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SINTERING OF HYDROXYAPATITE LATH-LIKE POWDERS
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Hydroxyapatite powders, which consisted of lath-like single-crystalline particles, were calcined at two different temperatures.
Green and calcined powders were used for sintering HAp ceramic samples under uniaxial pressing. Powders and sintered samples
were studied using various analytical techniques in order to determine how calcination affects the particle properties and the
sintering behavior of HAp powders. It was found that calcination decreases the particles length and changes the particles
morphology from lath-like to spherical shape. The relative density increases with increasing calcination temperature and aging
time. It was found that long aging time favor the formation of thermally stable HAp particles, whereas a shorter one results in the
formation of B-calcium phosphate during thermal treatment. Sintering of compacted powders begins at temperatures greater than

900°C, with a trend to increase the onset temperature as the calcination temperature is increased.
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Introduction

Artificially  prepared  Hydroxyapatite = [HAp,
Cayy(PO,4)s(OH),] has excellent compatibility with the
human body due to the similarity of the HAp and natu-
ral bone. Porous HAp ceramics have been fabricated
using HAp fibers, polycrystalline needle structures, or
single-crystalline whiskers and have been widely ap-
plied as bone substitutes [1—4]. Physical and chemical
properties of HAp ceramics strongly depend on the
crystal structure and properties of raw powders [5].
HAp powders are usually calcined at high tempera-
tures before sintering of ceramic. Calcination is ap-
plied in order to adjust various powder properties for
subsequent processing of HAp ceramics [6]. Recently
the model of the grain growth of hydroxyapatite during
the sintering was studied [7—9]. Control of particle size
and shape as well as particle size distribution and ag-
glomeration, have been widely studied in order to im-
prove the mechanical properties of sintered HAp
[10, 11]. The optical transmittance of sintered hydro-
xyapatite was also studied [12]. Submicron HAp pow-
ders are also investigated as they exhibit greater sur-
face area. In particular, nanometer sized HAp is
expected to have better bioactivity than coarser crys-
tals. It was found that low temperature of densification
prevents the formation of other calcium phosphate
phases such as o—tricalcium phosphate (a-TCP) and
B-tricalcium phosphate (B-TCP) that may form at
sintering temperatures exceeding 900°C [13]. When
hot pressing was applied at the sintering process, the
decomposition of HAp has not occurred in the temper-
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ature range of 1150—1300°C [14]. The sintering tem-
perature is also a critical factor influencing the phase
stability, densification behavior, microstructure, and
hence the hardness of HAp ceramics. Sintering at ele-
vated temperature tends to eliminate functional OH
groups in the HAp matrix (dehydration) and this would
result in the decomposition of HAp phase to form
o—tricalcium phosphate (a-TCP, high temperature
phase modification), p—tricalcium phosphate (B-TCP,
low temperature phase modification), tetra-calcium
phosphate (TTCP), or oxy-hydroxyapatite (OHAp).
For commercial HAp the optimum sintering tempera-
ture was found to be 1250°C, and decomposition was
observed to occur above 1350°C. The decomposition
of HAp was detrimental to sintering, densification and
hardness property [15]. Although, the start of shrink-
age and the densification of HAp depends mainly on
the Ca/P ratio, the final sintering density depends on
the particle size, the homogeneity and the agglomera-
tion character of the powder precursor [16].

Recently, HAp lath-like nanoparticles have been
prepared using high energy dispersing equipment in
combination with pH shock wave method. The parti-
cles were single-crystalline, with anisotropic crystal
growth and average grain size ca 140-1300 nm in
length, 20-100 nm in width and 1040 nm in thick-
ness [17]. This paper is devoted to study the effect of
thermal treatment on the nanoparticles fabrication.
HAp powders, dried at 90°C and calcined at two differ-
ent temperatures before sintering, have been studied
using thermogravimetric (TG), differential thermal
analysis (DTA), thermomechanical analysis (TMA),
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powder X-ray diffractometry (XRD), Fourier-trans-
form infrared spectroscopy (FTIR) and transmission
electron microscopy (TEM), in order to investigate
how the calcination affects the lath-like particle prop-
erties and the sintering behavior of HAp powders.

