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Abstract:

Control of the corrosion that occurs in magnesium alloys in vivo is a significant challenge for
their use as resorbable orthopaedic implants. In this work, we report on the provision of
bioactive calcium phosphate (CaP) coatings on magnesium alloys that can delay substrate
corrosion while offering an attendant physiochemical environment with properties known to
promote an osteginductive response in vivo. RF magnetron sputtering from hydroxyapatite
(HA) powder targetshas been employed to create CaP coatings on AZ31 magnesium alloy
substrates. Coatings of 70 and 210 nm thickness were achieved via regulation of sputtering
parameters, in particular deposition time. XPS and ToF-SIMS were used to investigate the
chemistry of the coating alloy interface and also to confirm composition and thickness. The
Ca/P atomic ratio of the coatings was determined by EDX to be 1.54. uCT analysis showed a
substrate volume loss after 14 days exposure to SBF of 5.89 + 3.15 mm?® for the un-coated
alloy while the presence of the ~70 nm CaP coating reduced this to 3.42 + 0.48 mm® and the
~210 nm coating to 0.30 + 0.28 mm®. The corrosion rates were calculated to be 1.74 + 0.06
mmpy for the AZ31 control; 1.57 £ 0.09 mmpy for the ~70 nm CaP coated alloy and 1.01 +
0.07 mmpy for the ~210 nm thick CaP coating. These data confirm that CaP coating
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thickness can control the rate of corrosion of magnesium alloys while offering the potential

for improved bioactivity.
Keywords:
Magnesium alloy, RF magnetron, Calcium phosphate Coatings, Corrosion, Biomaterial.
1. Introduction

The current generation of orthopaedic implants used for the stabilisation and,repair of
complex bone fractures are fabricated from a range of stable bioinert alloys sueh/as stainless-
steel, titanium aluminium vanadium and cobalt chromium [1]. Although such devices are in
the main successful as permanent long-term implant materials, there are significant
limitations to their use as temporary fixation, especially in+cases of high energy trauma
(traffic accidents, falls from height, sports injuries, etc.)wand for treatment of osteoporotic
fractures in the elderly [2,3]. In particular, the need for a secondary surgery [4] and the
associated increased risk of infection and various” other complications associated with such
surgeries have been noted [5,6]. Moreover;:the mechanical properties of the current bioinert
metal alloy systems are not always ideal for bone fixation, and in some cases can release
potentially toxic and irritating. metal ‘particulates [7,8]. By contrast, magnesium alloys offer
high ductility, high strength,and fracture toughness properties commensurate with that of
bone and, importantly,.can undergo complete resorption after fracture healing [9,10]. As
such, an orthopaedi¢” implant device composed of a magnesium alloy would not need a
second surgery for its subsequent removal. This coupled with the potential of magnesium to
directly=promote tissue repair offers a significant advantage over the current generation of
metal/metal alloy implants [11,12]. Hence, a range of magnesium alloy systems are currently
being developed as materials for the fabrication of bioresorbable orthopaedic implants to
replace permanent metal alloys in applications ranging from thin wires to thicker pins, rods,

screws and elastic stable intramedullary nails (ESINSs) [13-15].



A key consideration for the use of magnesium alloys as biomaterials for the fabrication of
resorbable bone fixation implants is control of their effective dissolution rate in vivo,
commonly referred to as the corrosion rate [16,17]. Whereas, a high degree of corrosion
control can be achieved by varying the alloy composition this is limited significantly by the
need to deliver the requisite mechanical properties, specifically adequate strength and
flexibility to support surgical implantation [18,19]. An alternative means of/centrolling
magnesium alloy corrosion is via the use of a barrier coating material whichprevents the
agents of corrosion reaching the implant surface [20-22]. However,as these implants are
explicitly designed to be fully resorbed by the body, complete resistance to corrosion is
counter indicative. Hence, the coatings themselves need to degrade while offering a means of
corrosion control such that their resistance to the environment is different than that of the
underlying alloy. Recent work shows the deposition of a range of barrier coatings from zinc
[20] to layer-by-layer coatings which incorpoerate(DNA [22], among others [23-25]. Clearly,
the degradation products produced by such coated alloys must be biocompatible and ideally
bioactive [26].

