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n-situ transformation of calcium phosphate cement into hydroxyapatite (HAp)
within the first hour is monitored with a synchrotron X-ray beam. A disodium hydrogen phosphate solution
is used as cement liquid to activate the reaction between dicalcium phosphate anhydrous (DCPA) and
calcium hydroxide (Ca(OH)2). The XRD analysis indicates that the amounts of DCPA and Ca(OH)2 first
decrease within the first min of the reaction. Then, the intensity of DCPA's XRD peaks starts to increase
instead in the period of 5 to 20 min. After 20 min, the DCPA particles are consumed slowly to form fine HAp
particles. Large pores are evident upon the completion of reaction.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
Calcium phosphate cement (CPC) has received wide interest for its
potential use as a bone cement material [1–4]. For example, it has
been used as the fixation of artificial joints to bone stock [5]. CPC is
usually prepared by mixing two or three calcium containing ceramic
powders together. A cement liquid is then added to activate the re-
action between the starting powders. Phase transformations occurred
during the cementation process underline the setting behavior and
stability of CPC. Previous studies demonstrated that the investigation
into the reactions during setting could lead to an improvement in the
properties of CPC [6–8].

Several formulations of calcium phosphate cements have been
used as the starting materials for bone cement [1,9–11]. Among these
formulations, dicalcium phosphate anhydrous (CaHPO4, Monetite,
DCPA) and calcium hydroxide (Ca(OH)2) are frequently used. Typically,
a disodium hydrogen phosphate (Na2HPO4) solution is added to
activate the reaction between DCPA and Ca(OH)2 [12–14], and hydro-
xyapatite (Ca10(PO4)6(OH)2, HAp) is the major product of the reaction.
In order to avoid any contamination, the clinically acceptable period of
time for the setting of bone cement is usually very short. For examples,
the setting time for several calcium phosphates is in the range of 5min
to 30 min [1,11,15–18]. However, the information on the phase trans-
formations from calcium phosphates to bone cement in the first
60 min is very limited. A very high energy X-ray source is needed to
monitor the phase transformations within a very short time. In the
present study, an X-ray source generated by a synchrotron is used. The
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microstructure evolutions of the bone cement after the addition of
cement liquid are also investigated.

2. Materials and methods

2.1. Preparation of specimens

Reagent grade dicalcium phosphate anhydrous (DCPA; CaHPO4,
N99%, Acros Organics Co., USA) and calcium hydroxide (Ca(OH)2, N98%,
Acros Organics Co., USA) powderswere used as the startingmaterials for
CPC. In order to produceapowdermixturewith aCa/P ratio of 1.67, 60.0 g
of DCPA and 21.5 g of Ca(OH)2 were used for each batch. The powders
were milled in an attritor (Model 01-HD, Union Process Co., Ohio, USA)
with ethyl alcohol at a rotation speedof 500 rpm for 6h. Aftermilling, the
slurry was dried using a rotary evaporator and then sieved through a
#150 plastic sieve. The size distribution of the powder was determined
by a laser particle size analyzer (Mastersizer-2000,Malvern Co., UK). The
solution of 1.0Mdisodiumhydrogenphosphate (Na2HPO4, 99.9%, ACROS
Organics Co., USA) was used as the cement liquid. The mixture of DCPA
and Ca(OH)2 powders was first formed into cylindrical discs by uniaxial
pressing at 10 MPa. The discs had a diameter of 10 mm, a thickness of
3 mm, and a weight of 0.50 g.

