CrossMark

ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Ceramics International 39 (2013) 8847-8852

CERAMICS
INTERNATIONAL

www.elsevier.com/locate/ceramint

In-situ grown hydroxyapatite whiskers reinforced porous HA bioceramic

Zhou Fang®, Qingling Feng"™*, Rongwei Tan°

State Key Laboratory of New Ceramics and Fine Processing, School of Materials Science and Engineering, Tsinghua University, Beijing 100084, China
*Key Laboratory of Advanced Materials (MOE), School of Materials Science and Engineering, Tsinghua University, Beijing 100084, China
“Key Laboratory of Biomedical Materials and Implants, Research Institute of Tsinghua University in Shenzhen, Shenzhen 518057, China

Received 11 March 2013; received in revised form 11 April 2013; accepted 22 April 2013
Available online 9 May 2013

Abstract

To improve the mechanical properties of a porous bioceramic without reducing its porosity, a new kind of porous hydroxyapatite (HA)
bioceramic with in-situ grown HA whiskers was fabricated using a simple sintering method. CaSO, - 2H,O was used as a pore-forming medium
and also as a catalyst for the growth of in-situ HA whiskers. The bioceramic was analyzed by XRD, SEM and mechanical tests. In-situ grown HA
whiskers were stratified on the cliffs of pores in the bioceramic. The compressive strength is as high as 21.7 MPa with the porosity of about 26%.
The results show that porous HA bioceramic can be improved in both compressive strength and porosity by the addition of CaSO, - 2H,0. This
novel HA bioceramic has a higher compressive strength without reducing its porosity in a certain weight ratio of CaSO, - 2H,0O, which depends
on its two-step fracture pattern. This novel structure provides a new and promising reinforced pattern for porous materials.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite (Ca;o(PO4)s(OH),) (HA) is the major inor-
ganic component of bones and teeth. It is widely used as
restorative materials in dentistry and biomedical substitutions.
HA has no toxicity but has a high biocompatibility and a
perfect osteoconductivity. However, compared to human bone,
the fracture toughness of pure HA is low [1], which limits its
application. Porous HA scaffold is beneficial to cell growth,
but its compressive strength is relatively low, ranging from 1.2
to 16 MPa, for example, a compressive strength of 4.2 MPa
with a porosity of 65% [2]. In consideration of the weak
mechanical properties of porous HA bioceramic, different
morphologies were obtained to improve its mechanical proper-
ties. So the preparation of well-defined HA crystals with
controlled morphology has been the focus of intensive research
in the previous decades [3].

Previous results showed that, when introducing HA with
different morphologies into the polyanhydride matrix, the
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improvement of mechanical properties is maximal for whisker,
next for sphere, rod and flake [4]. The improvement in fracture
toughness by HA whisker is mainly based on the crack
bridging and crack deflection, which absorb the energy of
crack propagation and eliminate stress concentration at the
crack tip [5]. Recent research focused on adding whiskers to
toughen HA matrixes [6] or compositing high aspect ratio HA
whiskers with polymers to improve the mechanical properties
of the composites [7,8]. Thus plenty methods of synthesizing
HA whiskers were developed, such as high-temperature solid
state reaction [9], molten salt synthesis [10] and hydrothermal
treatment [11,12]. However, mechanical properties such as
compressive strength of the HA/polymer composites usually
decreased with the increase in HA whisker content [6,13].
Pores are necessary for bone tissue formation for the per-
mission of migration and proliferation of osteoblasts and
mesenchymal cells, as well as vascularization. Moreover, the
mechanical interlocking between the implant biomaterial and
the surrounding natural bone can be improved with the porous
surface, by providing a greater mechanical stability for this
interface [14]. Thus a number of fabrication techniques have
been developed to make HA bioceramic, including the
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polymer replication method (PRM) [15], solid free form
fabrication (SFF) [16], ice templating [17,18] and dual-phase
mixing [19]. Many methods such as sintering HA and B-TCP
mixture with porogen addition [20], combining gel-casting and
freeze drying methods [21] or the polymer template fabrication
technique [22] improved the mechanical properties or the
corresponding porosity. However, it is difficult to prepare a
structure with both higher porosity and higher mechanical
properties.