In this paper, we report.that’'RF magnetron sputtered bioactive CaP coatings formed on
magnesium alloys can-delay,the onset of corrosion significantly. CaP coatings have been
deposited onto .magnesium alloys previously for the purposes of improved corrosive
properties, using a,variety of methods [21,27-29], however there is a limited understanding
of how dense; RF magnetron sputtered CaP thin films impact corrosion. The coatings are
designated herein as being CaP in nature as they have a slightly different stoichiometry than
that of the hydroxyapatite (HA) powder targets from which they are formed [30-32].
Notwithstanding this slight chemical difference, they are capable of offering an attendant
physiochemical environment with properties that are known to promote an osteoinductive

response in vivo [33,34]. Specifically, these resorbable CaP coatings can be used to solicit



control over the rate of magnesium alloy corrosion while at the same time offering an
enhanced bioactive environment at the site of implantation. In this regard, previous studies
have shown that this type of CaP coating can actively promote the recruitment and
differentiation of bone cells leading to new tissue formation and stable fixation of traditional
orthopaedic implants [33]. By controlling both the composition of the sputter target material,
typically medical grade hydroxyapatite (HA), and the sputter deposition parameters, the
chemical and microstructural properties of the resulting CaP layer can be yvaried in terms of
thickness and subsequently the rate of dissolution [35,36]. In addition,t has been determined
that the topographical microstructure of the CaP coating surface plays a role in its subsequent
dissolution rate and thereby on the onset of the attendant magnesium alloy corrosion [37,38].
This work highlights the use of RF magnetron sputtering’ to create CaP coatings on
magnesium alloys, this method is an alternative to those shown previously [21,39,40],
offering a dense homogenous protective dayer \which can be tailored with a controlled
dissolution rate [41] and subsequently magnesium alloy corrosion. The coating that has been
developed here offers the convergent advantages of resorbable orthopaedic fracture fixation

and creation of implant-tissueenvironment that can actively support rapid bone formation.

Materials and Methods
2.1. Sample Preparation

A commercial grade magnesium (aluminium, zinc) alloy, AZ31, nominal composition:
96% Mg;3% Al, 1% Zn (Goodfellow Ire.), was used to create coupons of dimensions 10mm
X 10mm x 1mm which were manually abraded on all faces using p1200 SiC paper (RS-
Components, UK). Coupons were ultrasonically cleaned in 99% isopropanol (Sigma Aldrich,
UK) for 30 seconds before being left to dry in air. Samples were then stored in a desiccator

at approx. 30% relative humidity until required. Hydroxyapatite (HA) sputter targets were



prepared using a dry pressing method as follows: 11.5g of medical grade HA (Plasma Biotal
Captal-R, UK) was weighed out for each individual sputtering target and pressed into a
recessed copper disk using a custom-made stainless-steel die at a load of 80 kN. Targets were
wrapped in aluminium foil and kept in a drying oven at 60°C prior to being placed in the RF

magnetron sputter deposition system.

2.2. RF Magnetron Sputter Coating

RF magnetron sputtering was carried out using a custom-built high wvacuum physical
deposition system configured with two circular high vacuum Torus™ magnetron sputter
sources (Kurt J. Lesker, USA) configured at an incident angle of-45¢.below a rotating sample
holder, as described in detail elsewhere [42,43]. Each Torus™ seurce is powered by an RF
generator operating at 13.56 MHz coupled with angindividual matching network (Huttinger,
GmbH, Germany) to minimise reflected power, during operation. Coatings were deposited
onto all faces of the magnesium alloy coupons with deposition of CaP coatings conducted in
accordance with the parameters provided in Table 1. Carbon tape was used to fix the samples
in place during the sputtering”process; this was removed carefully with iso propyl alcohol
post-sputtering.

Table 1 RF magnetron sputtering parameters used for the deposition of CaP coatings onto AZ31
magnesium alloy surfaces.

Sputtering Parameter Setting
Power 150 W
Ramp-up power 1 W/sec
Time 10 hand 30 h
Chamber pressure 5 x 10®° mbarr
Working gas Argon (99.995%)
Gas flow rate 32 — 35 Sccm
Throw distance 100 mm

2.3. Immersion Corrosion/Dissolution Testing



The nature and scale of the dissolution of the CaP coatings and the subsequent corrosion
of the AZ31 alloy when exposed to aqueous media was determined via in vitro immersion
testing in simulated body fluid (SBF). The SBF was produced according to the method
described by Kokubo et. Al [44] and the relative concentration of the SBF constituents are

provided in Table 2, with ion concentration of blood plasma provided by way of comparison.

