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a  b  s  t  r  a  c  t

Micro  arc  oxidation  (MAO)  and  electrophoretic  deposition  (EPD)  processes  were  simultaneously
employed  to grow  ZrO2–HAp–TiO2 porous  layers  on titanium  substrates  under  different  conditions.
Influence  of  the  electrolyte  composition  and the  growth  time  on surface  morphology,  topography,  phase
structure, and  stoichiometry  of the  layers  was  investigated.  The  utilized  electrolytes  consisted  of �-
glycerophosphate,  calcium  acetate,  sodium  phosphate,  and  micron  sized  yttria-stabilized  zirconia  with
different  concentrations.  AFM  and  SEM  evaluations  revealed  a rough  surface  with  a  porous  structure
with  a pores  size  of  50–750  nm.  The  pores  size  increased  with  the  time  and  the  electrolyte  concentra-
tion.  Based  on the  XRD  and  XPS  results,  the layers  consisted  of  anatase,  hydroxyapatite,  monoclinic  ZrO2,
tetragonal  ZrO2, ZrO,  CaTiO3, and  �-TCP  phases  whose  fractions  were  observed  to  change  depending
oating
orous

on  the synthesis  conditions.  The  average  crystalline  size  of  the  HAp  phase  was  determined  as  ∼54  nm.
The  nano-sized  zirconia  particles  (d =  20–60 nm)  were  dispersed  not  only  on  surface,  but  also  in depth
of  the  layers.  Utilizing  thicker  electrolytes  and  prolonging  the  growth  time  resulted  in  decomposition  of
hydroxyapatite  as well  as tetragonal  ZrO2 to monoclinic  ZrO2.  EDX  results  also  showed  that  the  zirconium
wt%  in  the  layers  increased  with  the  time.  EPD-enhanced  MAO  (EEMAO)  technique  was expressed  as  an
efficient  route  to  fabricate  ZrO2–HAp–TiO2 multiphase  systems  within  short  times  and  only  in  one step.
. Introduction

In recent years, much attentions have been directed to hydrox-
apatite (HAp, Ca10(PO4)6(OH)2) as a substitute material for
amaged teeth or bones due to its similarities with mineral com-
onent of hard tissues of vertebrates [1–3]. Its bioactivity results

n proliferation of osteoblasts to HAp [4,5]. Unfortunately, this bio-
aterial has poor mechanical properties and, hence, is not suitable

or load-bearing conditions [6,7]. HAp is brittle and weak and the
linical orthopedic and dental applications are limited due to its
nfavorable mechanical properties [8,9]. Therefore, it is essential
o mechanically support it for the long-term performance. To do
hat, titanium and its alloys have been used widely as load-bearing

mplants due to their excellent mechanical toughness, strength,
iocompatibility, and corrosion resistance [10–12].

∗ Corresponding author at: Department of Materials Science and Engineering,
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Another approach to enhance mechanical properties of HAp is
reinforcing it with other ceramics [13]. To be effective as a reinforc-
ing agent for a ceramic–matrix composite material, the strength
of the second phase must be higher than that of the matrix [14].
An appropriate implant material would be a bioceramic compos-
ite, formed by a bioactive ceramic such as HAp and a bioinert
phase namely zirconia and alumina [15–17].  Zirconia has excel-
lent technological properties and characteristics namely chemical
and thermal stability, wear resistance, high strength and fracture
toughness, and bioinertness [18–21].  Combining hydroxyapatite
and zirconia, favorable mechanical properties and bioactivity is
achieved [22,23]. Thus, HAp–zirconia composites have shown
promising improvements in strength, hardness, and toughness as
compared to the pure HAp [24,25].

