue is
formed. In this work, RF magnetron sputtering has been used to create calcium phosphate (CaP) and strontium-
substituted calcium phosphate (SrCaP) thin film coatings on two Mg alloy systems (denoted WJK and ZEWX) that
have been formulated for the fabrication of orthopaedic fracture fixation devices. A 14-day static-dynamic im-
mersion study in simulated body fluid (SBF), shows that uncoated WJK substrates had a corrosion rate of 4.04 +
0.15 millimetres per year (mmpy), which was reduced to 3.22 + 0.17 mmpy with the application of a CaP
coating, and to 2.92 + 0.05 mmpy with a SrCaP coating. Uncoated ZEWX substrates had a corrosion rate of 3.36
+ 0.05 mmpy which was reduced to 2.98 + 0.19 mmpy and 2.79 + 0.03 mmpy, for CaP and SrCaP coatings,
respectively. Whereas the sputter-deposited CaP and SrCaP coatings completely dissolve in SBF over the period of
immersion, their presence at the outset significantly decreases the corrosion rate of both Mg alloys, as compared
to the values for the uncoated substrates. Successful incorporation of Sr within the coating offers the potential for
improved bioactivity with respect to directing the bone cell response to create new tissue.

RF magnetron sputter deposition
Magnesium alloys

Corrosion rate

Micro-computed tomography (uCT)

1. Introduction

Magnesium (Mg) offers unique properties for the fabrication of
resorbable orthopaedic fracture fixation devices due to its mechanical
properties, with a Young's Modulus (41-45 GPa) similar to that of native
human bone (3-20 GPa). Additionally, it provides for non-toxic biode-
gradability within the body. However, if this degradation takes place
prematurely it can result in failure of any attendant orthopaedic load
bearing device. For example, Boland et al. have reported that a rate of
corrosion of 3.5% reduces the cyclic loading capability of a Mg medical

device by a factor of 16 [1]. Two main approaches have been developed
to improve the corrosion resistance of Mg, namely (1) tailoring
composition and/or microstructure by alloying [2-4] or (2) coating with
a barrier material [5-7].

Alloying of Mg with a range of other chemical elements has been
widely reported [8,9], with studies showing significant improvements in
both mechanical strength and corrosion resistance [10,11]. Commercial
Mg alloys such as AZ31 and AZ91 have been widely used as model
systems for biomedical applications, however, as they are not specif-
ically designed for implant biodevices, their biocompatibility can be a

Abbreviation: CaP, Calcium phosphate; SrCaP, strontium-substituted calcium phosphate; SBF, simulated body fluid; pCT, micro-computed tomography.
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problem due to the presence of aluminium which has been linked to
muscle fibre damage and a decrease in osteoclast viability [12-14].
Novel Mg alloys, formulated with the inclusion of copper, zinc and
strontium can provide for negligible cytotoxicity and targeted me-
chanical properties.

In order to increase metal and/or alloy corrosion resistance, a pro-
tective coating can be applied using a range of techniques including
plasma spraying [15,16], sol gel [17-19], micro arc oxidation technol-
ogy [20-22] and RF magnetron sputtering [23-26]. In the case of a
normal orthopaedic implant device, barrier layers can be used to negate
any interaction between the underlying Mg and body fluids [6,27]
whereby Cl™ ions will actively promote degradation. In addition to
providing for corrosion resistance, such coatings can also influence the
response to the surrounding biological environment by way of
enhancement of biocompatibility, bioactivity, or drug/biologic delivery
[28,29]. However, in circumstances where the expectation is that the
Mg alloy implant device will, by design, undergo in vivo bioresorption,
the associated coating will need to do likewise. To this end, rather than
acting as a barrier to corrosion, the coating needs to undergo dissolution
at a slower rate than the Mg alloy thereby controlling its gross degra-
dation. In addition, as reported previously [25], ions released from the
coating can work in tandem with those resulting from the degradation of
the Mg alloy to regulate attendant cell/tissue response.

