
J O U R N A L O F M AT E R I A L S S C I E N C E : M AT E R I A L S I N M E D I C I N E 1 1 ( 2 0 0 0 ) 6 6 7 ± 6 7 3

A study of the process and kinetics of
electrochemical deposition and the hydrothermal
synthesis of hydroxyapatite coatings

LI-YE HUANG1,2, KE-WEI XU1, JIAN LU2

1State Key Laboratory for Mechanical Behavior of Materials, Xi'an Jiaotong University, Xi'an,
710049, P.R. China
E-mail: kwxu@xjtu.edu.cn
2LASMIS (Laboratoire des SysteÁmes MeÂcaniques et d'IngeÂnierie SimultaneÂe), UniversiteÂ de
Technologie de Troyes, 12 rue Marie Curie, BP 2060 10010, Troyes, France
E-mail: lu@univ-troyes.fr

Hydroxyapatite (HAp) coatings were prepared using electrochemical deposition and post-
hydrothermal synthesis. The composition and morphology of coatings at each processing
step was studied through the application of scanning electron microscopy (SEM), X-ray
diffraction (XRD) and infra-red spectroscopy (IR). The mechanism and kinetics of
hydrothermal synthesis were considered in particular, and the in¯unce of the temperature
and time on the HAp formation rate was also investigated. The results show that the
electrochemical deposition coatings are composed of CaHPO42H2O crystals which are
converted into needle-like HAp crystals after post-hydrothermal treatment. The HAp content
of the coatings increases with the treatment temperature and time. The synthesis rate also
increases with the pH value of the water. The formation of HAp coatings is considered to be a
combination of several reactions. An Arrhenius relationship was found between the HAp
formation rate and the temperature, and an apparent activation energy of 94.4 KJ/mol was
obtained by calculation.
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1. Introduction
Hydroxyapatite (HAp), or Ca10(PO4)6(OH)2, has been

widely used as an implant material for many years due to

its close similarity in chemical composition and high

biocompatibility with natural bone tissue [1, 2]. A

signi®cant difference between HAp and biocompatible

surgical metal alloys such as Ti-6A1±4V lies in the

ability of HAp to form a strong chemical bond with

natural bone [3]. Owing to the inferior mechanical

properties of bulk HAp, such as brittleness, low tensile

strength and dif®culties in fabrication, signi®cant

research activities have been associated with the

development of HAp coatings. Much effort has been

made in recent years to develop processing technologies

to coat HAp onto metallic substrate surfaces. Many

technologies (such as plasma-spraying, electrophoretic

deposition, sol-gel, pulse laser melting and physical

vapor deposition) have been used, although disadvan-

tages still exist in certain cases (see a detailed description

in [4]). These technologies, along with their post-

treatment to enhance the bond strength between the

coatings and substrate, involve processing at high

temperatures which can sometimes result in the

decomposition of HAp. For instance, plasma-spraying

is the most widely used process for fabricating HAp

coatings in the implant industry, but due to the extremely

high temperature required, the coatings may contain tri-

and tetra-calcium phosphate, oxyhydroxyapatite and

amorphous calcium phosphates [5]. Pure HAp coatings

are necessary for medical implant because other phases

and constituents could accelerate the degradation of HAp

coatings in the human body. In addition, it is a line-of-

sight process that can produce non-uniform coatings

when applied to components with complex shapes.

Some researchers [6±9] have suggested using an

electrochemical deposition method to fabricate calcium

phosphate coatings using aqueous electrolytes that

contain Ca- and P-bearing ions. This method was

claimed to have many advantages such as the possibility

to obtain stoichiometric composition, high purity to a

degree is not easily achieved using other processes and

forming uniform coatings on bodies of complex shape,

and the face that the microstructure is a metal ®ber

networks [10]. The process behind this method is worth

investigating for reliable application in the biomedical

®eld.

The purpose of this study is to contribute to the

understaning of how to use electrochemical deposition

and post-hydrothermal treatment to prepare HAp coat-

ings. Much attention was paid to hydrothermal treatment

since HAp crystals did not appear to form if only

electrochemical deposition was used. The in¯uence of
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temperature and time on the composition and mor-

phology of the coatings was studied in detail in order to

understand the kinetics of HAp formation. The Arrhenius

relationship with given parameters for HAp formation

was obtained by calculation.

