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In  this  study,  ZrSn  alloy  was  thermally  oxidized  at  600 ◦C for  3  h  and  its  morphological  and  structural
characteristics,  corrosion  behavior,  ion  release  and  in  vitro  cytocompatibility  were  studied  to  evaluate
the  feasibility  of applying  it  as  dental  implant.  After  oxidation,  a dense  black  oxide  layer  formed  on ZrSn
alloy  surface,  which  consisted  of  predominant  monoclinic  zirconia  and  a few  non-stoichiometric  oxides.
The scratching  and  water  contact  angle  test  results  demonstrated  that  the  oxide  layer  exhibited  good
adhesion  strength  and  similar  hydrophilicity  to  zirconia.  The  oxidized  ZrSn  alloy  showed  higher  corrosion
resistance,  as  indicated  by  far lower  corrosion  current  density  and  passive  current  density  compared  to
rSn alloy
hermal oxidation
orrosion behavior

on release
ytotoxicity

pure  Ti and  untreated  ZrSn  alloy  in  artificial  saliva  with  and  without  H2O2.  The  amount  of ions  released
from  the  oxidized  ZrSn  alloy  was  much  lower  than  that  dissolved  from  pure  Ti in  simulated  corrosive  oral
mediums.  Moreover,  the  oxidized  ZrSn  alloy  did  not  present  any  significant  toxic  effect  to  both  osteoblast-
like  cells  and  fibroblast  cells,  and  osteoblast-like  cells  could  adhere  well  onto  the  surface  and  exhibited  a
good proliferative  pattern.  The  combination  of  improved  surface  properties,  superior  corrosion  resistance
and good  biocompatibility  made  the  oxidized  ZrSn  alloy  promising  for oral  implantology  application.
. Introduction

The biomaterial surface plays an important role in corrosion
esistance, wear resistance, biological responses and long-term
iocompatibility. The optimal surface structure and composition
re essential for a medical device for a specific biomedical appli-
ation. Titanium and titanium alloys have been widely used in
rthopedic application owing to their superior corrosion resis-
ance, biocompatibility and osseointegration [1–3]. The native
assive film formed spontaneously on the metallic surface pro-
ides an excellent protection against corrosion, and its chemical
nertness is responsible for good biocompatibility of titanium
nd titanium alloys [4].  However, it was reported that the native
lm could be disrupted at very low shear stress, even by rubbing
gainst soft tissues [5].  Wu  et al. [6] carried out a quantitative
tudy on titanium ions release from titanium disks in the absence

f wear and fretting and the results showed that the high density
olyethylene (HDPE) particles induced ion release and the released

ons increased when wear debris existed. In addition, the corrosion
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resistance of titanium was significantly reduced in corrosive oral
media containing fluorinion and lactic acid [7].  Moreover, there
were clinical reports indicating that the titanium implants might
induce possible allergic reaction for some patients [8,9].

Full ceramic zirconia has become an attractive material in dental
implantology due to its excellent biocompatibility, good osteoin-
tegration and esthetic impact [10–13].  The biocompatibility of
zirconia had been studied in vivo and no adverse responses were
reported following the insertion of ZrO2 samples into bone or
muscle [14]. Moreover, zirconia had been proved to be osseocon-
ductive [15,16].  However, full-ceramic ZrO2 was susceptible to
brittle fracture and exhibited impossibility of post-implant posi-
tion adjustments [17]. For the partially stabilized zirconia, the
tetragonal phase was  prone to aging in presence of water [18,19].
Additionally, it was  very difficult to manufacture complex shape
of the implants with monolithic ceramic due to its high hard-
ness. Therefore, efforts were made to develop zirconia coatings as
alternatives to metallic or ceramic implants.

Among numerous surface modification methods, thermal oxi-
dation treatment was a cost-effective method to generate a hard,
dense, cohesive, inert oxide ceramic layer on the metallic surface.

This abrasion resistant oxide layer acted as a protective barrier in
corrosive media and exhibited excellent corrosion resistance and
wear resistance. The studies on thermal oxidation of pure titanium
and some titanium alloys demonstrated that the oxide layer, mainly

dx.doi.org/10.1016/j.apsusc.2012.11.140
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:yfzheng@pku.edu.cn
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utile phase, enabled a significant increase in hardness, wear and
orrosion resistance of titanium and its alloys [20–23].  Sugino et al.
24] reported that appropriate thermal oxidation could enhance the
otential for apatite formation on titanium alloys. Zirconium has
een proved to be nontoxic and biocompatible in previous stud-

es [25]. Oxidation of zirconium and its alloys could produce an
n situ ceramic (ZrO2) oxide layer by inward oxygen diffusion at
igh temperature [26]. The oxidized zirconium alloys were capa-
le of producing the combined benefits of an inert ceramic surface
ith the strength, toughness and manufacturability of a bulk metal-

ic substrate. The namely Oxinium (surface oxidized Zr–2.5Nb alloy)
as been commercially used as knee and hip femoral components

n total joint arthroplasty owing to its superior wear resistance
27,28].

