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Sol–gel derived porous hydroxyapatite coatings
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The preparation of hydroxyapatite coatings on alumina substrates by a sol—gel method was
investigated. A mixed ethanol solution of Ca(NO3)2 )4H2O and P2O5 was used as a dipping
source. The samples were characterized by solid-state 31P nuclear magnetic resonance
spectroscopy, differential thermal analysis, thermogravimetry, X-ray diffraction, scanning
electron microscopy and infrared reflection spectroscopy. The coating obtained at 500 °C
had good hydroxyapatite crystallinity, adhesive strength of about 10 MPa and dense
morphology. The coating obtained at 750 °C also had good crystallinity and adhesive
strength but porous morphology.  1998 Chapman & Hall
1. Introduction
Hydroxyapatite (HAP) is an important ceramic ma-
terial in the replacement of hard tissues, because it can
form a strong bond with the bone through inducing
bone formation [1]. However, the mechanical proper-
ties of HAP ceramics are not good enough to be used
as an implant subjected to a load [2]. If HAP is
produced in the form of coatings, its advantages can
be very properly taken. The experimental results have
shown that the fixation between the bone tissues and
implants such as titanium alloy and alumina can be
improved through HAP coatings [3].

There are a number of methods for producing HAP
coatings, as reviewed by Lacefield [4]. The most
popular one at present is a plasma-spraying process,
whereby the coating is formed when HAP ceramic
particles are propelled through a high-temperature
(10 000—30 000 °C) plasma zone and fused together
upon striking the surfaces of implants [5—7]. Because
HAP is not stable at a high temperature, plasma-
sprayed HAP coatings usually contain calcium oxide,
tricalcium phosphate, tetracalcium phosphate and
other calcium phosphate phases [8]. In addition, us-
ing the plasma-spraying method, it seems difficult to
produce a porous coating which can greatly enhance
an establishment of the strong bonding between im-
plants and the bone [9].

A sol—gel method has been proved to prepare coat-
ings at relative low temperatures with a capability of
tailoring their morphologies and compositions [10].
Attempts to prepare HAP coatings by the sol—gel
method or a similar way have been reported [11, 12].
However, these did not seem to be very successful
because of the selected dipping sources which caused
the formation of HAP only at a high temperature
(1100 °C) and with a low adhesive strength of the
coatings. The purpose of this work was to prepare
HAP coatings by the sol—gel method using a mixed
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ethanol solution of Ca(NO
3
)
2 )

4H
2
O and P

2
O

5
as

a dipping source. The formation process of the HAP
phase and the HAP coatings in this way was investi-
gated and discussed.

2. Experimental procedure
The procedure for the synthesis of 2M ethanol
solution of P

2
O

5
was described previously [13]. 4M

ethanol solution of Ca(NO
3
)
2 )

4H
2
O was prepared

before mixing. A mixed ethanol solution of
Ca(NO

3
)
2 )

4H
2
O and P

2
O

5
in a Ca/P ratio of 1.67

was refluxed for 24 h. All chemical reagents used in this
work were Guarantee Reagent (G,R) level. In order to
understand the formation process of HAP phase from
the dipping solution, the solution was transformed to
powders by pouring it on to a hot stainless steel plate
at about 150 °C. Then, the as-prepared powders were
calcined at 500 and 750 °C, respectively.

For the preparation of HAP coatings on alumina
substrates (Hoechst Ceram Tec AG), a liquid coating
was formed by a dipping method using the mixed
solution. The substrates were dipped into the solution
and withdrawn at a rate of 4 cm min~1. The as-dipped
liquid coatings were dried at 150 °C for about 15 min
and the dried coatings were heated at 500 °C for
10 min for each run. In order to increase the thickness
of the coatings, ten runs were performed. Some of the
as-prepared coatings were further heated at 500 °C for
12 or 24 h, some were further heated at 750 °C for 0.5 h.

In this work, the 31P solid-state nuclear magnetic
resonance (NMR) spectrum was measured in
a Fourier transform NMR spectrometer (Bruker MSL
400P) at 161.978 MHz with a magic-angle spinning
and recycle delays of 60 s, and the chemical shifts were
noted (p.p.m.) from H

3
PO

4
(aq. 85 wt %); differential

thermal analysis (DTA) and thermogravimetric analy-
sis (TG) curves were recorded in a thermal analyser
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Figure 1 Solid-state 31P NMR spectra of the as-prepared powders
and the powders heated at 750 °C.

