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Abstract

Magnesium alloys have been widely studied as materials for temporary implants, but their use has been limited by their corrosion rate.
Recently, coatings have been proven to provide an effective barrier. Though only little explored in the field, Atomic Layer Deposition (ALD)
stands out as a coating technology due to the outstanding film conformality and density achievable. Here, we provide first insights into the
corrosion behavior and the induced biological response of 100nm thick ALD TiO,, HfO, and ZrO, coatings on AZ31 alloy by means of
potentiodynamic polarization curves, electrochemical impedance spectroscopy (EIS), hydrogen evolution and MTS colorimetric assay with
1929 cells. All three coatings improve the corrosion behavior and cytotoxicity of the alloy. Particularly, HfO, coatings were characterized by
the highest corrosion resistance and cell viability, slightly higher than those of ZrO, coatings. TiO, was characterized by the lowest corrosion
improvements and, though generally considered a biocompatible coating, was found to not meet the demands for cellular applications (it
was characterized by grade 3 cytotoxicity after 5 days of culture). These results reveal a strong link between biocompatibility and corrosion
resistance and entail the need of taking the latter into consideration in the choice of a biocompatible coating to protect degradable Mg-based

alloys.
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1. Introduction

As aging and obesity increase the demand for the implan-
tation of medical devices [1], medical technology advances,
with a raising interest in the use of metallic materials for im-
plantable devices to assist with tissue repair or replacement.
Implantable devices can be divided into permanent and tem-
porary. For the latter, implants are only required to remain
within the human body until the tissue regains load bearing
capacity and integrity. To this aim, biodegradable materials
are desired and Magnesium (Mg) stands out [2—4] due to its
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attractive features: (1) an elastic modulus compatible with nat-
ural bone minimizing the risk of stress shielding [2] and (2)
the ability to degrade in vivo without releasing toxic products
[5-7]. Accelerated corrosion of pure Mg hampers its usability
in clinical applications as mechanical failure of the implant is
prone to occur before the tissue has recovered [8]. In addition,
during corrosion, hydrogen gas gets produced at rates beyond
what bone tissue is able to accommodate, causing severe host
tissue damage [9,10].

In the last years, different strategies have been investi-
gated to reduce the corrosion rate of Mg, such as alloying
and mechanical processing inducing severe plastic deforma-
tion (SPD) like Equal Channel Angular Pressing (ECAP) and
machining [11-14]. However, both these approaches are char-

2213-9567/© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) Peer review under responsibility of Chongqing University


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jma.2021.03.010&domain=pdf
http://www.sciencedirect.com
https://doi.org/10.1016/j.jma.2021.03.010
http://www.elsevier.com/locate/jma
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mirco.peron@ntnu.no
https://doi.org/10.1016/j.jma.2021.03.010
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Peron, S. Cogo, M. Bjelland et al./Journal of Magnesium and Alloys 9 (2021) 1806—1819 1807

acterized by some main limitations. Alloying may introduce
elements causing adverse biological reactions [15], ECAP re-
quires multiple deformation passes before achieving the goal,
while machining might not be applicable in the development
of Mg implants as it does not allow to make the intricate
features and textured surfaces needed to enhance ingrowth of
cells and tissue [16-18].

Hence, an alternative, surface confined approach allowing
the control of surface texture might be required. In this per-
spective, coatings have recently gained wide interest among
researchers since they allow to preserve the surface texture
and the designed macroscopic porosity tailored for osseointe-
gration and to match mechanical characteristics. Several coat-
ing techniques, such as anodizing, fluoride conversion coat-
ing, sol-gel techniques and physical vapor deposition tech-
niques, have been developed in the last years to increase the
corrosion resistance [19]. However, all these techniques are
characterized by some drawbacks that limit their use, mainly
low control of the thickness and high porosity and cracking
[20-22]. In addition, the effectiveness of physical vapor de-
position techniques, such as sputtering, may be limited due
to the inherent line-of-sight deposition process [23,24].

To overcome this issue, Chemical Vapor Deposition (CVD)
is employed. In this class of processes, the substrate surface is
exposed to one or more volatile precursors that react and/or
decompose to produce the desired surface deposit. Among
CVD techniques, Atomic Layer Deposition (ALD) stands out
in terms of conformality, film density and possibility for com-
positional control due to its self-limiting surface-gas phase
reactions and it has recently found application in corrosion
protection of biomedical implants [25,26]. In this field, re-
searchers have mainly focused on the effect of biocompatible
coatings deposited by means of ALD on the corrosion resis-
tance of metallic implant materials [27,28]. In particular, their
interest has focused on TiO, and ZrO,. TiO; is in fact known
to be biocompatible since it can (1) stimulate in vivo osteo-
conductivity [29-31], (2) induce in vitro bone-like apatite for-
mation and (3) bind directly and reliably to living bone [32].
On the other hand, ZrO; is an important biomaterial, widely
used in applications such as dental implants, where osteointe-
gration is of minor importance compared to the requirements
of corrosion and wear resistance [33] and of a reduced bac-
terial colonization [34,35]. Dealing with Mg and its alloys,
although limited data are available, the application of both
ALDed TiO, and ZrO, has been shown to promisingly im-
prove the corrosion resistance. Marin et al. [26] reported a
reduced corrosion current density (i.e., from 10~* A/cm? to
107% A/cm?) when a commercial AZ31 Mg alloy was coated
with a 100nm thick TiO, layer, while a 10nm thick ZrO,
layer was found to reduce the corrosion current density of an
AZ31 Mg alloy by three order of magnitude [25], agreeing
with the results obtained by our group for a 100nm thick
ZrO, layer [36-38].

