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Calcium polyphosphate (CPP) may be a promising bone substitute with controllably
degraded ability. In this investigation, the effects of sintering temperatures on CPP’s phase
transformations and microstructure parameters, such as the distribution of crystallite size
and micro-strain, were investigated by X-ray diffraction (XRD). The qualitative phase
analysis and quantitative phase analysis based on reference intensity ratio (RIR) method
were conducted for the CPP sintered at 585, 600, 650, 700, 750, 800 and 900◦C. The
distribution of crystallite size and micro-strain were calculated with the Warren-Averbach
Fourier Transfer method. The results demonstrated that the transformation of amorphous
CPP to semi-crystalline CPP occurred below 585◦C, and semi-crystalline CPP to γ -CPP at
temperature of 585–600◦C; γ -CPP to β-CPP at 585–700◦C. CPP sintered between 600–700◦C
were composed of both γ -CPP and β-CPP, and the mass fraction of β-CPP increased with
rising of temperature. Above 700◦C, the sintered CPP only contained β-CPP. At different
ranges of the sintering temperature, the average crystallite size (D) and micro-strain (ε)
showed significant difference, for example, D and ε is about 2.9 nm and 1.68% at 585◦C, but
D and ε was 8.0 to 8.7 nm and 0.159 to 0.134% at 600 and 700◦C, respectively. The results of
the phase transformations and the variations of microstructure parameters in the present
study may be able to provide some fundamental data for explaining CPP degradation
phenomena. C© 2004 Kluwer Academic Publishers

1. Introduction
Being similar in chemical composition and structure
to biological bone, calcium phosphates have demon-
strated excellent biocompatibility and the ability to
form a continuous interface with bone. The emer-
gence of calcium phosphates has expanded the se-
lection of bone substitutes for restorative and sub-
stitutive osteoplastic surgery. These man-made bone
substitutes avoid a series of problems related to the
use of autografts and allografts, such as, surgerical
morbidity, blood loss, and inherent immunogenicity.
The specific calcium phosphates used as bone sub-
stitutes are tri-calcium phosphate (β-TCP) and hy-
droxyapatite (HAP). Although HAP and β-TCP have
been used as bone substitutes for decades, the brittle-
ness of HAP and β-TCP, and the non-degradability
of HAP and the unacceptable degradability of β-TCP
have greatly limited their further clinical application
[1, 2].

∗Author to whom all correspondence should be addressed.

The search for new kind of calcium phosphates with
suitable biodegradation rates has attracted many re-
search groups [3–10]. Using a high temperature sin-
tering method, Pilliar [4] and Kim [5] developed cal-
cium polyphosphate or calcium meta-phosphate (CPP,
[Ca(PO3)2]n). Sinyaev [6] synthesized amorphous CPP
in solution by mixing the solution of sodium polyphos-
phate with calcium chloride. Casting and rapid proto-
type technologies, such as sterolithography, have been
used to fabricate the dense CPP ceramics with compres-
sive strengths over 280 MPa which were suitable for use
as tooth crowns and bone screws [8, 9]. Porous CPP ce-
ramics have demonstrated better mechanical properties
than porous HAP ceramics with same porosity [10].

A great number of experiments in vivo and in vitro
have proved that CPP is biocompatible and bioactive
[4, 11–15]. In vivo and in vitro, the porous and dense
CPP ceramics showed biodegradation rates which var-
ied significantly [7, 8, 12, 13, 16, 17]. In vivo CPP fibers
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degraded totally within 16 weeks in rat muscle, and
within 20 weeks after implantation in Achilles tendons
and subcutaneous layers of rats according to X-ray and
pathological examination [15]. In vitro, porous CPP ce-
ramics sintered at different temperatures (585–900◦C)
also demonstrated greatly different degradation rates
in vitro. For example, 24.19% of total phosphorus in
CPP sintered at 585◦C was degraded after 5 day of im-
mersion in 0.1 M tris-buffered solution, but only 2.72%
of total phosphorus in CPP sintered at 600◦C was de-
graded after 10 days in same solution [10]. Assuming
that the degradation rate of CPP is proportional to the
immersion time, CPP sintered at 585◦C will degrade
completely in 6.5 days, which is 17.8 faster than CPP
sintered at 600◦C. Dense CPP ceramics cast or sintered
at higher temperature do not biodegrade totally [8, 9].