The HAp-based composite coatings have been already syn-
thesized via various methods such as sintering [26], micro arc
oxidation [27], sol–gel [28,29],  mechanosynthesis [30], and sim-
ulated body fluid method [31]. In this study, electrophoretic

deposition (EPD) and micro arc oxidation (MAO) processes were
used to fabricate the HAp–ZrO2 layers. The phenomenon of elec-
trophoresis has been known since the beginning of the 19th century
and it has found applications during the past 40 years mainly

dx.doi.org/10.1016/j.jallcom.2011.07.035
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mbayati@ncsu.edu
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Fig. 1. SEM surface morphology of the composite 

n traditional ceramic technology [32,33]. EPD is a simple and
nexpensive technique making it possible to synthesize a wide
ange of coatings with varying morphologies and chemical com-
ositions. This method has been developed to fabricate a variety
f dense, nanostructured functional films. Electrophoretic deposi-
ion has attracted increasing attention that it can fabricate ceramic
lms with desirable thickness and parts with complicated shapes.
ecause of this capability, we employed EPD process to introduce
xide powder to a porous film grown via MAO  method. Here, the
owder particles dispersed in the liquid medium are attracted and
igrate toward the electrode of opposite polarity on which they

ventually get deposited [34–37].  MAO  is a relatively convenient
nd effective technique for depositing various functional coatings
ith porous structures on the surfaces of Ti, Al, Mg  and their alloys.

n other words, it is a simple and promising approach for fabrication
f different categories of oxide layers. It is an electrochemical tech-
ique for formation of anodic films by spark/arc microdischarges
hich move rapidly on the vicinity of the anode surface [38–41].  It

s characterized by high productivity, economic efficiency, ecologi-
al friendliness, high hardness, good wear resistance, and excellent
onding strength with the substrate [42–44].  Moreover, it is very
uitable for modifying various substrates with complex geome-
ries [45]. In biomedical field, MAO  has been used to improve the
ioactivity of titanium implants [46–49].  More details about MAO
50–54] and EPD [55] methods can be found elsewhere. Employ-
ng MAO  process, a wide range of ceramic coatings with different
hemical compositions can be fabricated [56–62].

In our previous work, ZrO2–HAp–TiO2 system was  grown onto
itanium substrate through EPD-enhanced MAO  (EEMAO) process
nd effect of the applied voltage and the electrolyte concentration
n their properties was investigated [63]. In this study, such layers
re derived by EEMAO method and the influence of the electrolyte
omposition and the growth time on physical and chemical fea-

ures of the layers is investigated. To the best of our knowledge, this
s the first time that such layers are fabricated employing EEMAO
echnique, even though such layers have been already synthesized
ia other methods with varying morphologies. Beauty of this work

Fig. 2. SEM surface morphology of the composite layers
 fabricated in the electrolyte A for different times.

is that we  could get nano-sized ZrO2 particles in the layers, while
added micron-sized powder to the electrolyte.

2. Experimental

Commercially pure grade II titanium foils with dimensions of
30  mm × 15 mm × 0.5 mm were used as substrate. Before coatings synthesis,
the substrates were mechanically polished by abrasive paper No. 600 and, then,
chemically etched in diluted HF solution (HF:H2O = 1:20 vol.%) at room temperature
for  30 s. Afterward, the substrates were ultrasonically cleaned in acetone for 15 min.
The substrates were washed by distilled water after each step. The electrolytes
were prepared by dissolution of the �-glycerophosphate disodium (C3H7Na2O6P,
Merck) and calcium acetate (Ca(CH3COO)2, Panareac) salts with concentrations
of  1 and 5 g l−1 in 75 vol.% DI-water and 25 vol.% ethanol. Then, micron-sized
yttria-stabilized zirconia (8% mol, Tosoh) powder, with concentrations of 1 g l−1

(electrolyte A) and 5 g l−1 (electrolyte B), was  mixed with the suspension by
jar-milling for 48 h at room temperature. The pH of the suspensions was adjusted
around 11.5 through the addition of sodium phosphate (Na3PO4·12H2O,  Panareac).
Reason for choosing such a high pH is inducing negative charge on zirconia particles
in  the solution. Moreover, HAp and titania can grow easier in the basic electrolytes.
Electrolyte temperature was fixed at 70 ± 3 ◦C employing a water circulating
system. The MAO/EPD treatment was carried out in the prepared solutions under
the voltage of 350 V (direct current) for various times.

