
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$36.0

http://dx.doi.or

nCorrespond

E-mail addr

jamshidaghazad
Ceramics International 38 (2012) 6753–6767

www.elsevier.com/locate/ceramint
A kinetic study on the electrophoretic deposition of hydroxyapatite–
titania nanocomposite based on a statistical approach

Hamidreza Farnousha, Jamshid Aghazadeh Mohandesia,n, Davoud Haghshenas Fatmehsaria,
Fathollah Moztarzadehb

aDepartment of Mining and Metallurgical Engineering, Amirkabir University of Technology, P.O. Box 15875-4413, Tehran, Iran
bBiomedical Engineering Department, Amirkabir University of Technology, P.O. Box 15875-4413, Tehran, Iran

Received 11 April 2012; received in revised form 22 May 2012; accepted 22 May 2012

Available online 6 June 2012
Abstract

In the present study, the electrophoretic deposition (EPD) process of hydroxyapatite–titania nanocomposite was kinetically described

by the use of response surface methodology (RSM). The electrostatic interaction between particles in ethanol based suspensions was

determined by Zeta potential and particle size analyses. After successful electrophoretic deposition from hydroxyapatite–titania

suspensions with 0, 10 and 20 wt% of titania nanoparticles, it was shown that Baldisserri model can well reproduce the experimental

data among the other semi-empirical kinetic equations. The as-deposited hydroxyapatite–titania nanocomposites were characterized

employing SEM, AFM, XRD, and FT-IR analyses. Then, the effects of deposition voltage, deposition time and wt% TiO2 on the

kinetic of EPD at two time intervals (10–60 s and 60–300 s) were identified and quantified via RSM based on a central composite design

(CCD). According to the results obtained from the statistical analysis, it was found that the deposition rate decreases by an increase in

wt% TiO2 and time. Also, a transition in deposition mechanism from linear to parabolic mode was observed and two second order

polynomial equations were fitted to the response (deposit weight) at each time intervals.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite (HA, Ca10(PO4)6(OH)2), the main consti-
tuent of the bone and teeth, is known as a biocompatible
ceramic material with high osseoconductivity [1]. Many
efforts have been focused on developing HA coatings on
tough metallic substrates (composite and/or hybrid systems)
to compensate its intensive brittle nature [2–5]. In this way,
both the mechanical characteristics of metallic substrates and
the biological performances of HA ceramics are achieved
simultaneously [1]. Among different methods employed for
the fabrication of HA coatings on a metallic substrate, such
as plasma spray [6,7], sol–gel [8,9], biomimetic [10,11] and ion
implantation [12], electrophoretic deposition (EPD) [13–15] is
an effective technique for the fabrication of dense and
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uniform HA layers on a substrate even with complex
geometries. This technique has the advantages of high
production rate and low investment cost [16].
The difficulties in EPD of HA particles, including low

bonding strength between HA and metallic substrate [17],
thermal instability of HA [18], firing shrinkage of HA
coating [18], and thermal expansion coefficient mismatch
between HA and the substrate [19], lead to insufficient
densification of HA coatings, crack formation in HA
coating–metallic substrate interface and/or HA decompo-
sition. An approach to cope with above mentioned
problems is the use of titanium oxide (TiO2) due to its
superior corrosion behavior (acting as a chemical barrier
against the release metal ions [19,20]), positive effect on the
interfacial bond strength [17,20] and constructive role in
the overall performance of HA coating systems [20,21].
Additionally, the presence of TiO2 in HA coatings hinders
the crack propagation and improves the thermal expansion
coefficient of HA [20–22].
rved.
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Fig. 1. FE-SEM micrographs of as-received (a) HA and (b) TiO2

powders.
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In an EPD process, the colloidal particles in a stable
suspension are deposited onto an electrode under an
applied electrical field [16]. The stability of the suspensions
and the quality of final product are significantly influenced
by the kinetic behavior of suspended particles in the media
[23]. The rate of EPD process is, also, a function of
electrical field and particle size (especially in a suspension
of particles with different sizes [24]).