However, in the development of reliable Mg-based im-
plants, and more in general of temporary implants, the cor-
rosion resistance of a material is fundamental also because
it can affect the cell response: degradation products evolving

during the corrosion process may in fact cause adverse effect
on the surrounding (the vicinity of the implant). In the case
of Mg and its alloys, H, evolves from the corrosion process.
This leads to an increase in the pH around the implant, and
it is widely known that a high pH has harmful effects on
cell viability, migration and proliferation [39]. For example,
a pH higher than 8.5 was reported to inhibit the prolifera-
tion of human bone marrow-derived mesenchymal stem cells
[40]. Nevertheless, to the best of the authors’ knowledge, the
cytotoxicity of ALD TiO, and ZrO, coatings has never been
evaluated.

In this work, we aim to evaluate the effect of TiO, and
ZrO, ALD coatings on cell viability in the vicinity of the
implant by carrying out MTS proliferation assay using the
murine subcutaneous connective tissue 1929 cell line. More-
over, to provide further insights into the corrosion perfor-
mances of ALD TiO;, and ZrO, coatings in a physiologically
relevant environment, potentiodynamic polarization curves,
electrochemical impedance spectroscopy (EIS) and hydrogen
evolution tests have been carried out on 100nm thick TiO,
and ZrO, coated AZ31 samples. In addition to that, a new
biocompatible coating has recently emerged as a very effec-
tive coating material to increase the corrosion resistance of
biocompatible materials [41], i.e. HfO,. Zhang et al., in fact,
reported a 30nm HfO, coating to reduce the corrosion cur-
rent density of a die-cast AZ91D from 44.29 wA/cm? to 0.78
wWA/cm? [42]. These results agree with those reported in Ref.
[43] where 60nm HfO, coating was reported to decrease the
corrosion current density of an AZ31 alloy of almost three
orders of magnitude. However, much still needs to be un-
covered, since very few studies have addressed this aspect.
Moreover, to the best of the authors’ knowledge, the effects
of ALD HfO, on cell viability have never been investigated
before. Hence, with this work, we also aim to fill these gaps,
carrying out potentiodynamic polarization curves, EIS, hydro-
gen evolution tests and MTS colorimetric assay using 1L.929
cells on 100nm thick ALD HfO, coated AZ31 samples. This
could open the avenue for the use of new coating materials
for degradable Mg alloys used as implant material.

2. Materials and methods
2.1. Materials and environment

Commercially available bars of AZ31 Mg alloy were pur-
chased from Dynamic Metals LTD (Leighton Buzzard, UK).
More than 500 grains have been considered for the grain anal-
ysis by using LAS image software, and a representative image
of the microstructure is depicted in Fig. 1. As it can be seen,
the material is characterized by a homogeneous « matrix, and
the average grain size, obtained by means of linear intercept
method, was equal to 13.2£8um.

The environment used for the corrosion experiments was
simulated body fluid (SBF) prepared according to Ref. [44],
while that used for the cytotoxicity experiments was Dul-
becco’s Modified Eagle Medium (DMEM - Life Technolo-
gies Corp, California, USA) supplemented with 10%v/v fetal
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Fig. 1. Micrography of the AZ31 alloy microstructure.

bovine serum (FBS), 100pg/ml streptomycin and 100 U/ml
penicillin.

2.2. Atomic layer deposition

A commercial ALD reactor (Savannah S200, Veeco In-
struments Inc., Massachusetts, USA) was used to deposit the
ALD coatings. The deposition was carried out through succes-
sive cyclic reactions. In particular, 926 successive cyclic reac-
tions between Tetrakis (dimethylamino) zirconium (TDMAZ)
and deionized water (H,O) were used to deposit 100nm of
7ZrO, (deposition rate of approximately l.OSA/cycle), at a
temperature of 160 °C. Each cycle was composed of two
parts:

(1) 250-ms TDMAZ precursor pulse followed by a 10-s
Hi-purity N, purge with a flow rate of 20 sccm.

(2) 150-ms H,O precursor pulse followed by a 15-ms Hi-
purity N, purge.