In this paper, tin (Sn) was chosen as an alloying element for zir-
onium and ZrO2/Zr system developed by thermal oxidation was
ntended to be used at the same instant. The study focused on the
orrosion behavior, ion release behavior and in vitro cytocompat-
bility of thermally oxidized ZrSn alloy and further evaluated the
uitability as a dental implant.

. Materials and methods

.1. Sample preparation

The material used in the present study was Zr–3Sn
3.525 ± 0.078, mass percentage) alloy, which was  prepared
hrough the vacuum arc-melting method. The obtained ingots
ere hot-rolled to ∼1.5 mm thick sheet at 800 ◦C. The test sam-
les were cut from rolled sheet and mechanically polished with
arious grade of SiC papers, followed by diamond paste (0.5 �m)
o achieve a mirror appearance. Thermal oxidation treatment
as conducted at 600 ◦C for 3 h at normal atmospheric condition

nd the oxidized samples were cooled in the furnace to room
emperature. In addition, pure Ti (ASTM Grade 2) and dental
irconia (3%Y-TZP, yttria stabilized tetragonal zirconia; bending
trength 1000–1200 MPa, compression strength 1800–2000 MPa,
racture toughness 6–8 MPa  m1/2) were obtained and tested as
eference materials.

.2. Sample characterization

The mechanical properties of this ZrSn alloy before and after
xidation treatment were examined by tensile test, utilizing an
NSTRON 5969 machine with a constant speed of 2%/min at room
emperature. The surface and section morphologies of the oxidized
amples were studied by scanning electron microscopy (SEM),
quipped with energy diffraction spectrum (EDS) attachment. X-
ay diffraction (XRD) was employed to analyze the constitutional
hases of the oxidation film. X-ray photoemission spectroscopy
XPS) was performed with an Axis Ultra spectrometer using mono
l K� radiation at a vacuum pressure of 10−9 bar, 15 kV and 15 mA.

.3. Scratching test and surface energy measurement

The micro-scratch resistance of the oxidized surface was
valuated on a micro-scratch tester with a diamond stylus of
.2 mm radius (WS-2005, China). The load increased from 0 N up
o 40 N with a loading rate of 40 N/min. The critical load at which
he oxide started to crack was measured. The scratched surface was
xamined by SEM.

The wettability and surface energy of different samples were

etermined by contact angle method using a Kino SL200B con-
act angle system. The used liquids were distilled water (polar) and
iiodomethane (non-polar). For each test, a drop of 1 �l liquid was
arefully dropped on the surface of tested sample, then the image
cience 265 (2013) 878– 888 879

of the droplet fully contacting with the surface was  captured and
contact angle was  measured. At least seven measurements were
taken at different positions of each sample.

2.4. Electrochemical corrosion test

The corrosion behavior of both untreated and thermally oxi-
dized samples as well as pure Ti was  studied by potentiodynamic
polarization measurement in following two  electrolytes. One was
modified Fusayama Mayer artificial saliva (NaCl 0.4, KCl 0.4,
CaCl2·2H2O 0.795, NaH2PO4·H2O 0.69, KSCN 0.3, Na2S·9H2O 0.005
and urea 1, in g/L) [29]. The other was  modified Fusayama Mayer
artificial saliva containing 0.1 M H2O2. Platinum electrode and sat-
urated calomel electrode (SCE) were used as counter and reference
electrodes, respectively. Prior to polarization measurement, the
freshly cleaned sample was immersed in testing electrolyte and
maintained up to 2 h. The potentiodynamic polarization scan was
carried out at a rate of 1 mV/s in the range of −0.8 V to 1.5 V (vs.
SCE). The corrosion current density was  defined by Tafel extrapo-
lation method. All the tests were performed at 37 ◦C in a constant
temperature water bath.

