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The biodegradability and good mechanical property of magnesium alloys make them potential biomed-
ical materials. However, their rapid corrosion rate in the human body’s environment impairs these
advantages and limits their clinical use. In this work, a compact zirconia (ZrO2) nanofilm was fabricated
on the surface of a magnesium-strontium (Mg-Sr) alloy by the atomic layer deposition (ALD) method,
which can regulate the thickness of the film precisely and thus also control the corrosion rate.
Corrosion tests reveal that the ZrO2 film can effectively reduce the corrosion rate of Mg-Sr alloys that
is closely related to the thickness of the film. The cell culture test shows that this kind of ZrO2 film
can also enhance the activity and adhesion of osteoblasts on the surfaces of Mg-Sr alloys.

Statement of Significance

The significance of the current work is to develop a zirconia nanofilm on biomedical MgSr alloy with con-
trollable thickness precisely through atomic layer deposition technique. By adjusting the thickness of
nanofilm, the corrosion rate of Mg-Sr alloy can be modulated, thereafter, the degradation rate of Mg-
based alloys can be controlled precisely according to actual clinical requirement. In addition, this zirconia
nanofilm modified Mg-Sr alloys show excellent biocompatibility than the bare samples. Hence, this work
provides a new surface strategy to control the degradation rate while improving the biocompatibility of
substrates.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

With the remarkable advantages of excellent mechanical prop-
erty and biodegradability [1–3], which has a great potential to pre-
vent a patient from having to undergo a second surgery after
healing, the application of Mg-based alloy has getting more and
more attention in the past decade. As an essential mineral, magne-
sium plays a significant role in human metabolism [4,5], increasing
bone cells’ growth [6] and the expression of osteogenic markers
[7]. Furthermore, Mg promotes the formation of new bone, which
is good for bone healing, and increases osteoconductivity [6,8]. It is
the fourth most abundant cation in the human body. Each adult
human contains about 1 mol (24 g) Mg, and intracellular free Mg
concentrations are about 0.5 mmoL/L [4]. In addition, the density
range of Mg-based alloys, from 1.74 to 2.0 g/cm3, are very close
to that of natural bone, from 1.8 to 2.1 g/cm3. The compressive
strength of Mg alloys is closer to that of human bone when com-
pared to other commonly used alloys as metallic implants [9].
Moreover, the Yong’s modulus of Mg alloys that is similar to that
of human bone reduces the risk of stress shielding in orthopedic
applications [10]. Strontium (Sr) is an important trace element.
The body content of Sr in each adult is about 140 mg, and the
average daily intake is about 2 mg [11]. As an element of natural
bone, this element can accelerate tissue growth and reduce bone
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absorption [12–14]. Additionally, Sr is a part of the muscles and the
heart. Sr behaves much like Ca in the human body, and the bone-
seeking performance of Sr is preeminent [15]. Mg incorporated
with Sr can enhance its mechanical capacity and corrosion resis-
tance [13,16]. With the series of advantages mentioned above, add-
ing Sr to Mg substrate can further increase the possibility of the use
of Mg for biomaterials.

However, as temporary implant biomaterials, Mg-based alloys,
including Mg-Sr, suffer from rapid corrosion in the biological envi-
ronment, which may significantly restrict their clinical use [6,17–
20]. In the corrosion process, the amount of hydrogen gas produced
may delay the healing of a wound and lead to the necrosis of tis-
sues [21]. Also, this process might produce some toxic metallic ele-
ments [22,23]. Therefore, the effective use of biodegradable Mg
alloys is necessary for developing alloys and controlling or reduc-
ing the degradation rate to adjust the weightlessness rate and
the rate of hydrogen evolution, thus decreasing the effect of
biocompatibility.

So far, many efforts have been made to solve these problems.
Besides the bulk design, such as the composition design
[10,24,25] and the structure design [26], surface modification is
an effective strategy not only for enhancing the corrosion resis-
tance of metallic implants but also for endowing these materials
with specific biological functions [27–36].

Currently, atomic layer deposition (ALD) as a promising tech-
nology for the deposition of thin films has been developed rapidly
due to the reproducibility, simplicity, and conformality of the
acquired films [37–39]. In addition, the nanofilms deposited by
ALD have precise thickness and high uniformity [39,40]. In recent
years, more and more researchers have been applying this technol-
ogy to improve the corrosion resistance of materials [41–43].