The variation in the degradation rates leads to the
idea that it might be possible to control the biodegrad-
ability of CPP, such that degradation rate of CPP could
be tailored in order to meet clinical requirements for
bone substitutes with different degradation rates. Un-
fortunately, there is presently no report of the variation
of degradation with CPP crystal structure. Some appar-
ent factors, such as the size of CPP starting particles
or sintering temperatures, were attributed to this vari-
ation. However phase transformations during sintering
process and inherent structure/microstructure parame-
ters were not attributed. The lack of structure study not
only probably inhibits the research and development of
controllably degraded CPP bone substitutes, but also
further inhibits the understanding of the mechanism of
CPP degradation in vivo.

CPP is an inorganic polymer whose crystal structure
which includes γ -CPP, β-CPP, α-CPP, is very com-
plex. It has reported that γ -CPP will transfer to β-
CPP at temperature of 500–700◦C, and α-CPP will be
formed from the transformation of β-CPP at 985◦C
[18]. With respect to the condensed state structure,
there are three kinds of net structure of [Ca(PO3)2]n:
linear chain structure, ring chain structure, and three-
dimension cage structure.

Because of the CPP being multiphase, the phase com-
position of CPP ceramics should be an important fac-
tor in controlling the CPP degradation rate. Other mi-
crostructure parameters, such as, crystallite size and
micro-strain, may be also play a certain role in the CPP
degradation phenomena.

The objectives of this study were to investigate the
effects of sintering temperature on the phase transfor-
mations, and to investigate the distribution of the crys-
tallite size and average micro-strain. The phase trans-
formations of CPP during the sintering process, which
went up to 900◦C were investigated by X-ray diffrac-
tion (XRD). The distribution of crystallite sizes/average
crystallite size and micro-strain, were also calculated
by the Warren-Averbach Fourier Transfer (W-A/FT)
method [16, 19].

2. Materials and methods
Chemical grade Ca(H2PO4)2·H2O was placed into a
500 ml Al2O3 crucible with high purity (Al2O3% >

99), and was calcined at 500◦C for 10 h in atmosphere

through the following polymerization reaction [10]:

nCa(H2PO4)2 · H2O = [Ca(PO3)2]n + 3nH2O

The calcined aggregate with crucible was melted at
1150◦C for 2 h and the molten CPP was poured into dis-
tilled water in order to produce glass-like CPP particles
with the diameters less then 10 mm. These glass-like
CPP particles were put into a ball milling and ground
for 24 h in order to obtain the fine powders, the ground
CPP powders was sieved by 200 meshes for further
sintering experiments.

The prepared glass-like powders were sintered in an
electric oven at temperatures of 585, 600, 650, 700, 750,
800 and 900◦C, respectively. The rate of rising temper-
ature was 5◦C/min and it dwelled at the set sintering
temperature for two hours, then the power was turn off
and the sintered samples were remained in the oven for
cooling in the atmosphere. The oven was controlled by
the program and the fluctuation of the sintering tem-
perature was around the set temperature of less then
1◦(±<1◦).

The sintered CPP powders were then analyzed for
XRD experiments preformed on the X’Pert Pro MPD
X-ray diffractometer (Philips, Netherlands). The volt-
age and anode current were 40 KV and 40 mA, re-
spectively. The Cu Kα = 0.15405 nm and continuous
scanning mode with 0.02 step size and 0.5 s of set time
were used in all XRD experiments for collecting the
data of samples. Further, in order to increase the inten-
sity the parallel X-ray incident beams was the hybrid
mirror with a divergence slit of 1/16◦ and a sollar slit of
0.04 Rad; for the diffracted beam the parallel plate col-
limator with a sollar slit 0.04 Rad and the prepositional
detector were used in all XRD experiments.

