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Optimization of sol-gel technique for coating of metallic
substrates by hydroxyapatite using the Taguchi method
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In this study, the Taguchi method of design of experiment (DOE) was used to optimize the hydroxyapatite (HA) coatings
on various metallic substrates deposited by sol-gel dip-coating technique. The experimental design consisted of five factors
including substrate material (A), surface preparation of substrate (B), dipping/withdrawal speed (C), number of layers (D), and
calcination temperature (E) with three levels of each factor. An orthogonal array of L18 type with mixed levels of the con-
trol factors was utilized. The image processing of the micrographs of the coatings was conducted to determine the percentage
of coated area (PCA). Chemical and phase composition of HA coatings were studied by XRD, FT-IR, SEM, and EDS tech-
niques. The analysis of variance (ANOVA) indicated that the PCA of HA coatings was significantly affected by the calcination
temperature. The optimum conditions from signal-to-noise (S/N) ratio analysis were A: pure Ti, B: polishing and etching for
24 h, C: 50 cm min−1, D: 1, and E: 300 °C. In the confirmation experiment using the optimum conditions, the HA coating with
high PCA of 98.5 % was obtained.
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1. Introduction

Hydroxyapatite (HA) is extensively used for
surface coating of clinical biomedical materials due
to its excellent biocompatibility and osteoconduc-
tivity [1]. Among various techniques for forma-
tion of HA coatings (e.g. plasma spraying, sol-
gel, pulsed-laser deposition, particle beam irradi-
ation, and electrochemical deposition), the sol-gel
method possesses many advantages, including low
processing temperature, high crystallinity of coat-
ings, application to complex shapes, modification
of coating structure and tailoring the thickness of
the coating [2–4]. Dipping into the sol followed by
calcining has been employed in many studies as a
common procedure for formation of HA coating on
metallic substrates [5–7].

The sol-gel parameters such as molarity of pre-
cursors solution, sol viscosity, aging time and ag-
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ing temperature, which affect the formation of HA
coating and thus control the thickness, microstruc-
ture and homogeneity of them have been exten-
sively studied in literature, e.g. refs [8, 9]. The uni-
formity and adhesion of HA coatings on a sub-
strate not only depend on sol-gel parameters, but
also correlate to substrate, dip coating and calci-
nation conditions. It is known that the material
and surface characteristics of implants could de-
termine the biological response of them. Krechet-
nikov and Homsy [10] have reported that the sta-
bility of sol-gel-derived films was influenced by the
roughness of the substrate and a significant thick-
ening of the films was achieved by creating an ap-
propriate surface roughness. The angle and speed
of substrate dipping/withdrawal can also be signifi-
cant [9–11]. In addition, post-dipping factors like
drying temperature and time have to be consid-
ered. Wang et al. [12] have shown that the hexago-
nal structure of multilayer HA coatings can be pre-
served at drying temperatures higher than 500 °C.
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Calcination temperature, time, and atmosphere can
intensely influence the purity and crystallinity of
the formed films [12–15]. On the other hand, Fathi
and Hanifi [15] have reported that increasing the
calcination temperature and time could cause de-
composition of HA into β -tricalcium phosphate
and calcium oxide.

Due to the large number of affecting experimen-
tal factors in sol-gel dip-coating technique, prepar-
ing a suitable HA coating is challenging and a large
number of experiments should be examined. While
the practice of conducting the entire experiments
is expensive and time consuming, thus it is ratio-
nal to employ a statistical method to decrease the
number of experiments. Taguchi is a robust method
that possesses the potential to be employed in this
manner [16–18]. While many researchers have em-
ployed the Taguchi method to establish the opti-
mal combination of influencing factors in their ex-
periments [19–21], exploiting of this method for
achieving a homogeneous HA coating with appro-
priate properties through sol-gel dip-coating tech-
nique has been reported very rarely. Therefore, the
aim of this work is to study the influence of var-
ious sol-gel dip-coating parameters on the forma-
tion of HA coating on different metallic substrates
by Taguchi design of experiment (DOE) method.
An image processing approach was employed for
evaluation of the coverage and homogeneity of
coatings. The optimal conditions were obtained us-
ing signal-to-noise (S/N) ratio and the contribu-
tion rates were analyzed according to the analy-
sis of variance (ANOVA). The effects of various
factors on the homogeneity of HA coatings were
discussed.

