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Biomedical properties of hydroxyapatite-based gradient
coating on a—Al,O; ceramic substrate

WANG Zhi-qiang"z, XUE Dong-feng', LV Bing-ling', Henryk Ratajczak3
(1. State Key Laboratory of Fine Chemicals, Department of Materials Science and Chemical Engineering, School of
Chemical Engineering, Dalian University of Technology, Dalian 116012, China;
2. Department of Material Science and Engineering, Dalian Institute of Light Industry, Dalian 116034, China;

3. Faculty of Chemistry, University of Wroctaw, ul. F. Joliot-Curie 14, 50-383 Wroctaw, Poland.)

Abstract: A hydroxyapatite-based gradient coating on 0-Al,O3 ceramic substrate is prepared by a
multi-layer slurry-dipping and sintering process, on the basis of the glass binder with the chemical
composition Na,O 8.0, K,O 7.0, ALO; 3.0, ZnO 1.5, B,O3; 15.0, SiO, 65.5 (wt%). The coating
component varies gradually, in which hydroxyapatite increases and glass decreases gradually from the
interface (between the coating and alumina substrate) to surface layer. The microstructure and
mechanical properties of the coating layer can be effectively improved by the present design. The
obtained gradient composite possesses a high hydroxyapatite concentration and porous surface, which
thus leads to a good biocompatibility and bioactivity (e.g., the good biodegradation).

Key words: hydroxyapatite, coating, biomaterials, o—Al,O; ceramic substrate
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1 Introduction

Hydroxyapatite (Ca;o(PO4)s(OH),, abbreviated as HAP) is a kind of bioactive materials that
attracts wide interests, which has a typical composition close to the nature bone, and thus possesses
the excellent biocompatibility and bioactivity. It has been well studied that porous HAP has a
function to induce the growth of bone, when it is implanted into the human body as the artificial
bone. However, HAP ceramics have some weaknesses such as the poor toughness (1.0~1.2MPa)
and low bending strength (50~150MPa). However, if the relative density of HAP ceramics is
increased, their mechanical properties can be effectively increased, but the corresponding
bioactivity will thus be decreased.

To prepare HAP coating on some substrates with the high toughness and strength (such as Ti,
Ti-6Al1-4V alloy and zirconia or alumina ceramics), is an efficient way to get superior biomaterials
possessing both advantages of HAP and corresponding substrate (i.e., combining the good
biocompatibility and bioactivity into the high toughness and strength ), In practice, such a
combination (of HAP with its substrates) is not so tight and durable when they are implanted into
the organism, due to the thermal stress caused by the difference of thermal expansions between
HAP and its substrate. Therefore, the idea of using gradient function materials is introduced into the
biomaterials field, several kinds of gradient bioactive composites have been studied 271 Maruno et
al. 3 studied HAP-Glass-Ti gradient composite by the sintering process, however, the glass
composition in HAP-Glass-Ti composite should be strictly controlled, since it has a relatively low
softening point. Therefore, HAP-Glass gradient coating can only be sintered below 1000°C to
effectively protect the oxidization of Ti (or Ti-6Al-4V alloy). On the other hand, the glass should
not react with HAP during the sintering process, which limits the combination strength and other
related properties of the composite. Other kinds of gradient coatings on Ti-6Al1-4V substrate, such
as those prepared by the plasma spray process have been reported 81 HAP decomposes into B-TCP
[B-tricalcium phosphate, B-Ca;(PO4),] during the plasma spray process at high temperature, which
thus accelerates the degradation of the coating when the composite is implanted into organizations.
Ceramics such as zirconia or alumina can combine well with the glass flux, and allow the coating to
be sintered at high temperature. Alumina ceramics possess excellent properties such as the high
strength, good chemical durability and biocompatibility, which thus become a kind of excellent
functional ceramic materials. The preparation and characterization of alumina-based HAP-Glass
gradient coating are studied in the present work, with the aim to effectively modulate the
microstructure and quality of gradient composites.

2 Experimental details

Alumina ceramics contain 5% (wt) CaO-MgO-Al,0;-SiO, glass flux, the raw material is
a-Al,O5 with the average particle size 0.3 #m. The size of glass flux powders is 200 mesh. The
batch powder is obtained by a semi-dry pressing process at 200 MPa, and is then sintered at 1450°C
for 2 hours. The ceramics are worked into a $20 X 4mm disc.

HAP powders are synthesized by a wet route, using (NH4),HPO,4 and Ca(NO3),4H,0 in the
alcohol aqueous solution. HAP powders are fired at 1000°C and grinded to be 200 mesh (after
cooling). The glass composition in the coating is Na,O 8.0, K,0 7.0, Al,05 3.0, ZnO 1.5, B,03 15.0,
SiO, 65.5 (wt%), the raw materials are soda, K»COs, lime, ZnO, H3;BOs, SiO; (AR). The glass is
melted at 1450°C for 2 hours and then poured into water. The glass is grinded in an alcohol media
and passes a 200 mesh screen after the filtration and drying.
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HAP-Glass gradient coating is prepared on ¢~AlLO; ceramic substrate by a multi-layer
slurry-dipping and sintering process. Three kinds of gradient coatings are prepared in this work,
their corresponding structures and components are collected in Table 1.