The N, purge was used to remove residual reactants and
by-products from the chamber so as to prevent any additional
chemical vapor deposition reactions. During the deposition
process, the TDMAZ precursor was heated at 75 °C, while
the H,O precursor and the delivery lines were kept at 25 °C
and 160 °C, respectively. Concerning TiO,, the metal organic
precursor used was Tetrakis (dimethylamino) titanium (IV) or
TDMA-Ti heated at 75°C. Each cycle was again composed
of two parts:

(1) 0.1s TDMA-Ti precursor pulse followed by a 5s Hi-
purity N, purge with a flow rate of 20 sccm.

(2) 0.015s H,O precursor pulse followed by a 5s Hi-purity
N, purge.

The deposition rate was found to be 0.5 A°/cycle. Finally,
the deposition of HfO, was carried out through successive
cyclic reactions between Tetrakis (dimethylamino) Hafnium

(TDMAH) and deionized water (H,O) at 160 °C. Again, each
cycle was composed of two parts:

(1) 200-ms TDMAZ precursor pulse followed by a 10-s
Hi-purity N, purge (flow rate of 20 sccm).

(2) 150-ms H,O precursor pulse followed by a 10s Hi-
purity N, purge.

During the deposition process, the TDMAZ precursor was
heated at 75 °C, while the H,O precursor and the delivery
lines were kept at 25 °C and 160 °C, respectively. The de-
position rate was measured at 1.3 A/cycle. All the chemical
precursors have been supplied by Sigma Aldrich (St. Louis,
Missouri, USA).

2.3. Coating characterization

X-ray photoluminescence (XPS) measurements were con-
ducted to assess the chemical composition of the TiO,, ZrO,
and HfO, ALD coatings. To do so, a Kratos Analytical XPS
Microprobe (Kratos Analytical Ltd, Manchester, UK) using
Al (Ka) radiation of 1486eV in a vacuum environment of
5x 1072 Torr was used. The XPS data were analyzed using
CasaXPS software.

2.4. Corrosion experiments

The corrosion performances of coated and uncoated AZ31
alloy have been characterized by means of potentiodynamic
polarization curves, electrochemical impedance spectroscopy
and hydrogen evolution tests. The environment used for the
corrosion experiments was simulated body fluid (SBF) pre-
pared according to Ref. [44].

2.4.1. Potentiodynamic polarization curves

The commercially available bars were machined into discs
with a thickness of 2mm and a diameter of 29 mm. The discs
were then grounded with 2000 grit silicon carbide papers. Af-
terwards, the samples were cleaned with acetone for five min-
utes in ultrasonic bath and subsequently with ethanol using
the same procedure. A Gamry Reference 600+ potentiostat
was used to obtain the potentiodynamic polarization curves of
bare and coated samples. A three-electrode setup was used,
with the bare or coated samples being the working electrode,
the Hg/Hg,SO, electrode being the reference electrode, and
the platinum plate electrode being the counter electrode. Static
simulated body fluid (SBF) with a pH of 7.4 and at a temper-
ature of 37 °C was used as electrolyte. The surface area of the
samples exposed to the SBF was 1 cm?. Before carrying out
the potentiodynamic polarization tests, 30 min were waited to
achieve a stable open-circuit potential. The potentiodynamic
polarization tests were carried out at a scan rate of 0.5mV/s,
and the tests were repeated three times for each condition.

2.4.2. Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy was carried out
using the same three-electrode configuration and the same



M. Peron, S. Cogo, M. Bjelland et al./Journal of Magnesium and Alloys 9 (2021) 1806—1819 1809

potentiostat as described in the previous Section. Additionally,
the electrochemical cell was placed inside a Faraday’s cage
to avoid noise in the results. To fit the results, the software
Gamry Echem Analyst (Gamry Instruments, Warminster, PA,
USA) was used. The signal amplitude during EIS was 10mV
relative to the open circuit potential (OCP) at a frequency
range of 1072 to 10°Hz, and the samples were kept in SBF
for half an hour before measurements to stabilize and measure
OCP. The tests were repeated three times for each condition.

2.4.3. Hydrogen evolution tests

Mg, when in contact with an aqueous environment, leads
to the evolution of hydrogen gas according to the following
equation [2]:

Mg +2H,0 — Mg(OH), + H; (1)

Specifically, the dissolution of one mole of magnesium
leads to the release of one mole of hydrogen. It is hence
clear that it is possible to measure the corrosion rate of Mg
and its alloys by measuring the evolved hydrogen. The use
of this method, besides being simple, allows to overcome the
limitations of the weight loss method and of the electrochem-
ical techniques [45]. To perform such experiments, the com-
mercially available bars were machined into cubic samples of
Smm side and they were then prepared as described in Sec-
tion 2.4. Finally, the samples were immersed in SBF at 37
°C for 7 days and the hydrogen bubbles were collected into a
burette according to the procedure reported in Ref. [45]. The
tests were repeated three times for each condition.

