JOURNAL OF MATERIALS SCIENCE: MATERIALS IN MEDICINE 10 (1999) 243-248

Morphology and composition of hydroxyapatite
coatings prepared by hydrothermal treatment on
electrodeposited brushite coatings
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Highly pure brushite (CaHPO, - 2H,0) coatings on porous Ti6Al4V substrates were prepared
by electrodeposition from aqueous electrolytes. The influence of hydrothermal treatment
parameters on brushite-to-hydroxyapatite conversion and the morphology and phase
composition of hydroxyapatite (HAP) coatings was studied. It was found that the content,
Ca/P atomic ratio, grain size and pore size of HAP in coatings increase with increasing
hydrothermal treatment temperature, and that increasing the pH value can promote
brushite-to-HAP conversion and reduce the grain size of HAP. Under optimal conditions,
highly pure HAP coatings with needle-like crystals and non-stoichiometric form, which are
similar to those of calcium phosphate in human bone, can be obtained.
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1. Introduction

A typical formula for hydroxyapatite (HAP) is
Cay_,(HPO,), (PO,)s_.(OH), ., where x ranges from
0-2, giving a Ca/P atomic ratio of between 1.67 and 1.33
[1]. Being a major constituent of bone, HAP not only has
good biocompatibility [2], but also can possibly form
strong chemical bonding with natural bone [3]. However
HAP has some disadvantages, such as its brittleness, low
tensile strength and fracture toughness. In fact, the
brittleness is a serious obstacle to the application of HAP
as load-bearing implants. HAP can, however, be
effectively used as a coating on a metallic substrate.
The coated implant will have the ductility of the
underlying metal, as well as a bioactive surface. There
are a number of additional benefits with this coating:
faster adaptation of implant and surrounding tissue with
reduced healing time [4], enhancement of bone forma-
tion [5], firmer implant bone attachment [6] and the
reduction of metallic ion release [7].

Many techniques, such as physical vapor deposition,
chemical vapor deposition, sol-gel, plasma spray and
laser deposition, have been used to coat HAP on to
metallic substrates. However, these techniques all
present some drawbacks, as described elsewhere in
detail [8,9]. There is a possibility of decomposition of
the HAP in coatings when the technique involves high-
temperature processing steps. For instance, the plasma-
sprayed HAP coating may contain tri- and tetracalcium
phosphates, oxhydroxyapatite and amorphous calcium
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phosphates [10]. Ellies et al. [11] claimed that
degradation of HAP in plasma-sprayed coating is
severe if the starting powder is calcium-deficient HAP
(d-HAP, 1.33<Ca/P<1.67), and reported only 5%
degradation in the coating deposited from stoichiometric
HAP (s-HAP, Ca/P = 1.67) powder. The d-HAP is of
greater biological interest than the s-HAP because the
Ca/P ratio in bone apatite is between 1.67 and 1.5 [12].
Thus, it is necessary to explore the technique for coating
HAP at relatively low temperature.

In 1956, Tiselius et al. [13] described a procedure in
which crystalline brushite was prepared and then coated
with HAP by boiling brushite in 1M NaOH (aqueous) for
l1h. In 1990, Redepenning et al. [14] improved the
method to prepare brushite coating given by Tiselius et
al. [13] by electrochemical deposition. Subsequent to this
work, Shirkhanzadeh published several short papers
demonstrating that similar results could be achieved
using the same principles [15,16], in which an
electrochemically deposited coating was treated by
steam rather than being boiled in NaOH solution. The
microstructural characterization of the coating produced
with this method is worth investigation for use in
implants. In the present work, we prepared brushite
coatings by electrochemical deposition and post-treated
them by a hydrothermal process at relatively low
temperature. The influence of hydrothermal treatment
parameters on the morphology and composition of HAP
in the coatings was studied in detail.
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2. Experimental procedure

The sample substrate was Ti6Al4V plate. Its surface was
mechanically ground and subsequently blasted with SiC
grit. The electrolyte used to form the coating was
produced by mixing 0.21M Ca(NOs), -4H,0 and
0.125mM NH4H,PO, solutions. The pH value of the
electrolyte was adjusted to 4 by the addition of ammonia.
Electrochemical deposition of the coating on Ti6Al4V
was accomplished using a potentiostat. Two graphite
rods were used as the anode and Ti6Al4V plate was used
as the cathode. The coating process was carried out at
60°C and 1.5v for 1.5h in a conventional electrolytic
cell.

The electro-coated samples were mounted in an
autoclave as shown in Fig. 1 to receive hydrothermal
treatment for 8h. The pH value of the water used for
hydrothermal treatment was adjusted with ammonia.
Table I lists the treatment state of samples, where the pH
value of water used for treating samples in Group 1 is
higher than 7 and kept constant.

The phase composition of coating was analyzed with
X-ray diffractometry (XRD) and infrared spectroscopy
(IR). The morphology of coating was observed by
scanning electron microscopy (SEM). The Ca/P atomic
ratio of crystals with various morphologies was tested by
electron-dispersive analysis spectra (EDAX).