2. Experimental
2.1. Preparation and characterization of
hydroxyapatite coatings

316L stainless steel (316L SS), pure titanium
(Ti) and Ti–6Al–4V alloy sheets were used as
substrates. The sheets were firstly cut into square
pieces (10 mm × 10 mm) and then the pieces
were ground up to 1000 grit SiC paper. Some of
the pieces were mechanically polished using Al2O3

powder to get a shiny surface. The polished sub-
strates were chemically etched in nital (25 vol.%
nitric acid in ethanol) for different times. After
washing, all of the sheets were dried in an oven at
100 °C before coating.

Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O,
Merck, 99.95 %) and phosphorus pentoxide (P2O5,
Merck, extra pure) were used as the Ca and
P precursors, respectively. The precursors were
separately dissolved in ethanol (Merck, 99 %) to
form 2 mol L−1 “Ca-solution” and “P-solution”.
Each solution was stirred vigorously with magnetic
stirrer for 4 h to obtain a transparent liquid without
any remaining precursor in the container. Before
mixing the two solutions, the “P-solution” was re-
fluxed at 60 °C for 24 h. The solutions were mixed
with Ca/P molar ratio of 1.67 while vigorous stir-
ring. The transparent mixture was aged in water
bath at 60 °C for 1 h to obtain an opaque solution.
The prepared sol was kept in a sealed container for
72 h for static aging and then filtered.

The metallic substrates were dipped into the sol,
hold for 3 s, and withdrawed out of the sol. The
dipping and withdrawal was performed with a fixed
speed in the range of 25 – 75 cm min−1. After with-
drawal, the coated specimens were dried at 100 °C
for 10 min. The dip coating and drying steps were
repeated up to four times. Finally the specimens
were calcined at 300 – 600 ºC for 15 min followed
by furnace cooling to the room temperature.

2.2. Taguchi design of experiment (DOE)

The Taguchi experimental design approach was
used for design of experiments. The substrate ma-
terial (A), suface preparation of substrate (B), dip-
ping/withdrawal speed (C), number of layers (D)
and calcination temperature (E) were chosen as
five controlling factors. For each of these factors,
three levels were selected. The factors and their lev-
els used in this study are summerized in Table 1.
Normally, in the case of 5 factors with 3 levels,
35 = 243 experiments should be conducted. Ac-
cording to Taguchi’s suggestion, the L18 orthogonal
array was selected and the number of experiments
was reduced to 18. The structure of Taguchi’s or-
thogonal robust design is given in Table 2. The
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Table 1. Main controlling factors and their levels.

Factors
Levels

1 2 3
Substrate material (A) 316L SS Ti Ti–6Al–4V
Surface preparation of substrate (B) Polishing and etching for 1 h Polishing and etching for 24 h Grinding
Dipping/withdrawal speed [cm min−1] (C) 25 50 75
Number of layers (D) 1 2 4
Calcination temperature [°C] (E) 300 450 600

Table 2. Taguchi L18 orthogonal array used in this study.

Experiment Substrate Surface preparation Dipping/withdrawal Number Calcination
number material (A) of substrate (B) speed (C) of layers (D) temperature (E)

1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 2 1 1 2 2
5 2 2 2 3 3
6 2 3 3 1 1
7 3 1 2 1 3
8 3 2 3 2 1
9 3 3 1 3 2

10 1 1 3 3 2
11 1 2 1 1 3
12 1 3 2 2 1
13 2 1 2 3 1
14 2 2 3 1 2
15 2 3 1 2 3
16 3 1 3 2 3
17 3 2 1 3 1
18 3 3 2 1 2

specimens were coated according to the experi-
mental conditions suggested by the Taguchi DOE.
Each experiment at a specific condition was re-
peated three times for reduction in errors and ob-
taining trustworthy S/N ratio.