2. Experimental procedure
Ti-6Al-4V alloy specimens were mechanically ground

and subsequently blasted with SiC grit, rinsed with

acetone in an ultrasonic bath, washed with distilled water

and then used as substrates for electrochemical deposi-

tion. The electrolytes used for preparing coatings were

made by mixing 0:168 M Ca(NO4)24H2O and

0:1 M NH4H2PO4. The solutions were prepared with

analytical reagents and deionized water. The pH value of

the electrolytes was measured at room temperature and

adjusted by ammonia.

The electrochemical deposition was performed at

various voltages ranging from 1.0 to 10 V. The depositing

time varied from 1 to 3 h, and the temperature from 25 to

65 �C. The Ti-6Al-4V substrates were used for the

cathode and the anode consisted of two graphic rods.

The coatings prepared by electrochemical deposition

were then hydrothermally treated in an autoclave. The

hydrothermal treatment process was studied at various

steam temperatures and pH values as shown in Table I

(the treatment time was kept constant at 8 h in most

cases).

Experiments for the kinetic analysis of the conversion

of CaHPO42H2O to HAp were carried out at 110, 130

and 150 �C and a treatment time of 2, 4, 6, 8 and 10 h,

respectively. The pH value of the water used for the

hydrothermal treatment was kept at 10 to 11.

The phase composition of the coatings was quantita-

tively identi®ed by X-ray diffraction (XRD) and infra-

red spectroscopy (IR). The morphology and structure of

the coatings were observed by scanning electron

microscopy (SEM).

3. Results and discussion
3.1. XRD analysis and SEM observation
The results obtained by XRD (Fig. 1a) indicate that the

electrochemical deposited coatings, prepared at 60 �C,

2.0 V and 2.5 h, contain extremely pure calcium

hydrogen phosphate dihydrates (CaHPO42H2O).

Coatings produced under these conditions are uniform

and adherent, with a thickness of about 50 mm. The shape

of CaHPO42H2O crystals is plate-like (Fig. 1b). It was

found that although the electrochemical deposition

parameters differ, the coatings always consist of

CaHPO42H2O. It is only the porosity and crystal size

that are changed by the different parameters.

The CaHPO42H2O turns to HAp during the post-

hydrothermal treatment was demonstrated by the XRD

readings (Fig. 2). Also, the HAp content of the coatings

gradually increases with temperature, no matter what the

pH value within a range of 7 to 11 (Fig. 3). The only

difference is that when the pH value is kept at 7 and the

coatings are treated for 8 h, there is nearly no detectable

conversion from CaHPO4 to HAp at 120 �C (Fig. 2, No.

1). When the temperature is increased to 150 �C, HAp

can be found in the coatings, with a percentage in terms

of volume of 47% (Fig. 3). The HAp content increases to

78% at 180 �C. At 200 �C, the coatings consist entirely of

HAp. The diffraction pattern of the coatings treated at

200 �C (Fig. 2, No. 4) matches the JCPDS X-ray

Standard, with major HAp peaks corresponding to

(002), (102), (210), (211), (112), (300) and (202) [11].

It was noted that at 180 �C, the relative X-ray intensity of

the (300) to the (211) plane is larger than unity, quite

T A B L E I The main hydrothermal treatment parameters

Samples No. 1 No. 2 No. 3 No. 4 No. 5 No. 6 No. 7

Temperature/ �C 120 150 180 200 110 130 150

pH value 7 7 7 7 10±11 10±11 10±11

(a)

(b)

Figure 1 XRD spectra (a) and SEM photograph (b) of electrochemical

deposition coating.
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different from what happens at 200 �C. This may

possibly be related to preferential growth of the (300)

plane below 200 �C.

Another interesting phenomenon is that the increase of

the pH value causes a considerable rise in the

hydrothermal reaction rate Figs 2b and 3. When the pH

value increases from 7 to 10±11, the critical temperature

for the formation of total HAp drops from 200 �C to

150 �C during the same treatment time (Fig. 2b, No. 7).

In addition, Fig. 2b shows that the relative intensity of the

(300) to (200) plane is invariably less than unity.

Fig. 4 shows the microstructure of the coatings. After

post-hydrothermal treatment at 180 �C, the coatings

consist of needle-like and plate-like crystals (Fig. 4a).