The simplest model describing the kinetics of EPD is
known as the Hamaker model; a linear correlation between
the deposition yield (W) and, suspension concentration (Cs),
electrophoretic mobility (m), applied electric field strength (E),
deposition area (A) and deposition time (t). In a cell with
planar geometry, Hamaker equation can be written as [25]

WðtÞ ¼CsmAEt ð1Þ

It should be mentioned that Hamaker model is only
valid at initial times of deposition process [23] because the
decrease in the concentration of suspended particles by
EPD proceeding has been disregarded.

Another model, which considers the variation in suspended
particles concentration, was proposed by Zhang [26]:

W ðtÞ ¼W0ð1�e�ktÞ with k¼
fAe0erzE

4pVZ
ð2Þ

where W0 is the initial concentration of suspended particles;
(e0er), z, Z and V are the permittivity, Zeta potential, viscosity
and volume of the suspension medium, respectively. Also, f is
a correction factor. However, the shielding effect of growing
layer is ignored by this model.

Recently, Baldisserri et al. [27] have developed a math-
ematical correlation between some characteristics of TiO2

deposits (such as thickness, density and resistivity) and the
electrical current flow in EPD process for an ethanol based
colloidal suspension as

W ðtÞ ¼
2Akj0

a
ð
ffiffiffiffiffiffiffiffiffiffiffiffi
1þat
p

�1Þ with a¼
2j20k

E

rD

dD

� �
ð3Þ

where A is the working electrode area, k is the ratio
between deposited mass and passed charge, j0 is the initial
current density, V is the deposition voltage, rD is the
resistivity of deposit, and dD the density of deposit. This
correlation considers both the concentration variation of
suspended particles and shielding effect of growing layer.

A literature review shows that the appropriate choice of
the value of the parameters, such as suspended particles’
concentration [28,29], pH of suspension [28,30], electrode
separation [28,31], deposition voltage [28,32], and deposi-
tion time [28,32], is critical for a successful implementation
of EPD process. Design of Experiments (DOE) is a
powerful and reliable strategy for the correct identification
of the pertinent factors in many types of systems and
processes [33–35]. The application of DOE strategy in an
EPD process has been limited to factorial design of
experiments [31,36] and Taguchi method [37,38].

It has been shown that full factorial DOE as well as
fractional factorial DOE gives the most complete
information regarding interaction between parameters
but the number of experiments becomes excessive in the
former [34]. Fractional factorial designs (FFD), such as
central composite design (CCD), can give information
regarding parameter interactions with the use of less
experimentation. On the other hand, response surface
methodology (RSM) is well known as a much more
suitable experimental approach than Taguchi method
which is able to simultaneously consider several factors
at different levels, and give a second order polynomial
model for the relationship between the various factors and
the response [39].
The aim of the present study is to elucidate the kinetics

of electrophoretic deposition of HA–TiO2 nanocomposite.
In this regard, Zeta potential measurement and particle
size analysis are employed to examine the electrostatic
interaction between the particles in ethanol based suspen-
sions. The effect of titania nanoparticles in as-deposited
hydroxyapatite–titania nanocomposites were characterized
by SEM, AFM, XRD, and FT-IR analyses. Then, the
measured deposit weights are compared with the predic-
tions obtained by Hamaker, Zhang and Baldisserri models.
Finally, the effects of deposition voltage, deposition time
and TiO2 wt% on EPD kinetics are evaluated by the use of
response surface methodology. A central composite design
is chosen as the design matrix since it allows reliable
evaluation of first order interaction between parameters
and provides a second order polynomial model.

2. Experimental details

2.1. Materials

Hydroxyapatite (Merck, USA) and TiO2 (Degussa, Ger-
many) powders were used as the coating materials. FE-SEM
micrographs of as-received particles are presented in Fig. 1.
The mean particle size (d50) of hydroxyapatite and TiO2 are
�250 and 21 nm, respectively. The substrate is a 3-mm-thick
mill-annealed Ti–6Al–4V plate with the chemical composi-
tion (wt. %) as follows: Al¼6.28, V¼4.90, Fe¼0.29,
Nb¼0.05, Mn¼0.03, Cr¼0.02, Si¼0.05, Sno0.05,
Moo0.03, Cuo0.02, Zro0.01, and Ti. Three suspensions
were individually prepared by adding 1 g of HA (H), HA–
10 wt% TiO2 (H10T), and HA–20 wt% TiO2 (H20T) powder
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mixtures into 50 mL of absolute ethanol (Merck, USA). The
addition of 1 g/L iodine (dispersant) to ethanol resulted in
positively charged particles.

