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Abstract Beta-tricalcium phosphate (5-TCP) powder
was prepared by a two-step process: wet precipitation
of apatitic tricalcium phosphate [Cag(HPO,)(PO,)s(OH)]
(B-TCP ‘precursor’) and calcination of the precursor at
800°C for 3 h to produce f-TCP. Magnesium-substituted
tricalcium phosphate (f-TCMP) was produced by adding
Mg(NOs3), - 6H,0 into Ca(NO3), solution as Mg2+ source
before the precipitation step. The transition temperature
from f-TCP to o-TCP increases with the increase of Mg**
content in B-TCMP. B-TCMP with 3 mol.% Mg”* has
pB-TCP to o-TCP transition temperature above 1,300°C.
Dense -TCMP (3 mol.% Mg2+) ceramics (~99.4% rela-
tive density) were produced by pressing the green bodies at
100 MPa and further sintering at 1,250°C for 2 h. The
average compressive strength of dense f-TCP ceramics
sintered at 1,100°C is ~540 MPa, while that of f-TCMP
(3 mol.% Mg2+) ceramics is ~430 MPa.

1 Introduction

Tricalcium phosphate [Caz(PO,4),, TCP] ceramics, espe-
cially 5-TCP, are currently used for a number of dental and
skeletal prosthetic applications due to their good
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biocompatibility and osteointegration properties [1-6].
TCP can exist under three polymorphs [7, 8]: (i) f-TCP is
stable below 1,120°C, with space group R3c and a room
temperature density of 3.07 g cm ™. (ii) o-TCP is stable
from 1,120 to 1,470°C, but can be quenched to room
temperature as a metastable phase, with space group P2,/a
and a room temperature density of 2.86 g cm™>. (iii) o/-
TCP is stable from 1,470°C to the melting point at
1,756°C. Recently, Yashima and Sakai [9] reported that the
space group of o/-TCP is P3m.

Highly dense S-TCP ceramics are difficult to prepare,
due to insufficient compaction when sintering below
the -TCP to a-TCP transition temperature [7, 10]. Above
the transition temperature, S-TCP to «-TCP transforma-
tion causes the expansion of the material during the
sintering process and creates micro-cracks in the ceram-
ics, which prevents TCP ceramics from further
densification [11, 12].

In this investigation, -TCP powders with and without
Mg substitution were produced. With the increase of Mg>*
content in f-TCMP [(Ca,Mg);(PO,),], the -TCP to o-TCP
transition temperature increases [7, 13—15]; f-TCMP with
3mol.% Mg** has its transition temperature above
1,300°C. In this study, dense -TCP and ;-TCMP ceramics
were produced by cold pressing ceramic green bodies from
the powders at 100 MPa, and subsequently pressureless
sintering the green bodies above 1,150°C. Quasi-static
compression tests of dense -TCP and -TCMP ceramics
were performed to evaluate the mechanical strength of
these ceramics. Due to the presence of Mg in calcified
living tissues (about 0.5% in bone or tooth enamel and
more than 1% in tooth dentine [16]), f~-TCMP prepared in
this investigation, may have improved biological functions
[17-19], and potential applications in bone and tooth
replacement and augmentation.
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2 Experimental
2.1 Synthesis of f-TCP and -TCMP powders

Calcium nitrate tetrahydrate [Ca(NOj), - 4H,0, ACS
reagent, Sigma-Aldrich], magnesium nitrate hexahydrate
[Mg(NOs3), - 6H,0, ACS reagent, Sigma-Aldrich] and
ammonium phosphate dibasic [(NH4),HPO,, reagent
grade, Sigma-Aldrich] were used as starting reagents, for
calcium, magnesium and phosphorus, respectively.
Calcium nitrate solution was titrated to (NH4),HPO,
solution with continuous stirring (~700 rpm) and con-
trolling final molar ratio of Ca/P as 1.5. (NH,4),HPO,
solution was adjusted to pH ~ 10 before the titration and
kept at pH ~9 during the titration with ammonium
hydroxide solution. The precipitate (apatitic tricalcium
phosphate) was rinsed with deionized water, separated by
centrifuge and dried at 100°C for ~ 12 h. For f-TCMP, a
predetermined amount of Mg(NOj3), - 6H,O as Mngr
source was dissolved in the Ca(NQOs), solution before the
titration, and the final molar ratio of (Ca + Mg)/P is 1.5.
The Mg content in the f-TCMP sample is calculated by the
molar percentage of Mg>*/(Ca®* + Mg®*) from the starting
reagents. Hereafter, f-TCMP samples with 2 mol.%,
3 mol.%, 4 mol.%, 5 mol.%, and 10 mol.% Mg>* in this
investigation are designated as S-TCMP-2, p-TCMP-3,
p-TCMP-4, f-TCMP-5 and -TCMP-10, respectively. The
dried precipitate (f-TCP or f-TCMP precursor) was cal-
cined at 800°C in air for 3 h to produce 5-TCP or -TCMP.