The qualitative phase analysis was performed
with X’Pert HighScore software package (Philips,
Netherlands) and PDF2-2003 database (International
Center for Diffraction Data, PA, USA). The usage of
X’Pert HighScore gives the dynamic match and ob-
vious marks for matched and unmatched reflections.
Thus the qualitative phase analysis can be easily com-
pleted for the multiphase mixture with the overlapping
reflections. This is especially useful for identifying the
phases from the XRD pattern of the CPP system be-
cause the reflections of α-CPP, β-CPP, γ -CPP, overlap
each other.

The quantitative phase analysis in X’Pert HighScore
works on basis of the RIR (Reference Intensity Ratio)
values. These values are often called I/Ic values. The
definition of RIR value is on the relative net peak height
ratio of the strongest line (Irel = 100%) of the phase and
the strongest line of corundum, measured with Cu Kα

radiation in a mixture of equal weight percentages. The
set of RIR values published in PDF2-2003 was mea-
sured or calculated by several famous XRD laboratories
in the world. RIR method determines the mass fractions
of the identified phases in a mixture system [17, 20–22].
The mass fraction Xα of phase α in the mixture is cal-
culated from Equation 1:

Xα = [Iα/RIRα] ×
[ ∑

Ii/RIRi

]
(1)
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RIRi is the reference intensity ratio of the i th phase of
the mixture, and Ii is the intensity of the strongest peak
of the i th phase in the analyzed mixture. During the
quantitative phase analysis of the X’Pert HighScore, Ii
and RIRi are obtained automatically from the PDF2-
2003 database.

The breading of reflections in XRD pattern is at-
tributed to the contributions of crystallite size, micro-
strain (ε), and the instrument itself. The experimental
profile function h (θ ) of the reflection was convoluted
by the profile functions of the distribution of crystal-
lite size g (θ ) and micro-strain f n (θ ), as well as the
instrumental profile function f m (θ )

h(θ ) = g(θ ) ⊕ f n(θ ) ⊕ f m(θ )

=
∫ +∞

−∞

∫ +∞

−∞
g(y) f n(ζ ) f m(θ − (y − ζ )) dζ dy

(2)

In order to obtain the distribution of crystallite size
and average micro-strain, the experimental profile func-
tion h(θ ) of broadening reflections must be deconvo-
luted. The scan of the standard samples without micro-
strain and crystallite size greater than 200 nm will de-
fine the instrumental broadening of reflections in the
standard sample’s XRD pattern.

The objective of profile analysis is to separate the ef-
fects of the crystallite size and micro-strain on reflection
broadening based on the instrumental profile function
f m(θ ). Fourier-transfer deconvolution is able to ana-
lyze the profile of broadening reflections and separate
the effects of crystallite size (3 nm < D < 200 nm)
and micro-strain on broadening reflections. Introduced
by Warren and Averbach in 1950’s, Fourier-transfer de-
convolution method has not been widely used because
the mathematical process is cumbersome [23].

In the present study, the software based on the
Warren-Averbach Fourier Transfer (W–A/FT) method
was used to calculate the distribution of crystallite size
and micro-strain of the sintered CPP. The polycrys-
talline silicon supplied by the Philips Company was
used as the standard without the reflection broaden-
ing of crystalline size (>200 nm) and micro-strain (an-
nealed), and measured with the same instrumental con-
ditions as CPP. The broadening reflections at 2θ range
of 26.5 to 28.2◦ for crystalline CPP and the significantly
broadening reflections at 2θ range of 20–30◦ for glass-
like CPP and semi-crystalline CPP were calculated with
the W-A/FT method.

