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The dynamics for the hydraulic process of calcium phos-
phate cement (CPC) were investigated by X-ray diffraction
quantitative analysis. The results show that the hardening
process of CPC is initially controlled by the dissolution of
reactants in a d-h period and subsequently by diffusion
through the product layer of hydroxyapatite (HAP) around
the grains. The compressive strength rises approximately lin-
carly with the increase of the extent of conversion in a 4-h
period, and a maximum compressive strength of about 51
MI’a, which is superior to those reported by the references,

is abtained in 4 h. Then the compressive strength drops a
litthe with an increase in the extent of conversion. The final
praduct of setting reaction is acicular HAP crystal. Crystal
sced not only reduces the setting time but also drops the
compressive strength. The variation of pllin CI'C slurry
from 7.5 to 10.5 reveals that the control step of the dissolu-
tion process in the hardening process is the dissolution of
dicalcium phosphate anhydrous and the presence of
crystal seed will reduce the supersaturation to produce
FIAP. @ 1997 John Wiley & Sons, Inc.

INTRODUCTION

A calcium phosphate cement (CPC) which is ca-
pable of self-setting under ambient conditions has re-
cently been reported.'? CPC s a mixture of a basic
calcium phosphate, tetracalcium phosphate [(TECP),
Ca, (PO,),0], with an acidic calcium phosphate, dical-
cium phosphate anhydrous [(IDCPA), Cal 1PO,]. When
CPCis mixed with a hardening solution, it becomes a
slurry that can be shaped to any contour and set to
harden under physiological conditions to form hy-
droxyapatite (HAP). The setting reaction is:

Ca (PO),0 + CaHPO, —> Cag(PO,),0H

1,0

This process is very different from the formation of
HAP ceramic which is created by sintering, where
HAP powder formed by precipitation is heated o
800-1200°C. The CPC has an advantage over HAP ce-
ramic for its contour adaptability, while both are
highly compatible with the tissues,  because the final
products are HAP, which is similar to the minceral
component of mammalian hard tissue.

The hardening process of CPC is complex and in-
volves the dissolution of solid particles in liquid, pre-
cipitation of HAP from solution, and reaction and dif-

“J'o whom correspondence should be addressed.

Journal of Biomedical Materials Rescarch, Vol 35, 75 80 (1997)

) 1997 John Wiley & Sons, Inc.

fusion on the particle surface. Under ideal conditions,?
continuing dissolution of the reactants supplics cal-
cium and phosphate ions to the solution, while HAP
formation depletes these ions, This process drives the
solution composition to an invariant point which is
the intersection of the solubility curves for these two
reactants. The pH is about 7.8, but this process is
affected by many paramelers, such as the component
of the solid phase, the particle sizes of TECP and
DCPA, presence of HAP seed and properties, aqueous
liquid, etc. There have been few investigations re-
ported concerning the mechanism of CPC hydration.
Brown et al.*" studiced calcium-deficient HAP (Ca /P =
1.5) formation by isothermal conduction calorimetry
and variations in solution chemistry. The first step
was the formation of HAP, but delails were not given.
Fukasce ct al. " investigated the setting reaction of CPC,
but the mechanism of this process was not proposed-
and the compressive strength was low. The purposes
of this article were to investigate the mechanism of the
hardening process, and to make clear the relationship
among kinetics, microstructure development, and
variations of pH in sturry. All of these are fundamen-
tal physicochemical properties for further research
and application.
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EXPERIMENTAL PROCEDURES

Hydroxyapatite was prepared by a precipita-
tion method.''" DCPA was prepared by heating
CalilrQ, - 21,0 at 120°C for about 6 h, for dehydra-
tion. TECP was prepared by heating an equimolar
mixture of DCPA and CaCO, at '1500°C for 24 h'?and
then was ground ina pulverizer to oblain a suitable
particle size. The DCPA was ground in anhydrous
ethanol followed by drying at 80°C. The specific sur-
face area (SSA) of the TECP was 0.732 m?/g, while the
SSAs of the DCPA used in different examples were
9.76, 6.90, and 2.82 mz/g, respectively, (ASAP2400;
Micrometritics Co.). These phase-pure components
were then combined according to the desired compo-
sition for the cement.