(Type LCP-1, Beijing Optical Device Co.) with a heat-
ing rate of 10 °Cmin~1. X-ray diffraction (XRD) pat-
terns were obtained in an X-ray powder diffractometer
(Rigaku, D/MAX-B) with a step size of 0.05° and
a scan speed of 2.00° min~1; IR reflection spectra were
scanned in a Fourier transform—infrared reflection
spectrometer (Mattson Glaxy 7020) with resolution of
4 cm~1; and morphological observations of coatings
were done in a scanning electron microscope (Hitachi,
S-4100).

The adhesive strength of the coatings was measured
according to a method described elsewhere [14].
A superglue (Permatex ) was used. Three runs were
done for each sample.

3. Results
3.1. 31P solid NMR spectrum
The 31P solid-state NMR spectrum (Fig. 1) of the
as-prepared powders mainly consists of peaks at
2.97,!0.97,!4.35,!7.50 and!10.25 p.p.m., respecti-
vely. However, the spectrum of the powders calcined
at 500 °C has one peak at 2.67 p.p.m. (Fig. 1).

3.2. DTA and TG curves
In the DTA and TG curves (Fig. 2), there is a big
endothermic peak at 160 °C with a 25% weight loss,
two exothermic peaks at 270 °C with 12% weight loss
and at 420 °C with 10% weight loss, respectively. After
500 °C, the curves have no obvious changes.

3.3. XRD patterns
The XRD patterns in Fig. 3 show that the as-pre-
pared powders have Ca(NO

3
)
2

crystalline phase and
a small amount of HAP phase. The powders calcined
160
Figure 3 The XRD patterns of the as-prepared powders and the
powders heated at 500 and 750 °C.

Figure 2 DTA and TG curves of the as-prepared powders.

at 500 °C have HAP phase. The powders calcined at
750 °C have HAP phase with minor b-TCP phase, and
the HAP phase develops somewhat better because it
has a smaller half-peak width of 0.29° at (211) than
that of 0.34° for the powders heated at 500 °C.

For the coatings on alumina substrates, the as-pre-
pared coating and the coating heated at 750 °C have
HAP phase (Fig. 4). In addition, the relative XRD
intensity of IHAP(211)/Ia-Al

2
O

3
(012) increases from 0.21 for

the as-prepared coating to 0.34 for the coating heated
at 750 °C. For the coatings heated at 500 °C, the
IHAP(211)/Ia-Al

2
O

3
(012) intensity in the coatings increases

with heating times. This value is 0.21, 0.32 and 0.33 for
the as-prepared coating and coatings heated for 12
and 24 h, respectively.



Figure 4 The XRD patterns of the (a) as-prepared coating and
(b) the coating heated at 750 °C.

3.4. SEM observations
The as-prepared coating is dense as shown in Fig. 5a
and b, in which the grains are difficult to identify. The
coating heated at 750 °C is porous as shown in Fig. 5c
and d in which the HAP grain size is found to be about
0.1 lm and the grains have a very good connection.
The as-prepared coating has a thickness of about
2 lm.

3.5. IR reflection spectra
In the high wave number range, the IR reflection
spectra (Fig. 6) show a band of OH groups at
3571 cm~1 for the as-prepared coating and the coat-
ing heated at 750 °C. In the middle wave number
range, there is a band of CO2~

3
groups at 1460 cm~1

only for the as-prepared coatings, and a wide and
strong band contributed by the substrate for both
coatings (Fig. 6). In the low wave number range
(Fig. 7), there are the bands related to PO3~

4
groups

and OH groups although these spectral profiles are
different from those of absorption spectra of HAP
powders [15], which could be due to the influence of
the very strong band of the substrate. The significant
bands are a well-split band of OH groups at 630 cm~1

for both coatings, and a band of CO2~
3

groups at
850 cm~1 for the as-prepared coating.

3.6. The adhesive strength
The adhesive strength of the as-prepared coating and
the coating heated at 750 °C has no obvious differ-
ences and is 10.5$1.4 MPa.
Figure 5 Scanning electron micrographs of (a, b) the as-prepared coating; (c, d) the coating heated at 750 °C.
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Figure 6 The IR reflection spectra of (a) the as-prepared coating
and (b) the coating heated at 750 °C in the full wave number range.

Figure 7 The IR reflection spectra of (a) the as-prepared coating
and (b) the coating heated at 750 °C in the wave number range from
400—1100cm~1.

