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Due to its superior biocompatibility and osteoconduc-
tivity, calcium phosphate cement (CPC) has been sug-
gested for use as a filling material for dental and ortho-
pedic applications [1-4]. The primary reaction product
of most CPCs, after being implanted for a while, is var-
ious kinds of apatite [5], which is the main inorganic
component of human bones and teeth [6, 7].

Tetracalcium phosphate (TTCP), a member of the
calcium phosphate family, is known to have a high
chemical activity and reacts with aqueous solution at
room temperature [8]. The obtained hardened material
has a high affinity for the living body and is therefore
frequently used as a constituent in CPC powder [9-11].

Despite many advantages, there are problems for
CPC during practical application, including work-
ing/setting time being too short or too long and disper-
sion upon early contact with blood or aqueous media.
Appropriate working/setting times are critical for surgi-
cal applications. In the laboratory, a monolithic TTCP
powder with nano-sized whiskers grown on surface was
recently developed [12], which demonstrated excellent
mechanical properties and biological responses with a
relatively short working/setting time. The present work
provides a simple heat treatment method for prolong-
ing the working/setting time, while maintaining the
strength, of the TTCP cement.

The TTCP powder used for the study was fabricated
in-house from the reaction of dicalcium pyrophosphate
(CayP,07) (Sigma Chem. Co., St. Louis, MO, USA)
and calcium carbonate (CaCOj3) (Katayama Chem. Co.,
Tokyo, Japan) by a weight ratio of 1:1.27. The powders
were mixed uniformly in ethanol for 12 hr, followed
by heating in an oven to let the powders dry. The dried
powder mixture was then heated to 1400 °C and al-
lowed to react and form TTCP [13]. Since a “whisker
treatment” [12] has been very effective in enhancing
the properties of TTCP cement, the same treatment
was used to treat the TTCP powder for the present
study.

The whisker-treated TTCP powder was heat-treated
in an air furnace (N 7/H, Nabertherm®, Germany). Dif-
ferent heat-treatment temperatures (140-400°C) and
times (30 and 120 min) were used for the study. To
form a CPC paste, the TTCP powder was mixed with a
diammonium hydrogenphosphate ((NH4),HPO,) hard-
ening solution with a pH value of 8.6 and liquid/powder
ratio of 0.3 ml/g. After mixing for 1 min, the cement
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paste was uniformly packed in a stainless steel mold
which has an opening of 6 mm diameter and 12 mm
depth (ASTM F 451-99a) for the preparation of sam-
ples for compressive strength testing. After mixing for
15 min, the CPC samples were removed from the mode
and immersed in 20 ml Hanks’ physiological solution
[14] at 37 °C. Since short-term (typically within 20—
30 min after implantation) and long-term strengths are
both important for CPC, the compressive strengths of
CPC immersed for 20 min, 1 day and 7 days were
measured.

The working time of the CPC was determined as
the duration for which the paste was no longer mold-
able, while setting time was measured according to ISO
1566 standard method. The compressive strength was
measured using a desktop mechanical tester (Shimadzu
AGS-500D, Tokyo, Japan) at a crosshead speed of 1.0
mm/min.

X-ray diffraction (XRD) was carried out to identify
the phase changes of CPC during immersion using a
Rigaku D-MAX B X-ray diffractometer (Tokyo, Japan)
with Ni-filtered CuK« radiation operated at 30 kV and
20 mA at a scanning speed of 0.25°/min. A Fourier
transform infrared spectroscopy (FTIR) system (Jasco,
FT/IR-460 Plus, USA) in transmission absorption mode
with a spectral resolution of 2 cm ~! was used to charac-
terize the various functional groups of the TTCP pow-
der under various heat-treatment conditions.

One major result of this study was that the work-
ing/setting time of the present monolithic TTCP-
derived CPC could be significantly changed by apply-
ing a simple heat treatment to TTCP powder. As can
be seen from Table I, all the investigated heat treat-
ment conditions caused the working/setting time to be-
come longer than those without the heat treatment. For
example, when the TTCP powder was heat-treated at
300 °C or lower, the working and setting times of the
CPC increased by 50-75% and 60-80%, respectively.
When the TTCP powder was heat-treated to 400 °C for
30 min, the working/setting time largely increased to
a surgically inconvenient level. When the TTCP pow-
der was heat-treated to 400 °C for 120 min, the cement
paste was hardly set.

The compressive strength of the TTCP cement could
also be modified by heat-treating the TTCP powder. As
indicated in Table II, when the TTCP powder was heat-
treated at 140 °C for 30 min, the compressive strengths
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TABLE I Working and setting times of non-heat-treated and heat-
treated TTCP cement

Working time (min) Setting time (min)

Non-heat-treated 8.0£1.2 95+1.3
140°C, 30 min 12.0+£0.8 15.8+£0.8
120 min 1234+04 153+0.5
200°C, 30 min 12.5+04 15.8+£0.2
120 min 13.34+0.1 16.0+£0.1
250°C, 30 min 12.0+£0.2 143+0.2
120 min 12.04+0.3 14.0+0.5
300°C, 30 min 12.0+£0.5 15.0+£0.5
120 min 13.8+04 17.3+04
400°C, 30 min 16.5+0.1 23.0+0.2
120 min 45.0+3.4 a

¢ cement is hardly set.