3. Results and discussion
Hench [24] postulated the definition of the 3rd genera-
tion of biomaterials, both bioactive and biodegradable
materials. When viewing materials science, searching
and developing the controllably biodegradable scaffold
is one of the main tasks for biomaterials science and
engineering. The precursors of CPP are either calcium
hydrogen phosphates or other calcium acid-phosphates
with the Ca/P atom ratio of 0.5. Comparing these to cal-
cium base-phosphates with the higher Ca/P ratio, such

Figure 1 3-D structureds of CPP (left) and Calcium meta-phosphate
(right). (Tetrahedron: PO4; P atom locate in the center of tetrahedrons,
free black points: Ca atom. In Fig. 1b (right), abc: the primary cell; a′b′c′:
the complex cell.)

as 1.5 of TCP or 1.67 of HAP, the higher dissolution
of the precursors makes it possible for CPP to be com-
pletely degraded in vivo and in vitro. On the other hand,
the variation in the polymerization degree of CPP, an
inorganic polymer, makes it degrade with the adjustable
rates.

In vivo implantation experiments, porous CPP ce-
ramics is osteoconductive and promotes rapid bone
growth. It can be tailored to degrade at a given rate
through appropriate selection of sintering temperatures
or the starting particle sizes [6, 9]. Except for in vitro and
in vivo implantation, basic research about CPP struc-
tures is urgently needed for adjusting its biodegradation
rate and tailoring its other properties.

Fig. 1a and b show the 3-D crystal structures ofβ-CPP
(1a) and calcium meta-phosphate (1b). β-CPP crystal
structure was constructed based on the following data
[25]: monoclinic system; space group: P21/c; lattice
parameter: a = 0.69600 nm; b = 0.77114 nm; c =
1.6994 nm; α(◦) = 90.0000; β(◦) = 90.4400; γ (◦) =
90.0000. The crystal cell of β-CPP is composed of
two elemental units consisting of a circular chain con-
nected by eight PO4 tetrahedrons. The polymerization
of [Ca(PO3)2] probably results in the connection of
two circle chain units through O atoms at the two cir-
cle chains. The β-CPP polymerization will produce a
complex chain structure along the C axis which will
probably result in the small change of crystal cell di-
mensions and the coordinate of Ca atoms in the cell.
From the above analysis, the different polymerization
degrees of CPP sintered at different temperatures will
have the same space group and crystal system. But it
will be different in the cell dimensions and reflection
intensities in the XRD pattern.

Unfortunately, there is no available γ -CPP struc-
ture in ICSD database. There is another kind of
[Ca(PO3)2]n, calcium meta-phosphate with monoclinic
system (Space group: P21/a; lattice parameter: a =
1.69600 nm; b = 0.77144 nm; c = 0.69963 nm ; α(◦) =
90.0000; β(◦) = 90.3940; γ (◦) = 90.0000)) [23]. The
crystal cell of calcium meta-phosphate is similar with
β-CPP in many features, such as, cell dimensions, and
cell volume etal. The obvious and significant differ-
ence is that the crystal cell of calcium meta-phosphate
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Figure 2 Standard XRD patterns of β-CPP (top), γ -CPP (middle) and
calcium meta-phosphate (bottom).

is composed of the elemental units which are simple
liner chains connected by two PO4 tetrahedrons. There-
fore, this kind of compound is named calcium meta-
phosphate. It is a meta-state. Calcium meta-phosphate
may be the precursor of β-CPP in the sintering process.

In the powder diffraction files (PDF2-2003 Version),
there are XRD patterns of β-CPP (PDF 77-1953), γ -
CPP (PDF 17-498) and calcium meta-phosphate (PDF
79-700). Fig. 2 demonstrates the calculated XRD pat-
terns of β-CPP (PDF 77-1793) and calcium meta-
phosphate (PDF 79-700), as well as the experimen-
tal XRD pattern of γ -CPP (PDF 17-489). There are
many reflections on each XRD pattern. The positions
of stronger reflections in each pattern are almost at the
same 2θ position. The phase analysis of the CPP sys-
tem will meet great difficulty, which may have result
in lack of XRD patterns shown in previous references
[3–6, 10].