2.2 Ceramic sintering

A specified amount of -TCP or f-TCMP powder neces-
sary to make a green body compact was ground with
several drops of 5 wt.% polyvinyl alcohol (PVA) solution
in a mortar. The powder mixture was uniaxially pressed in
a stainless steel die on a load frame to 100 MPa pressure to
create compacted green bodies. Green bodies were then
pressureless sintered above 1,100°C in a muffle furnace in
air, with a heating rate of 2°C/min and a dwell time of 2 h.

2.3 Characterization

Sample phases were identified by x-ray diffraction (XRD)
using a Rigaku Rotaflex X-ray diffractometer, while the
morphology of the structures was studied by scanning elec-
tron microscopy (SEM) using a Phillips XI.20. Differential
thermal analysis (DTA) and Thermogravimetric analysis
(TGA) were employed to determine the phase stability and
the reaction temperatures using a Pyris Diamond TG/DTA
(PerkinElmer Instruments). Ceramic densities were deter-
mined by Archimedes’ method using deionized water. Quasi-
static compression tests were conducted on a servohydraulic
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load frame at a strain rate of 10~>/s. For each ceramic, 10-15
cylindrical specimens [~ 11.0 mm (diameter) x 4.5 mm
(height)] were tested.

3 Results and discussion
3.1 Powder characterization

Figure 1 shows an XRD pattern of the f-TCP precursor
(apatitic tricalcium phosphate) as prepared at room tem-
perature (Fig. la) and [-TCP after calcination of the
precursor at 800°C for 3 h (Fig. 1b). Broad diffraction
peaks in Fig. 1a indicate the f-TCP precursor has a small
crystallite size and poor crystallinity. The diffraction peaks
are close to those of hydroxyapatite (HAP, JCPDF #9-
0432) as marked in the pattern, indicating the precursor has
a similar structure as HAP. The precursor (apatitic trical-
cium phosphate) is reported to have formula of Cag(HPO,)
(POy4)s(OH) [20, 21].

After calcination of the precursor at 800°C for 3 h, good
crystalline f-TCP formed (Fig. 1b). All peaks match with
B-TCP (JCPDF #9-0169), with some indices labeled in the
pattern.

The precipitation reaction and the calcination reaction to
produce f-TCP are described by the reactions given in Egs.
1 and 2 [21, 22], respectively.

9Ca(NO;), + 6(NH,),HPO, + 6NH,OH
— Cag(HPO4)(PO4)5(OH) + SH,0 + 18NH4NO5 (1)
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Fig. 1 XRD pattern of (a) S-TCP precursor (apatitic tricalcium
phosphate) and (b) -TCP after calcination of the precursor at 800°C
for3 h
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Cag (HPO4)(PO4)5(OH) — 3Ca3 (PO4)2 + Hzo (2)

The XRD patterns of f-TCMP-3 precursor as prepared
(Fig. 2a) and -TCMP-3 produced at 800°C (Fig. 2b) are
similar to the corresponding pattern in Fig. 1, which
indicates no new phase(s) formed during the precipitation
and calcination process with the presence of Mg”*. The
diffraction peaks in Fig. 2b shift to larger angles, compared
to those of B-TCP in Fig. 1b, consistent with the
substitution of Ca®* by Mg®* in -TCP structure.

The precipitation of S-TCMP precursor [(Ca;_Mg,)o
(HPO4)(PO4)5(OH)] and its decomposition to [-TCMP
[(Ca;_Mg,);(PO,),] take place as Eqs. 3 and 4, respectively
[23].