Calcium phosphate (CaP) coatings based on hydroxyapatite (HA)
and its various chemical analogues, have been studied widely for various
biomedical applications due to their inherent bioactivity [30,31]. These
coatings contain elements that are similar to those present in the
mineralized inorganic phase of native human bone [32,33] and can
promote new tissue growth leading to provision of long-term in vivo
stability. Several orthopaedic implant systems currently rely on such
coatings to promote an improved osteoconductive response. In this re-
gard, the release of Ca>™ and PO3~ ions facilitates the formation of
cellular interactions on the implant surface that can then directly pro-
mote bone regeneration. RF magnetron sputtering has been used
extensively to produce well-adhered HA-like CaP coatings on a range of
metal substrates [24,34-37]. These coatings are referred to as being CaP
due to the Ca?* and PO}~ stoichiometric ratio being slightly different to
that of the HA target material. Previous studies have shown that such
sputter deposited CaP coatings can delay corrosion of Mg alloys while
still undergoing dissolution [38]. The use of substituted hydroxyapatite
systems, including those with single and multiple ions such as zinc
(Zn?"), fluoride (F7), silver (Ag") and strontium (Sr2*) [26,39-41]
replacing calcium (Ca®") in the HA lattice, offers the potential to create
coatings that can both control Mg alloy corrosion and attendant
enhanced bioactivity with the potential for conferring an osteoinductive
response. Strontium plays an important role in bone formation, with
Sr?* jons stimulating osteoblastic cell proliferation and differentiation
[42-44]. In vitro response to Sr2tis dose-dependent, with 3-7% signif-
icantly stimulating osteoblast differentiation [12], while 1% is sufficient
to reduce osteoclast proliferation [45,46]. Previous studies have inves-
tigated the amount of incorporation of Sr*>' within different metal
substrates [24,39] and its use to control the corrosion of Mg and its al-
loys [47-49]. However, the effects on Mg alloy corrosion rate of SrCaP
coatings deposited by RF magnetron sputtering have not yet been
reported.

In this work, CaP and SrCaP coatings have been deposited by RF
magnetron sputtering onto two novel medical grade Mg alloys and their
effects on corrosion rate measured utilising a static-dynamic immersion
method [50]. Scanning Electron Microscopy (SEM) with Energy
Dispersive Analysis (EDX) and Time-of-Flight Secondary Mass Spec-
trometry (ToF-SIMS) have been used to determine coating composition.
Micro-Computed Tomography (pCT) has been employed to determine
substrate volume loss and associated gravimetric analysis to calculate
corrosion rate.
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2. Material and methods
2.1. Sample preparation

Customised magnesium alloys, namely ZEWX (square coupons, 10
mm x 10 mm x 1.6 mm) and WJK (discs, diameter ((]) 10 mm x 1 mm)
coupons were manually abraded using SiC paper up to grade p1200 and
cleaned using 99% isopropyl alcohol (Sigma Aldrich, UK). Abraded
coupons were then dried and stored in a desiccator at 30% relative
humidity until required.

Alloy composition is detailed in Table 1. The ZEWX synthesis pro-
cedure and composition have been reported previously [51]. The cast
alloy went through a solution heat treatment before being used for
coating studies. Heat treatment process included a first step of soaking at
320 °C for 10 h and then an additional one at 510 °C for 10 h followed by
quenching in oil. The heat treatment operation was performed in an
argon environment. The WJK alloy was prepared in a similar way and its
actual composition verified by inductively coupled plasma optical
emission spectroscopy (ICP-OES, iCAP duo 6500 Thermo Fisher, Wal-
tham, MA). Standard solutions with known different concentrations of
Mg, Sr, Y, and Zr were prepared using certified single element standard
solutions suitable for ICP (Sigma-Aldrich, St. Louis, MO). Deionized
water was used as blank standard. 100 mg of the alloy was cut from the
extruded rod and dissolved in 40 mL of 5% nitric acid. The resultant
solution was then diluted to analyse the elemental concentrations.

Sputter targets were fabricated using a dry press method whereby
11.5 g of either HA (Plasma Biotal Captal-R, UK) or Sr-HA (13 at.% of Sr
biphasic calcium phosphate, Himed Inc. NY, USA) powders were pressed
into the recessed copper backing plates using a stainless-steel die within
a hydraulic press at a maximum applied load of 80 kN for 30 s. The
pressed, targets were wrapped in aluminium foil and stored in a drying
oven at 60 °C prior to being loaded into the RF magnetron sputtering
system.

2.2. RF magnetron sputtering

Deposition of CaP and SrCaP coatings onto abraded ZEWX and WJK
Mg alloy coupons was carried out in a custom-built high vacuum sput-
tering system that has been described in detail elsewhere [24]. In brief,
the coating chamber comprises two Torus™ magnetron sources (Kurt J
Lesker, USA), each arranged at an incident angle of 45° with respect to
the sample holder platform located above. Each source is powered by an
RF supply operating at 13.56 MHz with an automated matching air
capacitor network (Huttinger, GmbH, Germany) placed between the RF
supply and the source to reduce any reflected power to close to zero.
Coatings were deposited on both sides of the substrates, across two
sputter runs, using the parameters shown in Table 2.