2.3. Coating characterization

The phase composition of the coatings was
characterized using the automated Philips PW3710
X-ray diffractometer (XRD) with Cu Kα radiation

source in the range of 2θ = 20 – 60°. Fourier
Transform Infrared (FT-IR) Spectroscopy was used
to identify the functional groups of HA coatings.
FT-IR measurments were conducted on a Bruker
Vector 33 spectrometer in the wave number range
of 4000 – 400 cm−1 at a resolution of 2 cm−1.
Spectra were measured in the transmission mode.
Optical microscope (Olympus BX61) was used to
study the surface of coatings. More details on the
surface features and chemical composition of the
specimens were assessed by a scanning electron
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microscope (SEM, Stereoscan S360 Cambridge)
equiped with Energy dispersive X-ray (EDX) sys-
tem operated at an accelerating voltage of 20 kV.
The surface of specimens was coated with a thin
layer of gold before testing due to their poor
conductivity.

2.4. Image processing and evaluation

The image processing was performed on the op-
tical micrographs by a code constructed in MAT-
LAB (MathWorks, Inc., Natick, MA) software. The
image processing included four stages: (i) increas-
ing the image contrast; (ii) thresholding the im-
age, (iii) identifying special objects in the modi-
fied image; and (iv) calculating the percentage of
the area covered by identified objects. Fig. 1 shows
the stages of image processing for HA coatings on
metallic substrates. First of all, the color image was
converted to grayscale in order to improve the qual-
ity of the process (Fig. 1b). This image was used as
an input for MATLAB script. Then the image con-
trast was enhanced, as shown in Fig. 1c. The con-
trasted image was converted to the edge detected
black and white one (Fig. 1d). The black and white
regions in the image denote the coated and un-
coated areas, respectively. Finally, the percentage
of coated area (PCA) was calculated.

The experimental results (PCA) were trans-
formed into the Taguchi S/N ratios and optimal
parameters were obtained. Statistical ANOVA was
performed to determine the rate of contribution of
the factors.

3. Results
3.1. HA coating characteristics

Fig. 2 shows the XRD patterns of HA coatings
on Ti substrates coated at three different conditions
(samples no. 13, 14 and 15 according to Table 2).
The diffraction patterns exhibit an intense reflec-
tion peak at 2θ ≈ 31.7°, which represents the char-
acteristic peak of hydroxyapatite phase (211) plane.
The other peaks of this phase indexed based on the
JCPDS file (JCPDS file card no. 09-432) are also
marked. The intensity of the HA diffraction peaks
increases from the specimen no. 13 to no. 15, re-

Fig. 1. Stages of image processing: (a) capturing of
optical micrograph, (b) converting to grayscale,
(c) contrasting, and (d) thresholding the image.

Fig. 2. X-ray diffraction pattern of samples no. 13, 14
and 15.

vealing that higher degree of crystallinity was at-
tained at higher calcination temperature. Although
there are some Ti peaks refered to the substrate ma-
terial in the diffraction patterns, undesirable phases
like tricalcium phosphates were not formed during
the sol-gel dip-coating processing.

The FT-IR spectra of some selected samples
are shown in Fig. 3. A typical structure of HA is
characterized by different vibrational modes of the
phosphate PO−4

3 and hydroxyl OH− groups [22].
The phosphate group of HA results in four vibra-
tional modes (symmetric stretch (ν1) at 958 cm−1;
asymmetric stretch (ν2) at 430 – 460 cm−1; bend-
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Fig. 3. FTIR spectra of samples no. 13, 14 and 15.

ing (ν3) at 1041 – 1090 cm−1; bending (ν4) at
575 – 610 cm−1) and hydroxyl group of HA,
has two vibrational modes (stretch at 3570 cm−1

and vibrational at 628 cm−1) [22–24]. The FT-
IR spectra of all samples demonstrate intensive
bands originating from vibrations of phosphate
groups. The bands at frequencies of 1041 cm−1

and 1090 cm−1 are assigned to triply degenerated
antisymmetric vibrations (ν3) of P–O bonds. The
bands located at 570 cm−1 and 601 cm−1 are due
to triply degenerated bending vibrations (ν4) of
O–P–O groups. The band at 960 cm−1 can be
assigned to non-degenerated symmetric vibrations
(ν1) of P–O bonds. The peaks that appeared at
3572 cm−1 and 631 cm−1 are attributed to the vi-
brational modes of OH− groups. Additionally, the
presence of peaks in the spectra in the range of
1615 – 1660 cm−1 and 3200 – 3600 cm−1 may be
attributed to the existence of lattice water in the
samples [22, 25].