Experimental

HAp lath-like particles were obtained by the elsewhere
described pH shock wave method using high-speed
dispersing equipment [17]. An 800 mL solution of
~0.0538 mol Ca(H,PO4),'H,O and ~0.1254 mol
CaCl,2H,0O with a Ca/P molar ratio of 1.67 (the
stoichiometry of HAp) was transferred into the reactor
vessel and was heated at a temperature of 97+£1°C. The
rotation speed of the disperser was adjusted at
5000 rpm. Ten mL of condensed ammonium solution
(25% w/v) were added. The produced slurry was aged
at temperature of 97£1°C, for 0.5, 1 or 2 h. Subse-
quently, the slurries were cooled to room temperature,
filtrated, washed using distilled water and dried at
90°C for 24 h. The precursor amounts, are listed in Ta-
ble 1 with respect to the aging time. In this table, HAp
powders aged for 0.5, 1.0 and 2.0 h are identified as
run 1, 2 and 3, respectively. A portion of 1 g of the
samples was subsequently calcined for 4 h in an oven
at temperature of 550 or 800°C. The calcination tem-
peratures were chosen with respect to thermal data de-
rived from differential thermal analysis (DTA).

TG and DTA analyses of the samples were per-
formed using a NETZSCH simultaneous TG-DTA ap-
paratus (Model STA 449C, Jupiter) from ambient tem-
perature to 1400°C in nitrogen atmosphere (flow rate
~30 mL min ') with heating rate of B=10°C min'. The
mass of the samples was about 50 mg.

XRD technique was carried out using a
BRUKER D8 ADVANCE diffractometer with secon-
dary graphite monochromator and Cuk, radiation.
The measurements were performed using the follow-
ing combination of slits: 0.6°/0.6°/0.6° as aperture
diaphragms. The measured 26 range was [20-60°],
the scan step was 0.02° and the integration time was
1 s per step.

FT-IR spectra were measured using a
PerkinElmer, SPECTRUM RX I FT-IR spectrophoto-
meter. The KBr disk technique was employed using
2 mg of HAp powder in 200 mg of spectro-
scopic—grade KBr (MERK), which had been dried at
100°C. Infrared spectra were recorded in the
4000-400 cm ' region, with resolution of 4.00 cm ™.

Textural studies were performed by transmission
electron microscopy using a TEM microscope
(Model CM20, Philips). TEM specimens were pre-
pared as follows. The dried powder was added in etha-
nol and stirred very mildly. A drop of this solution was
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placed on a Cu grid covered with a C/formvar thin film
and was left to dry. Consequently, a dispersion of thin,
electron-transparent particles was obtained on the Cu
grid and was examined under a transmission electron
microscope operated at a 200 kV accelerating voltage.

The density of the green and calcined samples was
determined by a Quantachrome stereopycnometer
(Model SPY-3). The relative density was calculated
from the theoretical density of HAp (3.156 g cm™).

For sintering analysis, the powder samples were
uniaxially pressed in a cylindrical die, with diameter
of 6 mm, under a 350 MPa compressing stress. Linear
shrinkage and differential linear shrinkage were
determined with a NETZSCH horizontal dilatometer
(Model TMA/DIL 402C), using the same thermal
cycle as the one used for TG-DTA techniques, i.e. a
heating rate of 10°C min "', plus an isothermal stage at
temperature of 1400°C. After cooling, the specimens
were grinded and the phase analysis was performed
by XRD and FT-IR techniques. The peak separation
of the differential linear shrinkage curves was
performed using NETZSCH SEPARATION OF
PEAKS software (SW/PKS/650.01A).