2.5. Degradation behavior

Micro- and macro-morphological characterizations of bare
and coated samples were carried out by means of FEI Quanta
450 Scanning Electron Microscope (Thermo Fisher Scientific
Inc., USA) and Canon EOS 4000D (Canon, Tokyo, Japan),
respectively. To do so, cylindrical samples were prepared as
described in Section 2.4. The samples were characterized be-
fore and after corrosion, having been soaked in SBF at 37 °C
for one day.

2.6. Cytotoxicity testing

Cytotoxicity was assessed via the MTS cell proliferation
assay (Promega) in 1929 murine fibroblasts as per manufac-
turer’s recommendations. To compare the cytocompatibility
of the different coatings, extracts were prepared by incubating
the samples in Dulbecco’s Modified Eagle Medium (DMEM —
Life Technologies Corp, California, USA), supplemented with
10%v/v fetal bovine serum (FBS), 100U/ml penicillin and
100 wg/ml streptomycin (complete DMEM) with 1.25 ml/cm?
extraction ratio for 72 h at 37°C in a humidified atmosphere
with 5% CO, [46,47]. The supernatants were collected and
centrifuged, and 100% extracts were employed for the cell
proliferation assay. Briefly, 3 x 10° cells/well were seeded on
96-well plates and incubated for 24 h to allow attachment.

Starting from the following day, 100l of the different ex-
tracts were added to each well. Complete DMEM was applied
as a negative control. The effect of the extracts on cell viabil-
ity was assessed after 1, 3 and 5 days of treatment. The gen-
eration of colored formazan by reduction of the MTS tetra-
zolium compound was monitored by measuring absorbance
at 490nm on a VICTOR™X3 plate reader (Perkin Elmer,
Massachusetts, USA).

In addition, another set of samples was incubated as just
described to assess the pH evolution of the extracts with a
pH meter Inolab 730 (WTW, Weilheim, Germany).

3. Results
3.1. Coating characterization

XPS was conducted to determine the chemical composi-
tion of the ALD deposited TiO,, ZrO, and HfO,. In order
to have minimum effect of the underlying substrate, the mea-
surements were carried out on thin film deposited on Si wafer.
Prior to chemical characterization, the effect of environmental
contamination and surface oxidation were removed by etching
the surface for three minutes with an energy of 2KeV. Deal-
ing with titania, high resolution regional scans were carried
out for titanium, oxygen and carbon. The negligible amount
of carbon detected excluded the presence of any process con-
tamination, thus indicating an ideal deposition. Regional scans
of titanium and oxygen are reported in Fig. 2(a) and (b), re-
spectively. Particularly, from the regional scan of titanium,
peaks corresponding to the core level binding energies of Ti
2p3pn and Ti 2pyp (ie., 459eV and 464 eV, respectively) can
be observed. indicating the presence of Ti** oxidation state
in TiO, [48]. Moreover, the presence of Ti*t due to the ar-
gon etching step caused the shoulder at lower energy around
456eV is due to [49]. Dealing with oxygen, oxygen atoms in
TiO, phase lead to the peak at 531eV [50], while the oxygen
in hydroxyl groups present in the form of impurities induces
the small shoulder at higher energy. From a composition per-
spective, we found an oxygen deficient deposition since we
found 60% of oxygen and 40% of titanium, while the sto-
chiometric composition should be 66.7% oxygen and 33.3%
titanium (Ti and oxygen in 1:2 ratio).

With respect to zirconia, regional scans of zirconium, oxy-
gen and carbon were also carried out at high resolution. No
peak was observed in the high resolution scan for the element
carbon, thus showing a nearly carbon-free ALD deposition.
The high resolution spectra (Fig. 3a) of Zr 3d showed two
peaks at binding energy 182eV and 184 eV, which correspond
to Zr 3ds;, and Zr 3ds, respectively. The scan conducted for
O 1s (Fig. 3b) showed a peak at 530eV which belongs to
Zr0O, and the shoulder on the higher energy side is due to the
oxidation of metal in air forming ZrO. The quantification cal-
culation using CASAXPS software showed a composition as
40% Zr and 60% O, indicating an oxygen deficient zirconia
thin film.

Finally, dealing with hafnia, high resolution regional scans
for hafnium, oxygen and carbon were carried out. Again, an
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Fig. 2. XPS spectra for ALD deposited TiO> (a) Ti 2p (b) O 1s.
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ideal deposition without any contaminants was highlighted by
the negligible amount of carbon detected. Fig. 4b shows the
core level spectra of O 1s associated with HfO, [51]. The
region at higher energy above the peak at 531eV shows a
shoulder due to presence of a small amount of contamination,
likely carbon or moisture. In the regional scan of element
Hf 4f, peak positions at 18.5eV and 20.7eV correspond to

Hf 4f;, and Hf 4fs, in HfO, [52]. The shoulders at lower
energies below 18.5eV are due to Hf interstitials and oxygen
vacancies [53]. Again, we observed an oxygen deficient de-
position. In fact, we observed a composition of 63% oxygen
and 37% hafnium, while the stoichiometric composition of
HfO, should have Hf and O in 1:2 ratio i.e. 66.7% oxygen
and 33.3% hafnium.
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Table 1

Corrosion potentials (Ecorr) and corrosion current densities (icorr) Values for bare and coated

AZ31 samples in SBE.