Fig. 4 illustrates the surface morphology and
corresponding EDS analysis result of the coated Ti
substrates. The surface of sample no. 13 is cov-
ered by a relatively homogenous coating and no

Fig. 4. SEM images (a, c, e) and EDS analysis of sam-
ples no. 13, 14 and 15.

cracks are observed as shown in Fig. 4a. Neverthe-
less, numerous cracks are found in sample no. 14
and no. 15 due to the firing shrinkage during sinter-
ing (Figs. 4c, 4e). Clearly, cracking was intensified
by sintering at higher temperatures. The EDS anal-
ysis reveals that the peaks of Ca and P are dominant
(Figs. 4b, 4d, 4f) and the ratio of Ca to P is ~1.5,
which is lower than that in the original sol with the
Ca to P ratio of 1.67. These results are in agreement
with the findings of Wang et al. [26]. The peak of
Ti belongs to the substrate.

3.2. S/N analysis

The average percentage of coated area val-
ues for the 18 experiment conditions are summa-
rized in Table 3. It is clear that the PCA could
be varied from 36.6 to 97.9 %, according to the
preparation conditions. The signal-to-noise ratio
was used to optimize the coating conditions in the
Taguchi method. The objective “bigger-the-better”
was used in the analysis of S/N ratio to maximize
the PCA value of coatings. Therefore, the S/N ratio
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is defined by [27]:

S
N

=−10log

[
1
n

(
n

∑
i=1

1
y2

i

)]
(1)

where yi is the value of quality characteristic, which
is PCA in this case, and n is the number of mea-
surements in each experiment. The calculated S/N
ratios are also given in Table 3. Fig. 5 shows the av-
erage S/N ratio of the PCA for each factor at lev-
els 1 to 3. The optimal factor levels necessary to
achieve the highest PCA are A2, B2, C2, D1 and E1
(A2:pure Ti as substrate material; B2: polishing and
etching for 24 h as surface preparation treatment,
C2: dipping/withdrawal speed of 50 cm min−1; D1:
number of layers of 1; E1: calcination temperature
of 300 °C).

Table 3. Percentage of coated area and S/N ratio for
coatings at different processing conditions.

Experiment number PCA, % S/N ratio, dB
1 89.3 39.014
2 80.5 38.107
3 36.6 31.248
4 72.3 37.174
5 75.2 37.524
6 89.2 39.006
7 61.8 35.794
8 90.8 39.159
9 72.9 37.167
10 45.4 33.125
11 61.6 35.783
12 97.9 39.817
13 90.9 39.167
14 78.7 37.92
15 65.6 36.324
16 52 34.3
17 95.8 39.628
18 74.9 37.421

3.3. ANOVA
In order to find out the statistical significance

of different factors on PCA, an analysis of variance
was performed. While the equations for calculating

Fig. 5. Average S/N ratio for different levels of the
parameters: (a) substrate material, (b) surface
preparation of substrate, (c) dipping/withdrawal
speed, (d) number of layers, and (e) calcination
temperature.
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the variance can be found in [19, 27], the main ones
used in this study are briefly presented here. The
correction factor (CF) is defined as:

CF =
T 2

N
(2)

where N is the total number of experiments and T
is the total of all results and given by:

T =
n

∑
i=1

R

∑
j=1

yi j (3)

where n is the number of columns in the defined
matrix and R is the number of repetitions. The total
sum of squares (SST ) can be calculated as:

SST =
n

∑
i=1

R

∑
j=1

y2
i j−CF (4)

Sum of squares for parameter i (SSi) can be ob-
tained as follows:

SSi =

(
y2

i1
Ni1

+
y2

i2
Ni2

+
y2

i3
Ni3

)
−CF (5)

where yi1, yi2 and yi3 are the values of results of
each level (1, 2, 3) of parameter i and Ni1, Ni2 and
Ni3 are repetition number of each level of parameter
i. Error sum of squares (SSe) is calculated by:

SSe = SST −∑SSi (6)

Variance of parameter i (Vi) and variance for errors
(Ve) are achieved by:

Vi =
SSi

DFi
(7)

Ve =
SSe

DFe
(8)

where DFi is the degree of freedom for parame-
ter i and equals to the number of levels of that
parameter-1 and DFe is the degree of freedom for
error term and given by:

DFe = DFT −∑DFi (9)

where DFT is the total degree of freedom which is
the number of experiments – 1. F ratio for parame-
ter i is achieved by:

Fi =
Vi

Ve
(10)

Table 4. ANOVA results for HA coatings on metallic
substrates.