Results and discussion

The chemical analysis results and final Ca/P atomic ra-
tio of the HAp samples are shown in Table 1. The CaO
and P,Os contents were smaller than the theoretical
values of pure HAp (55.82% CaO and 42.39% P,0:5).
The Ca/P atomic ratio was ~1.66 which was close to
the theoretical value (1.67). These results indicate the
formation of nonstoichiometric hydrated HAp, whose
formula according to literature [18] is

Ca 1 O,X(HP04)X(PO4)6,X(OH)2,X'I’IH20
0<x<1 and n=0-2.5 M

The values of x and n were calculated using the
above empirical formula and the chemical analysis re-
sults. The acidic group content of HAp was small
(0.027<x<0.102), whereas the bounded water content
was significant (2.72<n<4.61). The amount of bound-
ed water increased as the aging time increased. In our
previous work [17], we found that when this kind of
HAp was dried for only 3 h, the bounded water
amount was also significant (2.945-7.887) and de-
creased as the aging time increased. These contradic-
tory results indicate that a large portion of bounded
water consists of absorbed water, and its amount de-
pends on the experimental procedure.

Figure 1 shows the TG, DTG and DTA curves of
uncalcined HAp samples obtained for different aging
time (0.5, 1.0 and 2.0 h). The thermal transformation
takes place through four consecutive steps. The first
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Fig. 1 TG, DTG and DTA curves of HAp powders. The aging
time is indicated

step is endothermic, takes place between room temp-
erature and about 130°C and it can be attributed to the
removal of absorbed water.

Ca 1 (LX(HPO4)X(PO4)6,X(OH)2,XI’IHQO—)
CalO,X(HPO4)X(PO4)6,X(OH)2,X(I’I*W!)HQO+ (2)
+ mHQO

The mass loss for this step is 0.36, 0.58 and
0.72% for samples with aging time of 0.5, 1 and 2 h
respectively, which suggests an increasing water ad-
sorption tendency as the aging time is increased.
These results are in accordance with the calculated
bounded water n, shown in Table 1.

The removal of residual crystalline water
((n—m)H,0 in reaction (3)

Ca1O,X(HPO4)X(P04)6,X(OH)2,X(n - m)HQO —>
Cary ((HPOL)(POL)s ((OH)s 5 + (1 — mH,0 &)

and the transformation of acid-phosphate to
pyro-phosphate take place between 130

Cajo_x(HPO4)(PO4)s «(OH), x —
Carg 2x(PO)s x(OH)s yx/2CaP20; + x/2H,0 D

and 720°C, during a second endothermic step. The
mass loss of this second step is 2.88, 3.12 and 3.20%
for the samples with aging time of 0.5, 1 and 2 h, resp-
ectively. The main loss occurs up below 400°C with a
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mass loss of about 2.35, 2.81 and 2.77% respectively.
The mass loss for temperature range from 400 to
720°C is 0.53, 0.30 and 0.43%. This anomalous
tendency indicates that the equilibrium on the slurry
continued at least up to 2 h.

A continuous and slow mass loss take place
between 720 and 1320°C, during a third endothermic
step, which is attributed to the transformation of
pyro-phoshate to HAp

Cayg 2:(PO4)s x(OH), x/2CayP,07 —
Cajo 5x2(PO4)s (OH), oxt (5)
+ x/2Cas(PO,)y+x/2H,0
together with the partial dehydration of HAp

Caig-5x2(PO4)sx(OH)z 2 —
6
Cajo-5x2(PO4)6-x(OH)p 2(x1y)OyV (;H +yH,O ©)

where V"' denotes the lattice vacancies on OH sites.
The weak and broad peak at about 800°C, on the DTG
curve of the sample with aging time of 0.5 h, indicates
the easy out-diffusion of vapors from bulk sample. This
peak is not observed for samples with large aging time.
As the aging time is increased, the surface of non- stoi-
chiometric HAp is presumably converted faster to a stoi-
chiometric HAp layer. This stoichiometric layer hinders
the out-diffusion of water vapor.

The fourth step is taking place at higher tempera-
tures where the HAp is decomposed to tri-calcium
phosphate and tetra-calcium phosphate.