The Figs 3–5 shows the XRD patterns of the glass-
like CPP powders and semi-crystalline or crystalline
CPP powders sintered at different temperatures. The
symmetrical diffuse reflection around 2θ = 25◦ in
Fig. 3 indicated that the prepared starting CPP powders
was typical amorphous. For CPP sintered at 585◦C, the
original symmetrical diffuse reflection began to spilt

Figure 3 XRD patterns of the glass-like CPP and semi-crystalline CPP
(CPP585).

Figure 4 XRD patterns of the crystalline CPP sintered at 600◦C
(CPP600), 650◦C (CPP650), 700◦C (CPP700).

Figure 5 XRD patterns of the crystalline β-CPP sintered at 750◦C
(CPP750), 800◦C (CPP800), 900◦C (CPP900).

into two symmetrical diffuse reflections, which indi-
cated that at that phase transformation began at or below
585◦C. Its diffuse characteristic of these two reflections
was very difficult to identify the phase and the occur-
rence of this transformation before crystallizing. So the
CPP sintered at 585◦C was named semi-crystalline CPP
in the present study.

Compared with XRD patterns of CPP585 and
CPP600, the transformation of semi-crystalline CPP
to crystalline CPP occurred at the narrow temperature
range of 585–600◦C. In this stage, the transformation
of γ -CPP to β-CPP also occurred. The presence of
β-CPP in this stage illustrated that: (1) The γ -CPP
is unstable and it exists at a very narrow temperature
range (585 < T < 600◦C); (2) The crystallization rate
of semi-crystalline CPP to crystalline CPP was faster
than that of γ -CPP to β-CPP.

Fig. 4 demonstrates the XRD patterns of CPP sin-
tered at 600, 650 and 700◦C. The intensity of the re-
flections in 2θ range of 26.5◦ to 28.2◦ increased with
the rising of the sintering temperature. The variation of
the relative intensity on XRD patterns indicates that the
sintered CPP contained more than one phase including
β-CPP and that the mass fraction of β-CPP in sintered
CPP increased. McIntosh [18] reported that the trans-
formation of γ -CPP to β-CPP occurred at 500–700◦C.
Filiaggi [26] reported that there was only β-CPP in the
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T ABL E I Phase composition of the sintered CPP calculated with RIR
method

Mass
fraction CPP600a CPP650 CPP700 CPP750 CPP800 CPP900

γ -CPP (%) 41 39 32 0 0 0
β-CPP (%) 59 61 68 100 100 100

aIn term of CPPxxx, xxx was sintering temperature.

CPP ceramics sintered above 600◦C. The transforma-
tion of γ -CPP to β-CPP occurred at 600–700◦C, and
the mass fraction of β-CPP depended on the dynam-
ics of the transformation determined by the sintering
temperatures and the rate of rising temperature. Fig. 5
illustrates the XRD patterns of CPP sintered at 750, 800
and 900◦C, respectively. There were no obvious differ-
ences in position and relative intensity of each reflection
for CPP sintered above 700◦C. The CPP sintered above
750◦C was composed of only β-CPP, and there was
no detectable γ -CPP for the limitation (<1%) of XRD
qualitative phase analysis.

Table I lists the quantitative analysis of the sintered
CPP at different temperatures. The RIR values of β-
CPP and calcium meta-phosphate are 0.580 and 0.585
from the PDF2 database. Unfortunately, the RIR and
parameters of crystal structure of γ -CPP is not avail-
able. From the above discussion about crystal structures
of β-CPP and calcium meta-phosphate, calcium meta-
phosphate may be the precursor of β-CPP. In the present
study, the results of phase transformation verified that
γ -CPP was the precursor of β-CPP. On the other hand,
γ -CPP and β-CPP, and calcium meta-phosphate have
the same chemical formula [Ca(PO3)2]n, and a similar
crystal structure. Assumption of RIR 0.585 of calcium
meta-phosphate same as γ -CPP’s RIR, 0.585, was rea-
sonable. From the error analysis of �Xα/Xα relation
with RIRα and �RIRα for Equation 1, this assumption
would not produce the significant error for the results
of quantitative analysis. During the practical quantita-
tive analysis of X’Pert HighScore, the mass fraction of
γ -CPP in CPP700 changed from 32 to 34% accompa-
nying the RIR of γ -CPP 0.585 replaced by 0.580.