2.2. Methods

The prepared suspensions were dispersed by a 50 kHz
ultrasonic bath for 60 min, and then were immediately used
for EPD without further aging. Zeta potential and particle size
distribution of the powders in suspensions were analyzed by
Zetasizer (Malvern ZEN 3600). All measurements were carried
out with slurries containing a 0.4 g/L solid loading. Ti–6Al–4V
substrate (as the working electrode) and 316 L stainless steel
(as the counter electrode) were immersed in the suspension
with a fixed distance of 10 mm. Prior to deposition, Ti6Al4V
substrates were ground by 400–1200 grit SiC papers, then
washed out with detergent and degreased with acetone, and
finally passivated by a HF (100 mL/L)–HNO3 (300 mL/L)
solution. One side of the cathode was masked by a non-
conducting tape. Surface area of the cathode was 1 cm2. EPD
process was conducted within 10–300 s under constant vol-
tages of 20, 40, and 60 V. During deposition, cell current was
recorded by chronoamperometry. After deposition, the green
coatings were dried in air for 24 h at room temperature and
then weighted and accordingly the relationship between the
passed charge in the deposition cell and the deposited mass
was determined. The micro-structural characterization and
elemental composition of as-deposited samples were analyzed
by using scanning electron microscope (SEM, Philips XL 30)
equipped with an Energy Dispersive Spectrometer (EDS). The
structure of the coatings was evaluated by Fourier transform
infrared (FTIR, Nicolet Nexus 670) spectroscopy in the wave
number range of 4000–400 cm�1. Phase composition of the
Table 1

Central composite design arrangement and response (weight of deposition

as mean).

Number Factors

(10–60 s)

Response

(10–60 s)

Factors

(60–300 s)

Response

(60–300 s)

V

(V)

time

(s)

%TiO2 W (g) V

(V)

time

(s)

%TiO2 W (g)

1 20 10 0 0.00116 20 60 0 0.0059

2 60 10 0 0.00249 60 60 0 0.0103

3 20 60 0 0.00590 20 300 0 0.0173

4 60 60 0 0.01030 60 300 0 0.0259

5 20 10 20 0.00139 20 60 20 0.0054

6 60 10 20 0.00216 60 60 20 0.0093

7 20 60 20 0.00540 20 300 20 0.0136

8 60 60 20 0.00930 60 300 20 0.0180

9 20 35 10 0.00400 20 180 10 0.0095

10 60 35 10 0.00749 60 180 10 0.0170

11 40 10 10 0.00160 40 60 10 0.0097

12 40 60 10 0.00900 40 300 10 0.0223

13 40 35 0 0.00550 40 180 0 0.0174

14 40 35 20 0.00473 40 180 20 0.0157

15 40 35 10 0.00570 40 180 10 0.0162

16 40 35 10 0.00580 40 180 10 0.0162

17 40 35 10 0.00550 40 180 10 0.0169
coated surface was analyzed by X-ray diffraction (XRD,
Philips PW 1480), in the 2y¼20–1001 range at a step size of
0.021 and a count time of 0.6 s. Surface roughness and
topography were characterized by Scanning ProbeMicroscopy
(SPM, DME DS-95–50E).
Fig. 2. Paticle size distribution in (a) H, (b) H10T, and (c) H20T samples.



Table 2

Measurements of particle size and Zeta potential for H, H10T, and H20T

samples.

Sample Mean

particle

size (nm)

Particle size

distribution

width (nm)

Zeta

potential

(mV)

Mobility

(cm/Vs)

Cunductivity

(mS/cm)

H 230.4 170.2 2770.9 1.44 0.021

H10T 172.6 148.5 2171.2 1.12 0.018

H20T Peak 1:

98.43

20.34 1671.1 0.856 0.017

Peak 2:

392.4

191.2

Fig. 3. XRD patterns of the as-deposited (a) H, (b) H10T and (c) H20T

samples at 40 V after 90 s.