Table 2 Composition of simulated body fluid (SBF) with that of blood plasma by comparison.

SBF Blood Plasma
(mmol/L) (mmol/L)
Na* 142.0 142.0
K* 5.0 5.0
Mg®* 1.5 1.5
ca® 2.5 2.5
Ccr 148.8 103.0
H,PO, 1.0 1.0
S0~ 0.5 0.5
HCO5 4.2 27.0

The corrosion/dissolution testing protecel.involved the immersion of samples (CaP coated
and pristine Mg alloy controls) into 15 mL of the SBF solution in sterile containers which
were then stored in an incubator/at 37.5°C under normal atmospheric conditions for a period
of 14 days. All 15 mL _of the,solution was replaced daily to mimic fluid exchange within the
body. Samples were characterised at day 0 and day 14 for an individual sample size of n = 5.

To calculate corresion rate of the samples, by-products were removed post-immersion
testing faccording to ASTM GO01-03, “Standard practice for preparing, cleaning and
evaluating. corrosion test specimens” [45]. Corrosion rate was calculated in mm/year (mmpy)
following the standardised formula given in the equation below, which assumes uniform

sample corrosion:

Corrosion Rate (CR) = Eq.1
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where K is a constant of value 8.76 x 10%, W is the mass loss (g), A is the surface area (cm?),
T is the exposure time (h) and D is the density of the material (g/cm®) [46]. For each sample
(before and after immersion in SBF), surface area and volume were obtained from Micro-
computed Tomography (uCT) analysis and density was calculated from the original and
residual masses measured using precision gravimetric analysis (Radwag, Poland 4Y precision

scales, grams to 6 decimal places).

2.4. Characterisation

Optical microscopy was conducted using a 5-megapixel benchtop optical microscope
(Aven Tools, USA), with samples imaged at the same nominal, working/distance. The image
calibration scales at this fixed working distance were then-used to apply scale bars using the

ImageJ software (NIH, USA).

uCT analysis was conducted using a SkyScan+1275 (Bruker, Germany), at an operating
voltage of 40 kV and current of 250 pA withiat'a voxel size of 10 pm. Rotational images
were reconstructed into slices using the instruments proprietary NRecon software.
Reconstructed slices were set-at a threshold capable of identifying the underlying material
before bitwise operations‘were performed to calculate sample surface area and volume. All
scans were reconstructed using the same reconstruction and threshold settings to ensure an

accurate comparison.

X-ray Photoelectron Spectroscopy (XPS) was performed on an Axis Ultra DLD
Spectrometer (Kratos, UK). Spectra were attained using monochromated Al Ka X-rays (hv =
1486.6 electron volts (eV)) operating at anode conditions of 15 kV and 10 mA (150 W).
During analysis, a hybrid lens mode was used (electrostatic and magnetic) with a 300 pum x
700 pum analysis area, and a take-off angle (TOA) of 90° with respect to the sample surface.

Wide energy survey scans (WESS) were collected across the 0 — 1200 eV binding energy



(BE) range at a hemispherical analyser pass energy of 160 eV. Subsequent high-resolution
spectra of the O1s, Cls, Mgls, Ca2p and P2p regions were collected at a pass energy of 20
eV. An integrated charge neutraliser system operating with a filament current of 1.95 A and a
charge balance between 3.3 V — 3.6 V was used for all samples. Charging effects on the BE
positions were further adjusted by setting the lowest BE component for the C1ls spectral
envelope to 284.8 eV which is commonly accepted as adventitious carbon. surface
contamination. Three measurements were analyse per sample, with a linear/background
subtracted from each XPS spectra. The peak area of the most intense/Spectral lines for each
elemental species was used to determine the percentage atomic concentration. Peak fitting of

high-resolution spectra was carried out using CasaXPS (Casa Software Ltd.) software.

Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray (EDX) analysis was
performed using a Hitachi SU5000 field emission_instrument (Hitachi, Japan) equipped with
an X-max 80 silicon drift detector (Oxford Instruments, UK). Images were obtained using an
accelerating voltage of 5 KeV to generate.a beam spot size of 50 nm at a relatively low
magnification of x1000 in order to.allow for analysis of a larger surface area. EDX maps
were then obtained for each SEM image at a resolution of 1024 x 1024 pixels with an average
of 5 frames for each.map. These map datasets were used to determine the atomic percentage

chemical compesition and calculate the Ca/P ratio for each sample.