With the advantages of excellent abrasion resistance, corrosion
resistance, compression resistance, mechanical property, biocom-
patibility, high osseointegration, low toxicity, and firm stability
in bone [44–47], ZrO2 is widely applied in biomedical materials,
such as femoral heads and dental bridges [48]. Several techniques,
such as cathodic arc deposition [49], plasma sputtering [50] and
sol-gel [51], have been used in the formation of ZrO2 due to its
cytocompatibility, bioactivity, and antimicrobial quality. However,
there are often some defects on these coatings during fabrication
process and the process is often complicated. In this work, to
explore the performance of ZrO2, we prepared ZrO2 ceramic coat-
ings on Mg-Sr alloys deposited by ALD with different cycles for
adjusting the thickness of films. The corrosion resistance and sur-
face characterizations of these ceramic coatings were systemati-
cally studied. Moreover, the prepared ZrO2 nanofilm exhibited
good biocompatibility.
2. Experiment details

2.1. Material preparation

A merchant Mg-1Sr alloy with the dimensions of
10 mm � 10 mm � 5 mm were grounded with SiC paper of differ-
ent grit sizes (600, 800, 1200, 2400 and 4000) successively and
were subsequently ultrasonically cleaned with acetone and etha-
nol for 15 min, respectively. At last, the samples were dried by
flowing cool air.
2.2. Atomic layer deposition

The deposition of a ZrO2 layer was performed in a commercial
ALD reactor (F-100-41, MNT Micro and Nanotech Co., LTD, Wuxi,
China) through successive cyclic reactions between Tetrakis
(dimethylamino) zirconium (TDMAZ) and deionized water (H2O)
at 250 �C with different cycles (100, 200, 300, 400). We called these
samples ZrO2-100, ZrO2-200, ZrO2-300, and ZrO2-400, respectively.
Each cycle was composed of two parts. The first part consisted of a
30-ms TDMAZ precursor pulse and a 10-s Hi-purity N2 purge with
a flow rate of 20 sccm to remove residual reactants and by-
products from the chamber so as to prevent any additional chem-
ical vapor deposition reactions. The second part comprised a 150-
ms H2O precursor pulse and a 10-s Hi-purity N2 purge. In the pro-
cess of deposition, the TDMAZ precursor, H2O precursor, and deliv-
ery lines were heated to 150 �C, 35 �C, and 180 �C, respectively.
During the deposition process, the ZrO2 layer deposition rate was
about 0.097 nm/cycle.

2.3. Surface characterization

Scanning electron microscopy (SEM, JSM6510LV) equipped
with energy-dispersive spectroscopy (EDS) was used to determine
the morphologies and atomic configuration of the coating onMg-Sr
alloys. X-ray photoelectron spectroscopy (XPS, Thermo Fisher Sci-
entific Escalab 250Xi) with Al Ka irradiation was applied to detect
the chemical states of the samples.

2.4. Electrochemical tests

The electrochemical performance tests of the control and ZrO2

coating samples were carried out in simulated body fluid (SBF)
with a pH of 7.4 on the CHI660E electrochemical analyzer. The
SBF was composed of 8 g/L NaCl, 0.35 g/L NaHCO3, 0.25 g/L KCl,
0.2 g/L K2HPO4�3H2O, 0.3 g/L MgCl2�6H2O, 0.28 g/L CaCl2, 0.07 g/L
Na2SO4, and 6 g/L (CH2OH)3CNH2 [52]. The electrochemical tests
used three-electrode equipment with the control or treated sam-
ples as a working electrode, a saturated calomel electrode as a ref-
erence electrode, and a platinum plate electrode as a counter
electrode. The area of the samples exposed to SBF was about
0.785cm2. Both the potentiodynamic polarization test and electro-
chemical impedance spectroscopy (EIS) test were conducted at a
stable open-circuit potential. The scan rate of the potentiodynamic
polarization test was 2 mV/s.

EIS was carried out at a sinusoidal potential of 5 mV in the fre-
quency range from 10�2 Hz to 105 Hz. The tests results and corro-
sion mechanism were fitted by the software Zsimpwin 3.21. Each
test was conducted three times. After the tests, the samples were
dried at room temperature.