Fig. 4. The FTIR spectra of the as-deposited
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2.3. Experimental design for RSM

Response surface methodology (RSM) was employed to
investigate the effect of deposition voltage (V), deposition time
(time), and weight percentage of TiO2 in suspension (%TiO2)
on deposition weight of H, H10T, and H20T specimens at two
time intervals (10–60 s and 60–300 s). For each time interval, a
central composite design (CCD) was adopted to study three
factors at three levels. Seventeen experimental runs consisting
of 6 star points (star distance is 0) and 3 center points were
generated with 3 factors and 3 levels by the principle of RSM
using MINITAB Release 15. The CCD design matrix which
includes the levels employed for the different factors is
presented in Table 1. The quadratic polynomial regression
model, as follows, was chosen for predicting the responses
variable in terms of the two independent variables chosen for
the study [39]:

Y ¼ b0þ
X3
i ¼ 1

biXiþ
X3
i ¼ 1

biiX
2
i þ

X2
i ¼ 1

X3
j ¼ iþ1

bijXiXj ð4Þ

In this equation Y is the response variable b0, bi, bii, and
bij are constant coefficients of intercept, linear, quadratic
and interaction terms, respectively, and Xi and Xj represent
the three independent variables (V, time, and %TiO2). The
experiments were carried with two replicates and con-
ducted in a randomized order to avoid systematic bias.
The statistical significance of the full quadratic models

predicted was evaluated by the analysis of variance
(ANOVA). The significance and the magnitude of the
effects were estimated for each variable and all their
(a) H, (b) H10T and (c) H20T samples.



Fig. 5. SEM micrographs, EDS spectra and the porosity of the as-deposited samples at 40 V after 60 s; (a) H, (b) H10T, and (c) H20T.
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possible linear and quadratic interactions were also deter-
mined. Unless otherwise stated, the significance level
employed in the analysis was 5% (p-value¼0.05). All the
analysis was carried out using MINITAB Release 15.

3. Results and discussion

3.1. Characterization of HA–TiO2 suspensions and coatings

The stability/mobility of HA-based particulate suspensions
influences the deposition rate of HA–TiO2 coatings. Gen-
erally, suspension stability depends on the size of suspended
particles [40], zeta potential and pH of the suspension [41],
and the additives [42].

Fig. 2 illustrates particle size distribution corresponding
to H, H10T and H20T samples. Two distinctive peaks,
around 98 nm and 392 nm, in the curve belonging to H20T
(Fig. 2c) are attributed to TiO2 and HA particles, respec-
tively. The appearance of one individual peak in Fig. 2a
and b, contrary to Fig. 2c, is due to the low amount of
TiO2 in H and H10T samples.

In Table 2 the values of particle size, Zeta potential,
mobility, and electrical conductivity, are listed for different
suspensions. These results reveal that an increase in the
amount of TiO2 in HA–TiO2 suspension leads to a
decrease in Zeta potential. It is worthy of note that an
increase in surface area of the suspended particles results in
Fig. 6. AFM images of as-deposited (a) H, (b) H
lower Zeta potential value due to higher electrolyte con-
centration [43,44]. Since the value of Zeta potential is the
lowest for H20T sample, the coarsest HA aggregations are
formed in this case (Fig. 2c). According to the results
presented in Table 2, conductivity of the samples decreases
by increasing TiO2 in the suspension. Also, the electro-
phoretic motion of particles towards an oppositely charged
electrode is driven by the determining potential ions
adhered onto the particles’ surface [24]. Thus, by increas-
ing TiO2 nanoparticles, only very few ionic charges are
available and the driving force for particles motion is
insufficient.
Fig. 3 illustrates X-ray patterns of as-deposited H, H10T,

and H20T samples at 40 V after 90 s. In all spectra, the peaks
that appeared at 2y¼25.81, 28.71, 311, 32.11, 33.31, 45.71,
48.31 and 521 corresponded to (002), (210), (211), (112), (222)
and (321) planes of hydroxyapatite crystal, respectively [45].
Furthermore, the characteristics peaks of TiO2 (anatase) at
2y¼25.31 and 37.41 are apparently distinguishable in H10T
and H20T samples which are assigned to (101) and (004)
planes, respectively [46].
FT-IR spectra of as-deposited samples are also shown in

