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Abstract

Borosilicate glass powder with a softening point of 82lwas prepared by crushing Pyfelorosilicate glass fragments. Hydroxyapatite
(HA) ceramics and HA/borosilicate glass (50 wt.%) composites were prepared by slip casting. The influence of borosilicate glass on the
densification and phase change of hydroxyapatite was studied over sintering temperatures from 500@o 1208s found that the
borosilicate glass inhibited the decomposition of HA phase and enhanced the densification of the composites. When the sintering temperature
was higher than 110G, the glass liquid flowed away from the sample surface and was trapped inside the sample, leading to a structure of a
relatively strong and dense HA/glass core and a bioactive and porous HA surface layer.
© 2004 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction the use of plasma-spray depositighh. However, this coat-
_ _ o ing method has limitations when it is used for the coating
Hydroxyapatite (HA, Cgo(PQs)s(OH)2) is the main min-  of porous ceramic materials. To coat the internal surfaces of

eral constituent of teeth and bone. It exhibits no cytoxic ef- an open porous ceramic material, dip coating with a sol or
fects and shows excellent biocompatibility with hard tissues a slurry (or slip) is an appropriate method due to its ability
and with skin and muscle tissues. Furthermore, HA ceram- to coat the internal pore wall surfacpl].
ics can bond to bone. All these facts make HA the most ap-  Recently, the authors have produced uniform and graded
propriate ceramic material for bone replacement. However, porous zirconia ceramid8]. Since zirconia is bioinert, it is
the mechanical properties of pure HA are poor. For example important to have a bioactive coating. In order to study the
the fracture toughnesX() of pure HA is not more than  possibility of coating the porous zirconia with a HA/glass
1 MPant/2, while the fracture toughness of human bone is layer by dip-coating method, the present study, as the ini-
up to 12MPan¥? [1]. Currently, pure HA ceramics can- tial stage, was to prepare HA/glass composite bulk materi-
not be used as load-bearing implants, but are often used ing|s by slip casting, as slip casting is similar to dip coating
the form of coatings. Unfortunately, the interfacial strength in many aspects and is simpler than dip coating in terms of
between a substrate and the HA coating is normally very processing. In this study, borosilicate glass was added into
low, which leads to the failure of the implaff]. One way =~ HA matrix to enhance the mechanical properties of HA.
to improve the HA ceramics and coatings is the addition of Borosilicate glass was used because it is bioinert, easily
a glass as a second phase. In fact, bioglass-reinforced HAobtained, and much cheaper than bioactive glass. In most
ceramics have been recently developed and characterize@jlass-modified hydroxyapatite ceramics, only up to 5wt.%
in terms of mechanical properti¢3,4]. The composites ex-  glass was used in order to enhance bioactivity or mechani-
hibit better mechanical properties and bioactivity than HA cal propertie§3-5,9,10] However, for the purpose of coat-
ceramics, both as coatings and as bulk matef@8]. An- ing, a higher content of glass was neeet]. Thus, in this
other way of improving the interfacial bonding strength is study, 50 wt.% glass was selected and added into HA matrix.
HA/glass composites were then prepared by slip casting with
* Corresponding author. Tek:65-67904260; fax:+65-67909081. the HA/glass slurry. The microstructural development of the
E-mail addressasxgmiao@ntu.edu.sg (X. Miao). composites was studied over different sintering tempera-
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tures. The study would provide some insights on HA/glass H
composite as a coating material for porous zirconia. 80001 "M | H H W 500°C
7000 +
S 0
2. Experimental procedure 6000 so0c
7 s

The two main starting materials were commercial HA é 5000 - ﬂ ® 900°C
powder and borosilicate glass powder prepared in-house. £ m M ;\
The commercial HA powder (Riedel-de Hjéhad an aver- & 4000 | W I
age patrticle size of 0.3dm. The borosilicate glass powder = »”\ / j\\ J’M ,J s | 1000°C )
was obtained by crushing Pyf@xorosilicate glass frag- 3000 4 e b ML U\w*“wu‘ b WAL
ments into glass frits, followed by planetary ball milling and )
attrition milling. The particle size of the borosilicate glass 2000 - 1100°C
powder was 0.5.m, as measured by a particle size ana- —_— -
lyzer (Brookhaven BI-XDC). The borosilicate glass had the 20 30 40 50
following standard composition: 81 wt.% of Si{% wt.% of 2 Theta (deg.)