2.5. Immersion tests

The immersion tests were carried out in SBF at 37 �C for 8 days
individually to monitor their weightless rates, the pH values, and
the release of Mg2+, and the ratio of the immersion solution volume
to alloy sample weight is 30: 1. Each sample was measured at 14
different time points, such as 1, 3, 7, 14, 19, and 24 h, on the first
day, and then, this was followed every day. The release of Mg2+

was 10 times diluted and then evaluated by inductively coupled
plasma atomic emission spectrometry (ICP-AES, Opitmal 8000).
The rate of degradation was determined by measuring the weight
loss of each sample. The corrosion products on the surfaces of the
samples during immersing were removed by chromic acid (200 g/l
CrO3 + 10 g/l AgNO3) for 5 min [53,54]. Afterward, the samples
were cleaned by distilled water and then dried under a vacuum.

2.6. In vitro studies

2.6.1. MTT assay
The osteoblast MC3CT3 cell of mice was cultured by Dulbecco’s

Modified Eagle’s medium (DMEM), along with 1% amphotericin, 1%
penicillin, and 10% fetal bovine serum in 5% CO2 at 37 �C. The cells
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were seeded into 24-well plates before the treated and control
samples were put into the plates. Three different incubation peri-
ods were selected, such as 1, 3, and 7 days, and then MTT (Aladdin
Reagent Co., China) with a concentration of 0.5 mg/ml was added
for incubation for 4 h with cells in the DMEM. Afterwards, the
MTT solution was removed, and 1 ml dimethyl sulfoxide (DMSO)
was added; and then vibrated for 15 min. At last, the Microplate
reader (SpectraMax I3MD USA) was used to measure the absor-
bancy at 490 nm for each plate.
2.6.2. Alkaline phosphates (ALP) assay
The cells were seeded into 24-well plates before the treated and

control samples were put into the plates. Three different incuba-
tion periods were selected, such as 3, 7, and 14 days, and then
1 ml 1% Trition X-100 (Sinopharm Chemica Reagent Co. China) dis-
solved in phosphate buffer solution (PBS) was added to immerse
the samples. They were placed at 37 �C for 1 h.The above solution
of 30 ll was transferred into a 96-well plate. The intracellular ALP
Fig. 1. Surface morphologies of Mg-Sr alloys with different ALD cycles: (a) ZrO2-100, (b) Z
image (c), (f) EDS spectra corresponding to image (c).
activity was evaluated by an AKP detection kit (Jiancheng Biotech,
China). The absorbancy was recorded at 520 nm on a Micropalte
reader.
2.6.3. Cell morphology
Fluorescence: The cells with a density of 1 � 104 cell/ml were

incubated for 24 h in 24-well plates and then rinsed with PBS
(pH = 7.4) three times. The 4% formaldehyde solution was added
to fix cells at room temperature for 10 min. The cells were stained
with FITC (YiSen, Shanghai) at room temperature for 30 min after
being rinsed with PBS (pH = 7.4) three times. Subsequently, the
cells were further stained with DAPI (YiSen, Shanghai) for 30 s.
An inverted fluorescence microscope (IFM, Olympus, IX73) was
used to observe the cells’ morphologies.

SEM: The cells were incubated for 20 h and then rinsed with
PBS (pH = 7.4) two times. Subsequently, 2.5% glutaraldehyde was
added to fix the cells for 2 h at room temperature. The samples
were then rinsed three times with PBS and were further disposed
rO2-200, (c) ZrO2-300, (d) ZrO2-400, (e) Zr elemental dot mapping corresponding to
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with ethanol of different concentrations (30%, 50%, 70%, 90%, 100%)
successively. An SEM (JSM6510LV) was used to observe the cells’
morphologies.

2.7. Statistical analysis

All of the immersion tests were carried out independently at
least three times, and the biological experiments were executed
in triplicgot. All the repeated measurements data were presented
as mean ± standard deviation (SD). Statistically significance of data
were estimated through one-way analysis of variance (ANOVA).
Unless otherwise mentioned, the limit value of significance was
set as p = 0.05 in all instances.