Surface morphology of the layers was examined by scanning electron micro-
scope (TESCAN, Vega II). AFM (Veeco, Auto probe) method was also employed to
evaluate surface topography of the fabricated samples. Surface roughness was deter-
mined by the AFM original software (Proscan ver. 1.7). X-ray diffraction (Rigaku,
Multiflex), energy dispersive X-ray spectroscopy, and X-ray photoelectron spec-
troscopy (VG Microtech, Twin anode, XR3E2 X-ray source, using Al K� = 1486.6 eV)
techniques were used to study phase structure and chemical composition of the
synthesized layers. The peak fitting procedure and interpretation of the XPS results
were fulfilled by SDP software ver. 4.1.

3. Results and discussion

SEM surface morphology of the layers grown at different times
is depicted in Figs. 1 and 2 where formation of a porous structure is
evident. The structural pores from by the electron avalanches tak-

ing place on the substrate [59,64]. As is seen, the pores size increases
with the treatment time, from about 0.1–0.5 �m for 3 min  to about
0.5–1.5 �m for 10 min  treatment. It has been shown before that
when a structural pore forms by an electrical spark during MAO,

 fabricated in the electrolyte B for different times.
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t is more susceptible for next electron avalanches. The reason is
hat these areas have lower breakdown voltages when compared
o other areas which are not porous [64]. Sequence of the electrical
parks at one point makes the pores larger. It is worthy to note that
hese electric sparks are responsible for formation of the structural
ores [38]. The utilized micron sized zirconia powder was broken

nto smaller particles by the electrical spark giving rise to introduc-
ion of nano-sized particles to the layers. Obviously, utilizing higher
oncentrated electrolytes results in formation of larger pores. As the
lectrolyte electrical resistance, and, consequently, total resistance
f the electrochemical cell decrease with increasing the electrolyte
oncentration, the voltage which is applied on the anode surface
ncreases. Any decrease in circuit resistance results in increasing
he current passing through the cell, and, therefore, more energetic
lectric avalanches take place. Such electric sparks are responsible
or formation of larger pores.

It is also clear that the concentration of the zirconia particles on
he surface increases with the time and the electrolyte concentra-
ion. These particles move toward the anode due to the electrical
eld between anode and cathode. More zirconia particles are avail-
ble in the thicker solution, e.g. electrolyte B, resulting in shorter
iffusion length in the electrolyte, and for longer deposition time.
s a consequence, the zirconia particles can approach and arrive

n the anode and the growing layer more easily when the layers
re grown in the electrolyte B. Fabricating layers for longer times,
he zirconia particles can further accumulate on the vicinity of the
node. Hence, amount of the particles increases with the growth
ime. It is also observed that nano-sized ZrO2 particles have formed
rom the micro-sized powder. Probably, powder dissolved in the
lectrolytes was broken into finer particles by the electrical sparks.

Another important requirement of HAp coated implants is their
dhesion to the body tissues. It is known that as the surface rough-
ess is increased, through mechanical and chemical action, the
etter osseointegration is achieved [65]. Hence, the surface rough-
ess of the fabricated samples was determined by AFM technique.
ig. 3 shows the surface topography of the layer synthesized for
arious times in the electrolyte A in a scale of 3 �m × 3 �m.  The
esults depict a rough surface which is usual for MAO-grown lay-
rs. The growing layer is locally melted by the electron avalanches
i.e. micro-arcing) taking place on the anode surface. It is antici-
ated that after the sparks disappeared, the melted zones solidify

n the adjacent electrolyte. These successive meltings and solidifi-
ations makes the layers roughened. The surface roughness of the
ayers fabricated for 3, 6, and 10 min  was determined as 9.5, 11.6,
nd 8.1 nm,  respectively. Although the surface roughness increases
hen the time prolongs from 3 to 6 min  due to the more meltings

nd solidifications, another phenomenon is also effective resulting
n decreasing the roughness when the layer was treated for 10 min.

hen the micro arc oxidation is carried out for very long times,

he growing layer is sintered resulting in formation a more smooth
urface with a lower surface roughness. Since the layers synthe-
ized for 6 min  exhibited the highest surface roughness, a better
dhesion is anticipated when it is located inside the body.

Fig. 3. AFM surface topography of the layers grown 
Fig. 4. XRD patterns of the composite layers grown in the electrolyte A for differ-
ent times (Ti: titanium, A: anatase, H: hydroxyapatite, mZ: monoclinic ZrO2, tZ:
tetragonal ZrO2, Z: ZrO, CT: CaTiO3, P: �-TCP).