Time-of-Flight'Secondary lon Mass Spectrometry (ToF-SIMS) data was obtained using a
ToR-SIMS=5" instrument (IONTOF GmbH, Germany) equipped with a Bismuth (Bi) liquid
metal\ion gun. The primary ion species used was Bi'" at a beam energy of 25 keV. Analysis
was performed in the positive polarity over an area of 500 x 500 um to generate 1024 x 1024
pixels per ion image at a target current of 1 pA. Data sets were collected over 10 scans for
each area imaged at a cycle time of 100 s to allow for analysis of the appropriate mass range
at a suitable resolution. Depth profiling was performed using a Cs™ secondary ion beam
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operating at an energy of 10 keV which was rastered over the area for 20 s intervals using a
non-interlaced sputtering process between the subsequent analysis collection frames. Samples
were depth profiled for a total time of 14400 s. Coating thickness was obtained from the ToF-
SIMS data by determining the depth sputtering rate via measurement of crater depth at
various time points using a DektakXT stylus profilometer (Bruker, Germany). Determination
of the sputter time required to reach the crossover point between Ca* and Mg™ions then
allowed for calculation of the coating thickness using these sputter rates correlated to the

profilometry data.



3. Results

3.1 RF Magnetron Sputter Deposited CaP Coatings on Magnesium Alloys

Scanning electron micrographs of RF magnetron sputter deposited CaP coatings on
polished AZ31 alloy substrates are shown in Figure 1. It is clear that striations created on the
alloy during polishing are seen in the images acquired for the ~70 nm and ~210 nm thick
coatings. There is evidence that the thicker coating is able to slightly in-fill this:pronounced

striation topography of the underlying substrate, Figurelc.

b
nm CaP

- A S e—— 0 -
Figure 1 Scanning electron micrographs of p1200 polished AZ31 a) un-coated b) ~70
coating c) ~210 nm'CaP coating.

EDX analysis carried out in tandem with the SEM imaging, highlights the expected
presence of Ca and P in the sputter'coated layer. The associated quantitative data, presented
as percentage atomic concentration (at.%) for each element, is provided in Table 3 and the
associated chemical‘maps are shown in Figure 2, both of which confirm the difference in the
CaP coating thickness.  The accelerating voltage used was 5 kV, at this energy there is an
approximated.penetration depth of 354 nm for CaP [47], using an assumed density of approx.
3 glcm® [48]The data in Table 3 confirms we have achieved coatings of varying thickness as
the underlying magnesium is less detectable in the ~70 nm coated samples and almost
undetectable in the ~210 nm coated samples. Coated samples also exhibit a reduction in

elemental carbon and Ca/P ratios of 2.39 for ~70 nm coated and 1.72 for ~210 nm coated.
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~70 nm Coating

———

~210 nm Coating

Figure 2 EDX chemical.maps of.un-coated, ~70 nm and ~210 nm CaP coated AZ31with the
corresponding colour.designations: Mg - purple; Ca - yellow; P - blue. (PLEASE PUBLISH
THIS FIGURE IN COLOUR)

Table 3 EDX quantitative elemental data reported as atomic % for un-coated AZ31, ~70nm
CaP coating and ~210nm CaP coating.

Element Uncoated (at.%0) ~70nm (at.%o) ~210nm (at.%o)

Mg 79.4 +£2.40 19.7 £ 0.55 1.20+£0.12

O 493 +1.20 39.1+£0.45 52.9+0.96

Ca 0.13+0.15 25.7+£0.10 26.0 £ 0.67

P 0.00 £ 0.00 10.8 £0.12 15.1+0.15

C 13.7 £ 0.63 410+0.12 470+ 0.25

Al 2.36 +0.28 0.00 + 0.00 0.00 + 0.00
Ca/P Ratio 0.00 £ 0.00 2.39£0.02 1.72 £ 0.03
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XPS high resolution scans of Mgls, Ca2p and P2p plots for polished un-coated AZ31
alloy and ~70 nm and ~210 nm CaP coatings thereon are shown in Figure 3, with proposed
peak assignment binding energies in Table 4. As expected, the spectra for the un-coated
AZ31 surface exhibits a strong Mgls peak. The features in the Ca2p scan region are
attributed to magnesium x-ray induced Auger (secondary electron) lines with this
interpretation confirmed by the lack of any peaks in the P2p high energy spectrum. The
corresponding spectra for the CaP coated alloy surfaces show characteristic €a2p and P2p
doublet peaks in the relevant spectral regions. In the case of both thec~70 nmand ~210 nm