2.5. Static immersion test

The static immersion test was carried out in accordance with
ASTM-G31-72 specification [30]. The plate samples of pure Ti,
thermally oxidized ZrSn alloy and zirconia with the size of
10 mm × 10 mm × 1 mm were immersed in 48 ml  test solution for
10 days at 37 ◦C. Two mediums were used for the immersion
test: one was 1% (in volume) lactic acid solution and the other
was  artificial saliva (AS) containing 0.1 M H2O2. Three specimens
of each material were prepared and cleaned in acetone, alcohol
and deionized water before immersion. The inductively coupled
plasma atomic emission spectrometry (Leeman, Profile ICP-AES)
was  employed to measure the concentration of metallic ions.

2.6. Cytotoxicity test

The cytotoxicity of thermally oxidized ZrSn alloy was  evalu-
ated by an indirect method and a direct method. The used cells
were human osteosarcoma cells (MG  63) and murine fibroblast
cells (L929), which were cultured in minimum essential medium
(MEM)  and Dulbecco’s modified Eagle’s medium (DMEM), respec-
tively. Both mediums were supplemented with 10% fetal bovine
serum (FBS) and 100 U/ml penicillin and 100 �g/ml streptomycin.
Cell culture medium (MEM for MG 63 cells and DMEM  for L929
cells) was used as a negative control and the medium containing
10% dimethylsulfoxide (DMSO) as a positive control. In the indi-
rect test, extracts were prepared using serum free culture medium
as the extraction medium with the extraction medium of material
surface area ratio 3 cm2/ml  in a humidified atmosphere with 5%
CO2 at 37 ◦C for 72 h. A 100 �l cell suspension (5 × 103 cells/100 �l)
was  placed in each well of 96-well plates and incubated for 24 h
to allow cell attachment. After that, the culture media were sub-
stituted by the extracts obtained from the studied materials, and
incubated for 1, 3 and 5 days, respectively. The culture medium
was  changed every 3 days. Then, 10 �l 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT, 5 g/ml) was placed in
each well and the well plates with MTT  were incubated for 4 h in
darkness. After that, 100 �l formazan solubilization solution (10%
sodium dodecyl sulfate (SDS) in 0.01 M HCl) was added in each well
overnight in the incubator. The spectrophotometrical absorbance

of the product in each well was  measured by microplate reader
(Bio-RAD680) at 570 nm with a reference wavelength of 630 nm.

In the direct contact test, MG 63 cells were seeded on the ster-
ilized sample discs in 24-well plates at an initial density of 2 × 104
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ig. 1. Mechanical properties of pure Zr, Zr–Sn alloy and oxidized Zr–Sn alloy. *
ndicates p < 0.05 when comparing with pure Zr.

ells/well and then cultured for 1, 3 and 5 days, respectively. Cell
ulturing on blank plates (polystyrene) and on blank plates with
0% DMSO were used as negative control positive control, respec-
ively. After the incubation period, the evaluation of the viable cells
umber was carried out by the MTT  assay mentioned above. For the
ualitative analysis, in the same culture method, cell morphology
bservation was made using scanning electron microscopy (SEM).
fter the incubation of 3 days and 5 days, the samples with cells
ere rinsed using phosphate buffer saline (PBS) and fixed in 2.5%

lutaraldehyde for 2 h, and then dehydrated through an ethanol
eries, dried in the air and coated with sputtering gold.

.7. Statistical analysis

Statistical analysis was performed with SPSS 18.0 software. Dif-
erences between groups were analyzed using one-way ANOVA,
ollowed by post hoc Tukey’s test. p < 0.05 was considered statisti-
ally significant.

. Results and discussion

.1. Surface characterization

The mechanical properties of pure Zr, Zr–Sn alloy and oxidized
r–Sn alloy are shown in Fig. 1. After alloying with Sn, the yield
trength (YS) and ultimate tensile strength (UTS) of Zr increased
ignificantly due to the solid solution strengthening effect (p < 0.05).
he mechanical property of Zr–3Sn alloy was analogous to that of
STM Grade 4 titanium [31]. It was found that the yield strength
nd ultimate tensile strength of ZrSn alloy decreased slightly after
hermal oxidation. It might be related to the reduction of work
ardening forming in rolling process. The thermal oxidation treat-

ng at 600 ◦C was equivalent to annealing for rolled ZrSn alloy. There
as no notable change in elongation for this alloy after oxidation.