3. Results

3.1. Surface characterization

The surface morphologies of the modified samples are shown in
Fig. 1. As demonstrated in Fig. 1a, nanoparticles are uniformly dis-
tributed on the surface of the ZrO2-100 sample. With the increase
of deposition circles, the size of the nanoparticles is reduced
slightly, as shown in Fig. 1b (200 cycles), Fig. 1c (300 cycles), and
Fig. 1d (400 cycles). This is because more deposition circles result
in thicker and denser nanoparticles. EDS (Fig. 1e and f) proves that
the Zr-containing materials have been successfully deposited on
Fig. 2. XPS spectra: (a) survey spectra of Zr-containing samples, (b) high resolution spec
cycles, (d) high resolution spectrum of O1s of sample with 400 deposition cycles.
the surfaces of substrates. The weak peak of Zr is ascribed to a thin
layer of a ZrO2 coating obtained by ALD, and the strong signal of Mg
is from the matrix (Fig. 1f). The Zr elemental dot mapping as shown
in Fig. 1e further indicates that Zr-containing materials are evenly
distributed on Mg-Sr alloys’ surfaces.

The constituent and elemental chemical states of ALD-
deposited films are shown in Fig. 2. Fig. 2a shows the survey spec-
tra of modified alloys, and the obvious peaks of Zr and O suggest
the successful deposition of Zr/O-containing materials. With the
increase of deposition cycles, the intensity of Zr and O signals
becomes higher. The absence of Mg is attributed to the formation
of Zr/O-containing films on the surface. The C1s peak is possibly
attributed to the surface contamination from the cleaning treat-
ment of the specimen. The high-resolution spectrum of Zr3d with
different deposition cycles is shown in Fig. 2b. Almost all of the
corresponding peaks are located in the same position, indicating
the identical composition of each coating. The fitting spectrums
of films of ZrO2-400 are shown in Fig. 2c and d. The Zr3d spectrum
consists of two singles at 184.38 and 181.98 eV, which corresponds
to Zr3d3/2 and Zr3d5/2 shown in Fig. 2c and implies the chemical
state of Zr4+ in the coating. The standard value of the Zr3d5/2 peak
is located at 182.2 eV, and the movement of the binding state is
ascribed to amorphous/hydrous zirconia (ZrO2�nH2O), which is in
good accordance with previous reports [50,55,56]. The amorphous
state of ZrO2 formation is assigned to the lower temperature dur-
ing the deposition of ALD using TDMAZ as a precursor. The narrow
trum of Zr 3d, (c) high resolution spectrum of Zr 3d of sample with 400 deposition



Fig. 3. Potentiodynamic polarization tests of different samples in SBF.
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scan of O1 s and its fitting results are shown in Fig. 2d. There are
two peaks with bond energy at 551.6 and 529.8 eV, respectively.
The former is attributed to ZrO2, whereas the latter corresponds
to MgO due to the natural oxidation that takes place during
mechanical polishing [56–58].

3.2. Electrochemical measurements

The potentiodynamic polarization curves of the treated and
control samples are shown in Fig. 3 and the results of free corrosion
potentials (Ecorr), corrosion current densities (icorr) were shown in
Table 1. In general, the potentiodynamic polarization test is used
to investigate the anti-corrosion properties of materials. The corro-
sion current density and free corrosion potential in the Tafel curve
are closely related to the corrosion situation of the sample, i.e., the
lower corrosion current density corresponding to the smaller cor-
rosion rate and the higher free corrosion potential corresponding
to the minor corrosion trend. Compared with an uncoated alloy,
the free corrosion potentials of all ZrO2 coatings shift positively,
and the corrosion current densities display declining trends
(Fig. 3 and Table 1). This suggests that ZrO2 coatings can protect
Mg alloys from corrosion to a certain degree, which is consistent
with previous reports [50,59]. As shown in Table 1, the corrosion
current density (icorr) of a ZrO2-200 sample nearly increases one
order compared with that of a bare Mg alloy. The corrosion current
density (icorr) of a ZrO2-400 sample increases two orders, which
indicates that the thicker film of ZrO2 leads to the better corrosion
resistance of materials.

To further evaluate the corrosion performance of the coated and
control samples, EIS was carried out in SBF at 37 �C, and the exper-
Table 1
The results of free corrosion potentials Ecorr, corrosion cuttent densities icorr, and fitting da

Untreated ZrO2 (100cycles)