2.2. Phase and microstructure characterization

For the phase analysis, the specimen disc was loaded into a syn-
chrotron X-ray stage. The X-ray diffraction (XRD) analysis started
immediately upon the injection of ~0.25 mL cement liquid into the
center of the specimen disc. Since the rates of phase transformations
during setting were very quick, an X-ray source with high intensity
oi:10.1016/j.msec.2008.08.014
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Fig. 2. Size distribution of DCPA and Ca(OH)2 powdermixture after attritionmilling. The
test was repeated for 3 times.
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was used in the present study. The X-ray beamwas generated from the
Synchrotron in the National Synchrotron Radiation Research Center
(NSRRC), Hsinchu, Taiwan. Incident X-ray was focused vertically with
a mirror and made monochromatic at 8 KeV with a Si (111) double-
crystal monochromator. The sagittal bend of the second crystal foc-
used the X-ray in the horizontal direction. With two pairs of slits
between the sample and the detector, the typical scattering vector
resolution in the vertical scattering plane was set to ~5×10−3 nm−1 in
these experiments. The X-ray scanning rate was 0.05° 2θ/s. A two-
degree range, for example 25° to 27° of 2θ, was first scanned re-
peatedly to obtain the in-situ observation results. Then, the next two
degrees were scanned by using another new specimen. By repeating
the same procedures, the diffraction angles from 25° to 35° of 2θwere
measured. A slight increase of temperaturemight be resulted from the
X-ray beam. The reactions occurred during setting in the specimens
might not be the same as those taken place inside a human body. The
data obtained in the present study therefore could only be treated as
the results under a “simulated” condition.

The phase transformations were also analyzed using Fourier trans-
form infrared spectroscopy (FT-IR, FT/IR-410, JASCO Co., Ltd., Japan).
The analysis was conducted in the range of 4000–400 cm−1 with a
resolution of 8 cm−1. The microstructure was observed with a field-
emission scanning electron microscope (FE-SEM, model 1530, Leo
ElectronMicroscopy Ltd., UK) under 5 kV. The composition analyses on
the powder compacts were carried out using energy dispersive X-ray
spectroscopy (EDX, LEO Instrument, Cambridge, UK) or an electron
Fig. 1. Morphology of starting powders: (a) DCPA and (b) Ca(OH)2.

Please cite this article as: H.-C. Hsu, et al., Mater. Sci. & Eng. C (2008), d
probe micro-analyzer (EPMA, Model JAX-8200, JOEL, Japan). The area
mapping technique was employed to obtain the quantitative result.

3. Results

3.1. Characterization of starting powders

Fig. 1 shows the morphology of the starting DCPA and Ca(OH)2
powders. It is evident that the starting DCPA particles are larger than
the Ca(OH)2 particles. The size distribution of the powdermixture after
attrition milling is shown in Fig. 2. The size distribution measured for
three times; the reproducibility is high. After attrition milling, the
powder mixture shows a size distribution with three peaks, as in-
dicatedwith arrows in Fig. 2. The sizes correspond to these three peaks
from the left-hand side are 0.3 µm, 2 µm and 30 µm, respectively.

3.2. Characterization of green compact

Fig. 3 shows the fracture surface of a greenpowdercompact prepared
from the die-pressing of the powder mixture of DCPA and Ca(OH)2. The
DCPA and Ca(OH)2 particles are packed closely to each other within the
powder compact. The powder compact is uniform in terms of density
distribution. Through the EDX analysis, some DCPA particles are
identified. The size of the DCPA particles is around 1–2 µm and of the
Ca(OH)2 particles is smaller than 0.5 µm. The three peaks in Fig. 2 can be
related to the size of Ca(OH)2, DCPA andhard agglomerates, respectively.