Cal0—5x/2(PO4)6—X(OH)2—2(x+y)OyV}(z) =

Caio-sx2-100y+2(PO1)s-x-6(y+2(OH)oaxy+2) T (7)
+ (y + Z)Ca4(PO4)20 + 2()/ + z)Ca3(PO4)2 + szO

Weak but sharp peaks observed on the DTG curves
indicate that the decomposition is almost complete at
1400°C. The DTA curves initially show, an endother-
mic effect, which is followed by an exothermic ten-
dency above 1355°C. The exothermic tendency is attrib-
uted to crystallization of the tri-calcium phosphate and
tetra-calcium phosphate. The maxima of the endother-
mic peaks are located at 1341, 1343 and 1350°C for
samples with aging time of 0.5, 1 and 2 h respectivelly,
which indicates the increasing stability of HAp as the
aging time is increased.

In order to study the products of reactions 3
and 4, powder samples were calcined at constant tem-
peratures of 550 and 800°C. The optimum time of cal-
cination was determined from the stepwise thermo-
gravimetric analysis shown in Fig. 2. The stepwise
thermal decomposition of the sample with aging time
of 0.5 h (run 1) shows that the mass loss during the
first thermal step is 3.07 and 0.42% during the second
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Fig. 2 Stepwise thermogravimetric analysis of HAp powders.
Aging time: 0.5h (— ), 1.0h(——-),2.0 h () and
(— - —) temperature

one (Table 2). The decomposition behaviour of the
samples with aging time of 1 and 2 h (runs 2 and 3, re-
spectively) is very close. For the first step the mass
loss was about 3.7%, and for the second one it was
0.27%. From the mass losses described in Table 2 the
similar behavior the runs 2 and 3 is evident.

Figure 3 shows the XRD patterns of 90°C dried
and 550, 800 and 1400°C calcined HAp powders, for
aging times of 0.5 (run 1) and 2 h (run 3). As it can be
seen, the XRD patterns of samples dried at 90°C and

samples calcined at 550°C, show strong and sharp
peaks, which correspond to highly crystalline HAp
(File No. 73-0293, International Center for
Diffraction Data, ICDD). The absence of extraneous
peaks indicates that a pure HAp is formed. When
increasing the calcination temperature up to 800°C, a
small amount of o-calcium phosphate (high
temperature phase modification — Ca;(POy),, a-TCP,
File No. 70-0364, ICDD) was detected for the HAp
sample of run 3. For the sample of run 1 a small
amount of B-calcium phosphate (low temperature
phase modification — Ca;(POy),, B-TCP, File No.
70-2065, ICDD) also appears in addition to
a-calcium phosphate crystalline phase. This result
demonstrates that powders with shorter aging time
show lower stability during thermal treatment. The
XRD patterns of specimens sintered at 1400°C show
that the a-TCP is the main phase irrespective of aging
time. After this high temperature thermal treatment,
the HAp phase almost disappears, while a new phase
of  tetra-calcium  phosphate  (Hilgenstockite,
Cay(PO,)O0, File No. 70-1379, ICDD) is detected. For
all the thermal treatment, powder of run 2 exhibited
trend similar to powder of run 1.

Figure 4 shows the FTIR absorption spectra of
run 1 HAp powders, dried at 90°C and calcined or not
powders at 550, 800 and at 1400°C. In general, the
spectra are in accordance with those reported in the
literature of HAp [18-19]. The broad band at
3100-3500 cm™'  corresponds to  adsorbed
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Fig. 3 XRD patterns of green and calcined HAp powders. The aging time and calcination temperatures are indicated

(u.c. —accounts for uncalcined sample)
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hydrate [20], which is observed to progressively dis-
appear as the processing temperature is increased.
However the total intensity of this band is about the
same, for samples calcined at 550 and 800°C, due to
their similar composition, i.e. similar absorption
properties and hence the same amount of absorbed
atmospheric humidity. A weak and sharp peak located
around ~3570 cm' corresponds to the stretching
vibration of the lattice OH™ ions [20]. This peak
disappeared after calcination at 1400°C, which
corroborates the disappearance of the HAp phase
depicted by XRD. The weak shoulder located at
~1255 cm' and a weak peak at 880 cm ' can be
assigned to P—O-H in plane and out of plane
deformation mode, respectively, which indicates the
presence of ionic HPO; groups, i.e. the formation of
nonstoichiometric HAp. These peaks, of course, only
appear in the uncalcined sample. The characteristic
bands of PO} groups in HAp appear at 473, 565, 602,
962, 1033 and 1091 cm™' [21]. The medium sharp
peak located at 632 cm™' was assigned to the O—H
bending deformation mode, and related to the
presence of HAp phase. The PO; bands of the sample
sintered at 1400°C appear at 464, 596, 956 and
1063 cm!, which can be attributed to tri- and
tetra-calcium phosphate phases. Similar results have
been recorded for HAp powders of runs 2 and 3.
Typical TEM bright field micrographs of run 1
HAp powders are shown in Fig. 5 for powders dried at
90°C (Fig. 5a) and powders calcinated at 550°C