Fig. 4. The wave numbers of 570, 602, 1047, and 1090 cm�1

are related to PO4
3� functional groups which are present in

all samples. The water associated with HA appears at 1630
and 3423 cm�1 and OH� stretching vibration is observed at
632 and 3572 cm�1. The blunt and smooth peaks, at 1470
10T, and (c) H20T samples at 40 V after 60 s.
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and 1420 cm�1, are attributed to CO3
2� ions which might be

the result of the absorption of atmospheric CO2 on the
surface of HA particles [47]. However, these peaks are very
weak which implies a very low carbonate content of the
sample. The absorption peak at 700 cm1� is the character-
istic vibration peak of Ti–O bond confirming the presence of
TiO2 in H10T and H20T samples [48].
Table 3

Comparison of different kinetic models applied for EPD of HA–TiO2 suspen

Sample Voltage

(V)

Baldisserri [27]

a (s�1) K1 (mg/mc) j0 (mA/cm2)

H 20 0.702 0.1340 3.15

40 2.37 0.1538 6.74

60 7.16 0.1850 11.6

H10T 20 0.359 0.1260 2.24

40 2.59 0.1631 6.34

60 3.77 0.1483 8.95

H20T 20 0.207 0.1046 1.88

40 1.02 0.1076 4.43

60 1.13 0.1110 5.23

Fig. 7. Passed charge-deposition time curves of (a) H, (b) H10T
According to the SEM images presented in Fig. 5, the pores
in H sample are larger than those in H20T. Also, the porosities
of as-deposited H, H10T, and H20T samples, estimated by
SEM image processing via ImageJ 1.45s software, are 12.4%,
8.5%, and 3.6%, respectively. This reveals that porosity
effectively depends on TiO2 content of the samples. From
the EDS spectra of Ca, P, Ti and O in Fig. 5, it can be
sions.

Zhang [26] Hamaker [25]

R2 k� 10�4 (s�1) R2 k� 10�4 (s�1) R2

0.9640 1.29 0.9321 6.33 0.9140

0.9910 1.79 0.8783 8.73 0.8445

0.9752 2.17 0.7552 10.5 0.6896

0.9620 1.15 0.8739 5.66 0.8441

0.9888 1.71 0.8603 8.36 0.8233

0.9954 1.81 0.7608 8.83 0.6998

0.9941 1.02 0.8669 5.01 0.8353

0.9719 1.19 0.6547 5.83 0.5749

0.9543 1.37 0.5835 6.73 0.4876

, and (c) H20T samples deposited at different electric fields.
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indicated that the composite coating contains 0, 9.01, and
18.68 wt% TiO2 for H, H10T and H20T samples, respectively.
Based on the AFM analysis corresponding to these three
samples (Fig. 6), the average roughness height is 764 (H
sample), 96.3 (H10T sample), and 76.8 (H20T sample) in nm.
The higher porosity of H compared to H10T and H20T
indicates the important role of titania particles in lowering
surface roughness and densifying membrane.
3.2. Kinetics of deposition

Fig. 7 depicts the charge passed during EPD process versus
time under different conditions. As can be observed, the
passed charge (Q) variation with time shows a descending
trend for all experimental conditions (Fig. 7a, b and c).
However, due to the formation of an insulating layer
composed of differently charged ceramic particles [49], dQ/
dt approaches to a fixed value after a given time. Also, an
increase in the deposition voltage leads to an increase in the
passed charge during process which is due to a higher motion
of the suspended particles. However, the slight difference
Fig. 8. Deposit weight of (a) H, (b) H10T, and (c) H20T samples as a
between passed charges at 40 and 60 V can be ascribed to the
change in EPD mechanisms from deposition controlling
mode to diffusion controlling mode [50].
Kinetic modeling of the experimental data by the use of

Hamaker (Eq. (1)), Zhang (Eq. (2)) and Baldisserri (Eq. (3))
models has been carried out and, the results of mathematical
analyses are summarized in Table 3 for different samples (H,
H10T and H20T). Values of R2 indicate that Baldisserri
model can well reproduce the experimental data which can be
attributed to the fact that this model considers the insulating
effect of growing layer [27]. It is worthy of note that EPD is a
two-step process, electrophoresis and deposit formation [32].
Although electrophoretic motion of the suspended particles
leads to the accumulation of particles at electrode surface, it
does not necessarily result in the formation of deposit. Both
Hamaker and Zhang assumed that all particles would be
deposited at an infinite time [23]. However, by increasing the
resistivity of deposit due to the formation of an insulating
layer after initial times, the deposition rate drops.
Fig. 8 illustrates that the deposition yields (fitted to