The surface and cross-sectional morphologies of ZrSn alloy with
hermal oxidation are shown in Fig. 2. ZrSn alloy without thermal
xidation displayed a typical polished surface morphology with
iny grooves. After oxidation, a smooth oxide layer formed through-
ut the surface, and a microcrack could be seen on the surface. The
ross-sectional view of oxidized ZrSn alloy showed that the oxide
ayer was homogenous and adhered well to the alloy substrate, with
he thickness of approximate 4 �m,  as indicated in Fig. 2(c). The EDS
rofiles of the oxide layer and its vicinity revealed an increase of

r content and a slow decrease of O content from the outer layer
oward the oxide/substrate interface.

The comparison of XRD pattern of the ZrSn alloy prior to and
fter thermally oxidation is shown in Fig. 3. The untreated ZrSn
Fig. 2. SEM images of surface morphologies: (a) before oxidation, (b) after oxidation
and  (c) cross-section of oxidized ZrSn alloy.

alloy was entirely composed of hexagonal close-packed � phase
(denoted as “�-Zr”). After thermal oxidation, the oxidized alloy
exhibited the presence of predominant zirconia in combination
with �-Zr phase. In addition to the major oxide phase of monoclinic
zirconia (m-ZrO2), a small amount of tetragonal zirconia (t-ZrO2)
formed in this heat treating process. Fig. 4(a) presents the XPS sur-
vey spectrum obtained from oxidized ZrSn alloy surface. Carbon
was  detected on the surface, which may  belong to the contaminant
carbon. Zirconium, tin and oxygen were dominantly detected on

the oxidized surface. The high solution XPS spectra of Zr 3d and
O 1s core level regions are shown in Fig. 4(b). The Zr 3d spectrum
consisted of 3d5/2 and 3d3/2 electron peaks were assigned to Zr4+

oxide state [32]. The obtained O 1s spectrum was fitted with three
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ig. 3. XRD patterns of the untreated and thermally oxidized ZrSn alloy surface.
ontributions: oxygen in ZrO2, suboxide and absorbed oxygen, cor-
esponding to the references [33,34],  which represented oxygen of
he ZrO2 lattice, oxygen bonded to Zr within the oxide film and
xygen chemisorbed at the oxide surface, respectively. Apart from

Fig. 4. (a) XPS survey spectrum obtained from oxidized ZrSn alloy surface a
cience 265 (2013) 878– 888 881

ZrO2, suboxide component (non-stoichiometric) was deduced to be
present in the oxide layer from the information of O 1s spectrum,
although peaks corresponding to suboxides were not detected in
Zr 3d spectrum.

The oxidation process of zirconium consisted of two stages: ini-
tial oxygen dissolving up to its saturation value and subsequent
formation of various oxides [35]. A non-stoichiometric oxide film
(O/Zr ratio < 2) fast formed at the beginning and grew up to a cer-
tain limiting thickness, which was followed by the continuous,
approximately linear growth of stoichiometric ZrO2 on top of the
non-stoichiometric oxide [34,36]. The growth of oxide was related
to inward oxygen diffusion at high temperature as the ZrO2 was
a good oxygen conductor. The black non-stoichiometric zirconium
oxide was  proved to be protective whereas the white and porous
stoichiometric oxide, generating during a longer time oxidation,
could not protect the substrate [37].

3.2. Bonding force and wettability/surface energy of the oxide
layer
The scratching test is widely used to assess the adhesion of a
hard coating to a substrate. The critical normal load at which oxide
starts to crack is detected by a sudden increase in acoustic emission

nd (b) high solution XPS spectra of Zr 3d and O 1s core level regions.
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ig. 5. (a) Acoustic emission collected during the scratching on the oxidized surfac

ntensity and further confirmed by a microscopic examination. In
his study, the critical normal load measured was 19.62 ± 1.79 N
Fig. 5). The SEM examination of the scratch channel revealed two
ypical morphologies. A series of partial ring cracks could be seen
n the ceramic layer surface (Section 1) as indicated in Fig. 5(b).
he scratch remained inside the oxide layer at the application of
ight load, and little plastic deformation was observed because of
ts brittleness. At higher loads, cracking ran perpendicular to the
cratching direction and transverse cracking became denser. Large-
cale flaking or spallation along the side of the scratch channel was
bserved. It indicated that the adhesion of the oxide to the substrate
ecame weak (Section 2). The failure mode was mainly cohesive
ailure. At an even higher load (over the critical load), the oxide
ayer flaked completely from the substrate.