Ecorr (VSCE) �1.928 �1.88
icorr (A/cm2) 3.065 � 10�4 1.536 � 10�4

Rs(X cm2) 23.42 21.55
C1(X�1 cm�2S�n) 1.829 � 10�5 6.179 � 10�6

R1(X cm2) 63.89 597.6
Q1(X�1 cm�2 S�n) 3.233 � 10�3 3.311 � 10�4

n 0.4208 0.4666
R2(X cm2) 10.78 1.804 � 103

RL(X cm2) 70.07 7.297 � 103

L(H cm2) 699.5 1.478 � 104
imental and corresponding fitting results are exhibited in Fig. 4.
There are three time constants for both the control and treated
samples. The inductive loop in the low-frequency domain is corre-
lated with the superficial corrosion state of Mg-Sr alloys in the
solution, and the capacitive loop in the high- and medium-
frequency domains is ascribed to the charge transfer process
between the base and the coatings [60,61]. The larger capacitive
loop means the better corrosion resistance of materials. The capac-
itive loop of all of the ZrO2-modified samples is larger than that of
the control samples demonstrated in Fig. 4a, indicating that the
corrosion resistance of the biomaterials increased significantly
after being coated by ZrO2 ceramics. Moreover, as represented in
Fig. 4a, with the increase of ZrO2 deposition cycles, the diameter
of the capacitive loop becomes bigger, which means that the corro-
sion resistance becomes better.

The Bode plots are illustrated in Fig. 4b and c. The Bode plots
can also clarify the corrosion resistance of the samples. A higher
value of |Z|f?0 means better corrosion resistance [62,63]. As shown
in Fig. 4b, the value of |Z|f?0 for the control (Mg-Sr alloy) is about
140 X�cm2. Nevertheless, the value of |Z|f?0 for the ZrO2-100 sam-
ples increases to about 103 X�cm2, whereas the value of the ZrO2-
400 sample further increases to about 1.2 � 104 X�cm2. These
experimental results further prove that a ZrO2 coating can restrain
the corrosion of a Mg alloy to a certain extent, which is in great
accordance with potentiodynamic polarization. It is noted that
the maximum phase angles of the treated samples are bigger than
that of the control sample (Fig. 4c), and this phenomenon means
that a passive film has been produced on a Mg-Sr alloy as an inhi-
bition against corrosion [64].

The EIS spectra of the Mg-Sr alloy and ZrO2-treated samples can
be simulated by an equivalent circuit (EC) as shown in Fig. 5
[50,65], and the fitting results are exhibited in Table 1. In this EC,
R1, R2, and Rs represent the impedance of the surface modification
layer, the charge transfer resistance, and the electrolyte, respec-
tively. As for the Mg-Sr alloy, R1 refers to the passivation layer with
MgO demonstrated by XPS spectra in Fig. 2d. C1 serves as the
superficial corrosion products of a bare Mg-Sr alloy or the capaci-
tance of ZrO2 coatings [65]. Q1 acts as a constant phase angle ele-
ment (CPE) of the electric double layer of the electrode surface. L
and RL refer to the inductance and resistance of the species
absorbed onto the coating [27]. Compared with untreated alloy,
both R1 and R2 of the treated samples are much larger. Meanwhile,
both C1 and Q1 are much smaller (shown in Table 1), suggesting
that ZrO2 coatings were successfully deposited onto the surface
of the Mg-Sr alloy. Furthermore, it is noted that both R1 and R2

from ZrO2-100 to ZrO2-400 become larger gradually, representing
that a more compact and much thicker ZrO2 film leads to a better
protection from corrosion. Theoretically, it is possible to prepare
single layer through only one cycle ALD deposition of zirconia.
However, the protective properties are not determined only by
the continuity (density) of the monolayer alone. The surface rough-
ness of the substrate and the innate corrosion resistance of zirconia
ta of EIS plots using Fig. 5.

ZrO2 (200cycles) ZrO2 (300cycles) ZrO2 (400cycles)

�1.83 �1.647 �1.75
5.102 � 10�5 1.318 � 10�5 4.88 � 10�6

13.07 18.11 19
1.109 � 10�6 6.834 � 10�7 4.551 � 10�7

1.353 � 103 2.266 � 103 6.458 � 103

8.385 � 10�5 1.495 � 10�5 1.472 � 10�5

0.5416 0.7267 0.7308
3.622 � 103 4.388 � 103 1.095 � 104

2.320 � 103 5.262 � 103 1.996 � 103

5.037 � 104 1.07 � 105 1.255 � 105



Fig. 4. EIS spectra obtained from the untreated and ZrO2 coated Mg-Sr alloys in SBF.
(a) Nyquist plots and (b), (c) Bode plots of different samples in SBF.