The Mg alloy coupons were attached to the rotating sample holder
located 100 mm above the sputter target sources via high vacuum car-
bon tape. Upon completion, carbon tape was physically removed, and
any residue was removed using a cotton swab and isopropyl alcohol.
Substrates were thoroughly dried prior to the second sputter run, to coat
the remaining face. A ramp up power of 1 W/s was used for CaP targets,

Table 1
Elemental composition (wt%) of ZEWX and WJK Mg alloys.
ZEWX (wt WIK (wt
%) %)
Magnesium (Mg) 97.1 97.5
Zinc (Zn) 1.0 -
Rare-earth metals: neodymium and gadolinium (Nd/ 1.0 -
Gd)
Zirconium (Zr) 0.3 0.5
Yttrium (Y) 0.3 1.0
Calcium (Ca) 0.3 -

Strontium (Sr) - 1.0
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Table 2
RF Magnetron sputtering conditions used to coat abraded ZEWX and WJK Mg
alloys.

CaP SrCaP
Power (W) 150 150
Ramp up power (W/s) 1 0.2
Time (hours) 30 30
Chamber pressure (mbarr) 5 x 10-5 5 x 10-5
Working gas Argon Argon
Gas flow rate (standard cubic cm/min) 32-35 32-35
Throw distance (mm) 100 100

however, due to the fragile nature of the SrCaP target the ramp up power
was reduced to 0.2 W/s, to prevent surface cracking. RF magnetron
sputtering was undertaken using dry pressed powder targets for a period
of 30 h using the conditions provided in Table 2. Thin film CaP coating
thickness has been related to sputtering parameters on a range of sub-
strates [24,26,34,36]. More specifically, on magnesium, the parameters
used in Table 2 are known to yield a CaP and SrCaP coating thickness of
~340 nm based on previous studies of the relationship between film
thickness and sputter time, carried out using ToF-SIMS depth profiling
and contact profilometry [25]. Sputter deposited CaP and SrCaP coat-
ings are commonly referred to as being “as-deposited” to note that they
have not been subjected to any post-deposition treatment. As this is the
case in throughout this work, samples are henceforth referred to as CaP
and SrCaP coatings.

2.3. Static/dynamic corrosion testing

Corrosion testing was carried out by immersion of samples in simu-
lated body fluid (SBF) [52,53]. Table 3 shows the concentration of ions
present in the SBF used here, with those in blood plasma provided for
comparison. Coupons of each Mg alloy with and without CaP or SrCaP
coatings were submerged in 15 mL of SBF solution and incubated at 37
°C under atmospheric pressure conditions for a total period of 14 days
with the SBF solution being replaced daily. Mg alloys were fully
immersed into SBF with the edges left unsealed. This method constitutes
a static-dynamic approach which seeks to, in part, represent the fluid
exchange that occurs under physiological conditions and to prevent ion
exhaustion of biogenic ions [54]. A representative set of samples (n = 5)
for each Mg alloy were subject to the static/dynamic corrosion testing
over the 14-day period, before being removed from the test solution and
subject to post-immersion characterisation. A small amount of hydrogen
gas evolution was observed throughout the course of the 14-day im-
mersion study but did not cause any adverse effects.

The corrosion by-products created on Mg coupon surfaces after
exposure to SBF were removed post-immersion at each time point in
accordance with details in ASTM G01-0351 [55]. Corrosion rates were
then calculated in millimetre/year (mmpy) using Eq. (1):

Corrosion Rate = ——, (€D}
ATD

where:K is a constant value (8.76 x 104);W represents mass loss (g);A is
the nominal surface area (cmz);T is exposure time in media (hours);D

Table 3
Ion concentration profile for SBF compared to blood plasma.

SBF (mmol/L) Blood plasma (mmol/L)

Na* 142.0 142.0
K" 5.0 5.0
Mg** 1.5 1.5
Ca®" 2.5 2.5
cl- 148.8 103.0
H,PO; 1.0 1.0
S0% 0.5 0.5
HCO3 4.2 27.0
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represents material density (g/cm>).

Samples were subjected to gravimetric analysis pre- and post-
corrosion testing based on the weight loss measured using 4Y preci-
sion scales (Radwag, Poland). Individual coupon weight was measured
in grams with an accuracy to 6 decimal places and these values were
then used to determine the mass loss (W) in the corrosion rate Eq. (1).

2.4. Surface characterisation

Scanning electron microscopy with Energy Dispersive X-Ray (SEM-
EDX) was carried out using a Hitachi SU5000 (Hitachi, Japan) micro-
scope equipped with an X-Max silicon drift detector (SDD) (Oxford In-
struments, UK). SEM images were acquired at 10 keV with a nominal
spot size of 50 nm, with EDX analysis undertaken under the same con-
ditions with 5 frames/map recorded at a resolution of 1024 x 1024. The
resulting elemental analysis was used to determine the Ca/P ratio for
coatings on each Mg alloy type. As the conditions used to deposit the CaP
and SrCaP coatings onto all of the alloy samples were the same, pre-
immersion SEM-EDX data were obtained here for the ZEWX alloy sam-
ples only.

Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) was
undertaken using an IONTOF-5 instrument (IONTOF GmbH, Germany)
equipped with a Bismuth (Bi) liquid metal ion gun, operating with the
primary Bi+ ion species at a beam energy of 25 keV. Positive polarity
mapping was completed across an area of 250 x 250 pm with 1024 x
1024 pixels per ion map, at a target current of 1 pA. Datasets were
collected over 5 scans for each area imaged at a cycle time of 100 ps to
allow for analysis at a suitable resolution. ToF-SIMS analysis was carried
out for CaP and SrCaP coatings ZEWX alloys only and are deemed
representative of those on WKJ alloys.

Micro-Computed Tomography (uCT) analysis was carried out on a
SkyScan 1275 pCT instrument (Bruker, Germany) with X-rays created at
an operating voltage of 40 kV and current of 250 pA. The image voxel
size was 10 pm® and X-ray images were created as individual slices using
the NRecon software package (Bruker, Germany). These slices were then
subject to thresholding to identify the Mg alloy material before pixel
thresholding analysis was run to determine the volumetric metrics using
CTAn software (Bruker, Germany). Volume loss was calculated as a
percentage of pre-immersion alloy volumes. All the scans were per-
formed and evaluated under the same operating conditions to allow for
direct comparison between the various sample sets. Volumetric images
were produced using the rendering routines within the CTAn software. It
is noted that the error associated with volume loss measurements was
obtained by averaging across n = 5 samples.

3. Results

Scanning Electron Microscopy with Energy Dispersive X-Ray (SEM-
EDX) analysis was used to determine the chemical composition of the
CaP and SrCaP coatings deposited on the ZEWX Mg alloy, pre-immersion
in SBF. SEM images of the ZEWX alloy samples before and after CaP thin
film coating are shown in Fig. 1. The pristine Mg alloy (Fig. 1(a)) has
been conditioned with p1200 abrasive paper to create a more uniform
surface finish prior to coating and causes the formation of randomly
oriented striations (Fig. 1(b)). High magnification SEM images for the
uncoated alloy surfaces again show the striations on the abraded Mg
alloy (Fig. 1(c) and (d)), whereas the CaP coated substrates have a
pronounced globular topography (Fig. 1(e) and (f)). These latter high
magnification SEM images show no evidence of defects or areas of
delamination of the sputter deposited CaP suggesting the presence of a
well adhered coating on the alloy surface. Data from EDX analysis of
these surfaces is presented as percentage atomic concentration (at. conc.
(%)) values in Table 4, along with the respective Ca/P and Ca+Sr/P
ratios. X-ray spectral data from EDX analysis of the CaP and SrCaP
coatings on the ZEWX Mg alloy, pre-immersion in SBF, is shown in
Fig. 2. The key elements detected for CaP are magnesium (Mg),
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Fig. 1. SEM images for ZEWX alloy (mag x200) (a) in the pristine state, (b) after conditioning with p1200 abrasive paper. Scale bar = 200 pm. High magnification
(x10k) images for(c) — (d) uncoated Mg alloy (e) — (f) with CaP sputter coating. Scale bar = 5 pm.

Table 4
Atomic concentration (at. conc. (%)) values determined by SEM-EDX analysis for
CaP and SrCaP coatings on ZEWX Mg alloys, pre-immersion in SBF.

Element CaP SrCaP
Oxygen 41.7 £ 0.2 417 £1.2
Carbon 4.0 +£0.1 10.2 + 0.67
Phosphorus 9.8 £ 0.0 8.6 + 0.4
Strontium 0.0 £ 0.0 25+0.1
Calcium 14.7 £ 0.1 11.0 £ 0.2
Magnesium 29.8 +0.2 26.0 + 2.5
Sodium a a

Ca/P ratio 1.50 1.28
Ca+Sr/P - 1.56

2 Trace amounts of element.

phosphorous (P) and calcium (Ca). The presence of a significant amount
of oxygen (O) in the EDX analysis is attributed to its presence in the
phosphate groups (PO3 ") within both CaP and SrCaP coatings, while the
carbon (C) contribution is deemed to be due to adventitious carbon
present on the substrate surface. The addition of strontium (Sr) reflects
the change in the SrCaP coating material.

ToF-SIMS analysis was used to further determine the surface chem-
istry of the CaP and SrCaP coatings. Positive polarity maps collected for
CaP and SrCaP coated ZEWX Mg alloy substrates only, are displayed in
Figs. 3 and 4, respectively. The total, sum of the rest and individual ion
count maps for the CaP coated ZEWX Mg alloy (Fig. 3) show striation
patterns which are accredited to the manual abrasion technique
employed. However, this does not significantly influence the distribu-
tion of the CaOH' and Ca™ ions, which are present in high amounts
across the 250 x 250 pm raster area. StOH' and Sr'™ maps have also been
included here to confirm the absence of strontium within the coating.