Fig. 6 shows static water contact angles of different surfaces as
n indication of surface wettability. The contact angles of the stud-
ed surfaces (metallic or ceramic) were around 62–65◦. Among all
he samples, the untreated ZrSn alloy showed the smallest contact
ngle value. Compared to that of the untreated one, the contact
ngle of the oxidized ZrSn alloy increased slightly, which may
ttribute to the fact that the surface became flat after thermal
xidation (Fig. 2). The oxidized ZrSn alloy exhibited a similar con-
act angle to zirconia, which meant that they showed the similar
ydrophilic nature.

For a specific solid–liquid system, the surface energy can be

escribed by following formulae [38,39]:

s = �d
s + �p

s ; �L = �d
L + �p

L (1)
 the increasing load and (b) the typical morphology of the scratched channel.

�L(1 + cos �) = 2(�d
s �d

L )
1/2 + 2(�p

s �p
L )

1/2
(2)

The �d
s and �p

s are the dispersive component and polar com-
ponent of solid surface energy, �s, respectively, while �d

L and �p
L

are the dispersive component and polar component of liquid sur-
face energy, �L, respectively, and � is contact angle. In this study,
the surface energy of studied samples was determined by mea-
suring contact angles of water and diiodomethane and the results
are listed in Table 1. Pure Ti, oxidized ZrSn alloy and zirconia dis-
played similar surface energy values. However, the surface energy
of untreated ZrSn alloy was  higher than the other samples, which
mainly reflecting in the increased polar force. In consideration of
the observed rough surface (microgrooves, in Fig. 2(a)), it was likely
that roughness determined the high surface energy for untreated
ZrSn alloy samples. Since the surface energy was primarily asso-
ciated with the material’s surface characteristics (several atomics
thick), it was  almost not affected by the thickness of oxide (sev-
eral micron). The oxide was almost monoclinic zirconia and a few
tetragonal one (XRD results). It was previously found that the sur-
face energy of tetragonal zirconia was much higher than that of
monoclinic zirconia [40,41].  This fact was  responsible for slightly
higher surface energy and wettability of zirconia compared to oxi-
dized ZrSn alloy.

3.3. Potentiodynamic polarization studies
In the oral cavity, implants are not only in contact with the
normal saliva, but also other compounds, such as enzyme, lactic
acid and hydrogen peroxide. They may  be deteriorative to chemical
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Fig. 6. Static water contact angles of (a) pure Ti, (b) ZrSn alloy, (c) oxidized ZrSn alloy and (d) zirconia.

Table 1
Measured contact angles (CAs) of different liquids and obtained surface energy of different samples.

Materials Pure Ti Untreated ZrSn Oxidized ZrSn Zirconia

CA-water (◦) 65.24 ± 1.70 62.71 ± 0.76 65.92 ± 1.93 65.48 ± 2.97
CA-diiodomethane (◦) 34.46 ± 0.73 33.46 ± 0.97 35.87 ± 2.02 34.14 ± 2.54

d 5.26 

1.93 

7.19 

s
s
i
p

T
C

� s (mN/m) 35.37 3
� s

p (mN/m) 10.54 1
� s (mN/m) 45.91 4
tability of implanted devices. In this study, the medium of artificial
aliva containing 0.1 M H2O2 was used to simulate the case of
nflammatory response in surrounding of the implants [42]. The
otentiodynamic polarization curves for pure Ti, untreated and

able 2
orrosion parameters of pure Ti, untreated and oxidized ZrSn alloy from polarization cur

Materials Ecorr (V) Icorr (10−8

In artificial saliva
Pure Ti −0.432 ± 0.054 4.79 ± 2
Untreated ZrSn −0.552 ± 0.067 5.64 ± 1
Oxidized ZrSn −0.296 ± 0.114 0.315 ± 0

In  artificial saliva containing 0.1 M H2O2

Pure Ti −0.271 ± 0.060 22.6 ± 5
Untreated ZrSn −0.483 ± 0.045 18.8 ± 5
Oxidized ZrSn −0.140 ± 0.015 1.21 ± 0
34.82 35.59
10.39 10.34
45.21 45.93
oxidized ZrSn alloy in artificial saliva solution with and without
H2O2 are given in Fig. 7. The plots of pure Ti displayed wide anodic
region characterized by an almost constant current density in
both mediums, which indicated the formation and growth of the

ves measured in artificial saliva solution with and without 0.1 M H2O2.