To solve this problem, we tried to obtain a novel structure.
Porous HA bioceramics with in-situ grown HA whiskers were
prepared using a simple sintering method. The whiskers grew
directly from the HA matrix, avoiding the interface problems
when physically mixing whiskers with HA matrix. The HA
whiskers grew from the cliffs of the pores, almost parallel and
stratified. The HA bioceramic has both a high porosity and a
high compressive strength, which provides a better environ-
ment for cell culture and is more suitable to be used as a bone
substitution material. Furthermore, this bioceramic can be
molded into any shape so it can easily fill into the complicated
fracture. Due to the novel in-situ grown whiskers and the
simple manufacturing method, this new kind of porous HA
bioceramic with good mechanical properties is attractive in the
application as bone substituting material.

2. Materials and methods
2.1. Manufacturing procedure

Polyvinyl alcohol (PVA-124) was first dissolved in heated
deionized water under stirring for 24 h until the 5%w/v
solution clarified. Then the solution was slowly cooled down
to room temperature. 10 g HA powder (Beijing Dk Nanotech-
nology Co., LTD.) of about 20 nm in diameter was mixed with
3 ml PVA solution using an agate mortar. After prilling, the
pre-mixtures were uniform. Hydrated plaster (CaSO, - 2H,0)
particles were 0.25-0.50 mm in diameter after sieving. The
final mixtures were obtained by mixing a certain weight of
CaSO, - 2H,0 particles with the prepared pre-mixture. The
final mixtures consisted of 10 wt%, 20 wt% and 30 wt%
CaSOy - 2H,0, respectively. All reagents used in the experi-
ments were at analytical grade.

The final mixtures were uniaxially pressed with a force of
150 MPa into cylinders using a 10 mm cylindrical die. The
desiccative cylinders were then heated in a furnace (SX-
G02163, Tianjin Central Furnace Co., LTD.) with a heating
rate of 10 °C/min to 1300 °C. The soaking times were 1 h at
600 °C, and then 2 h at 1300 °C. All samples were cooled in
furnace after sintering and kept dry before the following tests.

2.2. Microstructural characterization and mechanical testing

To determine if there was any crystal structural change after
sintering, the sintered samples were ground into powder and
characterized by X-ray diffraction (D/max 2500 Rigaku
X-RAY DIFFRACTOMETER, CuKa, 5°/min, 0.02 per step).
The incisions across the samples were observed with SEM

after the gold spray treatment. Scanning electron microscopy
(SEM; LEO-1530) was used to observe the morphology of the
samples. The structure in the samples, including the pores and
the whiskers, was analyzed. The length and diameter of the
whiskers were also measured on SEM images and the data was
based on more than 80 intact whiskers. The specimens were
cylindrical of 10 mm in diameter and 10 mm in length after
sintering and kept dry before the compression tests. Compres-
sion tests were conducted on more than 4 specimens of each
series at a crosshead speed of 1 mm/min on the WDW3020
electronic universal experiment machine. The final porosity
data of HA bioceramic was calculated automatically with a
mercury injection apparatus (Autopore IV 9510). Quantitative
data of compressive strength were expressed as the mean +
standard deviation. Statistical analysis was performed using
Student's r-test or one-way analysis of variance (ANOVA) with
software IBM SPSS Statistics 19. A value of p <0.05 was
considered to be statistically significant.

3. Results and discussion
3.1. Characterization of the HA bioceramics

The sintered 30 wt% CaSO,-2H,0 sample is shown in
Fig. 1. The pores located uniformly in the bioceramic were
about 20-200 pm in diameter, caused by the decomposition of
CaS0, into CaO and SO, at the temperature above 1220 °C.
Some cliffs changed into HA whiskers, as shown in Fig.1b,
while some cliffs were substrates for HA whiskers. This
porous bioceramic surface can modulate the adsorption of
proteins from serum, and the adhesion and proliferation of
human bone cells [23]. Furthermore, macro- and micro-
porosity in scaffold is better than a uniform pore size for cell
culture [24]. So this large range of pore sizes may provide a
better environment for the cells. Most whiskers spread in the
pores and also some outside the pores, which increased the
surface roughness. This rough texture promotes human bone
cell attachment [25]. Furthermore, the primary SEM results
suggest that the pores are interconnected to a certain extent.