(9 — 9X)Ca(NO3)2 + (9X)Mg(N03)2 + 6(NH4)2HPO4
+ 6NH4,OH — (Cal,ngx)9(HPO4)(PO4)5(OH)
+ 18NH,;NO; + SH,0 (3)

(Car_ Mg, ), (HPO,)(PO,)5 (OH)
— 3(Ca1,ngx)3(PO4)2 + H,O (4)

Figure 3 shows XRD patterns of f~-TCMP samples with
different Mg>* content (up to 10 mol.%) produced at 800°C.
All peaks in the pattern match with -TCP, indicating the
incorporation of Mg®* into TCP structure. A maximum
14.3 mol.% Mg** can substitute for Ca** in the S-TCP
structure without the formation of any new phases [13, 24].
With increasing Mg?* content (Fig. 3a—d), the diffraction
peaks shift to larger angles, indicating a contraction of the
lattice constants. The refined lattice parameters (a and c) of
p-TCP and p-TCMP were calculated from the diffraction
patterns shown in Fig. 4. Six peaks [Miller indices (3 0 0),
(0210),(128),(306), (11 12) and (2 0 0)] in each
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Fig. 2 XRD pattern of f~-TCMP-3 (3 mol.% Mg**) precursor (a) and
B-TCMP-3 after calcination (b) of precursor at 800°C for 3 h
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Fig. 3 XRD pattern of (a) -TCP, (b) f-TCMP-2, (¢) f~-TCMP-5 and
(d) f-TCMP-10, produced at 800°C

diffraction pattern were refined to calculate ‘a’ and ‘c’
values. The lattice parameters in Fig. 4 are average values of
lattice constants from at least 3 XRD patterns for each
sample. Both ‘a’ and ‘c’ values decrease with increasing
Mg>* content (up to 10 mol.%), due to the smaller ionic
radius of Mg?* (0.65 A) compared to Ca2* (0.99 A) [25].
Figure 5a shows TG/DTA results of f-TCMP-3 precursor
heated in air to 1,300°C with a heating rate of 5°C/min. The
small endothermic peak around 725°C in the DTA curve
indicates the decomposition of the precursor to form
B-TCMP, according to the reaction described by Eq. 4. The
weight loss that occurs at approximately the same temper-
ature in the TG curve is the loss of water from the
decomposition reaction. Figure 5b shows the DTA result of
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Fig. 4 Influence of incorporation of Mg>* in f-TCP structure on the
lattice parameters ‘a’ and ‘c’
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Fig. 5 TG/DTA results of

B-TCMP-3 precursor (a) and
DTA curve of -TCP powder
(b) heated in air up to 1,300°C

Heat flow endo up (mw)

300

f-TCP powder heated in air at a heating rate of 5°C/min to
1,000°C and 2°C/min from 1,000 to 1,300°C. The exother-
mic peak around 1,150°C indicates the phase transformation
from 5-TCP to a-TCP.

Figure 6 shows XRD pattern of S-TCP and p-TCMP
samples after calcination at different temperatures. Diffraction
peak (034) from «-TCP (JCPDF #29-0359) was found in
p-TCP sample after being calcined at 1,150°C (Fig. 6a),
which is consistent with the DTA result (Fig. 5b). o-TCP
was also found in B-TCMP-2 after being calcined at
1,250°C (Fig. 6b). No peak from «-TCP was found in
p-TCMP-3 and B-TCMP-4 after calcination at 1,300°C for
2 h, indicating that the phase transition temperature from
B-TCP to o-TCP in these samples exceeds 1,300°C. These
results demonstrate that the transition temperature from
B-TCP to o-TCP increases with the increase of Mg content
in f-TCMP [13].
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Fig. 6 XRD pattern of f-TCP and $-TCMP samples after calcination at

different temperatures for 2 h: (a) pure f-TCPat 1,150°C, (b) f-TCMP-2
at 1,250°C, (¢) f-TCMP-3 and (d) f-TCMP-4 at 1,300°C
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3.2 Ceramic density and microstructures

Figure 7 shows density of f-TCP and -TCMP-3 ceramics
measured by Archimedes’ method with deionized water. For
each ceramic, 10-15 samples were used and the results
averaged. For f-TCP ceramics, the average density of
ceramics sintered at 1,150°C and 1,250°C are lower than that
of ceramics sintered at 1,100°C. This is caused by the for-
mation of «-TCP in the ceramics sintered at 1,150°C and
1,250°C, which is indicated by the bulk XRD pattern
(Fig. 8b and c) of the ceramics. f-TCP (¢ = b = 10.44 A,
c = 37.38 A o= f =90°7y = 120° cell volume = 3,513
A%) to «-TCP (a = 12.89 A, b = 2728 A, ¢ = 15.22 A,
o=7y=290° f =126.2° cell volume = 4,318 10\3) [24]
transformation causes the expansion of TCP during the sin-
tering process, which prevents the TCP ceramics from
further densification.