Eq. (3)) corresponding to H, H10T and H20T samples
increase with the applied voltage and time. The driving
function of deposition time (Eq. (3)) at different applied voltages.
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force for electrophoretic deposition enhances by an
increase in applied voltage; this results in a stronger
columbic force acting on the charged suspended particles
[23]. At moderate applied electrical fields (20–60 V/cm), the
uniformity of deposited layers is more favorable, while the
deposited layers may be disturbed by turbulence flows in
the surrounding medium during the deposition at higher
electrical fields [32]. On the other hand, the deposition rate
decreases by increasing time and wt.% of TiO2 (Fig. 9)
because of a voltage drop across the deposited layer
(shielding effect of growing layer [27,28,43]). The greater
surface area of TiO2 nanoparticles result in the higher
electrolyte concentration and the lower zeta potential
(Table 2). Thus, lower kinetic constants (a and k in
Table 3) are expected in the case of HA–TiO2 suspensions;
i.e. the deposition yield decreases by the addition of TiO2

nanoparticles to HA suspensions (Table 3). Fig. 10 shows
the values of a and k constants in Eqs. (2–4) versus the
applied voltage and wt% TiO2. Again, the reduction in
deposition rate due to TiO2 addition is much more evident
at higher deposition voltages where diffusion is the rate-
determining step [50].
Fig. 9. Deposit weight as a function of deposition time (Eq. (3))
3.3. Development of RSM and effect of parameters

In order to shed more light on the effect of pertinent
factors in the EPD system, response surface methodology
is employed for the identification and quantification of the
important parameters; the methodology which is able to
simultaneously consider several parameters at different
levels, and to give a suitable model for the relationship
between the various factors and the response. Based on the
results obtained in previous sections, the effects of voltage
(V), time and wt% TiO2 on deposit weight (W) are
assessed. Table 1 lists the values of W at each of the 17
combination of factor levels generated by the principles of
RSM. The results of the ANOVA are presented in Table 4;
the low p values for the regression (Po0.01) and the fact
that the lack of fit of the model was not significant
(P40.05) indicates the suitability of the model.
The values of the regression coefficients are presented in

Table 5. Regarding the statistical criterion (Po0.05), the
linear and interactive terms of V and time are statistically
significant at the initial times of deposition; however, all the
linear terms of the factors are significant in the case of final
at different applied voltages: (a) 20 V, (b) 40 V, and (c) 60 V.



Fig. 10. Variation of kinetic constants obtained from (a) Eq. (1), (b) Eq. (2) and (c) Eq. (3) indicating deposition rate decreases by an increase in %TiO2.
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times of deposition (Table 5). Furthermore, the quadratic
terms of V, time and %TiO2 as well as the interactive terms of
time and %TiO2 shows significant statistical effect on W

within 60–300 s. Accordingly, polynomial regression equations
are proposed for the short and long deposition time periods:

10o timeðsÞo60 ð5Þ

W¼0.00514þ0.00139Vþ0.00311 timeþ0.0008V� time

10o timeðsÞo300 ð6Þ

W¼0.016þ0.0029Vþ0.0057 time�0.00148%TiO2�

0.00312V2
�0.00126 time�%TiO2

At short time interval, Eq. (5) can successfully predict
the increasing trend of deposit weight by the both linear
and interactive terms of V and time. Since %TiO2 term is
insignificant in Eq. (5), TiO2 particles have negligible contribu-
tion in deposition yield. It was reported that the initially
deposited layers have a low solid fraction (3–5%) and a great
porosity (495%) [51]. Therefore, at the initial times of
deposition the rate of deposition is similar for all samples.