thick coatings, no Mgls peak is detected.
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Figure 3 XPS high-resolution scans of Mgls, Ca2p and P2p for a) un-coated b) ~70 nm CaP
AZ31 and c) ~210 nm CaP coated AZ31.
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Table 4 XPS binding energies (eV) of the proposed assignments for Mgls, Ca2p and P2p

Element Un-coated ~70nm ~210nm
Mg 1303.55 - -
MgO 1306.71 - -
Cazpap - 351.02 350.87
Cazp 112 - 347.49 347.32
Papar - 133.29 133.14
P21 - 134.16 133.98

Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS) was, used to further
determine the nature of the chemistry of the CaP sputter deposited coatings-and the interface

that it makes with the polished AZ31 alloy surface.

Figure 4a) and b) provide depth profiling data as rendered\x-y plots and intensity versus
sputter time plots for the ~70 nm and ~210 nm thick-coatings, respectively. The CaOH" ion at
mass (m/z) 56.96 amu is used to identify the CaPscoating while the Mg" ion at mass (m/z)
23.98 amu is used for the AZ31 alloy substrate. ToF-SIMS ion maps captured in positive
polarity mode using the ion counts.for the \€aOH", Ca" (ion at mass (m/z) 40.08 amu) and

Mg" ions for the ~210 nm thick coating/are provided in

Figure 4c). The striations,created on the AZ31 alloy during polishing can again be clearly

seen in the total ion-count, CaOH" and Ca" ion images for these coatings.
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Figure 4 ToF-SIMS depth profiles ofia) ~70 nm CaP coated AZ31 and b) ~210 nm CaP
coated AZ31. ¢) ToF-SIMS pesitive polarity ion mapping of ~210 nm CaP coated AZ31,
highlighting the Ca®, CaOH®, and)Mg" peaks, the colour intensity of the ion maps and

associated scales represents counts of ions detected. (PLEASE PUBLISH THIS FIGURE IN
COLOUR)

3.2 Corrosion/Dissolution Testing of RF Magnetron Sputter Deposited CaP Coatings on

Magnesium Alloys

Optical micrographs of RF magnetron sputter deposited CaP coatings on polished AZ31
alloy before and after exposure to SBF for 14 days are provided in Figure 5. No visible
corrosion can be seen in any of the samples pre-immersion, with the CaP coated samples
exhibiting a slight pearlescent hue. Visible corrosion can be seen in the post-immersion

images, particularly for the un-coated and 70 nm CaP coated samples.
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Day 14

Figure 5 Optical images of AZ31 coupons pre- and post-
Arrows indicate areas where coating has been dissolut
be seen on the underlying AZ31 coupon. (PLEASE PU

re to SBF for 14 days.
significant visible corrosion can
THIS FIGURE IN COLOUR)

SEM examination of the ~70 nm and ~2 mgick CaP coated AZ31 alloy samples post-

immersion testing in SBF shows that a. significant build-up of corrosion products has

occurred in both cases in the d, as shown in Figure 6.

&
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Figure 6 Scanning electron micrographs of CaP coa
SBF for 14 days a) ~70 nm x100 b) ~70 nm x6

d AZ31 coupons post-immersion in
0 nm x100 d) ~210 nm coated x600.

EDX analysis of the corrosion products indicates a significant change in the chemical

composition between the two sa post-immersion, as shown by the data provided in

Table 5. The thicker of the aP coatings (~210 nm) clearly exhibits a greater Ca and P
atomic concentratioQt-im ersion and hence a higher Ca/P ratio than the thinner coating
(~70 nm). Ther ignificant increase in oxygen at.% as thick oxide layers have formed on
the surfac the samples. The at.% of magnesium is higher on the ~70 nm coated samples
than the ~210 nm coated samples, due to the presence of a greater remaining coating

thic%s? on the ~210 samples and the penetrating depth of a 5 kV accelerating voltage

electron beam [47].
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Table 5 Atomic percentage composition of CaP coated AZ31 samples post-immersion in

SBF for 14 days, obtained via EDX analysis.