Bare TiO; coating ZrO; coating HfO; coating
Ecorr (V) —2.0£0.02 —1.9040.01 —2.0240.01 —2.0940.02
icorr (A/cm?) 3.01073+04 249 107°4+0.6 12107°+03 0.6 10°°+0.4

3.2. Corrosion experiments

3.2.1. Potentiodynamic polarization curves

Fig. 5 reports the potentiodynamic polarization curves of
bare and coated samples. Moreover, the average values of the
corrosion potentials (E¢or) and of the corrosion current den-
sities (icorr) are reported in Table 1. In the light of the well-
known relation between the corrosion resistance of a sample
and the observed values of the corrosion current density and
of the corrosion potential (i.e., the lower the corrosion cur-
rent density, the lower the corrosion rate, and the higher the
corrosion potential, the lower the tendency to corrode), it can
be observed that the presence of the coatings increases the
corrosion resistance of the material. In particular, the HfO,
coating is reported to provide the lowest corrosion current
density, that is half of that provided by ZrO, and 40 times
lower than that of TiO,.

3.2.2. Electrochemical impedance spectroscopy

The Nyquist-plots of bare and TiO,, ZrO,, and HfO,
coated samples are shown in Fig. 6a, b, ¢ and d, respectively.
It is worth mentioning that, for sake of clarity, the Figures are
characterized by different axis scales. In the Nyquist plots, the
bare and the coated samples are characterized by three time
constants being the capacitive loop in the high and medium
frequency range (related to the charge transfer process be-
tween the base and the coatings) and the inductive loop in
the low-frequency range (related to the superficial corrosion
state of AZ31 alloy in the solution) [54,55]. Being the capac-
ity loop connected to the transfer process between the coat-
ing and the substrate, a larger capacitive loop means better

corrosion resistance [56]. Due to the larger diameter of the
capacitive loops of the coated samples compared to the bare
sample, the treated samples show much better performance
in corrosion resistance. The capacitive loops and hence the
corrosion performance are ranked HfO, > ZrO, > TiO, >
bare, confirming the results of the potentiodynamic polariza-
tion curves. There is a large difference in impedance among
the different samples, as can be seen by inspecting the order
of magnitudes on the axes.

The Bode plots of bare and TiO,, ZrO,, and HfO, are
shown in Fig. 7a, b, ¢ and d, respectively. The Bode plots
also help to investigate the corrosion resistance, as a higher
value of |Z|;_,o means greater corrosion resistance [57,58].
The |Z|¢_.o value for the bare, TiO,, ZrO, and HfO, coated
samples is 1.4 - 10> @ - cm?, 4.5 - 10° Q - cm?, 2.1 - 10°
Q - cm? and 4 - 107 Q - cm?, respectively, confirming the
results found in the Nyquist plots.

3.2.3. Hydrogen evolution tests

Fig. 8 reports the results of the hydrogen evolution tests
from bare and coated samples. In agreement with the results
of the potentiodynamic polarization tests and of the elec-
trochemical impedance spectroscopy, the hydrogen evolution
experiments further suggest that the application of the coat-
ings can prevent the degradation of AZ31 alloy. In particular,
after 7 days, the hydrogen evolved from the bare samples
is reduced by 52% if 100nm of ALD TiO, is considered.
Higher improvements are obtained if ZrO, and, above all,
HfO, are employed: the former leads to a reduction in the
hydrogen evolved by 92.5%, while the latter to a reduction
by 95%.
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Fig. 7. Bode plots of bare (a), TiOy (b), ZrO; (c) and HfO;, (d) coated AZ31 alloy in SBE.
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Fig. 8. Hydrogen evolved from the immersion of bare and coated AZ31 alloy in SBE.
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Fig. 9. Macro-morphologies of bare, TiO, ZrO, and HfO, coated samples before and after corrosion.

It is interesting to note the behavior of the bare samples.
After a first phase where the hydrogen evolution rate is high,
the slope of the curve highly reduces. This is linked to the
presence of corrosion products. At first, in fact, the bare alloy
is covered by a surface layer of MgO and/or Mg(OH), that
spontaneously form. This surface layer is however very sol-
uble in water environment, hence the corrosion rate is high.
With the continuation of the surface process, the pH increase
leads to the precipitation of Ca-phosphate on the surface,
which is protective, and determines a reduction of the cor-
rosion rate [59].