Table 1  Structures and components of three kinds of gradient coatings (wt%)

Sample Nos. No. 1 No. 2 No. 3

& components HAP Glass HAP a-AlL, O3 Glass HAP a-AlO;  Glass
Under layer 0 100 0 0 100 0 20 80
Second layer 30 70 20 20 60 30 10 60
Third layer 50 50 50 10 40 50 5 45
Surface layer 70 30 70 0 30 70 0 30

The gradient coating is prepared according to the following procedures. (1) to etch the surface
of alumina ceramics by the mixture of HF 5% and HNO3 3%; (2) to apply the first layer, and the
whole sample is fired at 1100°C for half an hour (after drying); (3) to etch the first layer surface by
the mixture of HF 5% and HNOs 3% again, then the second layer is applied to the etched (first)
layer, the whole sample is again fired at 1100°C for half an hour (after drying). The latter layers are
obtained in the same way.

X-ray diffraction (XRD) patterns of the surface layer are measured using Cu Ko by a
diffractometer (Regagu Dmax-1II). FTIR spectrophotometer (Nicolet 20DXB) is used to measure
the IR absorption spectra of the powder to confirm whether HAP reacts with the glass or not during
the firing process. The mixture of HAP (70 wt%) and glass (30 wt%) is sintered at 1100° C for half
an hour, and is grinded into fine powders that are used for XRD and IR analyses. The morphology
(i.e., the cross-section and surface analyses) of the coating is observed by a scanning electron
microscope (SEM, KYKY-1000B).

The tensile strength (to characterize the bonding strength of the coating) is tested according to
the method ASTM-C633. The alumina ceramic disc with HAP-Glass gradient coating is bonded to
two metal stripes by the high strength adhesive, as shown in Fig. 1. A critical load F is measured
when the coating is peeled off. The tensile strength oy is calculated by the equation oy = F/S =
4F/nd*, where d is a diameter of the ceramic disc.

Fig. 1 Schematic drawing of the bonding strength test.

(1) metal stripe, (2) high strength adhesive, (3) gradient coating, (4) alumina ceramics.

Auto X-ray diffractometer with a rotation target (D/MAX-RC) is used to test the residual
thermal stress in the coating by sinzy/method. The crystal plane (526) of HAP is selected as a
characteristic plane, the diffraction angle is 26 = 141.352°, the angle yis fixed as 0°, 5°, 30°, and
45°, respectively. The residual thermal stress can be calculated by the formula,
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o, the residual thermal stress;

@ : the angle between both directions of the residual thermal stress and axis X;

E : the elastic modulus;

v: Poisson’s ratio;

2,: the diffraction angle of a certain crystal plane when no thermal stress is existed, in this
experiment 26, = 141.352°;

2 GW : the diffraction angle of a certain crystal plane when the thermal stress is existed;

v : the angle between the normal direction of a certain crystal plane and axis Z.

Intramuscular implantation experiments are carried out to study the biomedical properties of
the current coating. Two kinds of cubic blocks with the compositions that are same as those of the
surface and third layers of the gradient coating (where the surface layer consists of 70% HAP and
30% glass, the third layer consists of 50% HAP, 5% a-Al,O; and 45% glass), are sintered in the
same way as the preparation of the gradient coating. Two kinds of samples are labeled S (the
surface layer) and T (the third layer), respectively. These blocks are worked into small samples with
the size of about 2x2x2 mm, 15 pieces of each kind of samples are selected to implant into 30
healthy white adult rats with the weight of about 25 g, which are offered by the animal center of the
municipal central hospital of Dalian. These white rats are equally divided into two groups, one
group is used to implant S samples, another group is used to implant T samples. Two side-legs of
these rats are selected to give a local anesthesia, hairs are scraped off, two incisions at the outer side
of two legs are made, the muscle is obtusely unripped and one piece sample is implanted into each
side of legs. The rats are fed in a normal way after this operation, the general conditions of these
rats such as normal activities, foods taking and wounds recovering are carefully observed. 3 rats
from each group after this operation are killed after 24 h, 72 h, 2 weeks, 4 weeks, 8 weeks,
respectively. The involved muscle of the implanted part is taken from the leg and treated with 4%
polyformaldehyde (POM). After the de-calcium procedure, the muscle samples are embedded with
paraffin, sliced up and colorized by the ordinary rule. The muscle specimens are observed by an
optic microscope. The implanted samples are separated, immersed in deionized water for 24 h,
washed 3 times with alcohol, dewater with acetone and dried at 110°C. The surface of these
samples (after the implantation) is observed by the optic microscope and SEM, with the aim to find
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their changes during the implantation.
3 Results

In our experiments, HAP-Glass gradient coating can be bonded to the substrate very well, no
any breaking off or remarkable cracks appear when the coating is fired. The average bonding
strengths (tested by a tensile tester as shown in Fig. 1) of the measured samples (labeled as Nos. 1,
2 and 3) are 32.9 MPa (standard error ~1.1 MPa), 46.4 MPa (standard error is ~1.4 MPa) and 48.2
MPa (standard error is ~1.2 MPa), respectively. The residual thermal stress in the coating is tested
by sin2\|l method, according to XRD results. The residual thermal stresses of different coatings
(Nos. 1, 2 and 3) are calculated by the Eq. (1), their values are 43.7 MPa, 34.2 MPa, and 30.4 MPa
(with the standard errors ~1.4MPa, ~1.9MPa, and ~1.2MPa), respectively. These results agree well
with the bonding strengths of these samples, where the high thermal stress corresponds to the low
bonding strength. SEM image of the glass coating on alumina substrate is shown in Fig. 2, in which
it can be found that the glass is well combined into the substrate.