DF SS V F ρ (%)
Substrate material
(A)

2 8.576 7.624 4.288 8.155

Surface preparation
of substrate (B)

2 8.214 7.262 4.107 7.768

Dipping/withdrawal
speed (C)

2 15.842 14.89 7.921 15.928

Number of layers
(D)

2 5.523 4.571 2.761 4.889

Calcination
temperature (E)

2 51.999 51.047 25.999 54.603

Error 7 3.331 – 0.475 8.657
Total 17 93.487 – – 100.00

The percentage contribution for parameter i(ρi) is
calculated as follows:

ρi(%) =
SSi−DFi×Ve

SST
×100 (11)

The results of ANOVA are summarized in Table 4.
It is apparent that the F-ratios of parameters A, B,
C, and E were all greater than F0.05,2,17 = 3.59.
Factor D (number of layers), with an F-ratio value
lower than F0.05,2,17, was not an effective parameter.
Calcination temperature has the highest values of
sum of squares, variance, F-ratio and contribution
percentage. Therefore, it is the main contributing
factor on PCA of HA films on substrates with per-
centage contribution of 54.6 %. After calcination
temperature, dipping/withdrawal speed contributes
15.9 % to the PCA, nearly double of the contribu-
tion of substrate material and its surface treatment.

3.4. Prediction and confirmation of the op-
timum conditions

The final step in the Taguchi method is to con-
duct confirmation experiments in order to examine
the quality characteristics using the optimal levels
of the parameters. The predicted S/N ratio using
the optimal level of the design parameters can be
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calculated as [28]:[
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where [S/N]m is the total mean S/N ratio, [S/N]i is
the mean S/N ratio for parameter i at the optimal
condition, and n is the number of the main design
parameters. Therefore, Eqn. 12 can be written as:[
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In this study, three confirmation experiments were
carried out to evaluate the performance of exper-
imental trials conducted for PCA under optimal
conditions (A = pure Ti, B = polishing and etch-
ing for 24 h, C = 50 cm min−1, D = 1, and E
= 300 °C). Table 5 shows the comparison of the
predicted PCA with the experimental results using
the optimal conditions. As it can be seen, there is a
good agreement between the predicted and experi-
mental results.

Table 5. Results of the prediction and confirmation ex-
periment for PCA

Levels PCA S/N ratio
(dB)

Prediction A2, B2, C2, D1 , E1 99.97 42.257
Confirmation A2, B2, C2, D1 , E1 98.53 41.996

4. Discussion
The ANOVA revealed that the calcination

temperature was the most significant factor in-
fluencing the PCA of hydroxtapatite coatings on
metallic substrates, as shown in Table 4. The opti-
mum temperature for calcination of HA was found
to be 300 °C according to the S/N analysis. As
shown in Fig. 5e, S/N ratio was reduced by an
increase in the calcination temperature. This can

be attributed to the promotion of microcracks and
peeling of coatings at higher calcination tempera-
tures (Fig. 4). It is well known that the calcina-
tion temperature can significantly affect the crys-
tallinity of HA films and powders derived by sol-
gel method. As it is observable from the XRD pat-
terns (Fig. 2), HA peaks in the sample calcinated at
600 °C are sharper than the one sintered at 300 °C
revealing the higher crystallinity of the coating cal-
cinated at higher temperature. On the other hand,
the lower amount of water in the structure of HA
coatings at higher calcination temperatures are ob-
served (Fig. 3). As the amorphous calcium phos-
phate transforms to crystalline HA at higher cal-
cination temperature, a considerable shrinkage oc-
curs and internal stresses are created in the film
on cooling cycle causing microcracks [29]. Micro-
cracking resulted in the poor adhesion of the HA
coating and peeling, therefore PCA was reduced.