550°C

Transmittance/a. u.
Q gp

800°C

1400°C

—_— T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

Fig. 4 FT-IR spectra of HAp powders. The temperatures of
thermal treatment are indicated
(u.c. — uncalcined sample)
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Fig. 5 TEM bright field micrographs of HAp ‘lath-like’
particles. The thermal treatment temperatures are
indicated. Insert in 5b and ¢ shows the associated
selected area electron diffraction pattern verifying that
the particles are HAp

(Fig. 5b) and 800°C (Fig. 5¢). In the inserts of Fig. 5b
and c the associated selected area electron diffraction
patterns are shown. Indexing of the diffraction rings
proves that both of samples consisted of HAp crystals,
which is in agreement with the X-ray diffraction results.
As can be seen in the Fig. 5a, the as-dried HAp powder
forms bundles of thin elongated lath-like particles with
length between 200 and 1300 nm and thickness between
10 and 40 nm. Similar particles are observed for the
sample calcined at 550°C (Fig. 5b)) but their length is
significantly reduced.

After calcinations at 800°C (Fig. 5c) lath-like
particles still exist but they exhibit more elliptical
shape and reduced length. This phenomenon corre-
sponds to coalescence of particles, which was also
described in similar calcium deficient HAp pow-
ders [21]. Consequently the morphology and the stru-
cture of the HAp powders in the as prepared and
calcined at 550°C samples are similar to one another
and different from the morphology and size of the

J. Therm. Anal. Cal., 84, 2006
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Fig. 6 Relative density of HAp powders calcined at various
temperatures. The aging time is indicated

HAp calcined at 800°C. This marked difference is
attributed to the different calcination times and temp-
eratures of the HAp powders.

The effect of calcination temperature on the
relative density is shown in Fig. 6. The relative
density is observed to increase as the calcination tem-
perature and aging time are increased. The relative
density of powder calcined at 800°C was almost the
same for all the samples (about 79.5%). This behavior
could be attributed to the process described thereafter.
These measured densities are lower than the theoreti-
cal value but are in agreement with values reported in
the literature [6].

The linear shrinkage of green HAp and calcined
samples, is illustrated in Fig. 7 and Table 3. In
general, the curves exhibit a sigmoidal shape. They
indicate that sintering begins (onset temperature) at
temperatures ranging from 934 to 1034°C. The onset
temperature is observed to increase as the calcination
temperature was increased. The temperature widths,
which are the temperature ranges from onset to
endset, are almost the same for uncalcined powders
and powders calcined at 550°C, while for samples
calcined at 800°C samples they are about 50 degree
narrower. Landi et al. [22] have reported that calcined
powders begin to shrink at higher temperature and
stop to shrink later than uncalcined ones. In our case,
the onset temperatures listed in the Table 3 seem to
agree with the observations of Landi et a/., while for
the endset temperatures of the samples calcined at
800°C appear to disagree. However, the Fig. 7 shows
that the linear shrinkage of uncalcined samples almost
stopped at the end of the dynamic step, while for
samples calcined at 550 and 800°C, sintering stopped
during the final isothermal step after about 80 and
115 min, respectively.

J. Therm. Anal. Cal., 84, 2006

The final dimension change (the total per cent
linear shrinkage) appeared to be maximum for
samples calcined at 550°C. This behaviour could be
attributed to the dimension and morphology of
primary particles, which would influence the densi-
fication and packing efficiency.