The solid phase consists of an equimolar mixture of
TECP and DCPPA. In some samples, a 3% low crystal-
linity HAP of 10-20 nm was present for the purpose of
increasing the rate of setting reaction. No other addi-
tive was included, since it was not expected to pro-
duce any significant effect on the composition of the
cement. To prepare a specimen, 0.6 g of CPC powder
(the SSA of DCPA used was 6.9 m*/g) was mixed with
0.15 mL of the aqueous solution so that the powder-
to-liquid ratio (P/L) was 4.0 (wt./wt.), which was the
optimum value determined in a previous study. The
solid and liquid were stirred with a stainless-steel
spatula to form a paste in 1 min, and then the paste
was loaded into a stainless-steel mold (6 x 12 mm)
with periodic packing by means of a stainless-steel rod
(5.6 mm in diameter).
during packing was 2 kg, corresponding to a pressure
of 8.2 kg/em?,
ported by Fukase et al.'® The specimen was removed
and put into a glass tube (8 1 20 mm), and then the
glass tube was scaled with film and stored in a 37°C,

100% humidity box for 0.5, 1,2, 3,4, 24, or 48 h. After
predetermined intervals, the hardened specimens
were measured for compressive strengths; five speci-
mens were used for cach selected interval.

which is the same as the method re-

Compressive strength measurement

The compressive strength of the specimen was mea-
sured with the loading rate of test of T mm/min on a
universal testing machine (AG-2000A, Shimadzu Au-
tograph, Shimadzu Co., Ltd,, Japan).

X-ray diffraction analysis
After the compressive strength measurement, por-

tions of the crushed piece of specimen were immedi-
ately placed in a Dbottle containing acctone (100%),

The force applied to the rod
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cooled to =80°C, and freeze-dried to stop the setting
reaction at the sclected interval, and the freeze-dried
samples were ground to fine powders. Then the extent
of conversion of the samples at specific periods was
determined by the quantitative analysis method of x-
ray diffraction with sodium chloride as an internal
standard (Model P.MAX/~y B; Rigakn Co). The relative
prak arcas of TECP al 29.2° and 29.8%, 20 of TIAI at
25.9°, and of NaCl at 45.4° were determined to esti-
mate the extent of conversion. These were the only
major peaks of the reactions free of overlapping. To
eliminate the influence of machine error and the trace

residuat of reactions in the results of a 24-h specimen,

the standard curve should be made before delermin-
ing the specimens, and all diffraction measurements

-should be finished at the unit operating time.

The specimen in the 48-h period was taken as a
standard material for HHAPD, since the conversion reac-
tion was stopped basically within 48 h from the pre-
vious experiments. Samples with different combina-
tions of HADP, TECP, and DCPA were obtained and
then mixed with NaCl(9:1 wt./wt.) to determinate the
peak intensities. The peak arca ratios of HAI" and
TECP to NaCl were plotted to the percentages of TIAP
and TECP in the samples, respectively, shown in Fip-

ure 1.

Scanning electron microscopy (SEM)

Some freeze-dried samples at various inlervals after
compressive strength measurement were collected
and examined by SEM (S-250MKI; Cambridge Co.) to
observe the dev olopmcnl of microstructure.

pH measurement

The ptlof the slurry prepared by mixing 3 g
cquimolar mixture of TECP-DCPA with 1.5 mlL of
deionic water was measured by pH meters in a 4-h
period, since the compressive strength was up to the
maximum value and the slurry was setting hard
within the period, as described later. Different combi-
nations of the presence and absence of crystal sced
and variations in the SSA of DCPA were made to ex-

plore the hardening process.

RESULTS AND DISCUSSION
Dynamics for hydraulic process

The specimens obtained at various intervals were
analyzed; the results showed that the final product
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Figure 1. Standard curve for HAP.

was HAP, but there was an amount of residual TECP
in the 48-h samples. Since it is difficult to climinate the
influence of these residuals on the results, the extent of
producing HAP was taken as the conversion ratio. The
results showed (Fig. 2) that the reactant rate (slope of
tangent of the curve) was large at the carlier stage and
then became slower and slower with time after 4 h.
The conversion ratio was approximately lincar with
time in the 4-h period.