The powder XRD pattern of the 30 wt% sample is presented
in Fig. 2. All the peaks, except for some peaks marked with
triangle and quadrate, are in agreement with standard hydro-
xyapatite (Ca;o(PO4)s(OH),, JCPDS No.54-0022), indicating
that the main phase composition was hydroxyapatite. The two
peaks marked with triangles stand for the residual CaSO,
(JCPDS No0.37-1496). CaSO4 begins to decompose from
above 1220 °C and completely decomposes at 1390 °C [26].
The four peaks marked with quadrates stand for f-tricalcium
phosphate (B-TCP) (JCPDS No. 09-0169), which is a product
of high temperature decomposition of HA. The XRD powder
pattern shows that despite some CaSO, and -TCP, the main
phase is hydroxyapatite. Considering the morphology of f-
TCP and thermodynamically stable HA, the XRD result
indicates the whiskers shown in the following SEM micro-
graphs were HA whiskers. HA powders sintered at a high
temperature can decompose into B-TCP and tetra-calcium
phosphates in dry air while no decomposition of HA occurs
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Fig. 1. Sintered 30 wt% CaSO, - 2H,O bioceramics with (a) pores about 100 pm and (b) pores about 40 pm.
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Fig. 2. The powder XRD patterns of sintered 30 wt% CaSO, - 2H,0 biocera-
mic with in-situ grown whiskers.

in moisture [27]. This suggests that the pores might provide a
local hydrous environment offered by the bound water of
CaS0O, - 2H,0 while the surface outside the pores was rela-
tively dry. So HA whiskers mainly grew in pores while the
decomposition of HA mainly occurred outside the pores.

In Fig. 2, the strongest diffraction peak is (211), and the
second strongest peak is (300). However, the (300) peak is
stronger than normal. (211) peak of HA is the strongest in
general, but the (300) peak becomes the strongest when HA
whiskers exist and grow along the c-axis [28]. So the stronger
(300) peak indicates that the in-situ grown HA whiskers grew
along c-axis. Furthermore, the spiculate peaks indicated the
high HA crystallinity, which was calculated as 91.50%.

Whiskers of different sizes and amounts were observed in all
the 10 wt%, 20 wt% and 30 wt% samples. The degree of
uniformity in morphology of whiskers was improved and the
number of whiskers were increased with the increasing weight
of CaSO,-2H,0. The whiskers had a mean length of 48 pm
and a mean diameter of 1.3 um in the 30 wt% sample, as shown
in Fig. 3. Most of the whiskers are on the cliffs of pores, some
are on the surface. Moreover, whiskers on the cliffs are uniform
while whiskers on the surface are disordered and fragmented.
This is because the pores provided a specific whisker-growing
environment, which is explained in detail below.

The insert EDS result in Fig. 3b shows that the whiskers are
composed of calcium and phosphorus, no sulfur is observed.
Considering the XRD result, despite some CaSO,4 and B-TCP
in the sample, these whiskers are all HA whiskers. The small

content of Au comes from the gold spray treatment before
SEM observation. No grain boundaries are observed on
whiskers, suggesting that the whiskers are single crystals.
The quantitative EDS results of inner whiskers in Fig. 3b are
shown in Table 1. Au comes from the gold spray treatment.
The results give a Ca/P ratio of about 2, which indicates that
apart from HA and p-TCP, some calcium compound exist. It is
most likely CaO, because there is no sulfur detected in EDS
and some XRD peaks of CaO may well be superposed with
stronger XRD peaks of CaSO,. This indicates that
CaSOy, - 2H,0 decomposes and left CaO in pores during heat
treatment, which promotes the nucleation and growth of HA
whisker.

The HA whisker bundles grown on cliff are almost parallel
to each other, as shown in Fig. 3c. Furthermore, HA whiskers
surrounding pores are stratified. Three layers can be seen in
Fig. 3c. Each layer is composed of a group of parallel HA
whiskers. This may improve the mechanical properties by
preventing the cracking of the surface when loaded [29].