The corresponding pseudo-colour ToF-SIMS images for the SrCaP
coated ZEWX alloy again show the presence of striations due to abrasion
of the pristine Mg alloy (Fig. 4). The CaOH" and Ca* ion counts detected
here are similar to those for the CaP coating. Signals associated with
SrOH" and Sr' ions are now clearly present across the surface con-
firming the presence of the expected Sr component in the CaP coating.

Rendered volumetric pCT images for the WJK alloy, with and
without CaP and SrCaP coatings, after immersion in SBF for 14 days, are
shown in Fig. 5. After exposure to SBF, each substrate clearly shows a
pitted topography which reflects the normal mechanism for corrosion of
Mg alloys. However, on closer inspection it is clear that the CaP and
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Fig. 2. X-ray spectra derived from SEM-EDX analysis for (a) CaP and (b) SrCaP coated ZEWX Mg alloys, pre-immersion in SBF.

SrCaP coated substrates (Fig. 5c, d) have undergone less pitting than the
pristine Mg alloy (Fig. 5b) which implies that the presence of the coating
provides a degree of resistance to the corrosion process.

The corrosion rate for each of these post-immersion samples, as
calculated by gravimetric analysis, is provided in Fig. 6. These data
indicate that the uncoated WJK Mg alloy has a 14-day corrosion rate of
4.04 £+ 0.15 mmpy. By comparison, both the CaP and SrCaP coated WJK
substrates show a statistically significant (p < 0.001) reduction in the
corrosion rate with values of 3.22 + 0.17 and 2.92 + 0.05 mmpy,
respectively. There is no statistically significant difference in corrosion
rate between the SrCaP and CaP coated WJK samples.

The change in total volume for each Mg alloy (WJK and ZEWX), with
and without CaP and SrCaP coatings after immersion in SBF for 14-days
are provided in Table 5. The pristine WJK alloy is found to have a vol-
ume loss of ~40.3% of its original value (71.2 &+ 3.8 mm3) whereas both
the CaP and SrCaP coated alloys also showed a considerably lower loss
in volume, which in both cases was 29.1%.

The rendered volumetric pCT images for the ZEWX Mg alloy, with
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and without CaP and SrCaP coatings, before and after immersion in SBF
for 14 days are shown in Fig. 7. After exposure to SBF, the uncoated
ZEWX alloy clearly shows major areas of loss of material around the
perimeter (Fig. 7b) of the substrate which translates to a reduction in
volume by 20.9 + 12.8% from that of the pre-immersion volume (161.1
+ 16.4 mm®). By comparison, the CaP coated alloy surface shows much
less loss of material (7.9 + 8.1%) but has clear regions of extensive
pitting across the face of the coupon. Likewise, the SrCaP coated sample
(Fig. 7d) shows pronounced pitting occurring across the surface but to a
lesser extent than for the CaP coated ZEWX.

Gravimetric analysis data for these samples has again been used to
calculate corrosion rate, with values shown in Fig. 8. The uncoated
ZEWX Mg alloys have a corrosion rate of 3.36 + 0.05 mmpy while the
presence of both CaP and SrCaP coatings on this substrate surface
significantly reduces the corrosion rate to values to 2.98 + 0.19 (p < 0.1)
and 2.79 + 0.03 mmpy (p < 0.001), respectively.

SEM images for CaP and SrCaP coated WJK and ZEWX alloy samples
post-immersion in SBF for 14 days are shown in Fig. 9. The coatings have
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undergone significant dissolution which exposes the underlying alloy in
places leading to its corrosion via the expected pitting process. The
cracking observed is deemed to be a result of the drying process prior to
analysis. The associated EDX elemental analysis data for the CaP and
SrCaP coated Mg alloys post-immersion in SBF for 14 days is presented
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Fig. 3. ToF-SIMS pseudo-colour positive polarity ion mapping of a CaP coated ZEWX alloy showing the (a) total, (b) sum of the rest, (c) CaOH" (d) Ca™ (e) StOH"
and (f) Sr* ion counts across a 250 x 250 pm area.

in Table 6 as atomic concentration (at. conc. (%)). When compared with
the composition of the same samples before immersion in SBF (Table 4),
the values for oxygen and carbon are both seen to increase, while those
for calcium and magnesium are reduced which is consistent with the
corrosion process. Finally, the phosphorous and strontium values for the
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(e) StOH™ and (f) Sr™ peaks across a 250 x 250 pm area.
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0:

Fig. 5. pCT 3D volumetric reconstructions for (a) pristine WJK Mg alloy, pre-immersion and (b) uncoated, (c¢) CaP and (d) SrCaP sputter coated WJK alloys after

immersion in SBF for 14 days. Scale bar = 10 mm.
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Fig. 6. Corrosion rate (mmpy) values determined by gravimetric analysis for
uncoated, CaP coated and SrCaP coated WJK alloy substrates after immersion in
SBF for 14-days: ***Statistical difference: Uncoated/CaP and Uncoated/SrCaP
(p < 0.001).