NaO, 0.5wt.% of KO, 13wt.% of BOs, and 2wt.% of Fig. 1. X-ray diffraction patterns for HA/glass composites sintered at from
Al>03. The softening point of the glass was 821, which 500 to 1100C (s: SiG, b: B-TCP, H: HA).

was measured by a differential thermal analyzer (NETZSCH
DSC 404). The density of the glass was 2.23 cas de-
termined by a pycnometer (AccuPyc 1330 V2.01). To pre- 3. Results and discussion
pare HA/glass slurry, a mixture of 50 wt.% HA and 50 wt.%
glass was ball milled with distilled water. The solids loading 3.1. Phase development in the HA/glass composites
of the HA/glass slurry was 45wt.% and the content of the
dispersant (Darvdh C, 25 wt.% ammonium polymethacry- The X-ray diffraction patterns of the HA/glass compos-
late (NH;-PMAA) solution) was 0.8 wt.%. The mixed slurry ites sintered at different temperatures are showRign 1
was cast into a gypsum mold and dried in air for 3 days. It can be seen that silica (tridymite, JCPDS #140260) peaks
The green cast bodies were then sintered at 5001200 appeared at 80T and the intensity of the peaks increased
air. For comparison, pure HA samples were also preparedwith the sintering temperature and reached a maximum at
in the same way by slip casting. 1000°C. However, the intensity of the silica peaks decreased
The prepared samples were characterized by several techat 1100°C. This can be explained by the crystallization of
niques. The bulk densities of the pure HA ceramics and the the borosilicate glass component. Below 800 the glass
HA/glass composites sintered at different temperatures andpowder was amorphous, but above 8@)the glass was sub-
subjected to grinding and rough polishing, were obtained jected to crystallization. The silica peak intensity decreased
by measuring the weights and volumes of the samples. Theabove 1000C, due to melting of the glass at high tempera-
relative densities of the samples were then calculated usingtures. The molten glass could not stay on the surface of the
the following expressions: composite due to the gravity and the capillary forces from
. the HA matrix. Thus, the surface of the composite became
Bulk QenSItyof HA % (1) depleted in SiQ and the molten glass trapped inside the
Theoretical density of HA composite would later become solidified during cooling.
From Fig. 1, one can see that a small amount of

Relative density of HA=

Relative density of composite beta-tricalcium phosphat@{TCP) was found at 110TC in
Bulk density of composite the HA/glass composite. As a compariséig. 2 shows the
~ Theoretical density of Compositg (2) XRD patterns of pure HA ceramics sintered at 800, 900,

and 1000C, respectively. The formation g8-TCP was
where the theoretical density of HA is 3.16 gitand the observed at the sintering temperature of 1000Thus, it
theoretical density of HA/glass composite is 2.62 gicas can be seen that the glass addition did not harm the sta-
calculated according to the law of mixture. For the mi- bility of the HA phase; on the contrary, the glass slightly
crostructural characterization, scanning electron microscopystabilized the HA phase. The stabilization of HA phase by
(SEM) was used to observe the surface morphologies ofthe glass could be understood by referring to the following
both polished cross-sections and as-sintered surfaces. X-rayliscussion.
diffraction (Lab XRD-6000 Shimadzu) was also performed  The thermal decomposition of HA into alpha-tricalcium
on the as sintered surfaces to identify the phases present iphosphate -TCP) andpB-TCP has been widely reported.
the samples. Finally, for mechanical characterization, hard- Two steps are associated with the thermal decomposition:
ness was measured by a Vickers hardness tester (HSV-2@ehydroxylation and decomposition. The dehydroxylation
Shimadzu) on the as sintered surfaces. of HA to oxyhydroxyapatite proceeds by a fully reversible
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Fig. 2. X-ray diffraction patterns for HA sintered at from 800 to 1000
(H: HA, b: B-TCP).
Fig. 3. SEM micrograph of a cross-section of the HA/glass composite
sintered at 800C for 1h.

reaction at temperatures from about 850 to 9D(12]:
Cayo(POy)(OH)2 — Cayo(POs)6(OH)2-2,0, + xH20qas 3.2. Densification of the HA/glass composites

3
®) The SEM micrographs of the cross-sections of the

On the other hand, the decomposition of HA to TCP and HA/glass composites are shown ffigs. 3-5 Since the
tetracalcium phosphate occurs at temperatures higher tharsoftening point of the borosilicate glass was 821 one