For -TCMP-3 ceramics, only the f-TCP phase exists
when sintered below 1,300°C (Fig. 6¢). Ceramic density
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Fig. 7 Average density of f-TCP and f-TCMP-3 ceramics sintered
at different temperatures for 2 h with error bars
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Fig. 8 Bulk XRD pattern of -TCP ceramics sintered at different
temperatures: (a) 1,100°C, (b) 1,150°C and (c) 1,250°C

increases with increasing sintering temperature (Fig. 7).
The theoretical density of f-TCMP-3 is calculated to be
3.08 gcm >, based on the refined lattice constants
(a=b=1040 A, c = 3733 A, a = f = 90°, 7y = 120°)
from the XRD patterns. f-TCMP-3 ceramics sintered at
1,150°C and 1,250°C, have average density of 2.98 g cm™3
and 3.06 g cm >, with relative density of 96.8% and
99.4%, respectively. These results indicate that extremely
dense f-TCMP ceramics can be prepared by sintering the
ceramics above 1,150°C without the formation of o-TCP.

S wamy
“-a
J .

Fig. 9 SEM images of surfaces
of B-TCP ceramics sintered at
different temperatures: (a)
1,100°C, (b) 1,150°C, (¢) and
(d) 1,250°C

SEM images of surfaces of -TCP ceramics sintered at
different temperatures are shown in Fig. 9. f-TCP ceramics
sintered at 1,100°C (Fig. 9a) had a grain size of several
micrometers. A small amount of voids were found around
grains, and were nearly micro-crack free. After being sin-
tered at 1,150°C (Fig. 9b), larger cracks were observed in
the ceramics, and some micro-cracks generated from the
main cracks were also detected. The transformation from
p-TCP to a-TCP can be observed by the formation of new
continuous phase («-TCP) around the original -TCP par-
ticles, which is consistent with the XRD result (Fig. 8b).
The formation of «-TCP caused the expansion of ceramics,
decreased the density (Fig. 7) and created cracks.

After sintered at 1,250°C, ceramics are mainly com-
posed of a-TCP, which is indicated by the XRD result
(Fig. 8c). New grain boundaries of a-TCP can be observed,
and the grain size is about several micrometers (Fig. 9c and
d). More cracks were found in the ceramics (Fig. 9c),
compared to ceramics sintered at 1,150°C. Micro-cracks
(marked with arrows) were found even in dense portions of
the sample (Fig. 9d). Both intergranular and transgranular
cracks are found in the ceramic samples sintered at
1,150°C and 1,250°C.

Figure 10 shows SEM images of surfaces of f-TCMP-3
ceramics sintered at different temperatures. Voids around
grains were found as the main defects in the ceramics
sintered at 1,100°C (Fig. 10a). Compared with S-TCP
ceramics (Fig. 9a), a larger amount of voids were found in
p-TCMP-3 samples. The grain size is about 1-4 pm
(Fig. 10a). Without any apparent phase transformation,
p-TCMP grains grew up to 10 pm when sintered at
1,150°C (Fig. 10b), and up to 20 pm at 1,250°C (Fig. 10c).
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Fig. 10 SEM images of
surfaces of ;~-TCMP-3 ceramics
sintered at different
temperatures: (a) 1,100°C, (b)
1,150°C, and (c¢) 1,250°C

As a result of grain growth with the increase of sintering
temperature, the apparent density of f-TCMP-3 ceramics
also increased, as denoted by the absence of significant
voids, which is consistent with density measurement
(Fig. 7). Both intergranular and transgranular micro-cracks
were found in f-TCMP-3 ceramics sintered above 1,150°C
(Fig. 10b and c), which may be caused by contraction of
the ceramics during the sintering process.