At the bottom of the pore, inward tiny HA whiskers were
clearly observed, as shown in Fig. 3d. These tiny HA whiskers
revealed how the whiskers grew when heated. It can be deduced
that the CaSOy - 2H,0O loses bound water and provides a local
hydrous environment when sintering. Under high pressure caused
by residual stress after uniaxial compression, the local hydrous
environment provided a hydrothermal condition at the interfaces
between CaSO, and HA nanoparticles. This process lasted for a
short time, allowing HA whiskers to nucleate and grow. CaSOy,
gradually decomposed into CaO and SO, in dry air above the
temperature of 1220 °C [23]. This caused CaSO, particles to turn
into smaller CaO powder and make the pore CaO-rich environ-
ment. At the grain boundary of HA particle when sintered,
nucleation took place and the HA whiskers began to grow during
the decomposition of CaSO,. No observation of agglomerate HA
whiskers indicates that each whisker grows from its independent
nucleation. The morphology of whisker is based on its innate
tendency to grow along c-axis under certain conditions [30].
However, this is a preliminary result. Further research is
necessary to analyze the mechanism of nucleation and growth
of the HA whiskers.

3.2. Mechanical testing

Compressive properties and the corresponding porosity of
the samples are shown in Fig. 4a. Statistically significant
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Fig. 3. (a) Small pores in the bioceramic; (b) EDS results of whiskers on the cliff of a pore; (c) the cliff of a pore brimming with 3 whisker layers marked as 1, 2, 3;

and (d) tiny crystals on the cliff of a pore.

Table 1
Quantitative EDS results of inner whiskers in 30 wt% CaSO, - 2H,0 sample.

Element Ca P (6] Au

Atomic% 20.23 10.18 69.19 0.40

difference was observed between the different bioceramic
series (p <0.05, n>3). According to the compression test
data, the compressive strength increased with the weight ratio
of 0-20 wt% CaSO,-2H,0O particles. This confirmed the
expected results. CaSO,-2H,0 particles contributed to the
pores and facilitated the growth of whiskers. Thus more pores
and more whiskers were formed as the weight ratio of
CaSOy - 2H,0 increased. The highest porosity was 42.29%,
and the compressive strength was 8.93 + 0.31 MPa. The
highest compressive strength was 21.7 +4.4 MPa, with a
reduced porosity of 25.97%. The increasing porosity of 0-
20 wt% sample depends on the pore-forming of CaSQO, - 2H,0
particles, but the growth of HA whiskers also occupies the
pores and reduces the porosity partly. In our experiment, the
main reason of improvement was that despite more pores
reducing the compressive strength of the material, more
whiskers appeared as an enhanced component. So in 30 wt%
sample, the catalytic influence of CaSO4 -2H20 particles has
already exceeded the pore-forming effect. This leads to a more
intense increasing of compressive strength and reduction of
porosity.

It is reported that the compressive strengths of cervical spine
and tibial plateaus are 12.5 + 0.29 MPa and 13.9 to 23.2 MPa,
respectively [31]. Other works found compressive strengths of
HA scaffold as 3.56 + 0.39 MPa with a porosity of 25.7% by
PRM and 14.61 + 1.69 MPa with a porosity of 24.8% by SFF
using the tomographic image calculation method [16], or

compressive strengths of 10-17 MPa with a porosity of about
24% [21]. HA scaffolds produced by a combination technique
[21] and other previous results of porosity and the correspond-
ing compressive strengths are shown in Fig. 4b. Despite the
compressive strength of the 30 wt% sample in this work being
21.7 £+ 4.4 MPa at porosity of 25.97%, this bioceramic with in-
situ grown HA whiskers has a higher compressive strength
than previous results in the same range of porosity. The highest
compressive strength of HA bioceramic with the porosity of
20-30% in the previous work was 16.5 MPa with a porosity of
23% [21]. Our result gave a compressive strength of 21.7 MPa
with a porosity of 25.79%, 31.5% higher in the compressive
strength and 12% higher in the porosity. In the higher range of
porosity, our result gave a compressive strength of 8.93 MPa,
107.7% higher than a previous work [21] with a slight decrease
in porosity (6%). This mainly depends on the novel in-situ
grown whiskers in the pores, instead of the pores with
relatively smooth cliffs.