Table 5

Total volume change for WJK and ZEWX Mg alloys with and without sputter
deposited CaP and SrCaP coatings post-immersion in SBF for 14-days calculated
by pCT 3D volumetric reconstruction.

WJK ZEWX

Volume (mm®) Volume (mm®)

Pre-immersion 71.2 + 3.8 161.1 +16.4
% volume loss after immersion in SBF
Uncoated 40.3+7.3 209 +12.8
CaP 29.1 +2.8 7.9+ 8.1
SrCaP 29.1 + 2.4 5.6 + 15.9

coated samples show no significant change in concentration after
exposure to SBF.

4. Discussion

SEM-EDX analysis of CaP and SrCaP coatings on ZEWX and WJK Mg
alloy substrates indicate Ca/P ratios of 1.50 and 1.28, respectively while
the Ca+Sr/P ratio for the latter sample is 1.56. These values are slightly
lower than those expected for stoichiometric hydroxyapatite (1.67) and
the 13% SrCaP (1.63) powder used to fabricate the latter sputter target.
However, they are similar to those recorded previously for deposited RF
sputtered amorphous CaP and SrCaP coatings on standard metal and
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Fig. 7. pCT 3D volumetric reconstructions for (a) pristine alloy ZEWX alloy, pre-immersion and (b) uncoated, (c) CaP and (d) SrCaP sputter coated ZEWX alloys, after

immersion in SBF for 14 days. Scale bar = 10 mm.
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Fig. 8. Corrosion rate (mmpy) values determined by gravimetric analysis for
uncoated, CaP and SrCaP coated ZEWX alloy substrates after immersion in SBF
for 14 days. ***Statistical difference: Uncoated/CaP (p < 0.1); Uncoated/SrCaP
(p < 0.001).

metal alloy substrates [24,27]. There are several possible reasons for
these low Ca/P and Ca+Sr/P ratios, most importantly the use of dry
pressed powders can lead to re-sputtering of the CaP and SrCaP onto the
target surface as it is being used to deposit the materials onto the Mg
alloy substrate [56,57]. In addition, the surface of the substrate is also
known to have a significant influence on the growth mechanism of the
coating by causing a gradation in composition. In this regard, given the
abrasive pre-conditioning of the Mg alloys employed here it is likely that

this effect contributes to the lower Ca/P and Ca+Sr/P ratios obtained for
both coatings [58]. SEM micrographs for the CaP coated alloy samples
(Fig. 1(e) and (f)) show the presence of globular features on the surface
which are indicative of a semicrystalline calcium phosphate coating. The
sputter deposited CaP and SrCaP materials both form conformal over-
layers on the abraded alloy microstructure with no evidence of defects or
delamination observed, which indicates that the coatings are well
adhered. Given the difficulty in identifying such a thin film coating, EDX
analysis was used to verify the presence of these sputter deposited
coatings.

After immersion of the various CaP and SrCaP coated Mg alloys in
SBF for 14 days, all samples exhibit corrosion products on the surface
(Fig. 9), confirming that significant coating dissolution has occurred
within the SBF solution leading to subsequent alloy corrosion. There is
no evidence from the SEM images that the small amount of hydrogen
evolution observed during alloy corrosion has had a significant effect on
sample integrity at 14 days post immersion in SBF. SEM-EDX elemental
analysis indicates an increase in the at. conc. (%) of oxygen and carbon
on both substrates (Table 6) which can be attributed to the presence of
carbonates within the SBF becoming entrapped on the surface. Inter-
estingly, the at. conc. (%) for both the strontium and phosphate show no
change post-immersion in SBF, while the calcium concentration de-
creases dramatically as seen in the changes to the Ca/P and Ca-+Sr/P
ratios observed. These data suggest that the as-deposited amorphous
CaP coating undergoes significant dissolution over the 14-day period
(with the phosphate detected here coming from SBF residues) but that
the SrCaP coating is slightly more stable on both alloys under these
conditions which is consistent with the behaviour observed in the
respective SEM images (Fig. 9(c) and (d)).

ToF-SIMS ion mapping shows that the CaP and SrCaP coatings both
have high counts of both Ca™ and CaOH" ions with SrCaP containing the
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Fig. 9. SEM analysis (mag x200) of coated alloy samples post-immersion in SBF for 14 days with (a) WJK + CaP, (b) WJK + SrCaP, (c) ZEWX+CaP and (d)

ZEWX-+SrCaP. Scale bar = 200 pm.

Table 6
Atomic concentration (at. conc. (%)) values determined by SEM-EDX analysis for
CaP and SrCaP coatings on WJK and ZEWX Mg alloys after immersion in SBF for
14 days.