3.3 Mechanical strength of the CaP ceramics

Figure 11 shows typical stress-stain curves of -TCP and
p-TCMP-3 ceramics. The curves show a failure model of
brittle materials. There are uncertainties in performing
mechanical tests of ceramics in this investigation, due to
the difference in specimen dimensions, existence of voids
(Figs. 9a and 10a), macro-cracks (Fig. 9b and c) or micro-
cracks (Fig. 10b and c). The compressive strength of
ceramics varies from specimen to specimen, which is
indicated by Weibull distribution (Fig. 12) of fracture
stress of B-TCP and [-TCMP-3 ceramics sintered at
1,100°C. Weibull analysis is applied by means of the fol-
lowing equation [26-28]:

P(V) =exp {— (%) m] (5)

where P(V) is the survival probability, g, and m are Weibull
parameters obtained experimentally, and ¢ is the compres-
sive strength. The Weibull parameter ‘m’ for -TCP and
S-TCMP-3 ceramics is 5.92 and 4.22, respectively. The plots
indicate that the 50% fracture probabilities (P(V) = 0.5) of
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Fig. 11 Quasi-static compressive stress—strain curves of (a) -TCP
and (b) f-TCMP-3 ceramics sintered at 1,100°C for 2 h

p-TCP and B-TCMP-3 ceramics are ~540 MPa and
440 MPa, respectively, which are close to the average
fracture strength of these two ceramics, 540 MPa and
430 MPa.

The average compressive strength of [-TCP and
p-TCMP-3 ceramics are shown in Fig. 13. The average
strength of S-TCP ceramics sintered at 1,100°C is
~ 540 MPa. These ceramics are pure 5-TCP, indicating by
the XRD result (Fig. 8a), and micro-voids are the main
defects (Fig. 9a). Most ceramics sintered at 1,100°C
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fractured into small particles after failure in the compres-
sion tests. Ceramics sintered at 1,150°C and 1,250°C have
an average strength ~290 MPa and 130 MPa, respec-
tively. These ceramics have «-TCP as the main phase
(Fig. 8b and c) and macro- or micro-cracks as the main
defects (Fig. 9b—d). After failure in the compression tests,
larger particles or pieces formed from these ceramics,
consistent with pre-existing cracks in the samples. The
above results demonstrate that the formation of o-TCP at
temperatures above 1,150°C, create cracks in the ceramics
and decreased the mechanical strength.

The average compressive strength of f-TCMP-3 ceramics
sintered at 1,100°C is ~430 MPa, slightly lower than that of
B-TCP ceramics (540 MPa), due to a larger amount of micro-
voids in the f-TCMP-3 ceramics (Fig. 10a) compared with
the 5-TCP ceramics (Fig. 9a). f-TCMP-3 ceramics sintered
at 1,150°C and 1,250°C have the same average strength of
~ 340 MPa, which is lower than that of f~-TCMP-3 ceramics
sintered at 1,100°C. Although the density of S-TCMP-3
ceramics increased with the increase of sintering tempera-
ture (Fig. 7), the existence of micro-cracks and grain growth
in the ceramics (Fig. 10b and c) sintered at temperatures
above 1,150°C decreased the mechanical strength.

4 Conclusions

B-TCP or -TCMP powders can be prepared by a two-step
process: wet precipitation of apatitic tricalcium phosphate
(‘precursor’) and calcination of the precursor at 800°C for
3 h. With the increasing Mg®* content in the S-TCP
structure, the transition temperature from -TCP to o-TCP
increases. f-TCMP-3 (3 mol.% Mg”*) has a transition
temperature above 1,300°C.

B-TCP ceramics prepared by pressing the green body at
100 MPa and sintering at 1,100°C, have high average
strength of 540 MPa. f-TCP ceramics sintered above
1,150°C have o-TCP as the main phase, which caused the
expansion of ceramics, decreased the ceramic density and
created cracks in the samples. These pre-existing cracks in
the ceramics caused fracture along the cracks and
decreased the compressive strength of the ceramics.

Dense 3-TCMP-3 ceramics were prepared by sintering
at temperature above 1,150°C. The average relative density
of f-TCMP-3 ceramics sintered at 1,150°C and 1,250°C
are 96.8% and 99.4%, respectively. However, the forma-
tion of micro-cracks and grain growth in dense -TCMP-3
ceramics sintered above 1,150°C decreased the compres-
sive strength of the ceramics.
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