3. Results and discussion
3.1. The characterization of
electrodeposited coatings

The electrochemically deposited coating is about 30 pm
thick. Its structure is shown in Fig. 2. The coating consists
of highly pure brushite (CaHPO, - 2H,0) with a plate-
like crystallizing morphology. The Ca/P atom ratio in the
plate-like crystals is 1.009, which is very close to that in
bulk brushite. The parameters in the electrochemical
deposition were adjusted, but the product in the coatings
was always brushite, and only the porosity and crystal
sizes changed. The following electrochemical reactions
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Figure I Schematic of apparatus for hydrothermal treatment.

TABLE I The hydrothermal treatment process on samples

occur during the process [17]. First, water is reduced at
the Ti6Al4V substrate to produce hydrogen gas and
hydroxide ions, as shown in the following reaction:

2H,0 +2¢~ = H, + 20H" (1)

Then, the hydroxide ions generated at the surface react
with dihydrogen phosphate according to the equilibrium

OH™ + H,PO; = H,0 + HPO? (2)

Finally, the produced HPOJ ™~ ions combine with Ca*>" to
form brushite according to the equilibrium shown below,
and brushite deposits at the substrate surface

Ca’* + HPO;™ + 2H,0 = CaHPO, - 2H,0  (3)

3.2. The characterization of hydrothermally
treated coatings

The XRD spectra of hydrothermally treated coatings are

shown in Fig. 3, and the relative content of phases in the

coatings is listed in Table II. When the pH value of water

",
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Figure 2 (a) XRD spectrum and (b) scanning electron micrograph of
electrochemically deposited coating. (¢) CaHPO,, - 2H,0, ( x )Ti.

Group I Group II
Samples Al Bl Cl1 Dl El C2 D2 E2
pH value > 7 > 7 > 7 > 7 > 7 7 7 7
Temperature®C 130 160 180 210 240 180 210 240
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Figure 3 XRD spectra of hydrothermally treated samples (a) in Group I, (b) in Group II. (A)CaHPO, - 2H,0.(e)HAP, ( x )Ti, (A)CaHPO;,.
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TABLE II The phase analysis results of hydrothermally treated coatings

Samples Phase composition Ca/P ratio Molecular formula of HAP
of HAP
Phases Content (%)
Al HAP 59.3 1.56 Cay 35 (HPO, )y 64 (POy)5 36(OH), 3
CaHPO, - 2H,0 40.7
Bl HAP 81.4 L6l Cay 65 (HPO, ) 34 (POy)5 66 (OH) 66
CaHPO, - 2H,0 18.6
Cl1 HAP 100 1.63 Cay 75 (HPO, ) 2, (POy)5 73(OH), 7
Dl HAP 100 1.67 Ca,((PO,)s(OH),
El HAP 100 1.68 Ca,((PO,)4(OH),
C2 HAP 43.5 1.62 Cayg 75 (HPO, ) 25 (PO4 )57, (OH), 7
CaHPO, 56.5
D2 HAP 76.8 1.67 Cay(PO,)s(OH),
CaHPO, 232
E2 HAP 93 1.68 Ca,((PO,)4(OH),
CaHPO, 7

used for hydrothermal treatment is higher than 7, the
content of HAP in coatings increases gradually with
increasing treatment temperature. At above 180°C,
brushite in coating converts entirely to HAP and the
coating consists of highly pure HAP. When the pH value
of the water used for hydrothermal treatment is kept at 7,
although the content of HAP in coating increases with
increasing treatment temperature, there is still 7%
CaHPO, in the coating. It is suggested that increasing
pH value can promote brushite-to-HAP conversion.

The IR results of coatings C1 and E1 are shown in Fig.
4. Both coatings are composed of pure HAP. The peaks
at 3571 and 633cm ™' are due to OH™ groups. The
875cm ! peak is caused by HPO?[ groups. The bands at
1100-1033, 962, 602, 563 and 481 cm ~ ' are due to PO;~
groups. Thereis alsoasharp peak at 1645 cm ~ ' and abroad
band from 3600-2500 cm ~ ' indicative of absorbed water.
Fig. 4 indicates that both coatings C1 and E1 contain OH™
andPO] "~ groups,however,coatingClalsocontainsHPO3
groups whereas E1 doesnot. Suchresultsimply that HAPin
coating Cl1 is calcium-deficient, and HAP in coating E1 is
stoichometric. However, from Fig. 3, it is evident that the
XRD pattern of d-HAP in coating C1 is substantially
equivalenttothatofs-HAPincoating E1,exceptforthepeak
width and intensity. This substantiates the idea that the
structural deficiencies in d-HAP do not alter the basic
crystalline arrangement.