TABLE II Compressive strengths of non-heat-treated and heat-
treated TTCP cement

Compressive strength (MPa)

20 min 1 day 7 days
Non-heat-treated 492+6.3 90.3+8.1 70.5+8.0
140°C, 30 min 17.5+2.6 86.5£8.3 38.8+0.9
120 min 18.0+3.0 72.6+14.6 69.6+9.9
200°C, 30 min 449454 852+133 85.1+£123
120 min 65.9+9.4 96.0+7.2 80.1+14.4
250°C, 30 min 41.7+43 66.7£6.2 86.5+13.7
120 min 42.8+5.0 88.6+7.4 58.5+9.1
300°C, 30 min 29.7+3.9 91.1+16.1 80.4+£10.6
120 min 25.6+2.6 5234107 543+24
400°C, 30 min 16.1+0.9 28.5+1.7 36.2+3.5

of CPC immersed in Hanks’ solution for 20 min and
7 days both largely decreased, although its 1 day-
strength did not change much. When TTCP powder
was heat-treated at 200 °C for 30 min, both 20 min and
7 days-compressive strengths significantly increased.

When the powder was treated at 200 °C for 120 min,
the 20 min and 1 day-compressive strengths further
increased to 65.9 and 96.0 MPa (the highest 1 day-
strength), respectively. Its 7 days-strength, however,
declined to 80.1 MPa. When the powder was treated
at 250 °C for 30 min the compressive strength of the
CPC continued to increase even after immersion for 7
days. While the heat-treatment at 300 °C for 30 min
still showed relatively high 1 day and 7 days-strengths,
the heat treatment at 300 °C for 120 min or at 400 °C
caused the compressive strength of the CPC to largely
decline. From a practical point of view, among all heat
treatment conditions investigated in this study, the heat
treatment at about 200-300 °C for about 30-120 min
appears to be a suitable range for prolonging the work-
ing/setting time, while maintaining (in some cases even
increasing) the compressive strength of the TTCP ce-
ment.

To further understand the heat-treatment effect, XRD
was performed on all heat-treated TTCP powders and
their derived CPC immersed in 37 °C Hanks’ solu-
tion for 20 min, 1 day and 7 days. The XRD pattern
of non-heat-treated TTCP powder showed a typical
TTCP crystal structure (Fig. 1). Except the conditions
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Figure 1 XRD patterns of non-heat-treated and heat-treated TTCP pow-
der (A: apatite; T: TTCP).
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Figure 2 FTIR spectra of non-heat-treated and heat-treated TTCP
powder.

of 300 °C/120 min and 400 °C, the XRD patterns of all
heat-treated TTCP powders remained essentially the
same as that of non-heat-treated powder. When the
TTCP powder was heated to 300°C for 120 min or
to 400 °C for 30 min, apatite peaks were observed, in-
dicating that a phase transition from TTCP to apatite
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Figure 3 XRD patterns of non-heat-treated and heat-treated TTCP cement immersed in Hanks’ solution for 20 min (a), 1 day (b) and 7 days (c).

had occurred. An example for the identification of the
apatite phase can be seen from the apatite (002) peak
sitting on the right “shoulder” of TTCP (130) peak [15].
The change in the preferred orientation between 31.5

and 32.6°C under such heat-treatment conditions is also
believed to result from the formation of apatite, which
usually displays a broad peak in this angular regime.
When the powder was treated to 400 °C for 120 min,
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apatite emerged as the dominant phase. Since the pri-
mary focus of this study was on the properties of TTCP
cement, any heat treatment condition beyond 400 °C/30
min was not pursued in this study.

The formation of apatite under these heat treatment
conditions was reconfirmed by the presence of OH band
at3570 cm~! in FTIR spectra (Fig. 2). This OH band has
been identified by Doi et al. [16] and Fernandez-Pardas
et al. [17]. The fact that the large increases in work-
ing/setting time occurred under the same heat treat-
ment conditions suggests that these increases in work-
ing/setting time are closely related to the TTCP-apatite
phase transition.

The XRD patterns of CPC samples immersed in
Hanks’ solution for 20 min are similar to those of
TTCP powders, except that apatite peaks can be seen
from CPC samples under all heat treatment conditions
(Fig. 3a). Again, the largest apatite peaks are observed
in CPC samples being heat-treated at 400 °C. When
immersed for 1 day, the apatite phase became domi-
nant in the CPC samples derived from non-heat-treated
or lower temperature-treated TTCP powders. In those
higher temperature-treated CPC samples TTCP phase
still dominated (Fig. 3b). The XRD patterns of 7-day-
immersed samples show a similar trend (Fig. 3c). These
XRD results indicate that heat treatment of the TTCP
powder at higher temperatures enhanced the initial for-
mation of apatite, but somehow slowed down the further
formation of apatite during the immersion of CPC in
Hanks’ solution. It is speculated that the initial forma-
tion of apatite covering the surface of TTCP powder
during heat treatment at higher temperatures caused
the powder to become less reactive that, in turn, slowed
down the further formation of apatite during immersion.
Furthermore, the comparison between the XRD results
and compressive strength data (Table II) indicates that
the compressive strength of CPC is closely related to
the relative amount of apatite formed in the CPC. The
immersed CPC derived from the highest temperature
(400 °C-treated powder had the smallest amount of ap-
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atite and the lowest compressive strength. On the other
hand, those CPC samples having larger amounts of ap-
atite also had higher compressive strengths.
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