Element WJK-+CaP WJK+SrCaP ZEWX+CaP ZEWX+SrCaP
Oxygen 58.4 £ 0.6 51.5+1.8 46.2 +£ 2.8 56.1 £0.3
Carbon 13.1 £ 0.6 19.0 £ 2.7 33.1+45 9.8 +0.8
Phosphorus 11.2 + 0.6 12.0 + 0.4 8.7 £ 0.7 11.1 +£ 0.2
Strontium 0.0 + 0.0 1.7 +£0.3 0.0 + 0.0 2.6 +£0.1
Calcium 11.3+ 0.3 11.7 £ 0.3 8.7 +£0.7 121 +0.1
Magnesium 53+04 3.3+£04 23+£03 7.2+0.8
Sodium 0.5+ 0.1 0.4 + 0.0 1.0+ 0.1 0.8 + 0.0
Ca/P ratio 1.00 0.97 1.00 1.09

Ca + Sr/P - 1.12 - 1.32

expected inclusion of Sr* and SrOH" ions distributed evenly across the
analysis area. This confirms that the RF magnetron sputter coatings
produced in this study are both coherent and homogeneous which is
consistent with findings from previous studies [59]. Pre-conditioning of
the Mg alloy by manual abrasion results in identifiable striations that
can be seen in the total and sum of rest ion maps. However, their pres-
ence does not appear to impact on the distribution of the individual ions
within the sputter deposited CaP and SrCaP coatings which extend
uniformly across both faces of the Mg alloy substrates.

Reconstructed pCT images show the extent of corrosion damage for
WJK and ZEWX Mg alloys with and without CaP and SrCaP sputter
coatings after 14 days in SBF at 37 °C. Although the composition of the
Mg alloys has been tailored to increase corrosion resistance, they are still
designed to be bioresorbable and demonstrate extensive pitting and
volume loss (40.3% loss for WJK and 20.9% for ZEWX) post-immersion
in SBF. It is noted that the volume loss for the pristine WJK alloy is
nearly twice that measured for the ZEWX substrate. This considerable
difference deemed to be mainly due to the respective alloy compositions.
It is known that, irrespective of processing conditions, the overall
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change in corrosion rate arising from a change in alloy chemistry is the
dominant consideration [60]. WJK alloys include 1 wt% Sr and 0.5 wt%
Zr which are known to refine grain size and offer a degree of corrosion
resistance [61,62] while the role of the 1 wt% Y is dependent on
accompanying elements [63]. The ZEWX alloy also contains Y and Zr in
slightly lower amounts, alongside 0.3 wt% Ca, 1 wt% Zn and 1 wt% rare
earth metals (Nd/Gd) which have also been reported to increase
corrosion resistance [64]. Therefore, the volume loss data reported here
for the uncoated WJK and ZEWX alloys, is deemed to be due to these
differences in the type and amount of the alloying elements.

This corrosion behaviour can, in part, be attributed to the static-
dynamic [54] testing protocol employed, whereby the SBF media is
changed daily such that a slightly elevated level of corrosion occurs
when compared to standard static immersion studies. This method
equates to 10 mL/cm? of SBF contacting the substrate, which when
replenished daily is equivalent to a total of 140 mL/cm? over 14 days. It
has been reported that this static-dynamic approach is closer to repre-
sentation of in vivo conditions as it accounts for extracellular fluid ex-
change in the surrounding tissue environment. Previous studies that
have used this approach report a lower corrosion rate [65,66] than seen
here. However, the volume of media used in these studies were reported
to be between 30 and 50 mL/cm? and so the difference in the corrosion
rate for pristine samples here is attributable to this difference in testing.
Application of a CaP coating results in a significant reduction in the rate
and amount of corrosion, both visually and volumetrically; 29.1% loss
for WJK + CaP and 7.9% loss for ZEWX+CaP. The pronounced reduction
in volume loss seen for both types of CaP coated substrates is found to be
significantly different (p < 0.05) when compared to that for the un-
coated Mg alloys. The SrCaP coated WJK and ZEWX alloys also showed
pitting across the sample surface with the volume loss values; 29.1% loss
for WJK+SrCaP and 5.6% loss for ZEWX+SrCaP which are again
significantly different (p < 0.05) compared to the uncoated Mg alloys.
However, no significant difference was observed between the volume
loss values for each of the CaP and SrCaP coated Mg alloys. This may be
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attributed to the amorphous nature of both coatings in that they follow
the same dissolution process, irrespective of ion substitution. It is
notable that the standard deviation value for the volume loss data
recorded for the ZEWX Mg CaP and SrCaP substrates is higher than for
the equivalent WJK samples. This observation is consistent with the data
for the pristine pre-immersion Mg alloys which may be as a result of
their respective response to the sample preparation abrasion technique.