At long times of deposition, W increases with both V

and time (Eq. (6)); however, the linear term of % TiO2, the
quadratic term of V, and the interactive term of time and
%TiO2 result in a decrease in W (negative sign of the
Table 4

ANOVA table for W as the response in the short and long periods of deposi

W (10–60 s)

df SS MS f-Values

Total 16 0.000126

Regression 9 0.000483 0.000014 75.06

Residual error 7 0.000001 0.000000

Lack of fit (model error) 5 0.000001 0.000000 10.66

Pure error (Replicate error) 2 0.000000 0.000000

R2 91.88

Abbreviations: df¼degrees of freedom; SS¼sum of squares; MS¼mean squa

Table 5

Values of regression coefficients calculated for the weight of deposition durin

Independent

factor

W (10–60 s)

Regression coefficient Standard error t-Value p

Constant 0.0057 0.00018 30.923 0

Linear

V 0.0014 0.00014 10.230 0

time 0.0031 0.00014 22.906 0

%TiO2 �0.00024 0.00014 �1.746 0

Quadratic

V�V 0.00005 0.00026 0.202 0

time� time �0.00039 0.00026 �1.494 0

%TiO2�%TiO2 �0.0006 0.00026 �2.200 0

Interactive

V� time 0.00077 0.00015 5.106 0

V�%TiO2 �0.00013 0.00015 �0.873 0

time�%TiO2 �0.00017 0.00015 �1.153 0
coefficients) which implies the contribution of insulating
layer [27,50].
In the cases where interaction between factors is statis-

tically significant, contour plots give more complete infor-
mation regarding the effect of a factor on the response.
Fig. 11 shows the deposit weight map of H, H10T and
H20T suspensions in the range of 60–300 s. As is clearly
observed in Fig. 11a and b, at initial times (o100 s) and
20 V the deposit weight varies smoothly with %TiO2.
During this period, both large and small particles are
deposited because of their proximity to the cathode. At
higher voltages (420 V) and/or longer times (4100 s),
the deposit yield mostly depends on %TiO2.
Fig. 12 illustrates the bilateral effects of time and %TiO2

on the deposit weight at long times of deposition (60–300 s)
for different applied voltages. At voltage range of range 40–
60 V, the electrical field is sufficiently strong to interact with
the suspended particles, and consequently, the surface plots
corresponding to 40 and 60 V are approximately similar.
The reduction in deposit yield at high applied voltages (the
negative sign of V2 coefficient in Eq. (6)) originates from
the insulating particles deposited on the electrode, which
decreases the electrical field strength and driving force
for further deposition [28,50]. In addition, the partial deri-
vatives of Eqs. (5) and (6) with respect to time can be
tion.

W (60–300 s)

p-Values df SS MS f-Values p-Values

16 0.000489

0.000 9 0.000483 0.000054 62.54 0.000

7 0.000006 0.000001

0.090 5 0.000006 0.000001 6.95 0.130

2 0.0000001 0.0000001

97.19

res.

g EPD process (values are coded).

W (60–300 s)

-Value Regression coefficient Standard error t-Value p-Value

.000 0.0164 0.00040 41.31 0.000

.000 0.0029 0.00030 9.833 0.000

.000 0.0056 0.00030 19.290 0.000

.124 �0.0015 0.00029 �5.053 0.001

.846 �0.0031 0.0006 �5.431 0.001

.179 �0.00032 0.0006 �0.571 0.586

.064 0.00023 0.0006 0.401 0.701

.001 0.0006 0.00033 1.794 0.116

.412 �0.0006 0.00033 �1.794 0.116

.287 �0.0013 0.00033 �3.855 0.006



Fig. 11. Deposition yield map of (a) H, (b) H10T, and (c) H20T samples

in the long period.

Fig. 12. Surface plots of deposition yield against time and %TiO2 at

different electric fields.
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obtained as

@W

@t
¼ 0:00311þ0:0008V 10o time sð Þo60 ð7Þ

@W

@t
¼ 0:0057�0:00126 %TiO2 60o timeðsÞo300 ð8Þ

These two relations elucidate that the deposition rate is
only V-dependent at short times (Eq. (7)) and at long
times, the deposition rate drastically decreases by an
increase in %TiO2 (Eq. (8)).
In order to verify the rate-controlling mechanism during