Fig. 5 shows the morphology of various coatings (in
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Figure 4 Infrared spectra of coatings C1 and E1.
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Group 1) hydrothermally treated by water with pH > 7.
In coatings Al and B1, in addition to plate-like crystals,
thin needle-like crystals (nanometer-size in diameter by
micrometer-size in length) are found. Coatings C1, D1
and E1 are entirely made up of needle-like crystals. The
sizes of the needle-like crystals and micropores between
them increase with increasing treatment temperature.
EDAX was used to measure the Ca/P atomic ratios of
plate-like crystals in coatings Al and B1, which were
0.998 and 1.009, respectively, and substantially equal to
that of brushite. Based on such results and the phase
composition of coatings Al and B1, it is shown that the
plate-like crystals in coatings A1 and B1 are composed of
brushite, and that the residual brushite in the hydro-
thermally treated coatings still retains its original
morphology. EDAX was also used to measure the Ca/P
ratio of needle-like crystals in coatings Al, B1, C1, D1
and El, which is 1.56, 1.61, 1.63, 1.67 and 1.68,
respectively, corresponding to the Ca/P ratio of HAP.
Thus, the phase of needle-like crystals in coatings A1, E1
is proved to be HAP. The porous coating C1 composed of
d-HAP with a thin needle-like morphology, is expected
to be of much greater biological interest. This is because
the apatite in bone is in the form of thin needle-like
crystals (5 20nm diameter by 60 nm long) with a Ca/P
molar ratio between 1.67 and 1.5 [18], and the porous
HAP coatings can increase the rate of bone tissue
ingrowth and enhance the mechanical fixation of porous-
coated implants in a relatively short period of time after
an operation [18].

Fig. 6 shows the morphology of various coatings (in
Group H) hydrothermally treated by water with pH="17.
It is clear that there are twig-like crystals in coating C2 in
addition to plate-like crystals, and that the diameter of the
twig-like crystals and the size of the pores between them
increase with increasing treatment temperature. The Ca/
P ratio of plate-like crystals in coating C2, as indicated
by EDAX, is 1.01. The Ca/P ratios of twig-like crystals in
coatings C2, D2 and E2 as indicated by EDAX are 1.62,
1.67 and 1.68, respectively. Based on such results and the
phase composition of coatings C2, D2 and E2 (with a
biphasic CaHPO, + HAP structure), it is shown that the
phase of twig-like crystals in coatings C2, D2 and E2 is
HAP, and that of plate-like crystals is CaHPO,. The
specific molecular formula of HAP in various coatings,



Figure 5 Scanning electron micrographs of coatings in Group 1. (a) Al, (b) B1, (¢) C1, (d) D1, (e) EI.
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Figure 6 Scanning electron micrographs of coatings in Group II. (a) C2, (b) D2, (c) E2.
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Figure 6 (Continued)

which was speculated in terms of the Ca/P atomic ratio, is
given in Table II. This indicates that, with increasing
treatment temperature, the Ca/P atomic ratio increases,
and so HAP changes from the calcium-deficient form to
the stoichiometric form. Comparing Figs 5 and 6 shows
that at the same treatment temperature, with increasing
pH value of the water used for hydrothermal treatment,
the grain size of HAP in the coatings decreases
remarkably, as does the size of pores between the
grains. The morphology of HAP in the present coatings
can be distinguished from that of Redepenning et al. [17]
or Shirkhanzadeh [16], in which HAP appears to be plate-
like.

The physical-chemical process during hydrothermal
treatment can be analyzed as follows: when the water is
vaporized, the following equilibrium is created [19]

H,0 = H" + OH™ (4)

Thus, water vapor contains OH™ ions, and the content
increases with increasing temperature. Then, OH™ ions
in the vapor are expected to react with CaHPO, in the
electrodeposited coating according to the following
equilibrium

(10 — x)CaHPO, + (12 — x)OH™
= Cayg_(HPOy),(PO,)s_(OH),_,
+ (4 —x)PO;~ + (10 — x)H,0 (5)

where x ranges from 0-2 and can be determined by the
temperature and the concentration of OH™ ions. Thus,
increasing the treatment temperature or pH value can
promote the brushite-to-HAP conversion.

4. Conclusions

Highly pure brushite coatings on Ti6A14V substrates
were prepared by electrodeposition from Ca(NOj;), and
NH,H,PO,. The brushite could be converted to
hydroxyapatite through hydrothermal treatment, and
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the structure of the coatings varied with hydrothermal
treatment parameters as follows. At the same pH value,
the content, Ca/P atomic ratio, grain size and pore size of
HAP in the coatings increase with increasing treatment
temperature. Increasing the pH value decreased the
lowest temperature at which the brushite coating could
be entirely converted to HAP coating. At the same
treatment temperature, the sizes of grains and pores
between the grains of HAP decreased with increasing pH
value.

Under optimal conditions, highly pure HAP coatings
with thin needle-like crystals and non-stoichiometric
form, which are similar to those of bone apatite, can be
obtained.
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