Element ~70nm (at.%) ~210nm (at.%)

Mg 9.00£0.26 2.37£0.15

@) 67.2+0.55 58.6 £2.11

Ca 3.73+£0.06 9.53+0.55

P 5.80+0.10 8.00 £ 0.26

C 10.6 £ 0.46 19.5+£3.05

Al 297 +£0.15 1.30£0.17
Ca/P Ratio 0.64 £0.01 1.19 £ 0.03

Rendered volumetric uCT images for the un-coated AZ31 alloy and-the ~70-nm and 210
nm thick CaP coatings thereon post-immersion in SBF for 14 days/are provided in Figure 7a).
The un-coated control alloy clearly exhibits a distinctive area.of.wvelume loss and significant
pitting across much of the rendered surface. By comparisen, the ~70 nm coated samples has
one relatively small area of total volume loss and less pitting. Inspection of the reconstructed
volume of ~210 nm coated alloy samples shows\that'whereas corrosion has begun to occur,

as evidenced by several areas of pitting,/no.areas of complete loss are observed.

Using voxel counting software to undertake bitwise calculations volume and surface area
of samples were determined-and volume loss of the samples calculated, as shown in Figures
7b). Pre-degradation the samples exhibited a volume of 92 + 1.14 mm?® and surface area of
224 + 2.96 mm?. At-14 days the uncoated AZ31 control exhibited a volume loss of 5.89 +
3.15 mm?® while the samples with ~70 nm and 210 nm CaP coatings had volume losses of
3.42 + 0.48 mm?® and 0.30 + 0.28 mm?®, respectively. The extent of surface area increase in a
sample can also be linked to the extent of corrosion. At 14 days uncoated AZ31 samples
exhibited an increase in surface area of 19.15 + 8.15 mm? with ~70 nm and 210 nm CaP
coated samples exhibiting an increase of 9.06 + 4.22 mm? and 4.53 + 5.47 mm? respectively.
This data confirms that the thicker CaP coating is able to significantly delay the corrosion of

the underlying alloy.
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Figure 7 Volumetric uCT analysis of un-coated=AZ31 and CaP coated samples post-
immersion to SBF for 14 days: a) volumetric reconstructions detailing the visual extent of
volume loss across samples; b) mean volume loss #SD and ¢) mean surface area increase +
SD. (PLEASE PUBLISH THIS FIGURE IN. COLOUR)

Gravimetric measurements obtained from*samples post-immersion using precision scales
(values in grams to 6 decimal points) were used to calculate corrosion rates for the ~70 nm

and 210 nm CaP coated samples’and compared to the uncoated control with the data shown in

Figure 8. A statistically significant reduction in corrosion rate was exhibited by both of the
coated samples.with the thinner ~70 nm CaP coating giving a value of 1.57 + 0.09 mmpy
comparedto uncoated AZ31which exhibited a corrosion rate of 1.74 £ 0.06 mmpy (p < 0.05).
A statistically significantly greater decrease in corrosion rate (p < 0.001) was exhibited by

~210 nm thick CaP coating which had a value of 1.01 + 0.07 mmpy.
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samples post-immersion in SBF for 14 days calculated

Corrosion Rate (mmpy)
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4. Discussion

4.1 Physical and Chemical Properties of CaP Coatings on AZ31

Polishing of the AZ31 alloy surface results in the formation of striations that can be clearly
seen in the SEM images of the prepared samples. Sputter deposition of CaP onto this surface
results in the creation of a conformal coating on top of these features that is“thin but

homogeneous, i.e. there are no features suggestive of a CaP microstructure per-se.