900°C by the following reaction: can see from the SEM micrographs that the morphology
changed dramatically with the sintering temperature from
Ca10(POs)6(OH)2 — 2Ca(POs)2 + CauP20g + H20gas 800 to 900°C. Specifically, after the HA/glass compos-
ite was sintered at 80, the borosilicate glass particles
(4) were dispersed uniformly in the HA matrix just as in the

original green compact of the HA/glass powder mixture.
Above the softening point, the glass began to soften and
then became a viscous liquid that was able to hold the HA

Since both dehydroxylation and decomposition reactions
involve water vapor as a product, one can tailor the rates

for these reactions by controliing the sintering atmosphere particles together. The higher the sintering temperature, the
especially the water vapor partial pressure. One can alsoIess viscous the glass became. At 1200the liquid phasé
SHLfg;Si'isth; rpeakretziicslgsOfTvr\lI:t?;c\tli%(;rt 2{] d?g;agsz‘:ﬂ;%t;hesintering mechanism prevailed in the composite, resulting
glass could slightly inhibit the decomposition of HA can in very dense interior of the composite.
be explained by the encapsulation of HA with the glass.
Since the glass began to soften above @D(he glass phase | ! ’ .
dispersed in the HA matrix would embrace the HA particles. #58 Ay e -ff
Thus, less surface area of the HA particles was exposed ERSIEEE ¥ VL
to air, resulting in the slow down of the decomposition. i
However, when the sintering temperature was higher than g ¢
1000°C, the fluidity of the glass increased, and the glass ‘)-;d‘._; ‘;./_J‘
failed to stay on the surface of the HA/glass composite due ¥ SSEESSEa_.
to gravity and capillary forces. Thus, the porous HA surface ! o ™
layer was exposed to air and the decomposition of HA phase [
occurred.
The borosilicate glass used in this study was a non-
phosphate-based glass and it had the function of stabilizing §
the HA phase. This was in contrast to the results obtained §
from the addition of a phosphate-based glass. Rey gt 3.
and Raemdonck et dlL4] reported that the imbalance inthe £
Ca/P ratio of HA due to the addition of a phosphate-based &
glass could lead to the formation pfTCP below 1200C

£
10 "}'-i, :
MO il s
; ‘9" “,' 5. 1.

Fig. 4. SEM micrograph of a cross-section of the HA/glass composite
anda-TCP above 1200C [15]. sintered at 900C for 1 h.
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Fig. 5. SEM micrograph of a cross-section of the HA/glass composite Fig. 7. SEM micrograph of a cross-section of the pure HA sample sintered
sintered at 1200C for 1h. at 1200°C for 1h.

Fig. 6 is a micrograph of the as-sintered surface of the composite. Finally, the densities of the HA/glass composites
HA/glass composite sintered at 12GD. Only porous HA and the pure HA ceramics are shownFig. 8. It is obvi-
surface layer that contained no glass was observed. Thisous that the addition of the borosilicate glass improved the
was because the sintering temperature was too high for thedensification of HA ceramics.
borosilicate glass to stay on the surface of the HA/glass com-
posite. After melting, the glass liquid tended to be trapped in- 3.3. Vickers hardness
side the HA matrix in the interior of the sample. The porous
HA surface layer could provide beneficial effect as it would  The results of Vickers hardness tests are showFign 9.
increase the bioactivity of the composite on the surface. In The increase of hardness with sintering temperature for pure
other words, although high glass (bioinert) content was usedHA samples was attributed to the higher degree of den-
in the study, the surface bioactivity could still be maintained sification, while the variation of hardness with sintering
due to the enrichment of the HA phase on the surfaae.7 temperature for the HA/glass composites was because of
is a micrograph of the cross-section of the pure HA sample. the addition of borosilicate glass. At the sintering tempera-
Compared to the HA/glass composite sintered at the sameture of 800°C, there was little hardness difference between
temperatureKig. 5), the pure HA sample was more porous the HA/glass composites and the pure HA samples. How-
than the composite. The porous microstructure resulted fromever, once the glass passed its softening point (i.e. from
the incomplete densification of the HA particles. Thus, the 900 to 1000 C), the hardness increased abruptly due to the
glass powder had acted as a sintering aid in the HA/glassmuch increased densification of the samples. However, fur-

ther increase in the sintering temperature resulted in the
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Fig. 6. SEM micrograph of an as-sintered surface of the HA/glass com- Fig. 8. Relative density of pure HA ceramics and HA/glass composites
posite sintered at 120@ for 1 h. sintered at different temperatures.
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