3.3. Phase analysis

Fig. 4 shows the in-situ observation on the phase evolution of
calcium phosphate cement in the first 24 h. The XRD patterns for the
starting DCPA (solid line) and Ca(OH)2 (dashed line) powders are also
Fig. 3. Fracture surface of the powder compact before adding the cement liquid.
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Fig. 4. XRD patterns for the specimens after the cementation for various times. The patterns of starting powders (pattern A) and of the specimen after aging in water for 7200 h
(pattern Q) are shown for comparison.
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shown for comparison (pattern A). In the figure, pattern B shows the
XRD pattern of the powder mixture after attrition milling for 6 h.
Though the width of the DCPA and Ca(OH)2 peaks remains the same
after milling, the height of the XRD peaks reduces significantly. It
indicates that the crystal structures of DCPA and Ca(OH)2 are seriously
distorted after milling. After adding the cement liquid, 1.0 M Na2HPO4,
into the powder compact composing of DCPA and Ca(OH)2, the inten-
sity of Ca(OH)2 drops quickly within the first min (see pattern C in Fig.
4). Several DCPA peaks also decrease in intensity within the first min.
However, the intensity of some DCPA peaks increases in the period of
5 to 20 min. A very small amount of DCPA is still existed in the powder
compact after 24 h.

The extent of the transformation from calcium phosphate to
hydroxyapatite can be estimated using the following Eq. [14]:

Transformation kð Þ ¼ HApt−HAp0

HAp∞−HAp0
þ
1− DCPAt

DCPA0

� �
þ 1− Ca OHð Þ2;t

Ca OHð Þ2;0

� �

2

0
@

1
A� 2� 100

ð1Þ

In the equation, t is the reaction time. Since the intensity of the Ca
(OH)2 (101) peak, DCPA (202) peak andHAp (002) peak is high, and they
are far away from the other peaks; these three peaks are chosen to
estimate the amount of each phase. Since HAp is the only phase in the
CPC after long-term aging in water [19], the intensity of the HAp (002)
peak inpatternQ is used as theHAp∞. TheHAppeaks arefirst found after
Please cite this article as: H.-C. Hsu, et al., Mater. Sci. & Eng. C (2008), d
adding the cement liquid for 20min. Though there is noHAppeak found
before 20min, avery small amountofHApphasemightbe formedat this
stage due to the size of newly formedHAp crystals is very small. Byusing
the above equation, there is about 75% of the starting materials trans-
formed to HAp after adding cement liquid for 24 h.

The extent of transformation can also be estimated using the meth-
odology employed by Ginebra et al. [15]. By adding the intensity of
(002), (200), (020), (112), (120), (121), (102), (201), (202) peaks of DCPA,
(100), (101) peaks of Ca(OH)2 and (002), (211), (112), (300), (202) peaks
of HAp, and then normalizingwith their original intensity (for DCPA and
Ca(OH)2) or final intensity (for HAp), the transformation kinetics can be
obtained. Fig. 5 shows the intensity ratio as a function of time. The
amount of Ca(OH)2 decreaseswith increasing time. The intensity ratio of
DCPA decreases first, and then it increases to a value higher than unity.
This implies that some extra DCPA is formed.

3.4. Microstructural analysis

Fig. 6 shows the fracture surface of the powder compact after the
reaction for 24 h. Many large pores with size around 1 µm are found.
Many fine needle-like HAp particles with the dimensions of
40 nm×10 nm are found around the large pores (see Fig. 6b). Com-
pared the microstructures of specimens before and after adding the
cement liquid (see Figs. 3 and 6a), the large pores seem to originate
from the starting DCPA particles. Fig. 7 shows the FT-IR patterns of
the CPC specimens after adding the cement liquid for 1 h and 24 h. The
oi:10.1016/j.msec.2008.08.014
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Fig. 5. Intensity ratio of DCPA, Ca(OH)2 and HAp as a function of time.
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FT-IR pattern of the specimen after aging in water for 7200 h is also
shown for comparison. There is only HAp in the specimen after aging
for 7200 h [19]. The functional legends for HAp are also found in the
Fig. 6. Fracture surface (a) at lower magnification and (b) at higher magnification of a
typical CPC specimen after adding the cement liquid for 24 h.

Fig. 7. FTIR patterns for the cement specimens after cementation for 1 h, 24 h and aging
for 7200 h.