A/cm2) Ipass (�A/cm2) Etran (V)

.49 5.25 ± 0.43 –

.51 5.68 ± 1.28 0.617 ± 0.098

.029 0.0867 ± 0.0176 –

.60 6.18 ± 0.76 –

.27 5.87 ± 0.86 0.506 ± 0.124

.29 0.134 ± 0.011 –
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ig. 7. Potentiodynamic polarization results of pure Ti, ZrSn alloy and oxidized ZrSn
lloy in two media: (a) artificial saliva solution and (b) artificial saliva solution
ontaining 0.1 M H2O2.

assive film on its surface. For the bare ZrSn alloy, the passive
lm broke down at a high potential and the pitting corrosion may
ccur. The oxidized ZrSn alloy behaved like pure Ti and there were
ot transpassivation occurrence throughout the studied potential
ange. It was notable that the curves of oxidized ZrSn alloy dis-
layed a significant shift toward the noble potential direction and
he lower current density region in comparison with pure Ti and
ntreated ZrSn alloy in two electrolytes. The average values of
orrosion potential (Ecorr) and corrosion current density (Icorr) from
olarization curves calculated by CorrView software are listed in
able 2. For the saliva without H2O2, the corrosion current densi-
ies of pure Ti and ZrSn alloy were of the same order of magnitude.
owever, pure Ti possessed a slightly better corrosion resistance
ompared to ZrSn alloy. Moreover, the corrosion current density
f oxidized ZrSn alloy was far lower than those corresponding
o pure Ti and untreated ZrSn alloy, which suggested that the
xidized samples displayed a much better corrosion resistance
han the others. The passive current densities (Ipass) of the samples
ere measured at 0.5 V (if the breakdown potential was lower

han 0.5 V, the current density value at breakdown potential was
dopted) and their results are list in Table 2. The Ipass of oxidized
rSn alloy was about 65 times lower than that of untreated one.

In the saliva containing H2O2, Ecorr of these samples had more
oble values than that in absence of H2O2. However, the Icorr and
pass increased, which suggested that the presence of H2O2 caused
 decrease in corrosion resistance of these materials in saliva. This
act was similar to the result of Al-Mobarak [42]. According to pre-
ious studies, when Ti contacted with H2O2 (a strong oxidizer),
Fig. 8. Ion release of pure Ti, oxidized ZrSn alloy and zirconia in 1% lactic acid
solution and in artificial saliva containing 0.1 M H2O2.

two  phenomena would take place: (i) the Ti-catalyzed decom-
position of H2O2 and (ii) the corrosion of the metal [42,43]. The
H2O2-formed oxide on metallic surface was thicker than that in
saline solution, which was  composed of a porous outer layer and
a compact inner layer. The increase of Ecorr was attributed to an
enhanced oxide film growth rate according to the high-field theory
[44]. On the other hand, the film became more porous and defec-
tive when it thickening, which resulted in the corrosion resistance
decreasing. Nevertheless, the values of Icorr and Ipass for oxidized
ZrSn alloy were an order of magnitude lower than those for pure Ti
and untreated ZrSn alloy.

In the two  electrolytes, the increase in Ecorr and the signifi-
cant decrease in Icorr and Ipass of the oxidized ZrSn alloy sample
suggested an improvement in its corrosion resistance compared
to the untreated ZrSn alloy sample. This improvement was  rea-
sonably attributed to the coverage of the thick oxide layer on the
surface which possessed a better insulating property and consti-
tuted a barrier between the metal and the corrosive medium. The
oxide layer hindered the migration of electrons and ions for chem-
ical reduction/oxidation of species in the electrolyte, so the current
density decreased. Several researchers had reported that thermally
oxidized CP Ti and some Ti alloys displayed a better corrosion
resistance than the untreated ones in different environments. In
Kumar’s study [20], the passive current density of CP Ti sample
oxidized for 48 h at 650 ◦C (0.016 �A/cm2) was about 1500 times
lower compared to that of untreated sample (23.85 �A/cm2) in
Ringer’s solution. Güleryüz and Ç imenoğlu [23] had reported that
the Ti–6Al–4 V alloy after oxidation at 600 ◦C for 60 h exhibited
excellent resistance to corrosion compared to untreated Ti–6Al–4 V
sample in 5 M HCl solution. Zhang et al. [21] revealed that compared
to untreated one, Ti–5Ag alloy with thermal oxidation exhibited
thicker surface film, lower current densities and higher impedance
values. Thermal oxidation was an effective way to improve the cor-
rosion resistance of the surface film formed on Ti–5Ag alloy. The
results of the present study confirmed the fact that the oxide layer
forming on alloy surface after thermal oxidation provided a much
better protection than that growing spontaneously in electrolyte
and consequently the oxidized ZrSn alloy offered a better corrosion
resistance than the untreated one.