The EDX analysis was conducted at 5 kV to confine the EDX information-depth to the
CaP coating while still maintaining acceptable atomic sensitivity. Analysis indicates that
there is a trace amount of Ca present in the native alloy coentrol. As expected, the at.%
concentration of Ca and P increases significantly after coating of the alloy surface. However,
the amount of Ca detected for the ~210 nm coating is_found to be the same as that for the 70
nm coating while the corresponding at.% P wvalue-increases only slightly for the thicker CaP
layer. This is deemed to be a consequence«of the nature of the underlying substrate surface
roughness and the effect this has on.the coherency of the coating thickness across the
striations which then has an-effect an the accuracy of the EDX measurements for the thicker
CaP coating. There is potentially’'some slight contamination of the samples with carbon, from
polishing with silicon carbide abrasive, which is observed on the uncoated samples,
subsequently’removed by the plasma during the initial stages of deposition. For the ~210 nm
coating/the Ca/P ratio is close to stoichiometric hydroxyapatite, for the thinner coating it is
significantly higher. This atypical value may be an artefact of the relatively large information
depthat an accelerating voltage of 5 kV [47] and the EDX quantification algorithm which
assumes bulk compositions. The effect of the penetrating electron beam can be seen in the
varying magnesium at. % of the two coated samples, indicating that for the ~70 nm coated

samples more information is being picked up from the underlying alloy. This analysis
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corroborates our ToF-SIMS depth profiling confirming a significant difference in coating

thickness between the two groups of samples.

XPS analysis shows that both the ~70 nm and ~210 nm thick CaP coatings suppress the
detection of the underlying magnesium alloy (Mg1s) signal. This result with the SEM-EDX
analysis, this suggests that the CaP layer does indeed conform to the striations created on the
alloy surface during polishing to form a coherent layer. This is consistent with previous
reports in the literature which show RF magnetron sputtered coatings, are, dense and
homogeneous [49]. Attempts to measure the Ca/P ratios on the CaP surfaces-using XPS were
unsuccessful as the surface roughness of the underlying alloy causes shadowing effects that
distort the relative numbers of the Ca2p and P2p photoelectrons’ arriving at the detection

measurement system.

ToF-SIMS depth profiling data confirms that the difference in the thickness of the two
coatings is as expected from the operational‘conditions used during sputtering. Again, these
data suggest that a coherent and caonfermal CaP layer is deposited onto the polished AZ31 in
both cases, which is consistent, with/the findings from both the XPS and EDX results.
Importantly, the interface between the CaP coating and the magnesium alloy is relatively
sharp with no evidence of significant intermixing having occurred as a consequence
deposition. The-small amount of CaOH" ions that seem to be present within the underlying
magnesium- alloy-in the case of the ~210 nm CaP coated samples (Figure 4b) are deemed to
be due to"atomic mixing caused by the experimental secondary ion depth profile beam (Cs*)
rather,than diffusion of Ca and P into the magnesium alloy during the coating process. The
positive polarity ion maps (Figure 4c) also confirm the coherency and conformal nature of the
coating as indicated by the strong counts for Ca® and CaOH" ions and relatively weak counts

for Mg" ions.
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4.2 Static Solution Immersion Corrosion Testing

Optical imaging (Figure 5) clearly indicates that the uncoated AZ31 samples undergo
corrosion and subsequent degradation after the 14 days immersion in SBF, with large
quantities of the coupon samples being lost to solution. By comparison, the presence of a ~70
nm CaP coating on the alloys surface appears to help to delay the initiation of the corrosion
process, with visually less corrosion evident for the corresponding underlying AZ31coupon
post-immersion. A thicker CaP coating (~210 nm) exhibits a more significant reduction in the
corrosion that normally occurs to the underlying AZ31 coupon, withysome-of the coating
appearing to be still present on the surface at the end of the 14-day experimental protocol
used here. The corrosion in these samples only occurs inspecific areas (as indicated by
arrows on Figure 5) where the coating has dissolved over the 14-day immersion period to

expose the underlying alloy.