EPD, Eqs. (1) and (2) are employed for short and long
times of deposition (Fig. 13), respectively. In the case of
at51 (red colored line in Fig. 13), Eq. (5) can be simplified
to Hamaker equation as expected. At initial times, this can
be explained in terms of the pressure exerted on initially
deposited particles by those deposited later; van der Waals
and steric forces overcome the electrostatic repulsion
forces due to the particles compressing (deposition rate-
controlling mechanism) [50]. However, at longer times
(blue colored line in Fig. 13) the variation of deposit
weight obeys Baldisserri equation. The progressive
decrease in electrical conductivity of the deposit by
increasing deposit thickness leads to a sharp reduction in
electrical field at the outer deposit layer and accordingly,
the driving force for further deposition decreases (diffusion
controlled mechanism) [50]. Table 6 lists the regression
constants corresponding to the best fitted equations with
the experimental data in both linear and parabolic modes.
The rate constants of H, H10T, and H20T samples are
approximately similar in the linear mode which confirms
the insignificancy of %TiO2 term in Eqs. (5) and (7).
Contrarily, at long times of deposition (parabolic regime,
Eq. (8)) the value of a decreases with %TiO2. According to
Fig. 13, the critical time at transition mode is a function of
%TiO2 which subsequently decreases from 60 s (for H) to
less than 20 s (for H20T). Additionally, a better particle
packed structure can be achieved at shorter deposition
times for H20T suspension. In linear mode, the pores are
much less uniform both in size and distribution compared
to those in parabolic mode. Nevertheless, the pores
become much finer and more uniformly distributed by
increasing %TiO2.



Fig. 13. Linear and parabolic deposition weight–time approach for short and long time periods of deposition at (a) 20 V, (b) 40 V, and (c) 60 V.

Table 6

Fitting constants obtained from Eqs. (1) and (3) in linear and parabolic modes.

Sample Voltage

(V)

Linear mode Parabolic mode

k� 10�4

(s�1)

R2
@W=@t� 10�4

(Eq. (7))

a
(s-1)

R2
@W=@t� 10�5

(Eq. (8))

H 20 1.15 0.9772 0.934 0.695 0.9368 5.76

40 1.57 0.9788 1.24 2.31 0.9814 5.76

60 2.47 0.9463 1.55 7.25 0.9621 5.76

H10T 20 1.14 0.9818 0.934 0.359 0.9505 4.71

40 1.59 0.9985 1.24 2.75 0.9688 4.71

60 2.13 0.9910 1.55 3.77 0.9910 4.71

H20T 20 1.39 0.9990 0.934 0.219 0.9766 3.66

40 1.62 0.9990 1.24 0.987 0.9501 3.66

60 2.16 0.9990 1.55 1.12 0.9010 3.66
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4. Conclusions

The kinetics of electrophoretic deposition from HA–
TiO2 suspensions with 0, 10, and 20 wt% TiO2 was
investigated. Zeta potential and particle size distribution
of the particles in suspensions were analyzed. The results
reveal that an increase in the amount of TiO2 nanoparticles
in HA–TiO2 suspension leads to a decrease in Zeta
potential. According to SEM and AFM studies, the larger
pores and higher surface roughness were observed in HA
coatings, while the deposit layer was densified with
increasing TiO2 content in H10T, and H20T samples.
Based on the deposition yields of HA–TiO2 coatings under
different voltages after 300 s, it was found that the
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conventional semi-empirical equations are not capable to
predict precisely the rate of deposition. However, the new
parabolic model proposed by Baldisserri that considers the
shielding effect of growing layer can well reproduce the
experimental data. This effect is responsible for the voltage
drop across the deposited layer. A RSM-CCD was
employed both at short (10–60 s) and long (60–300 s) time
intervals of deposition to identify the relation/interrelation
between parameters (i.e. voltage, time and %TiO2) with
the following results:
�
 The deposition yields corresponding to H, H10T and
H20T suspensions increase with both applied voltage
and time. However, the deposition rate decreases by an
increase in wt% TiO2 and time.

�
 The linear and interactive terms of voltage and time are

significant at short times of deposition (10–60 s). How-
ever, %TiO2 term is statistically insignificant which
reveals that the deposition rate of H, H10T, and
H20T samples is identical within 10–60 s of deposition.

�
 At longer times of deposition (60–300 s), deposition

yield increases with applied voltage and time. However,
the linear term of %TiO2, the quadratic term of voltage,
and the interactive term of time and %TiO2 result in a
decrease in deposition yield which implies the contribu-
tion of insulating deposit.

�
 After initial times of deposition, there is a transition

from the linear mode to the parabolic mode. The critical
transition time is a function of %TiO2 and it decreases
from 60 s (for H) to less than 20 s (for H20T).
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