Fig. 5. Equivalent circuits of the EIS diagrams of different samples, R(CR)(QR(RL)).
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can also significantly influence the protective properties. In this
case, the thickness of the coating can make up the shortcomings
caused by these factors.
Fig. 6 illuminates the surface morphologies of both the treated
and control samples after the potentiodynamic polarization tests.
Almost the entire surface of the control sample suffered serious
corrosion as shown in Fig. 6a. There exist obvious cracks and cor-
rosion products, arising from the chemical reaction between elec-
trolyte and the Mg-Sr matrix as well as the accelerated reaction by
potentiodynamic polarization, marked by red arrows in Fig. 6a.
Only a very small part is comparatively intact as shown in the
insert image of Fig. 6a. Compared to the control samples, the entire
surfaces of the ZrO2-100 samples were featured with slight corro-
sion as shown in Fig. 6b. However, there exists serious corrosion on
part of the surface and cracks as shown in the insert image of
Fig. 6b. After the deposition cycles increase to 200, many parts of
the surface are in good condition (marked by red arrows in
Fig. 6c). The breakdown of the ZrO2 film leads to serious pit corro-
sion as displayed in the insert image of Fig. 6c. Fig. 6d shows the
surface morphologies of ZrO2-300 samples after corrosion. Com-
pared with ZrO2-100 and ZrO2-200, the corrosion resistance of
the ZrO2-300 samples is improved obviously. Nearly half of the
surface is intact, and only a tiny part is corroded (indicated by
red arrows in Fig. 6d). Many parts are bulging out over the surface,
and the EDS results in Fig. 6e show that the ZrO2 film partially fell
off from the bulges. As shown in Fig. 6f, most of the surfaces of the
ZrO2-400 samples are intact, with only a tiny part of each surface
bulging out and featuring pit corrosion. The experimental results
suggest that all of the ZrO2 coatings can protect the bare Mg-Sr
alloy from corrosion to a certain degree, whereas the more com-
pact and much thicker ZrO2 film leads to a better protection. It is
in good agreement with the result of EIS.

3.3. Immersion tests

The immersion tests were carried out in SBF at 37 �C. During the
immersion tests, the chemical reaction between Mg and electrolyte
occurs as shown in the following equation [27,66]:

Mgþ 2H2O ! Mg2þ þ 2OH� þH2 "
The concentration of discharged Mg ions and the pH values can

be used to evaluate the corrosion situation of the treated and con-
trol samples, which are demonstrated in Figs. 7 and 8. As shown in
Fig. 7, with the immersion times increasing from 1 h to 192 h, the
concentration of the Mg ions of the control sample increases from
about 7.4 ppm to 43 ppm. However, the concentrations of the Mg
ions of the ZrO2-coated samples increase from about 4.5 ppm to
32 ppm (100 cycles), 4.3 ppm to 15.3 ppm (200 cycles), 4.4 ppm
to 13 ppm (300 cycles), and 4.3 ppm to 7.4 ppm (400 cycles),
respectively. This phenomenon further suggests that a ZrO2 cera-
mic coating can prevent the degradation of a Mg-Sr alloy. A more
compact and thicker ZrO2 film leads to better protective effects.
In the beginning of the immersion tests, the concentration of the
Mg ions of the ZrO2-100 samples increases dramatically, indicating
that the film with 100 deposition cycles is too thin to prevent the
degradation of the Mg-Sr alloy effectively. After 8 days of immer-



Fig. 6. Surface morphologies of corroded MgSr alloys with different deposition cycles in electrochemical experiments: (a) the untreated, (b) ZrO2-100, (c) ZrO2-200, (d) ZrO2-
300, (e) high magnification image of (d), (f) ZrO2-400.

Q. Yang et al. / Acta Biomaterialia 58 (2017) 515–526 521
sion as shown in Fig. 8, the pH ranges of the treated samples are
between 7.93 to 9.18 (100 cycles), 7.96 to 8.72 (200 cycles), 7.93
to 8.60 (300 cycles), and 7.95 to 8.27 (400 cycles), respectively.
However the pH range of the control sample is between 8.07 and
10.08, which is much bigger than that of the treated samples, indi-
cating that a ZrO2 film can prevent the degradation of a Mg-Sr alloy
to a certain extent. It is consistent with the results shown in Fig. 7.