3.4. Metal ion release

The comparison of the amount of metal ions released from pure

Ti, thermally oxidized ZrSn alloy and zirconia samples after 10 days
immersion in 1% lactic acid solution and 0.1 M H2O2-containing
artificial saliva solution is shown in Fig. 8. In the oral cavity, some
bacteria could produce the lactic acid, which was  reported to cause
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Fig. 9. Cell viability expressed as a percentage of the viability of cells in the control
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fter 1, 3 and 5 days of culture in the extracts of pure Ti, ZrSn alloy, oxidized ZrSn
lloy and zirconia: (a) MG  63cell line and (b) L929 cell line. * indicates p < 0.05 when
omparing with the negative control.

ental material corrosion [45]. As indicated in Fig. 8, the amount
f dissolved Ti ions in artificial saliva containing H2O2 was  higher
han that in lactic acid solution. For the oxidized ZrSn alloy, the
issolved Zr and Sn ions were not detectable, namely under the
inimal detection limit of ICP-AES (0.001 �g/ml) in both mediums.
dditionally, zirconia displayed a high corrosion resistance in these
orrosive solutions, since the released metallic ions, like Zr4+and
3+, were also undetectable. In other words, the amount of metal-

ic ions dissolved from Ti was at least 200-fold larger than that
f ions dissolved from the oxidized ZrSn alloy in these simulated
ral mediums. Generally, Ti exhibited a high corrosion resistance
n physiological saline and artificial saliva owing to the dense and
table oxide formed on its surface, but the corrosion resistance was
eteriorated when the medium contained fluorion, H2O2 and lactic
cid [7].  For the oxidized ZrSn alloy, the oxide was much thicker and
ore stable, serving as an isolating barrier between the substrate

nd the corrosive medium, which reasonably provided a better pro-
ection against corrosion than the oxide forming spontaneously
passivation) on the Ti surface.

.5. In vitro cytotoxicity evaluation

The osteoblast-like cell line (MG  63) from human and the fibro-

last cell line (L929) from murine were cultured together with the
xtraction mediums of the given materials to evaluate their in vitro
ytotoxicity and the results are shown in Fig. 9. For MG  63 cells,
he cell viabilities in extracts of ZrSn alloy, oxidized ZrSn alloy
Fig. 10. Direct cytotoxicity assays of MG 63 cells on surfaces of pure Ti, ZrSn alloy,
oxidized ZrSn alloy and zirconia after 1, 3 and 5 days of culture. * indicates p < 0.05
when comparing with the negative control.

and zirconia were almost the same as that of the negative con-
trol, and pure Ti showed higher cell viability in comparison with
the negative group after 1 and 3 days culture, respectively. After
a prolonged culture period (5 days), pure Ti exhibited the nearly
same cell proliferation to the negative control. In the case of ZrSn
alloy, oxidized ZrSn alloy and zirconia, although their cell viability
slightly decreased compared to that of the negative control, the val-
ues of cell viability were higher than 94% (the value of the control).
The similar results could be seen in the cell viability with L 929
cells (Fig. 9(b)). After 1 and 3 days culture, all the studied materi-
als behaved almost the same proliferation in comparison with the
negative control. Although the given materials showed reduced cell
viability compared to the negative group after 5 days culture, the
lowest value of cell viability was  still above 93% (of the control),
approximately equivalent to level of non-cytotoxicity. In general,
the indirect cytotoxicity test indicated that both untreated and oxi-
dized ZrSn alloy did not present any significant toxic effect to both
the osteoblast-like cells and fibroblast cells, showing a good in vitro
biocompatibility as well as pure Ti or zirconia.

Direct cytotoxicity was  used to assess the toxic effect of material
when cells direct exposed to it by the evaluation of cell adhe-
sion and cell proliferation. The result of direct cytotoxicity test for
untreated and oxidized ZrSn alloy with pure Ti and zirconia as con-
trol is shown in Fig. 10.  The osteoblast cells proliferated very well on
the sample discs from 1 day to 5 days of culture. However, the over-
all viable cell density on the studied materials was  slightly lower
than the negative control. Nevertheless, there was no significant
difference between the experimental materials and the negative
control (except for the case of pure Ti after 3 days incubation).
The cell number of oxidized ZrSn alloy was nearly same as that
of zirconia and was  slight greater by comparison with that of pure
Ti, regardless of culture period. The result indicated oxidized ZrSn
alloy was  non-toxic and biocompatible.