Calculation of corrosion rate (mmpy) reveals that the CaP and SrCaP
coatings act to increase the corrosion resistance of the WJK and ZEWX
Mg alloys, with the rate of corrosion falling in both cases; WJK to 3.22 +
0.17 mmpy and ZEWX to 2.98 + 0.19 mmpy with the application of the
CaP coating. This is due to the coating acting as a barrier between the
SBF and the underlying Mg alloy, until such times as the coating un-
dergoes substantive dissolution to expose the underlying substrate.
Incorporation of strontium within the CaP coating appears to reduce the
corrosion rate further; WJK to 2.92 + 0.05 mmpy and ZEWX to 2.79 +
0.03 mmpy. However, as indicated above, there is no statistically sig-
nificant difference between the CaP and SrCaP coating in this regard.
There is currently a lack of literature reporting the effects of dissolution
of amorphous Sr-substituted CaP coatings on Mg alloys, but it has been
reported previously that amorphous coatings on titanium substrates
generally undergo a high rate of dissolution [66] which differs from the
behaviour reported here. The solubility of the SrCaP coatings is in large
measure determined by the localised structural order of Sr within the
CaP lattice [15], which is in part dependent on the underlying substrate.
Additionally, the interfacial adhesion of the coating to the substrate can
influence the solubility, whereby the local ordering of Sr-substituted CaP
coatings on Mg alloys may be different to that of other metallic sub-
strates, such as titanium. Although there is no statistically significant
difference between the corrosion rates of CaP and SrCaP coatings here,
the slightly increased corrosion resistance for the SrCaP coatings may be
due to differences in localised ordering and interfacial adhesion influ-
encing their solubility compared to that for the CaP thin films. The
corrosion of SrCaP coated WJK and ZEWX clearly indicates that they
both behave very much like the CaP coated Mg alloy specimens. This
suggests that, whereas there may differences in the static dissolution
rates of CaP and SrCaP sputter deposited coatings overall, the Mg alloy
corrosion process is dominated by the dynamic element of the exposure
to SBF.

The WJK and ZEWX coupons used here clearly have different shapes
which influences the respective surface areas. The WJK disc substrates
have a slightly lower surface area (~188.5 mm?) than the square ZEWX
coupons (~264 mmz). Although the calculation of corrosion rate using
Eq. (1) uses the nominal surface area, it does not account for the
occurrence of defects and/or impurities which serve as nucleation points
for the beginning of corrosion [2]. The difference in the surface area is
therefore deemed not large enough to account for the significant change
in corrosion rate and % volume loss observed between the two base alloy
systems.

The results from this study indicate that incorporation of strontium
into a calcium phosphate coating provides for enhanced corrosion
resistance of the Mg alloys of interest when exposed to a static-dynamic
environment that is equivalent to that offered by CaP alone. Such
improvement in corrosion resistance is important to the mechanical
properties of implantable orthopaedic devices fabricated from such
magnesium alloys and studies are ongoing to determine the effects of
such coatings on properties such as shear strength. Previous studies have
reported that strontium can provide for positive effects on osseointe-
gration and bone regeneration [67,68] which suggests that the RF
magnetron sputtered SrCaP coatings used here could enhance the
bioactivity of Mg alloys in a similar manner.

5. Conclusion

Sputter deposition of hydroxyapatite (HA) and strontium substituted
hydroxyapatite powder targets (SrHA) has been shown to produce HA-
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like calcium phosphate coatings (CaP and SrCaP) on Mg alloys (WJK
and ZEWX). The Ca/P ratio of the SrCaP coatings (as measured by SEM-
EDX analysis) was 1.28 compared to a value of 1.50 for the CaP coatings.
Both types of coating were found to improve Mg alloy corrosion resis-
tance over a 14-day period of exposure to SBF. Volumetric reconstruc-
tion data (from pCT analysis) indicates that the SrCaP coating reduces
the volume loss on each type of Mg alloy to an extent that is similar to
the effects observed for the CaP layer. While the fully rendered pCT
images presented here suggest that pitting is more pronounced on the
CaP coatings compared to that of the SrCaP substrates, the interpretation
of these data here is purely qualitative. No significant difference was
observed in the quantitative corrosion rate between CaP and SrCaP
substrates. Whereas, a statistically significant decrease in corrosion rate
(calculated by gravimetric analysis) was observed between the uncoated
Mg alloy substrates and both the CaP and SrCaP coated specimens
individually. Hence, the application of soluble bioactive CaP and SrCaP
coatings onto bioresorbable Mg alloys offers a means to control the rate
of corrosion that occurs over the short to medium term. Moreover, while
the addition of Sr to CaP coatings does not significantly alter the Mg
alloy corrosion rate it does offer the potential to further enhance the
attendant bioactivity.
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