An example of compressive curves of three different series is
provided in Fig. 5. The two peaks stand for compressive
strengths, which are different from common mechanical beha-
vior of brittle materials. It can be defined as a two-step fracture
pattern. The two peaks are caused by different fracture factors.
It can be deduced that, the first stress, marked with a triangle,
was mainly based on the porous matrix and the second fracture,
marked with a quadrate, was mainly based on the whisker
reinforcement. The compressive strengths of the samples
improved with an increased weight ratio of CaSO,-2H,0. Up
to 20 wt%, it is different from the former results that higher
porosity leads to lower compressive strength. This novel
mechanical property is mainly based on the in-situ grown HA
whiskers. According to the results of SEM, more CaSO, - 2H,0
particles resulted in a more uniform and better morphology and
an increasing number of whiskers. The highest compressive
strength was observed with the 30 wt% sample. Pores collapsed



Z. Fang et al. / Ceramics International 39 (2013) 8847-8852

30 T T T T T T T

—e— Compressive Strength r 45
n‘? 25 4 —=— Porosity L 40
= « L35
g 207 L 30
5 25
[ L
& 15 4 %
2 ¥
2 197 ; F15
1<
1<y L 10
E 5 :
o -
3 /

0 T T T T T T T

o
()]

10 15 20
Content of CaSO,2H,0 / %

25 30

% / Aisolod

8851

(on

—— HA scaffold by this work

—— HA scaffold by a combination technique
—— HA scaffold by PRM

—— HA scaffold by SFF

x

Compressive Strength / MPa

T T T T T T T T T T T T T

22 24 26 28 30 32 34 36 38 40 42 44 46
Porosity / %

Fig. 4. Compressive strength and porosity of HA bioceramics in (a) this work and (b) comparison between this work and a combination technique [21], PRM [16]

or SFF [16], "p < 0.05.

30
25

20

30 wit%

stress / MPa

LN B B B B AN BN BN B B
14 0 1 2 3 4 5 6 7 8 9

Strain / %

T T
11

1 1 13 14

Fig. 5. The example of compression curves of bioceramics containing10 wt%,
20 wt%, 30 wt% CaSOy-2H,0O particles with square marked as the first
fracture and triangle as the second.

after the first peak and the whiskers in pores began to play a
leading role in mechanical property of the samples. During this
period, more whiskers led to a higher compressive strength.
Furthermore, 10 wt% samples with shorter and less whiskers
showed the similar levels between the first and second fracture
stresses, but longer and more whiskers in 30 wt% sample
resulted in a much higher second fracture stress than the first.
This indicates that the reinforcement of in-situ grown HA
whisker is effective, and increasing more radically above
20 wt%. The two-step fracture pattern intimated the mechanism
of whisker reinforcement in these samples. Above all, more
pores resulted in better environment for cell culture, and higher
compressive strength led to a better bone substitution material,
both were successfully integrated in one sample.

4. Conclusions

In summary, we prepared a novel porous HA bioceramic
with in-situ grown HA whiskers by introducing CaSO, - 2H,O
particles, which acted as a pore-forming medium and as a
catalyst for the growth of in-situ HA whiskers. Both the
compressive strength and the porosity of the HA bioceramic

are improved, which provide a new approach to increase the
porosity without decreasing the mechanical properties. This is
mainly based on its two-step fracture pattern, in which HA
matrix and HA whiskers play a leading role respectively. Both
the compressive strength and porosity increased in the range of
0-20 wt% samples. HA bioceramic with the compressive
strength of 21.7 MPa and a porosity of 25.97% was obtained
at the sintering temperature of 1300 °C with 30 wt%
CaSOy, - 2H,0. Similarly, HA bioceramic with the compressive
strength of 8.93 MPa and a porosity of 42.29% was obtained
at the sintering temperature of 1300 °C with 20 wt%
CaS0O, - 2H,0. The porosity and mechanical properties depend
on the structure, which is influenced by the weight ratio of
mixed raw materials, pre-compaction and the sintering process.
This novel structure provides a promising reinforced pattern
for porous materials used as bone substituting material.
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