Fig. 11 shows morphologies of MG  63 cells growing on the
surfaces of pure Ti, ZrSn alloy, thermally oxidized ZrSn alloy and
zirconia after 3 days and 5 days culture. It could be seen that the
cell density on each material obviously increased from 3 days to
5 days of culture, which confirmed a good proliferation on mate-
rial surface. The morphologies of cells on the surfaces of different
experimental samples were similar. The cells were prolonged and
flat and formed a semi-confluent monolayer on the surfaces. At
the high magnification, the presence of abundant cellular filopo-

dia demonstrated very good adhesion and good spreading of the
osteoblast-like cells on the surfaces of those materials. Besides, it
seemed that more cells adhered on the surfaces of the oxidized ZrSn
alloy and zirconia compared to those of pure Ti and untreated ZrSn
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Fig. 11. Morphologies of MG 63 cells growing on the surfaces of (a) pure Ti, (b)

lloy, and the osteoblast-like cells seemingly showed better inte-
rations on the ceramic surface than the bare metallic surface after

 days culture.
Surface topography, chemical composition and surface energy

lay an important role in cells adhesion on bioimplants [46]. The
ested materials, pure Ti, oxidized ZrSn alloy and zirconia showed

imilar topography of relatively smooth surface, while untreated
rSn alloy displayed rougher surface than the others (Fig. 11). This
ay  accounted for higher surface energy/wettability of untreated

rSn alloy. Zirconia implants has been proved to be similar to
alloy, (c) oxidized ZrSn alloy and (d) zirconia after culture of 3 days and 5 days.

titanium implants in osseointegration [47]. Here, oxidized ZrSn
alloy showed almost equivalent biological response of osteoblast
cells to zirconia control and slightly better biological response to
pure Ti control (no significant difference, as shown in Fig. 10). The
phase constitution of zirconia ceramic affected biological response
of osteoblast cells by variation in the wettability characteristics of

monoclinic phase and tetragonal phase. It was found that, by means
of laser treatment, the wettability of magnesia-stabilized zirconia
surface considerably increased due to the increase in amount of
tetragonal phase, which enhanced the obsteoblast cell adhesion
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40,48].  In our study, tetragonal phase was detected in addition
o monoclinic phase in the oxide layer of oxidized ZrSn alloy. Sim-
larly, it can be inferred that the presence of tetragonal phase may
nhance the wettablity/surface energy of the obtained oxide. All
hese facts indicated that oxidized ZrSn alloy was  in vitro biocom-
atible. Despite improved surface properties, the ceramic layer of
he oxidized metal was still bioinert to adjacent tissue. The sur-
ace needs to be further modified by etching, sandblasting or other
echniques to increase the surface area and osseointegration poten-
ial of the implant, and its biosafety and osseointegration will be
onfirmed using animal models in future investigations.

. Conclusions

Thermal oxidation of ZrSn alloy resulted in the formation of a
ense oxide layer throughout the surface. The oxide was  almost
toichiometric ZrO2 consisting of predominant monoclinic zirconia
nd a few non-stoichiometric oxides. The oxide layer adhered well
o alloy substrate and the hydrophilicity of the oxidized surface was
imilar to that of pure Ti surface and zirconia surface. Thermally oxi-
ized ZrSn alloy exhibited a significant improvement in corrosion
esistance compared to pure Ti and untreated ZrSn alloy in simu-
ated oral mediums, as indicated in lower corrosion current density
nd passive corrosion current density. The amount of Zr and Sn ions
eleased from the oxidized ZrSn alloy was not detectable, which
as far smaller than that of ions dissolved from pure Ti. The increase

n corrosion resistance was attributed to the thick oxide layer form-
ng in thermal oxidation, which served as a barrier between the
ubstrate and the corrosive medium. In indirect cytotoxicity test,
he oxidized ZrSn alloy did not present any significant toxic effect to
steoblast-like cells and fibroblast cells. In addition, the prolonged
nd adherent osteoblast cells showed good adhesion, spreading and
roliferation on the oxidized ZrSn alloy, indicating good integra-
ions with the oxidized surface. Thus, the oxidized ZrSn alloy was
onsidered to be in vitro biocompatible. With the improved sur-
ace properties, superior corrosion resistance and biocompatibility,
hermally oxidized ZrSn alloy was expected to become a potential
andidate biomaterial in dental implantology.
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