EDX data of the CaP coated samples_post-immersion and prior to removal of corrosion
products shows a significant change-in the elemental composition, comparing table 3 and 5,
with an increase in C at. % and O at.,%. This can be attributed to precipitation of carbonates
present in the SBF solution and potentially to the dissolution of the hydroxyapatite like CaP
coating. The ~70 nm coated samples exhibited a larger change in elemental composition than
the ~210 nm coated,.samples with an increase in oxygen, decrease in Ca at. % and P at. % and
the appearance.of an aluminium peak from the underlying alloy, Figure 5. The elemental
composition”of the ~210 nm coated samples didn’t change as drastically as the ~70 nm
samples due to the thicker coating delaying the onset of corrosion. This is confirmed by the
smaller at.% of magnesium, the higher at.% of Ca and P and the smaller aluminium peak
appearance compared to the ~70 nm coated samples. This information alongside the uCT
and optical micrographs confirms the effectiveness of the ~210 nm CaP coating in delaying
the onset of corrosion that would normally occur to the underlying AZ31 coupon.
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Volumetric reconstructions from the puCT analysis show the physical effects of the
extensive corrosion and associated total volume loss that occurs for the un-coated AZ31
alloy. Coating the AZ31 with a ~70 nm thick CaP coating causes a reduction in the corrosion
rate as indicated by the nature and scale of the volume loss. Analysis of the ~210 nm thick
CaP coated samples shows a more significant reduction in the overall volume loss with areas
of pitting present where the coating has dissolved. These data are consistentywith the
interpretation of the optical images, in that part of the coating remains intactiafter 14 days
exposure to SBF, with significant corrosion only occurring in areas' whereby coating has
completely dissolved. Surface area measurements from the uCT rendered images (Figure 7¢)
further consolidate these findings, specifically that the ~70.nm CaP coated coupons exhibit
larger increases in surface area when compared to-that,for/the ~210 nm samples post-
immersion in SBF for 14 days. This indicates that cerrosion has occurred to a significantly

lesser extent in the case of the ~210 nm CaPdayeron the magnesium alloy.

Corrosion rate calculations show that these CaP coatings can indeed act as a partial barrier
layer due to the difference in disselution properties in aqueous solution at 37°C that results
from varying CaP coating thickness. The onset of corrosion on and within the underlying
AZ31 alloy is significantly delayed until the coating has been sufficiently dissolved away by
the SBF solution. In"this respect, the thicker (~210 nm) coating simply requires a greater

samplelength of time to dissolve away and so acts as corrosion barrier layer for longer.

Based ‘on” these results presented in this work, it is clear that RF magnetron sputter
deposited CaP coatings are sufficiently dense and homogenous so as to act as a partial barrier
layer in a manner that protects the AZ31 coupons from full exposure to the surrounding SBF
solution. This dense partial barrier layer then dissolves over time in representative
physiological media, exposing the underlying magnesium alloy and initiating corrosion. By
altering the thickness of the CaP coating, corrosion of the underlying magnesium can be
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delayed further, therefore, it is speculated that this control of corrosion for a specified
duration could be tailored via the deposition of a CaP coating of specific thickness.
Moreover, previous studies have shown that this type of RF magnetron sputtered CaP thin
films can enhance the response of human mesenchymal stem cells in vitro [33], meaning that
the dissolving of the CaP coating can not only be used to potentially tailor the rate of
corrosion of the underlying alloy but could also boost bone cell activity in thewlocalised

implant area.

5. Conclusions

Control of the corrosion that normally occurs in magnesium alloys with potential for use
as resorbable orthopeadic implants by the use of\ bioactive CaP coatings has been
investigated. RF magnetron sputtering from HA powder targets has been employed to create
ultra-thin CaP coatings on AZ31 magnesium, alloy substrates at two different thicknesses,
~70 nm and ~210 nm. XPS and ToF-SIMS analysis have confirmed the composition and
thickness of the CaP layers. The Ca/P atomic ratio of the coatings is difficult to determine
with XPS due to the substrate roughness but has determined by EDX to be 1.54. uCT analysis
has been used to observe and'measure the alloy volume loss for un-coated and CaP coated
AZ31 after 14 days éxposure to SBF. The control exhibited a volume loss of 5.89 + 3.15 mm®
while the presencejof the ~70 nm CaP coating reduced this to 3.42 + 0.48 mm® and the 210
nm CaP.coating even more so to 0.30 + 0.28 mm°. Hence, the thicker CaP coating is able to
significantly delay the corrosion of the underlying alloy. The corresponding corrosion rates
follow the same trend with the un-coated AZ31 returning a value of 1.74 £ 0.06 mmpy, the
~70 nm CaP coating 1.57 = 0.09 mmpy and the ~210 nm thick CaP coating 1.01 + 0.07
mmpy compared. Overall, the most statistically significant decrease in corrosion rate (p <

0.001) was exhibited by ~210 nm thick CaP coating. These data confirm that CaP coating
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thickness can indeed control the rate of corrosion of magnesium alloys. In addition, the
combination of magnesium alloy corrosion and CaP dissolution provides the potential for
improved bioactivity by offering an attendant physiochemical environment with properties
known to promote an osteoinductive response in vivo. The delivery of these significant

benefits is the basis of on-going work in the area.
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