Fig. 9 shows the weight loss rate of the control and treated sam-
ples after 2, 5, and 8 days of immersion, and the weight loss rate
was calculated through the following formula:

Rðweight lossÞ ¼ ðWoriginal �Wuncorroded Þ=ðAtÞ

where, A is the exposed surface area and t is the immersion time
All of the weight loss rates of the treated samples are signifi-

cantly smaller than that of the control sample after each immer-
sion period, revealing that a ZrO2 film can prevent the
degradation of a Mg-Sr alloy, which is in accordance with the
results of Figs. 7 and 8. It is noted that, with the prolonging of
the immersion time, the weight loss rates of the control and mod-
ified (100, 200 cycles) samples decrease gradually. It can be
deduced that the deposition of corrosion products on the surface
obstructs further corrosion in part. However, the weight loss rates
of the modified (300 and 400 cycles) samples decrease first and
then increase. This phenomenon may be ascribed to the fact that
the corrosion products hinder the corrosion of substrates in the
early stage but that a new corrosion area or corrosion point forms
with the increase in the immersion time to 8 days.
3.4. In vitro cytocompatibility studies

An MTT assay was used to evaluate the osteoblast viability of
the samples. As demonstrated in Fig. 10a, with the incubation time
of cells increasing, the cell viability of the ZrO2-400–coated sam-
ples also increases. When the incubation time increases to 14 days,



Fig. 9. The evolution of weight lose rate of Mg-Sr alloys as the function of
immersion time.

Fig. 7. Mg2+ concentration released from the untreated and modified Mg-Sr alloys
as a function of immersion time.

Fig. 8. The evolution of pH values as the function of immersion time.
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the cell viability of ZrO2-400 even increases to 280%. This should be
attributed to the fact that the corrosion of bare samples is aggra-
vated with an increase in time. After the modification by ZrO2 with
400 cycles, the biodegradation rate decreases significantly as
shown in Fig. 9, meanwhile ZrO2 has great biocompatibility [45].
Interestingly, when cultured to 1 day, the cell viability of the con-
trol is larger than that of the ZrO2-400–coated sample. This phe-
nomenon may be because during early culturing, the surface of a
bare sample generates a Mg(OH) protective film temporarily that
reduces the release of Mg2+, and a proper number of Mg2+ can
increase cells’ viability [67,68].

The osteogenic differentiation property is a very important ele-
ment in expressing bone healing. Fig. 10b shows the ALP activity of
the sample, and the ALP activity of the control and the ZrO2-400
samples increase from 3 days to 14 days. In addition, ZrO2-400
produces more ALP than the control at each test point, suggesting
that, compared to a bare Mg alloy, the ZrO2-400–modified sample
can better promote osteogenic differentiation.

Fig. 10c shows initial cells’ spreading and the adhesion of
MC3T3. Both the nucleus and F-actin are visible under fluorescence
microscopy after staining with DAPI and FITC. As illustrated in
Fig. 10c, the cells can adhere to the bare and modified Mg alloy,
whereas the cells on the modified Mg alloy spread better. Many
cells adhere to the control sample; however, some of those with
irregular spherical morphologies can be discovered (marked by
red arrows in the top-right graph of Fig. 10d), and the cell is torn
by the corrosion crack (indicated by red arrows in the top-left
graph of Fig. 10d). Unlike the control group, almost all of the cells
can spread and adhere to the surfaces of the modified samples
(shown in Fig. 10d). In conclusion, the ZrO2-400 coating can
enhance the cytocompatibility and favor the cells’ spreading on
the surface of a Mg-Sr alloy.
4. Discussion

4.1. The formation mechanism of ZrO2 coating

ZrO2 coating was deposited on Mg-Sr alloy substrate through
ALD with different cycles. Fig. 11 shows the formation mechanism
of ZrO2 coating. In this work, the ALD process requires two exclu-
sive precursors, i.e. TDMAZ and water, as illustrated in Fig. 11. This
process contains two half-reactions, indicated as follows:

2#OH + Zr[N(CH3)2]4 #O   Zr[N(CH3)2]2 + 2(CH3)2NH (A1)     
#O 

#O   Zr[N(CH3)2]2 + 2H2O #O   Zr(OH)2 + 2(CH3)2NH       (A2)     

#O #O

where, hydroxy (OH) group is originated from the natural oxi-
dation of Mg substrate, and the octothorpe (#) indicates the con-
nection of these groups with the substrate. And the overall
reaction is as follows:

Zr½NðCH3Þ2�4 þ 2H2O ! ZrO2 þ 4ðCH3Þ2NH ðAÞ
Actually, the ZrO2 preparation process by ALD contained two

repetitive steps. In the case of step 1, a certain amount of zirco-
nium (Zr) source precursor TDMAZ was introduced to induce a sur-
face reaction with the active sites like -OH on the substrate or on a
film deposited previous, which forms an intermediate layer, i.e., Zr
[N(CH3)2]2, and during this course, the by-product (CH3)2NH is
released, which can be removed together with residual DTMAZ
by the purge of N2 gas. During step 2, a certain amount of oxygen
(O) source precursor H2O gas was introduced to start another sur-



Fig. 10. Cytocompatibility evaluation. (a) Cells viability and (b) ALP viability of the untreated and ZrO2-400 modified samples, (c) Fluorescence morphologies of MC3T3
mouse cells on the surface of the untreated and ZrO2-400 modified samples, (d) SEM morphologies of cells on the surface of the untreated and ZrO2-400 modified samples.
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Fig. 11. Schematic illustration of formation mechanism of ZrO2 coating deposited
through ALD on MgSr alloy. The initial –OH groups on substrate in step 1 were
produced during the previous polishing and cleaning.

Fig. 12. Schematic illustration of corrosion mechanism of ZrO2 coated MgSr alloy.
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face reaction with the active sites of intermediate layer, i.e., -N
(CH3)2 to form the target product ZrO2 as well as new active sites;
the followed purge of N2 gas could remove the residual H2O gas
and the by-products of (CH3)2NH. These two steps are recyclable,
so that the thickness of layer-by-layer film can be precisely con-
trolled by the cycles.
4.2. The corrosion mechanism of ZrO2 coated Mg-Sr alloy

The corrosion mechanism of ZrO2 coated Mg-Sr alloy in SBF can
be schematically illustrated in Fig. 12. ALD deposited film exhibits
excellent conformality, which are dense and pinhole-free [69], so
that it can impede the contact of electrolytes to Mg substrate.
Therefore, in this work, ZrO2 film deposited by ALD could protect
Mg alloy substrate from corrosion compared to bare Mg alloy sub-
strate, whichwas proven by electrochemical measurements (Figs. 3
and 4) and immersion tests (Figs. 7–9). However, there were still
some nanometer gaps between deposited atoms, which resulted
in the penetration of electrolytes into ZrO2 nanofilm through these
gaps and the followed reaction with Mg substrate. Whereafter, the
local of ZrO2 film was damaged and even fallen off, leading to the
newly exposed Mg substrate react with the electrolyte. The thicker
film can delay the electrolyte penetration through these gaps.
Obviously, the corrosion resistance of film was enhanced with
the increase of deposition cycles (Figs. 6 and 9).
4.3. Biocompatibility of the ZrO2 film

The biocompatibility of materials is much closely to the surface
that contacts with cells and tissues directly. The surface properties
of the biomaterials, like surface topography, energy, and rough-
ness, play a crucial role in the early adhesion and proliferation of
osteoblasts. In this paper, the ALD prepared ZrO2 film is composed
of nano-sized particles (Fig. 1), thus enhancing the roughness of
the surface, which increase the binding sites [50], which favors
the adhesion and proliferation of cells on the surface. In addition,
the micro-environment at the interface between the surface and
culture medium is quite important for cell growth and adhesion.
In the case of bare Mg alloy substrate, the rapid corrosion leads
to the local alkalization and hydrogen evolution, which bring about
adverse effects on the surrounding cells [21,22]. In our study, ZrO2

coating can minimize the occurrence of high alkalization and
hydrogen evolution, thus enhancing the biocompatibility (Fig. 10).

5. Conclusion

A ZrO2 ceramic coating has been successfully formed on the sur-
face of Mg-Sr alloys by using the ALD method. By regulating the
deposition cycle of ALD, the thickness of ZrO2 thin film can be con-
trolled precisely; consequently, the corrosion resistance of Mg-Sr
alloys can be regulated precisely. In vitro studies reveal that a
ZrO2 thin film not only enhances the corrosion resistance of Mg-
Sr alloy but also is beneficial for the growth of cells and tissues
in light of the great biocompatibility of a ZrO2 thin film. Thus, this
bone substitute material with good corrosion resistance and bio-
compatibility has great potential for clinical applications.
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