3.3. Degradation behavior

Fig. 9 displays the macro-morphologies of coated samples
before and after being soaked for one day in SBF. The bare
AZ31 sample was employed as control.

It is clearly observable from the figure that the applica-
tion of coatings reduced the corrosion damage. Particularly,
in the case of HfO, coated samples, the corrosion dam-

age became negligible. The extensively corroded surface of
bare samples, characterized by pits, was reduced by apply-
ing a TiO, layer, where un-corroded areas were accompa-
nied by corroded areas characterized by a filiform corrosion.
Barely any corrosion apart from the small area at the edge of
the sample was observable from the macro-morphologies of
Zr0O, coated samples. However, the micro-morphologies re-
vealed some small corroded area in the center of the ZrO,
coated samples (Figs. 10h and i). In addition, although the
macro-morphologies of HfO, coated samples did not reveal
any corrosion, the micro-morphologies showed the presence
of some small areas where the early stage of the corrosion
products formation can be seen, together with the onset of
filiform corrosion (Figs. 10k and I). TiO, coated samples
and bare samples are characterized by a large number of
cracks dividing the surface into network structure (Figs. 10b
and c¢ and Figs. 10e and f for bare and TiO, coated sam-
ples, respectively). In addition, in the bare samples, the sur-
face film layer began to delaminate and flake off (Figs. 10b
and c).
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Fig. 10. Micro-morphologies of bare (b and c), TiO; (e and f), ZrO, (h and i) and HfO, (k and 1) coated samples after corrosion. Micro-morphologies of
samples before corrosion are also reported (a, d, g and j for bare, TiO,, ZrO, and HfO, coated samples, respectively).

3.4. Cytotoxicity testing

The MTS assay was performed on 1929 murine cell line
to determine the cytotoxicity of the different ALD coatings.
Fig. 11 shows the viability of L929 cells after exposure to
extracts of the AZ31 alloy and coated samples after 1, 3 and
5 days in culture (Fig. 11).

Finally, Fig. 12 reports the pH evolution during the prepa-
ration of the extracts.

As it can be observed, the application of the coatings can
lower the increase in pH produced by the bare alloy. In par-
ticular, the pH is reduced by 15.5% if 100nm of ALD TiO,
is considered. Higher improvements are obtained if ZrO, and,
above all, HfO, are employed: the former leads to a reduc-
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Fig. 12. pH evolution of bare and coated samples in DMEM supplemented with 10% FBS and penicillin/streptomycin.

tion in the hydrogen evolved by 27.1%, while the latter to a
reduction by 29.7%.

4. Discussion

In this work, we aimed to evaluate the effects of three
biocompatible ALD coatings (TiO,, ZrO, and HfO,) on the
corrosion resistance and cytotoxicity of AZ31 alloy. Particu-
larly, being Mg and its alloys optimal materials for temporary
implants, the impact of the corrosion products on cell viabil-
ity in the immediate surrounding of the implant represents
one of the most important aspects to take into consideration.
In the light of this, MTS colorimetric assays with 1.929 cells
were used to evaluate the effect of sample extracts on cell
viability. As shown in Fig. 11, the application of coatings in-
creases the cell viability of the bare AZ31 alloy. Specifically,
HfO, coating is found to lead to the highest improvements,
while TiO, to the lowest. However, according to the evalua-
tion of cytotoxicity listed in Table 2, not all the coatings lead

Table 2

The standard evaluation of cytotoxicity (%).

Cell viability >100 75-99 50-74 25-49 1-24 <1
Grade 0 1 2 3 4 5

to Grade 1 cytotoxicity, that represents the threshold above
which a material is considered to meet the demands for cel-
lular applications [60].

In fact, Grade 1 cytotoxicity was constantly found only
for ZrO, and HfO,, with the latter to be the only one show-
ing Grade O cytotoxicity at day 1. TiO, coatings are instead
characterized by Grade 1 cytotoxicity only at 1 day of culture,
after that the viability decreases to Grade 2. Considering bare
samples, they are always characterized by a too low viability
to meet the demands for cellular applications. Detailed results
are reported in Table 3.

The different cell viability degrees shown by the coated
and uncoated samples can be related to the different pH of
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Table 3

Classification of the observed cytotoxicity of uncoated and coated AZ31 alloys. The cell viability corresponding to the coating type is reported in brackets.