Fig. 4 illustrates the normalized XRD patterns of the composite
layers grown for different times in the electrolyte A. Considering
the patterns, formation of HAp as well as zirconia with tetragonal
and monoclinic structures is confirmed, while fraction of the HAp
increases with the growth time. In addition, intensity of the XRD
characteristic peaks of the zirconia phases changes depending on
the growth time. Because more zirconia particles move toward the
anode and accumulate in the vicinity of the layer for longer growth
times, the ZrO2 XRD peaks intensify with the growth time. This con-
clusion was confirmed by EDX results where the zirconium wt% was
determined as 18.1, 29.7, and 41.8% in the layers grown for 3, 6, and
10 min  in the electrolyte A, respectively. For longer growth time, the
tetragonal ZrO2 transforms to the monoclinic ZrO2. It is well known
that the anode temperature, during MAO  process, increases to sev-
eral hundred degree centigrade due to the high applied voltages
and the electric sparks [38,51]. This phenomenon results in phase
transformation of the stabilized zirconia to its monoclinic struc-
ture. Tetragonal zirconia is a metastable phase and transforms to
the stable monoclinic zirconia at elevated temperature. Such phase
transformation, which results in existence of both types of zirconia,
has a positive effect on the mechanical properties of the layers. It
has been reported that zirconia-based materials exhibit exceptional
toughness due to the martensitic transformation of between tetrag-
onal and monoclinic ZrO2 [66]. Formation of some minor phases is
evident. The temperature inside the pores elevates to ∼104 K due
to the high energy electron avalanches [38,51]. This temperature is
high enough to melt the substrate as well as the growing layer. It
is anticipated that the molten system dissolves the ZrO2 particles
and other anions to form these minor phases. It should be reminded
that negatively charged species are drawn inside the pores and to
the molten areas because of the strong electric field between the
anode and the cathode which is about 106 V m−1 [51]. After the

electrical spark disappears the molten areas solidify in the adjacent
electrolyte.

XRD spectra of the layers grown in the electrolyte B are exhibited
in Fig. 5. Phase structure of these layers is to some extent similar

in Electrolyte A for: (a) 3, (b) 6, and (c) 10 min.
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Fig. 5. XRD patterns of the composite layers grown in the electrolyte B for differ-
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nt times (Ti: titanium, A: anatase, H: hydroxyapatite, mZ:  monoclinic ZrO2, tZ:
etragonal ZrO2, Z: ZrO, CT: CaTiO3, P: �-TCP).

o that of the layers fabricated in the electrolyte A. The most sig-
ificant difference is that intensity of the XRD peaks of the HAp
ecreases with the growth time above 6 min. This may  be an effect
f increasing the electrolyte conductivity with its concentration
hich results in increasing the current passing the cell and, conse-

uently, the anode temperature. Due to this heat the HAp phase
hich is stable at the temperatures below 1200 ◦C [67] decom-
oses resulting in decreasing the intensity of its characteristic peaks
or longer growth times. Besides, this extra heat encourages the
etragonal ZrO2 to transform to its monoclinic structure. There-
ore, this phase transformation takes place faster. The crystalline
ize of the HAp phase was calculated by the Scherrer equation stat-
ng D = 0.89�/�  ̌ cos �, where D is the crystal size, � the X-ray

avelength,  ̌ the full width at half maximum of the diffraction

eak, and � is the diffraction angle. The average crystalline size was
etermined as ∼54 nm.