Please cite this article as: H.-C. Hsu, et al., Mater. Sci. & Eng. C (2008), d
specimen after adding the cement liquid for 1 h, confirming that HAp
is formed within 1 h of the cementation process.

4. Discussion

In the present study, an attritionmilling technique is used to reduce
the size of starting powders. Adie-pressing technique is used to further
increase the contacts between DCPA and Ca(OH)2 particles. Since the
size of the DCPA particles is larger than that of the Ca(OH)2 particles, it
is possible to identify the DCPA particles from the Ca(OH)2 particles in
the starting powder compact (see Fig. 3). The porosity distribution
in the powder compact before the reaction is relatively uniform. The
large DCPA particles are always surrounded by many small Ca(OH)2
particles.

Owing to the intensity of the synchrotron X-ray beam is high, the
reactions during setting can be monitored. Fig. 5 indicates that the
intensity ratio of DCPA peaks may be higher than the starting intensity
ratio in the period from 5 to 20 min, suggesting that some extra DCPA
is formed, as demonstrated in the following reaction process [20],

Ca OHð Þ2 sð ÞþNa2HPO4 sð Þ þ 2H2O lð ÞY CaHPO4 sð Þ þ 2NaOH lð Þ þ 2H2O lð Þ ð2Þ

After 20 min, the intensity of all DCPA peaks then decreases. A very
small amount of DCPA can still be found in the powder compact after
24 h. Some HAp is found in the powder compact after adding the
cement liquid for 20 min. At this specific time, the amount of DCPA
phase is decreased. It implies that the following reaction is taken place
[20],

10CaHPO4 sð Þ þ 2H2O lð ÞY Ca10 PO4ð Þ6 OHð Þ2 sð Þþ4H3PO4 lð Þ þH2O lð Þ ð3Þ

The formation of HAp is also confirmed by the FTIR analysis. Since
there is no tricalcium phosphate (TCP) found in the XRD patterns,
suggesting that the apatite phase is a HAp phase. Furthermore, the
EPMA analysis shows that the Ca/P ratio of the HAp particles is 1.66,
oi:10.1016/j.msec.2008.08.014
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which is close to that of the stoichiometric HAp. During the cement-
ation process, the intensity of the DCPA peaks decreases first, then
increases, and then decreases againwith increasing reaction time. This
suggests that the dissolution and precipitation processes are taken
place. The planes with high chemical reactivity are dissolved first, and
then precipitate onto the planes with low chemical activity. The for-
mation of HAp seems to be resulted from the interaction of the “old”
DCPA phase with the “new” DCPA phase.

Attrition milling is a powerful technique to reduce the size of
brittle ceramic particles. By using the attrition milling for 6 h, the size
of Ca(OH)2 and DCPA particles is significantly reduced. The reduction
in the particle size enhances the reaction rate. Therefore, the reaction
is started as soon as the cement liquid is added into the powder
mixture of DCPA and Ca(OH)2. Though the reaction is fast, the DCPA
remains after 24 h. Since the calcium phosphate cement is usually
inserted into the bone stock within a relatively short time, the DCPA is
likely present after the insertion into body. The dissolution rate of
DCPA (log Ksp=−6.90) in body liquid is faster than that of HAp (log
Ksp=−58.4) [21]. Though the hydroxyapatite prepared from CPC is
stable in water over a period of 300 days [19], the CPC may lose its
integrity if the amount of DCPA is large.

5. Conclusions

Through the dissolution and precipitation processes, an amount
around 75% calcium phosphate cement is transformed into hydro-
xyapatite within 24 h. In-situ phase analyses indicate that Ca(OH)2 is
disappeared first, and then the extra DCPA phase is formed within a
short period of time to assist the formation of HAp phase. Large pores
are left behind at the original locations for the DCPA particle. A tiny
amount of DCPA remains in the powder compact 24 h after the start of
the setting reaction.
Please cite this article as: H.-C. Hsu, et al., Mater. Sci. & Eng. C (2008), d
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