Indeed TEM observation show that, compared to
green powders calcined at 550°C, exhibit lath like but
smaller grains with a larger specific surface and thus a
greater contact surface, which promotes better
sintering features. After calcination at 800°C,
samples show more rounded grains with smaller
contact surface, which would inhibit the sintering
mechanism. Assuming that the shrinkage curve is
nearly straight line, the overall shrinkage rate was cal-
culated from the equation:

Total linear shrinkage

Shrinkage rate = : :
(Temperature width)/(Heating rate)

®)

As shown in Table 3 the shrinkage rate increased

with increasing the calcination temperature, which is

attributed to the decrease of the particle size and
hence the increase of the contact surface

Figure 8 presents the differential linear shrink-

age of the samples differentiated from the experimen-

tal curves of Fig. 7. From this figure it is evident that

the sintering mechanism takes place in several stages.

The peak separation (deconvolution) of differential

1500

1000

500
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500

Temperature/°C

1000

500

T T — T T T T 0
0 30 60 90 120 150 180
Time/min
Fig. 7 Linear shrinkage of green and calcined HAp powders.
The calcination temperatures are indicated. Aging time:
05h(—),1.0h(—--),2.0h (- )and
— - — temperature (u.c. — uncalcined sample)
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Fig. 8 Peak separation of differential linear shrinkage curves for green and calcined HAp powders.
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various aging time (u.c. — uncalcined sample)
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SINTERING OF HYDROXYAPATITE LATH-LIKE POWDERS

linear shrinkage provides information on the tempera-
ture range (Fig. 9) and relative importance of the dif-
ferent shrinkage stages (Fig. 10). Four stages were ev-
idenced. The first one, only observed for the green
samples and samples calcined at 550°C, takes place in
a low temperature range below 800°C. The relative
shrinkage in this first step was less than 4%. It is at-
tributed to slow dehydroxylation and formation of
tri-calcium phosphate due to reaction 5. The acceler-
ated dehydroxylation occurs mainly during the next
two stages, in which the reactions 5 and 6 take place
and is characterized by an enhanced densification
rate [22]. The temperature peaks are about 1050 and
1150°C for the second and third shrinkage stage re-
spectively. According to Ruys et al. [23], the HAp
densification mainly take place between 900 and
1150°C after what the pore collapse and blowholes
appear between 1150—-1200°C. In our case, these pro-
cesses took place during the second and third stages,
respectively. Ruys et al. also reported that for temper-
atures ranging between 1200 and 1350°C, the blow-
holes increase in size and number. In our case, this
procedure takes place during the forth stage. Fig-
ures 9 and 10 also show that, during the second stage,
the temperature peak is shifted toward higher temper-
atures and the relative shrinkage is enhanced. The
third step has a clear trend only the sample aged for
1 h, which the peak position temperature was in-
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Fig. 10 Relative shrinkage during the different stages from
Fig. 8 for HAp powders calcined or not at 550 and
800°C. The aging time is indicated
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creased and the peak area was decreased as the calci-
nation temperature was increased. For the fourth step
no clear trend could be observed. To summarize,
Fig. 7-10 illustrate a multi-stage complex behavior of
the third and fourth stage, with respect to aging time
and calcinations temperature, which involves a
combination of dehydroxylation, decomposition,
diffusion and sintering mechanisms.

Conclusions

The calcination process strongly affects the properties
of nanosized HAp lath-like particles. The particle
length is reduced and the particles morphology is
changed from lath-like to spherical shape as the calci-
nation temperature is increased. In the same time, the
relative density increases. It was found that long aging
time favor the formation of thermally stable HAp parti-
cles, whereas a shorter one results in the formation of
B-calcium phosphate during thermal treatment. Ther-
mal treatment at 1400°C led to the almost complete
transformation of HAp to high temperature phase mod-
ification —Ca3(POy), (a-TCP), while a new phase of
Cay(PO,4)O appeared. The densification of lath-like
HAp has been of own to the complex multistage pro-
cess including dehydroxylation, decomposition diffu-
sion and sintering mechanisms.
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