Theoretically RIR quantitative analysis method
should give the exact results of the mass fraction of a
mixture. Practically speaking, however, several sources
of errors maybe prohibit an accurate result. The main
errors are: (1) The RIR values from the reference
database: In the present study, the assumption of RIR
of γ -CPP being equal to calcium meta-phosphate RIR
(0.585) might result in a certain error theoretically. (2)
The overlapping of the strongest reflection will result
in the wrong intensity for each phase. In order to ob-
tain the intensity of β-CPP and γ -CPP, the deconvo-
lution of overlapping diffraction lines was processed
with a profile-fit based Voigt function constructed in
the X’Pert HighScore.

Except for the phase composition, the distribution
of crystallite size and average microstrain are also the
important parameters for characterizing microstructure
[27]. Fig. 6 plots the average micro-strains and average
crystallite sizes vs. sintering temperatures. The soft-

Figure 6 Average crystallite size and mean micro-strain of sintered CPP
vs. sintering temperatures.

ware based on the W-A/FT method outputs the distri-
bution of crystallite size and average crystallite size, as
well as average micro-stain. The distribution of crys-
tallite size, a graph (not shown in the present study), is
difficult to plot with variation of the sintering temper-
atures. To easily compare the effects of sintering, the
values of average crystallite size and average micro-
strain were plotted with the sintering temperatures. The
increase of the average crystallite size corresponded
to the decrease of average micro-strain with increas-
ing sintering temperature at each sintering stage. Both
tendencies of increase and decrease at the same tem-
perature range were very similar, indicating that two
microstructure parameters might be closely correlated
together.

The Scherrer equation is widely used to calculate
average crystallite size, but this method uses only the
strongest diffraction and neglects the contribution of
micro-strain for broadening of reflections. By means
of Scherrer equation, the average crystallite sizes cal-
culated from different reflections are often significantly
different from each other because of the contribution of
micro-strain to broadening of the reflections. In order
to obtain the actual value of average crystallite size, the
effect of crystallite size and micro-strain on reflection
broadening should be separated.

We found that when comparing with the glass-like
CPP and semi-crystalline CPP sintered at 585◦C, below
585◦C the average crystallite size increased slightly but
the micro-strain decreased to some degree as well. The
main feature of this sintering stage was the perfecting
of crystalline structure, that is, the increase of the crys-
tallite size and decrease of the micro-strain.

At the sintering temperatures between 585–600◦C,
it was observed that both phase transformations from
semi-crystalline to γ -CPP and γ -CPP to β-CPP oc-
curred. The average crystallite size abruptly increased
from 2.9 nm of semi-crystalline to 8.0 nm of β-CPP
and micro-strain decreased significantly at the same
time. Two kind of the phase transformations and fur-
ther perfecting of crystals were the characteristics of
the sintering process between 585–600◦C. In the range
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of 600–700◦C, the growth of CPP crystals seemed to
cease temporarily, and CPP crystals only grew from
8.0 to 8.9 nm, and micro-strain decreased slightly
from 0.159 to 0.134%. The phase transformation from
γ -CPP to β-CPP occurred, and the β-CPP/γ -CPP
weight ratio increased with rising of sintering tempera-
ture. The obvious characteristic of sintering process at
this stage was the phase transformation form γ -CPP to
β-CPP.