+ According to the traditional mechanisms for cement
hydration,' there are three kinds of dynamic models:
controlled by surface dissolution of solid particle

Gr=r,[1-0-a) =kt
controlled by nucleation and crystal growth
Gy =[-In(1 = «)]"/3 = kyt
controlled by diffusion through bmducl layer
Gp=rnll-(- “)I/‘F =kt

where 1y is the initial radius of the particle.
Ky kiand ky, were calculated with experimental
data, respectively, and then the hydration models
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Figure 2. Relationship between conversion ratio of HAP
and reactant time in CPCL
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Figure 3. Variation of compressive strengths with time in
CPC specimens.

were calculated using the coefficient above and com-
paring it with the experiment. The results showed that
no models coincided ideally with experimental data.
Only the composite model which was controlled by
surface dissolution of reactant particles at an carlier
stage and by diffusion through the HAP layer at later
periods was identical with the experimental data.
Whether DCPA or TECP was the control step for the
dissolution process could not be determined at this
time.

Compressive strength

Figure 3 indicates the compressive strengths of the
CPC specimens at various intervals and the effects of
the presence or absence of erystal seed on compressive
strengths.,

At the initial 4-h stage, the compressive strength of
CPC specimens rose with time approximately lincarly.
The maximum value was obtained in 4 h with the
presence of 3% HAP as the crystal seed compared
with that obtained within 5 h free of crystal seed in
CP’C specimens. There was a slight decline in com-
pressive strength at the later period. The results also
showed that the compressive strengths of CPC speci-
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Figure 4. Correlation bebween compressive strength and

the extent of the conversion,
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Figure 5. SEM micrograph of specimen obtained al 17 min.
Bar represents 2 pm.

mens were approximately linear with the extent of the
conversion, « (R = 0.987) (Fig. 4). However, when the
extent of conversion, «, was >69%, the compressive
strengths decreased with the increase of «.

The results reported by Fukase et al." also revealed
the same phenomenon that the compressive strength
at 24 h was lower than that at 4 h, but the author did
not mention or discuss it. The mechanism of the hard-
ening process discussed above may explain this phe-
nomenon. Hydration is controlled by the dissolution
of reactant particles in the 4-h period, and since the
rate of dissolution is proportional to the surface arca
of the particles which was basically constant in CPC
specimens in the carlier stage, the precipitation rate of
HAP is linear with time. HAP was formed among the
reactant particles which would enhance the joint of
solids, oraround the particles which would reduce the
distance of grains. All of these are beneflicial to a rise in
compressive strength. Therefore, the increases in the
compressive strengths were lincar with both time and
the extent of conversion. However, when a shell of
HAP was formed around the reactants, which was
found by Brown et al.,” the rate of HAP formation was
controlled by the transport of water and ions through
such a shell and decreased with an increase of the
thick HADP shell. Since the densities of DCPA and HADP
were different, 2.31 and 3.16 g/cmj, respectively, the
hydration of the residual DCPA engulfed by the shell
to HADP would lead to an internal force shich would
be harmful to the compressive strength. Thus, the
compressive strengths decreased with the process of
hydration at the later stage.

Figure 3 shows that the maximum compressive
strength of specimens free of erystal seed was 61 MPA
obtained 5 hvafter mixing, while 51 MPa was obtained
after 4 h in specimens containing 3% of crystal seed.
The selling limes of specimens with the presence and
absence of crystal seed were 20 and 180 min, respec-
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tively. They indicate that the presence of crystal seed
not only reduced the setting time but also dropped the
compressive strength. This result was confirmed by
another study' and was different from the data re-
ported by Fukase ctal." and Chow." Fukase et al. and
Chow thought that THHAP included in the mixture re-
duced setting time but increased the compressive
strength, but the causes of these results were not men-
tioned. The mechanism of crystal sced affecting the
hardening process was investigated further in Hu et
Al

The compressive strength for the 24-h specimens is
50 MPa; while in another study, the compressive
strength of 71 MPa in a 24-h specimen was oblained
with the presence of erystal seed and a combination of
the different SSAs of DCPA and TECP (unpublished).
All these were significantly higher than the values of
36 MPa reporled by Fukase et al.,'" 34 MPa reported
by Brown and Chow,? and 21 MPa reported by Doi et
(1].“,

Development of microstructure of CPPC

The specimens at 17 min (beginning to set), 70 min,
and 48 h after mixing were examined by SEM. Micro-
graph of specimen oblained at 17 min showed (Fig. 5)
the morphology of the grains and the spatial relation-
ship between DCPA and TECP. No acicular material
representing HAP was found. However, at 70 min,
some dnl()l'p}l()lIS materials among, the }_"l'ilillﬁ were
found in the specimen (Fig. 6), which consisted of
small petal-like or needlelike crystals revealed by
higher-magnification micrographs. These crystals
were responsible for the adherence of grains resulting
in hardening. In the 24-h sample (Fig. 7), the amount
and form of the intergrain materials became larger

Figure 6. SENM micrograph ol specimen oblained at 70 miin.