(c) sample No. 3 (d) surface

Fig. 3 Cross section and surface microstructures of the as-prepared coatings with different compositions.
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The cross section and surface microstructures of the obtained coatings are observed by SEM,
as shown in Fig. 3. It can be found that these coatings possess an obvious gradient structure, i.e.,
the inner structure of the coating is dense, which become loose and porous from the interface
(between the coating and substrate) to surface gradually. At the same time, EDS analysis also
indicates that the composition of these coatings varies gradually from the interface to surface.

XRD patterns of the surface and second layers of the sample No. 3 are shown in Fig. 4, which
show that the crystalline phase in the surface layer is HAP, and in the second layer is HAP and
a-ALO;. FTIR spectra of the surface layer are shown in Fig. 5, in which it can be found that before
sintering there are some absorption bands in the range of 3571.95cm™, 1090.07cm™, 1043.87cm™,
972.14cm™", 631.86cm™, 602.50cm™ and 571.95cm™ corresponding to the characteristic wave
numbers of HAP, Si-O bands in the glass have the absorption bands at the wave numbers
945.48cm™" and near 1060~1070 cm™. —OH bands at 3571.95cm™ and 631.86cm™ are the
characteristic wave numbers of HAP.

2.0 A A: HAP, u: (Z—Aleg,
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Fig. 4 XRD patterns of the surface and second layers.
(a) surface layer, 70 HAP and 30 glass (wt%); (b) second layer, 30 HAP, 10 0-Al,03, and 60 glass (wt%).

The linear scanning chemical analysis of Si and Ca elements in the No.3 coating is shown in
Fig. 6, where the scanning range is marked in Fig. 3(c), which shows that the content of Si
decreases gradually from the interface to surface, while the content of P increases gradually.

In the intramuscular implantation experiment, a small amount of macrophages can be found
around the tissues near the implanted materials, which indicates that the implanted materials have
the biodegradation (in a certain degree), SEM images also confirm this conclusion. SEM images
show us clear changes of the surface structure of sample S in Fig. 7, in which it can be found that
the surface becomes more porous and the pore size becomes larger with increasing the implantation
time. SEM images of the sample T are shown in Fig. 8. It can be found that the surface structure of
the samples with the composition of the third layer is more different from that of the surface layer,
even it shows a certain change caused by the degradation, which is much less than that of the
surface layer. Our present results indicate that the third layer is more stable than the surface layer,
that is, the third layer has a better durability than the surface layer. This is due to the addition of
o-Al,O3 in the composition.
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Fig. 5 FTIR spectra of the surface layer.
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Fig. 6 Linear scanning chemical analysis of Si and P elements in the gradient coating
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(c) after the implantaion for 8 weeks

Fig.7 SEM images of the surface microstructures of sample S, which are implanted into the leg of white rats for different periods.
4 Discussion

The present strength is much higher than those when HAP bioactive film is coated on metal,
alloy or ceramics. The difference between both thermal expansion coefficients of HAP
(~14.0x10°/°C) and substrate (8.4x10%°C for alumina ceramics, 8.71x10°%°C for Ti and
9.4x10°%/°C for Ti-6Al-4V, respectively) may cause a big thermal stress when HAP coating is
prepared on the substrate, which can lead to HAP film breaking off or cracking. In this work, the
glass with a lower thermal expansion coefficient (8.86x10°%°C) is used in HAP-Glass gradient
coating, which induces thermal expansion coefficients of the coating layer to vary gradually
(increasing gradually from the interface between the coating and substrate to the surface), therefore,
the thermal stress in such a gradient coating is lower than that in single HAP coating on metals or
ceramics.

In these samples, No. 3 sample has the highest bonding strength and lowest thermal stress
among our prepared coatings. Moreover, when the first layer (glass is dominant) is fired on alumina
ceramics, alumina can effectively react with the glass, in other word, alumina and the liquid state
glass can well diffuse each other. Such reasons may result in the current coating bonded to the
substrate tightly.

As shown in Fig. 4, our results indicate that HAP is stable and just reacts with the glass
slightly, HAP does not decompose during the sintering process. FTIR spectra in Fig. 5 also confirm
our present conclusion. In Fig. 5(b) for the sample after sintering at 1100°C, we can find that —OH
bands at 3571.95cm™ and 631.86 cm™ are very clear, which verify that the component of the
surface layer contains HAP. On the other hand, it can-be found that the band shift is caused by the
glass composition.