Although dipping/withdrawal speed and num-
ber of coating layers could alter the thickness of
HA coating, the role of dipping speed on PCA
was found to be more significant than the num-
ber of layers according to the ANONA (see Ta-
ble 4). The effects of these factors on the PCA can
be explained by their role on the mechanism of
coating formation before calcination. In dip coat-
ing operation, a substrate is immersed in a sol so-
lution and withdrawn; therefore, a liquid layer re-
mains on the substrate with a defined thickness.
During the drying step, the solvent evaporates out
of the sol, therefore the concentration of the so-
lutes increases. The solutes begin to precipitate and
the precipitates reunite together to form grains. By
progressing the drying step, the grains will dis-
connect and some isolated regions form if the sol
volume or concentration of the solute is not high
enough [12]. The relationship between the thick-
ness of coating (t) and withdrawal speed (U) can
be predicted by [29]: t = AUm, where the values of
exponent m range from 0.1 to 1. Therefore, at a low
dipping/withdrawal speed of a substrate, very thin
layer is obtained that can be disintegrated after dry-
ing and calcination steps. On the other hand, dip-
ping/withdrawal at a high speed results in a thick
and continuous coating that is more susceptible to
cracking due to the excessive drying and calcina-
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tion strain [30]. Consequently, there is an inter-
mediate dipping/withdrawal speed (~50 cm min−1)
that results in a uniform and crack-free coating with
a high S/N ratio of PCA (Fig. 5c). It is pertinent
to note that an excessive cracking with a minimum
value of PCA was obtained by coating at the high-
est dipping/withdrawal speed (75 cm min−1) and
clacination temperature (600 ºC), which demon-
strates the synergic effect of these two factors (see
Table 3). Similar observation has been reported by
Balamurugan et al. [30]. By repeating the dipping
process, the as-dried layer partially redissolves into
the sol coated on it. During the drying process, new
precipitates combine firmly with the as-dried layer
to form only a new layer without a division surface
in it [12]. After repeating dipping and drying steps
for several times, the final coating forms. There-
fore, by increasing the number of layers, thicker
coatings will be formed that have more susceptibil-
ity to cracking and peeling after calcination. Conse-
quently, the S/N ratio was decreased by an increase
in the number of layers, as shown in Fig. 5d.

The substrate type and its surface treatment had
a slight and an approximately equal contribution on
PCA of HA coatings. This could suggest that HA
coatings formed through sol-gel dip-coating tech-
nique have the potential to be deposited on different
biocompatible metallic substrates. It is known that
the surface roughness is necessary for a good ad-
herence of coating to the substrate through sol-gel
dip-coating procedure. In fact, the cavities on the
surface of a substrate act as reservoirs for the sol
solution during dip-coating. Therefore, the thick-
ness of coating at different areas of the substrate
surface can be altered. While the thicker-coated ar-
eas are more susceptible to cracking, the grinded
substrates containing deep and nonuniform cavities
on their surfaces showed low PCA values. Never-
theless, the formation of relatively uniform cavities
throughout the surface of substrates via etching for
24 h resulted in the highest S/N ratio of PCA, as
shown in Fig. 5b.

5. Conclusions
Metallic biocompatible sheets were coated by

hydroxyapatite through sol-gel dip-coating tech-

nique at different conditions. The Taguchi robust
design method with L18 orthogonal array was ap-
plied for the optimization of experimental condi-
tions. Experimental results were evaluated using
ANOVA. The findings are summarized as follows:

• The optimum levels of the control factors
in order to obtain the maximum percent-
age of coated area were: A2 (substrate ma-
terial, pure Ti), B2 (surface preparation of
substrate, polishing and etching for 24 h), C2
(dipping/withdrawal speed, 50 cm min−1),
D1 (number of layers, 1), and E1 (calcina-
tion temperature, 300 °C).

• Calcination temperature was the most sig-
nificant factor affecting the PCA with a per-
centage contribution of 54.6 %.

• The confirmation test results at optimal con-
ditions were in good agreement with the pre-
diction of the Taguchi design approach.
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