We employed XPS technique in order to investigate surface
hemical composition of the composite layers. The results were

Fig. 6. XPS core level binding energies in the layers grown in the 
 Compounds 509 (2011) 9351– 9355

interpreted according to the C(1s) core level binding energy at
285.0 eV. The XPS investigation was performed on the layer grown
in the electrolyte A for 6 min  which demonstrated more appropri-
ate phase structure, morphology, and topography. Fig. 6a depicts
the Ti(2p3/2) core level binding energy. The peak fitting was  per-
formed with 2 components where the dominant peak (peak B) is
assigned to the Ti4+ in Ti–O binding. Since the TiO2 surface loses its
oxygen at high temperatures, a small amount of Ti3+ (peak A) cor-
responding to the Ti2O3 compound was  also detected. The Zr(3d)
core level biding energy is shown in Fig. 6b. This peak have 2 com-
ponents which are attributed to its spin orbit splitting, i.e. Zr(3d3/2)
and Zr(3d5/2). The peaks A and B are consistent with those of metal-
lic Zro(3d5/2) and Zro(3d3/2), respectively. The peaks C and D, at the
binding energies of 180.5 and 181.5 eV, represent existence of Zr2+

and formation of ZrO and probably some other non-stoichiometric
zirconium oxides (ZrxOy). Finally, formation of ZrO2 compound is
confirmed by the peaks E and F located at the binding energies
of 182.4 and 183.5 eV. These achievements are in good agreement
with those reported by other researchers [68,69].  The P(2p) core
level binding energy is exhibited in Fig. 6c which is deconvoluted
to the peaks A and B, with binding energies of 132.7 and 134.2 eV.
These peaks, which are corresponding to the 2p3/2 and 2p1/2 core
levels, prove the existence of phosphor in HAp structure. The O(1s)
core level biding energy is depicted in Fig. 6d which can be decon-
voluted to 5 distinct peaks representing that there are 5 different
O-bindings in the layers. The peak A, located at the binding energy of
529.8 eV, is assigned to the oxygen in the oxides lattice namely ZrO2
and TiO2. The peak B, at the binding energy of 530.7 eV, corresponds
to the oxygen in nonstoichiometric zirconium oxides. The peak C at
the binding energy of 531.85 eV represents the –OH groups in the
HAp molecules. In addition, oxide free surfaces are always hydrated

in the atmosphere. Therefore, the chemisorbed hydroxyl groups are
always seen in the XPS patterns obtained from the oxide films. The
peaks C and D, located at the biding energies of 533.1 and 534.4 eV,
reveal existence of oxygen as O− and H2O with descending binding

electrolyte A for 6 min  (referenced to the C(1s) at 285.0 eV).
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nergy, respectively. Since the layers were porous and fabricated
n aqueous solutions, water may  be trapped in the pores. Mean-

hile, the layers were enshrouded by an oxygen plasma during
he MAO  treatment. This phenomenon can be the cause of attach-
ng oxygen radicals to the surface. Finally, Fig. 6e shows the XPS
pectra of Ca(2p) core level binding energy. The peaks A and B,
ith binding energies of 347.7 and 351.2 eV, are attributed to the

pin–orbit splitting of the Ca(2p) components, namely Ca(2p3/2)
nd Ca(2p1/2). They are consistent with those of calcium in the HAp
tructure. Small deviations in the binding energies of P(2p) and
a(2p) core levels are due to the formation of the minor phases

ntroduced earlier.
A plausible mechanism for formation of HAp–ZrO2–TiO2 com-

osite layers via EEMAO method was proposed in our previous
ork [63]. When ZrO2 particles are dispersed in a basic solution,

hey are negatively charged, as elucidated earlier. In the meantime,
tructural pores form as a result of the electric sparks. The ZrO2 par-
icles are drawn toward the anode by the electric field between the
oles of the electrochemical cell. When they arrive in the regions
lose to the anode, they are sublimated in the discharge areas and
rawn into the gas layer, i.e. oxygen layer, enshrouding the sub-
trate. Afterward, they are accelerated by the potential difference
n the gas layer and implanted in the growing layer. Since ZrO2
hase was detected by both XRD and XPS techniques, it can be con-
luded that they have formed not only on the surface, but also in the
ayers depth because of the so-called acceleration and implantation
henomena.

. Conclusions

Fabrication of ZrO2–HAp–TiO2 nanostructured porous layers
ia MAO/EPD hybrid technique was reported. The layers had
orous morphology and a rough surface where the pores size
nd the surface roughness increased with the time and the elec-
rolyte concentration. Anatase, hydroxyapatite, monoclinic ZrO2,
nd tetragonal ZrO2 were the main phases of the layers. The nano-
ized zirconia particles (d = 20–60 nm)  were loaded on the surface
nd in the layers depth.
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