Cytotoxicity Grade 0 1

2 3 4 5

Viability at 1 day of culture HfO, (111.6%) ZrO; (94.8%)
TiO; (82.8%)
HfO, (96.1%)
ZrO; (77.6%)
HfO, (93.5%)

710, (81.5%)

Viability at 3 day of culture

Viability at 5 day of culture

Bare (63.4%)
TiO; (51.7%) Bare (4.7%)

TiO2 (31.9%) Bare (13.4%)

the extracts. A pH higher than 9 has in fact been reported to
inhibit the proliferation of 1929 cells [61]. In the light of this,
the pH of the extracts reported in Fig. 12 can, at least par-
tially, explain the different Cytotoxicity Grades. Specifically,
7ZrO, and HfO, coatings are the only ones characterized by
Grade 1 cytotoxicity, and they indeed always show a pH lower
than 9. In particular, HfO, coating is the only one showing
Grade 0 cytotoxicity as a consequence of the lowest increase
in pH. The correlation of the Cytotoxicity Grades with the
pH is even more evident in the case of TiO, coatings: when
the pH of the extracts is lower than 9 (after 1 day of culture),
the TiO, coatings can meet the demands for cellular appli-
cations, whereas, when the pH of the extracts is higher, the
proliferation of the 1929 cells is inhibited, thus resulting in
Grade 2 and 3. Finally, bare samples are characterized by a
pH higher than 9 also after 1 day of culture, thus explaining
the reported high Cytotoxicity Grades.

To pH behavior can then be linked to the corrosion behav-
ior: the increase in the pH is in fact due to the evolution of
OH™ ions from the corrosion process of Mg and its alloys,
and the lower the corrosion resistance, the higher the increase
of the pH. The corrosion resistance has herein been evaluated
in three different ways, i.e. through potentiodynamic polariza-
tion curves, EIS spectra and hydrogen evolution experiments.
Starting from the potentiodynamic polarization curves, the
most important parameter to be considered is the corrosion
current density. Specifically, the corrosion current density is
directly related to the corrosion rate (i.e., the lower the cor-
rosion current density, the lower the corrosion rate). From
Fig. 5 and Table 1, it can be seen that the corrosion cur-
rent density of the bare sample is decreased by three orders
of magnitude. In particular, the HfO, coating is reported to
provide the lowest corrosion current density, with the corro-
sion resistance following the trend HfO, > ZrO, > TiO, >
bare. More in detail, the corrosion current density of HfO, is
half of that provided by ZrO, and 40 times lower than that
of TiO,. A similar trend can be found considering the hy-
drogen evolution test and the EIS spectra. Dealing with the
former, Fig. 8 shows that HfO, coating reduces the hydro-
gen evolved from the bare sample by 95%. A similar, but
lower, reduction (92.5%) is achieved when considering ZrO,
coating, while a much lower reduction (52%) is provided by
TiO, coating. Dealing with the EIS spectra (Fig. 6), then, the
diameters of the capacitive loops of the Nyquist-plots confirm
the corrosion trend again: the higher the diameter of the ca-
pacitive loops (and equivalently the value of |Z|s_¢), in fact,
the higher the corrosion resistance. Moreover, the EIS spectra

Table 4
Fitting results for EIS Spectra.

Bare TiO, ZrO, HfO,
R, (Q cm?) 100.16 98.42 106.40 95.0
R; (Q cm?) 9.34 263x10°  1.64x 10" 3.30x 107
C (@ tTem 2577 571x1073 1.29x107* 1.05x 107> 1.29x 1077
Q (2 'em™2 s~ 7.07x107° 7.24x1077 9.71x10~% 1.30x107°
n 0.748 0.938 0.984 1
Ry (€ cm?) 3.79%x 100 6.88x10° 225x10° 3.80x 107
RL (2 cm?) 178 x 10> 1.05x10°  321x107" 1.71 x 10°
L (H cm?) 1.84x 107" 235x1073 242x107 1.25x 107

are particularly interesting to better understand the corrosion
process. The EIS spectra of each material indicate, in fact, its
specific electronic transportation process. This can be simu-
lated by an equivalent circuit (EC). In this work the EC used
is that suggested in previous works on ALD [25,62] and it is
reported in Fig. 13.

Rs, Ry and R, represent the electrical impedance of the
electrolyte, the surface modification layer (MgO in the case
of bare samples), and the charge transfer resistance respec-
tively. C; represents the capacitance of either the coatings
or the surface corrosion products of the bare AZ31. Ry and
L represent the resistance and inductance of the species ab-
sorbed into the coating, respectively [63]. Q; acts as a con-
stant phase element (CPE) of the electric double layer on the
electrode surface [56]. Yang et al. reported that high values
for Ry and R, and low values for Q; and C; are characteris-
tics of a better corrosion resistance [62], and, from the fitting
results (Table 4), it can be seen that all the coated samples
exhibit higher corrosion resistance than the bare samples (due
to higher values for R; and R, and lower values for Q; and
Cy).

Moreover, they also stated that R; and R, are directly re-
lated to the integrity of the coating. Therefore, to understand
the different corrosion performances, the coating integrities
need to be considered together with their electrochemical
properties. Dealing with the former, the presence of defects
such as cracks and pores are known to affect the corrosion
behavior inducing filiform corrosion (Fig. 10) and to reduce
the protectiveness of the coating allowing a path for the fluid
to enter the material [64]. Cracks are known to form as a con-
sequence of the induced residual stresses on the coating due
to the different thermal expansion coefficient of the coating
and of the substrate [65,66]. Mg, in fact, is reported to have a
coefficient of thermal expansion of 27-107¢ °C~! [67], while
TiO,, ZrO, and HfO, of 7-107¢ °C~!, 11.107° °C~' and
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Fig. 13. Equivalent Circuit for EIS spectra.