Abe [28] reported that the crystallization of amor-
phous CPP took place at 600–660◦C. In the present ex-
periments, the crystallization temperature was below
600◦C, and the process of crystallization mainly oc-
curred at 585–600◦C. Above 700◦C, the transformation
of γ -CPP to β-CPP was completed. With the rising of
the sintering temperature, the crystallite size of β-CPP
increased steadily and micro-strain further decreased.
The main change occurring in this temperature range
was the perfecting of β-CPP crystal lattice.

The effects of sintering temperature on CPP crys-
talline structure are very complex, involving thermo-
dynamics and dynamics of the transformations. In the
present study, the sintering process can be marked
as several stages. At below 585◦C and above 700◦C,
the average crystallite size and micro-strain might be
used to characterize the crystal growth and perfect-
ing of semi-crystalline or crystalline phase. In the nar-
row range of temperature between 585 to 600◦C, two
kinds of transformations occurred. In the range of 600–
700◦C, the transformation of γ -CPP to β-CPP was fea-
tured by the mass fraction increase of β-CPP, and the
perfecting of crystal by increase of the average crys-
tallite size and decrease of micro-strain. For explaining
CPP degradation in vivo and in vitro, the correlation
of above micro-structural parameters’ change with the
variation of degradation rates might be more reasonable
than the porosity of CPP ceramics or sintering temper-
atures.

The phase composition of CPP ceramics is very cru-
cial for its degradation rate in vivo. The phase trans-
formation of CPP during sintering process is very
important for understanding the degradation phenom-
ena of CPP. During the sintering processes up to
900◦C, three kinds of main phase transformation oc-
curred, that is, amorphous CPP to semi-crystalline CPP,
semi-crystalline CPP to γ -CPP, and γ -CPP to β-CPP.
Comparing with the degradation data of CPP, the for-
mer phase transformation is a key factor for adjusting
the degradation rate because the degradation rate of
CPP585 is about 18 times faster than CPP600 [10]. The
degradation rates of the porous CPP ceramics sintered
above 600◦C did not demonstrate significant differ-
ences, which probably attributed to similar properties
between β-CPP and γ -CPP. In order to be able to char-
acterize glass-like or semi-crystalline and crystalline,
the distribution of crystallite size/mean crystalline size
and micro-strain may be the only available microstruc-
ture parameters because of difficulty in characterization
of the amorphous or semi-crystals in structural terms.

Combined with the phase transformations occurring
at 585–600◦C, the great difference of 2.7 and 8.0 nm in
average crystallite size and 1.68 and 0.159% in micro-

strain for both CPP585 and CPP600 satisfactorily ex-
plained their significant difference in the degradation
rates in vitro and in vivo.

The future work of this investigation will focus on
(1) using radical distribution function (RDF) to char-
acterize amorphous CPP and semi-crystalline CPP; (2)
with the help of the Molecular Simulation Workstation
(Cerius2, MSI Company, USA), constructing the chain
structure with different polymerization degrees base on
the crystal cells of β-CPP and calcium meta-phosphate,
and simulating and computing the XRD patterns, and
compare with experimental XRD patterns.

4. Conclusions
The present study confirmed that during the sintering
process for fabricating CPP ceramics there is a series
of phase transformations with XRD qualitative analy-
sis and quantitative analysis. The results demonstrate
that the sintering temperature significantly influenced
CPP’s phase transformations and microstructure pa-
rameters.

During the sintering process from room tempera-
ture to 900◦C, the transformations of semi-crystalline
CPP to crystalline CPP, that is, crystallization process,
mainly occurred within a narrow temperature range of
585–600◦C. The transformation of γ -CPP to β-CPP
occurred at two sintering temperature ranges of 585 to
600◦C and 600 to 700◦C. In term of the perfecting of the
CPP crystallizing process characterized with average
crystallite size (D) and micro-strain (ε), D increased
and ε decreased with rising of the sintering tempera-
ture. The perfecting process mainly occurred around
600◦C and above 700◦C.

The phase transformations of CPP during the sin-
tering process and the characteristics of CPP mi-
crostructure provide the fundamental data for devel-
oping controllable-degraded CPP bioceramics.
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