EDAX was used to measure the Ca/P mol ratio of

different kinds of crystals, giving readings of 1.63 and

1.0 respectively for the needle-like and plate-like phases.

By comparing these to the XRD results (Fig. 2a), it can

be proved that the needle-like phases correspond to HAp,

and the plate-like phases to CaHPO4. For coatings treated

at 200 �C, SEM (Fig. 4b) shows an interlocking network

of non-oriented needle-like crystals, which are similar in

shape to the thin needle-like crystals of apatite in bone

[12]. Fig. 4c shows the structure of the coatings treated at

150 �C with a pH value of 10±11. There are many plate-

like particles together with a few prism-shape crystals. At

a relatively high magni®cation (Fig. 4d), it could be seen

that the plate-like particals consist of spherical aggre-

gates formed by thin prism crystals. This suggests that

the addition of ammonia might be more effective in

stimulating the crystalographic growth of HAp. All of the

coatings examined by SEM contain a number of pores on

the surface. This is no doubt bene®cial to the growth of

bone tissue [13].

3.2. IR spectroscopic analysis
The IR transmission spectra (Fig. 5) of the coatings were

obtained from KBr pellets containing ®ne powders

removed from ¯at titanium alloy substrates. The IR

spectrum in Fig. 5a No. 1 indicates that the coatings

treated at 120 �C contain HPO4
2ÿ;H2O;OHÿ and PO4

3ÿ.

The peak at 3572 cmÿ 1 is due to the stretching mode of

hydroxy in HAp crystals. The 872 cmÿ 1 peak is

apparently caused by HPO4
2ÿ ions. The broad bands in

the 3600 to 2500 cmÿ 1 range and the peak around

1648 cmÿ 1 correspond to water. The other peaks at 602,

865 and 1100±1033 cmÿ 1 are due to PO4
3ÿ ions.

Figure 3 The content of HAp as a function of the hydrothermal

treatment temperature.

(b)

Figure 2 XRD spectra of coatings hydrothermally treated under different conditions. (a) pH � 7, (b) pH � 10±11.

(a)
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It is worth pointing out that the characteristic peak

resulting from the librational mode of hydroxy in HAp

does not appear at 634 cmÿ 1 in Fig. 5a No. 1 [14]. This

indicates that the coatings consist entirly of CaHPO4

crytals. It can be seen from Fig. 5a, Nos. 2 to 4, that as the

temperature rises, the amount of HPO4
2ÿ decreases and

the HOÿ intensity at 634 cmÿ 1 increases. When the

coatings are hydrothermally treated at 200 �C, the

872 cmÿ 1 peak disappears and the 634 cmÿ 1 peak

becomes very acute. This is very similar to what has

been found both for bulk HAp of highly purity and real

bone tissue [15, 16]. Fig. 5b gives the IR spectra of

coatings treated hydrothermally at a higher pH value. It is

clear that both the pH value and the temperature have a

similar effect on the formation of HAp, which means that

the IR and XRD results are in agreement.

(b)

(c)

(a)

Figure 4 SEM photographs of coatings treated under different conditions: (a) pH � 7 180 �C, (b) pH � 7 200 �C, (c) and (d) pH � 10±11 150 �C.

(d)

(b)(a)

Figure 5 IR spectra of coatings treated hydrothermally under different conditions. (a) pH � 7, (b) pH � 10±11.
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3.3. Analysis of the reaction mechanism
Based on the HAp formation process and the opinion of

many researchers [17], the reaction progress may be a

combination of several chemical reactions.

First, the electrolyte should have an equilibrium

reaction:

H2PO4
ÿ � HPO4

2 � H� �1�
The amount of HPO4

ÿ ions in the solution is small since

the ionization constant in Equation 1 is only 6:3610ÿ 8.

With the aid of the electric ®eld, the water at the cathode

(substrate) surface is decomposed into hydrogen gas and

hydroxide ions:

2H2O� 2eÿ � H2 � 2OHÿ �2�
Undoubtedly, the formation of OHÿ can enhance the

reaction in Equation 1 to produce HPO4
2ÿ. Also the OHÿ

may react with the H2PO4
ÿ according to the equilibrium

reaction below:

OHÿ � H2PO4
ÿ � H2O� HPO4

2ÿ �3�
Finally, the product, HPO4

2ÿ, combines with Ca2� to

produce a CaHPO42H2O precipitation and deposits on

the surface of the substrate and thus forms the coating.