Table 5
Polarization resistance of bare and coated samples.

Bare TiO, 71O, HfO,
7010 23100 38108

Polarization Resistance (£ cm?) 42.9

10-107° °C~ !, respectively [68-70]. The mismatch between
the substrate and the coating is lower with ZrO, and higher
with TiO,. This would suggest ZrO, coating to provide the
highest corrosion resistance among the considered materials.
However, the results herein reported showed that the highest
improvements in terms of corrosion resistance were provided
by the HfO, coatings. This can be linked to the lower poros-
ity of the HfO, compared to ZrO, and, even more, to TiO,.
Elsener et al. [71] proposed an electrochemical method to
estimate the porosity of thin films based on the following
Equation:

. Ry _ AEcorr
Porosity = <107 2)
R
P

Where R, and R, are the polarization resistances of the
bare and coated material in Qcm?, respectively, AE, is the
change of the corrosion potential caused by the presence of
the coating layer in mV and b, is the anodic Tafel slope
of the bare substrate in mV/decade. The polarization resis-
tances, corresponding to the diameter of the capacitive loop
in the Nyquist plots, are reported in Table 5, the AE.y, can be
measured from the results of the potentiodynamic polarization
curves reported in Table 1, and the anodic Tafel slope of the
bare substrate was measured equal to 442mV/decade from
the potentiodynamic polarization curves. The corresponding
porosity was found to be 0.36%, 0.0016% and 0,00,007% for
TiO,, ZrO, and HfO,, respectively.

Another reason for the better corrosion resistance of HfO,
is the difference in cohesive energies [72]. In fact, the higher
the cohesive energy, the more electrochemically stable is the
material and thus, the lower its corrosion. The cohesive en-
ergy of HfO, is the highest among the three materials herein
studied, while TiO, is the lowest [73]; the cohesive energy
of ZrO, is instead slightly lower than that of HfO, and this
could explain the different corrosion behavior observed. Fi-
nally, the lower wettability of HfO, compared to ZrO, and
TiO, further explains the herein reported corrosion behavior
[74-76] and hence the cell viability results.

It is worth mentioning that, with respect to the biocompat-
ibility of TiO,, the results herein reported differ from what is
known from the literature. In fact, TiO, is widely known as
one of the most biocompatible materials since it induces fast
deposition of apatite from SBF in vitro and stimulates the ad-
hesion and proliferation of cells [77,78]. However, although
the biocompatibility of TiO, remains undisputed when the
cells are in direct contact, biocompatibility issues may arise
when TiO, is used as coating material for Mg and its alloys,
and it is not effective in reducing the corrosion rate of the
magnesium substrate leading to an environment that reveals
to be toxic for the cells due to the increase in the pH and to
the high concentration of Mg?* ions.

Therefore, in the choice of a coating material for degrad-
able Mg alloys used as implant material, it is important to
consider its cohesive energy, wettability, porosity and thermal
expansion coefficient to provide an effective reduction of the
corrosion rate of the Mg substrate that otherwise would af-
fect the biocompatibility of the coating itself, creating a lethal
environment for cells and tissues.

5. Conclusions

In this study, the effects of a 100nm thick TiO,, ZrO,
and HfO, ALD coating on the corrosion behavior and on the
cytotoxicity of the AZ31 Mg alloy were assessed. To this
regard, potentiodynamic polarization curves, EIS and hydro-
gen evolution experiments have been carried out to assess
the former, while MTS proliferation assay using 1929 cells
to assess the latter. Whereas the presence of TiO2 coatings
is reported to improve the corrosion performances with re-
spect to the bare AZ31 alloys, ZrO, and, above all, HfO,
ALD coatings provide a significantly higher corrosion resis-
tance. This can be explained considering their lower wetta-
bility, their higher electrochemical stability and their higher
surface integrity (i.e., less cracks and pores). This improved
corrosion resistance has positive effects on the cytotoxicity
of AZ31 alloy. Indeed, the reduced corrosion provided by
the coatings leads to a lower increase in the pH and in the
concentration of Mg?* ions, inducing the cytotoxicity Grade
to move from Grade 4 for bare AZ31 alloy to Grade 2 for
TiO, coating and to Grade 1 for ZrO, and HfO, coatings.
In particular, HfO, coating was also found to report a Grade
0 cytotoxicity considering the extracts assessed at 1 day of
culture. As a grade 1 toxicity is the minimum requirement
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for FDA approval, the choice of the appropriate coating has
to include a cytotoxicity benchmark of its corrosion products
and cannot be linked to the assessment of cell attachment to
the biomaterial surface only.
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