4. Discussion
In the as-prepared powders obtained from the mixed
solution of Ca(NO

3
)
2
) 4H

2
O and P

2
O

5
, the two pre-

cursors have not completely reacted to form calcium
phosphates because of the presence of calcium nitrate
crystallites (Fig. 3). The incomplete consumption of
calcium nitrate is attributed to not very reactivity of
OEt groups in the phosphorus precursor [16].

The TG curve (Fig. 2) shows that the as-prepared
powders have totally a 51% weight loss. One-half of
162
the weight loss is contributed by the evaporation be-
cause the powders are very hygroscopic, another half
arises from the decomposition and burn-out of the
nitrate and OEt groups based on the DTA curve
(Fig. 2). The latter weight loss implies that the as-
prepared powders contain a certain amount of OEt
groups. In addition, the final hydroxyapatite forma-
tion on calcining (Fig. 3) also gives a sign that the
as-prepared powders have the phosphorus species
with OH groups. Hence, the as-prepared powders
could be considered to be a mixture of calcium nitrate,
hydroxyapatite and xCaO ) y[PO

m`1
(OH)

n
(OEt)

o
]

with different values of x, y, m, n, and o (2m#n#
o"3), although the compositions cannot be accurate-
ly identified in this work. In the as-prepared powders,
hydroxyapatite leads to a peak at 2.98 p.p.m., and
xCaO ) y[PO

m`1
(OH)

n
(OEt)

o
] species lead to peaks

at !0.97, !4.35, !7.50 and !10.25 p.p.m. in the
NMR spectrum (Fig. 1).

The direct transformation of the as-prepared pow-
ders to a pure HAP phase (Figs 1 and 3) at a moderate
temperature of 500 °C indicates that the as-prepared
powders have a reasonably good homogeneity. The
further increase in heat-treatment temperatures fa-
vours the development of the HAP phase and induces
the formation of a small amount of b-TCP (Fig. 3).
The formation of b-TCP could be attributed to the
HAP powders obtained at 500 °C containing a small
amount of a poorly developed carbonated HAP phase
(Fig. 6a) which was decomposed at 750 °C.

For the coatings, the HAP formation process is the
same as that in the form of powders except no b-TCP
in the coating heated at 750 °C. No appearance of
b-TCP in the XRD pattern (Fig. 4b) of the coating
heated at 750 °C could be because the amount of
b-TCP in the coating is too small to detect for the
XRD measurement. The as-prepared coating has
a reasonably good HAP crystallinity and contains
some carbonated HAP according to the XRD pattern
(Fig. 4a) and IR spectra (Figs 6a and 7a) in which there
is the sharp band at 3571 cm~1 and a well-split band
at 630 cm~1 related to OH groups, and the bands at
1460 and 850 cm~1 related to CO2~

3
groups. When the

heat-treatment time at 500 °C is prolonged, the coat-
ing heated for 12 h has a better developed HAP phase,
and the further extension of the duration has no obvi-
ous effects on the development. When the as-prepared
coating is heated at 750 °C, the HAP develops better
too. The further development of the HAP in the as-
prepared coating by prolonging heat-treatment time
or increasing heat-treatment temperature could be
due to the coarsening of the HAP grains as shown in
Fig. 5c and d. The coarsening process of the HAP
grains also leads to the formation of porosity in the
coating as compared with the dense morphology of
the as-prepared coating (Fig. 5a and b). Based on
Fig. 5d, the porosity of the coating heated at 750 °C is
approximately estimated to be 30 vol% by a stereo-
graphic method [17].

The adhesive strength of the HAP coatings has
a reasonably good value of about 10MPa. This value
could result from the good connection between the
coatings and the substrates and among the grains



in the coatings. No obvious effect of further increase in
heating temperature on the adhesive strength could be
attributed to the good bonding which was obtained
between the coating and the substrate at 500 °C.

The present method seems versatile to prepare the
HAP coatings with or without carbonated HAP, with
porous or dense morphology, with good adhesive
strength and crystallinity and with moderate prepara-
tion temperatures. These should favour applications
in vivo.

5. Conclusion
Hydroxyapatite coatings on alumina substrates can
be prepared by a mixed solution of Ca(NO

3
)
2
) 4H

2
O

and P
2
O

5
through a sol—gel method. The coatings

obtained in this work show good HAP crystallinity
and adhesive strength. The present method could con-
trol the porosity and crystallinity of the HAP coatings
by changing the preparation conditions.
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