Ca2� � HPO4
2ÿ � 2H2O � CaHPO42H2O �4�

It follows that the electrochemical deposition process

includes the ionization reaction, the electrochemical half

reaction, the acid base reaction, and the precipitation

reaction.

When the hydrothermal treatment is applied to the

coated samples, the water in the steam is reduced

according to the following equation [18]:

H2O � H� � OHÿ �5�
This allows the following reaction to take place:

10CaHPO4 � 12OHÿ � Ca10(PO4)6(OH)2

� 4PO4
3ÿ � 10H2O �6�

By combining Equations 5 and 6 the HAp formation

reaction can take the following form:

10CaHPO4 � 2H2O � Ca10(PO4)6(OH)2

� 4PO4
3ÿ � 12H� �7�

During the hydrothermal treatment, the pH value of the

water decreases. However, the pH value must not be

allowed to decrease too much, or the reaction will not be

maintained. This may explain why the addition of

ammonia can increase the formation rate of HAp.

3.4. Kinetic analysis of HAp formation
According to the Arrhenius equation, the reaction rate

takes the following form:

V � dc

dt
� KCn �8�

K � Ae�ÿE/RT� �9�
Where c is the HAp content, t is the reaction time, K is

the rate constant, n is the reaction order, E is the

activation energy, T is the reaction temperature, R and A
is the constant.

During the reaction time t, x% of the reagent is

conversed into HAp, i.e.

dx

dt
� K0�1ÿ x�n �10�

K0 � A0eÿE/RT �11�
the HAp content, x, can be quantitatively measured using

XRD after the samples have been treated for a different

duration (Fig. 6).

From Equation 10, Equation 12 can be obtained:

ln
dx

dt

� �
� n ln�1ÿ x� � B �12�

Using the data in Fig. 6, the linear curve

ln
dx

dt

� �
versus ln�1ÿ x� can be plotted (Fig. 7), and the reaction

order, n, can be deduced from the slope. The results are

2.060, 1.996 and 2.000, respectively, for treatment

temperatures of 110, 130 and 150 �C. It follows from

the calculation that the reaction may be regarded as a

second order reaction �n � 2�.
Substituting 2 for n in Equation 10 and carrying out the

integration produces the following result:

1

1ÿ x
� k0t�M �13�

By plotting �1=1ÿ x� against t (Fig. 8), K0 can be

obtained from the slope. The results are 0.249, 1.081 and

4.250, respectively, at 110, 130 and 150 �C.

Derived from Equation 11, Equation 14 is obtained:

ln K0 � ÿ E

RT
� ln A0 �14�

Figure 6 The effects of temperature and time on the HAp content.
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Since the values of �E=R� and A0 can be obtained from

the ln K0 versus �1=T� curve, the apparent activation

energy value, E, and the constant, A0, can then be

calculated. The ®gures obtained were 94.4 KJ/mol and

1:8161012 respectively.

Ultimately, the Arrhenhius relationship for the

conversion of CaHPO42H2O into HAp during hydro-

thermal treatment becomes:

V � A e
ÿE/RT

c
2 �15�

where E and A are 94.4 KJ/mol and 1:8161012

respectively.

4. Conclusion
Pure CaHPO42H2O coatings on Ti-6Al-4V substrates

can be fabricated at relatively low temperatures from

aqueous electrolytes containing Ca- and P- bearing ions

using an electrochemical deposition process. After

hydrothermal treatment, CaHPO42H2O is converted

into hydroxyapatite. The HAp content of the coatings

increases with the treatment temperature and time. As the

pH value in the water increases, the hydrothermal

reaction rate can be stepped up by the basic steam and

affect the crystallographic nature of HAp. HAp coatings

have a needle-like microstructure and porous macro-

structure, which enhances the growth of the bone tissue.

The synthetic sequence for the formation of

CaHPO42H2O coatings is considered to be a combina-

tion of the ionization reaction, electrochemical half

reaction, acid base reaction, and precipitation reaction.

The function of the hydrothermal treatment is also found

to be the synthesis reaction of HAp from CaHPO42H2O.

An Arrhenius relationship linking up the conversion rate

and temperature is obtained for the conversion of

CaHPO42H2O into HAp. An apparent activation enegy

of 94.4 KJ/mol can be obtained by calculation.
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