Bar represents |,
I
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Figure 7. Microstructure of 24-h sample by SEM. Bar repre-
sents 4 pm.

than before, and the outlines of particles were less
apparent. The grains were adjacent to cach other or
linked by large needlelike or flat crystals.

The high-density materials occupied originally by
reactant particles were wrinkled and consisted of
small acicular crystals (Fig. 8). The different mor-
phologies of crystals were formed in different ways:
the needlelike crystal intergrains were formed by dis-
solution control at the earlier stage; the wrinkled crys-
tals were tormed by diffusion control at the later stage.

Variation of pH in CPC slurry

The variation of pH with time in CPC slurry is
shown in Figure 9.

The difference of Figure Y(a) from Figure 9(c) is the
presence of 5% crystal sced, while Figure 9(c) is free of
crystal seed. In Figure 9(c), the variation of pH is very
gentle and is always maintained at 8.6-8.8 after 10
min. With absence of crystal sced in Figure 9(a), the
pH is up to 10.6 after 15 min and then down to 9.0
after 60 min, which indicates that_ more basic TECP
was solved before the crystal took place. Therefore, it
was deduced that the crystal did not occur until the
supersaturation was up to a high value by the solution
of DCPA and TECP in the absence of erystal seed. At
a range ot high pll value, the solubility of the acidic
DCPA increased while the solubility of the basic TECP
decreased, which resulted in the decrease of pH.
Steady-state was finally achieved.”

Figure 9(a) and (b) are absent of crystal seed, but the
SSA of DCPA is bigger in Figure 9(b) than in Figure
9(a), and so is the dissolved rate of DCPA, which
would lead to a decrease of pH. The plin Figure 9(b)
is lower than Figure 9(a) at the same time. Figure 9(c¢)
and (d) were similar to Figure 9(a) and (b) except for

the presence of crystal seed, and a similar conclusion
was also obtained.

Therefore, we conclude that the dissolution process
is controlled by the SSA of DCPA which would greatly
affect the hardening process, and the presence of crys-
tal seed would reduce the supersaturation to produce
HAPD.

Brown?’ reported that when DCPA and TECP form
an invariant point in Ca(OH),—H;PO,—H,0 ternary
system; the pH at this invariant point is about 7.8. All
of the steady-state pH values obtained were higher
than this value. Thus, although steady-state pH con-
ditions were reached and maintained, an invariant
condition was not achieved.

CONCLUSION

The hardening process of CPC s the process of HAP
formation. The rate of HAP formation is initially con-
trolled by dissolution of reactants within 4 h and sub-
sequently by diffusion through the product layer of
HAP around the particles. In a 4-h period, both com-
pressive strength and extent of conversion are ap-
proximately lincar with reactant time and correlate
with one another. The maximum compressive
strength is obtained at about 51 MPa at 4 h, which is
superior to those reported by the literature. The com-
pressive strength has a little drop with an increase of
the extent of conversion after it is larger than 70%. The
presence of crystal seed not only reduces the setting
time but also drops the compressive strength, which is
affirmed by another study but is inconsistent with
Chow's conclusion. The highest compressive strength
of samples free of crystal seed is about 61 MPa. The
final product of the selling reaction is acicular or
needlelike crystal HAP. The ptl in CPC slurry varies
from 7.5 to 10.6 according to the different combina-

Figure 8. Detail of Figure 7 showing morphologies of hy-
droxyapatite. Bar represents I,
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Time /min

Variation of pH in thc slurry with time after mixing DCPA and ILU’ with water. The SSA of TECP is 0.732 m* /1,,

(2) SSA of DCPA is 2.82 m*/g, free of crystal seed. (b) SSA of DCPA is 9.87 m? /g, free of crystal seed. (€) SSA of DCPA is
2.82 m /;,, 5% crystal seed presented. (d) SSA of DCPA is 9.87 mz/,,, 5% crystal seed presented.

tions of SSA of DCPA, and whether or not the crystal
sced exists. The results revealed that the control step
of the dissolution process is the dissolution of DCPA,
and the presence of crystal seed would reduce the
supersaturation to produce HAP.

This work is supported by the National Natural Science
Foundation, China.
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