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Formation of translucent hydroxyapatite ceramics

by sintering in carbon dioxide atmospheres
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Hydroxyapatite is used in a variety of clinical applications as a result of the apparent
adherence to and mild reaction of bone and soft tissue to it owing to its structural similarity
with bone mineral. Transparent hydroxyapatite has previously been fabricated by either or
both of two methods; namely the application of pressure during sintering and/or the use of
fine particle sized apatite prepared by either a sol-gel process or aqueous precipitation.
Recently it has been shown that translucent carbonate hydroxyapatite may be formed by
sintering nanocrystalline gels of carbonate hydroxyapatite in a wet carbon dioxide
atmosphere. In this study we report for the first time that this atmosphere can be used to
sinter microcrystalline powder compacts of hydroxyapatite to form translucent ceramics at
ambient pressure. The effect of water partial pressure and sintering time at 1300◦C on the
optical transmission and microstructure of the ceramic was investigated. It was found that
translucent ceramics were formed in all carbon dioxide atmospheres and that optical
transmission varied with sintering time. Maximum transmission (∼13%) of 2 mm thick
ceramic was obtained in materials sintered for four hours at 1300◦C in a mixture of carbon
dioxide containing water at a partial pressure of 4.6 kPa. C© 2003 Kluwer Academic
Publishers

1. Introduction
Hydroxyapatite (HA) has a variety of clinical uses as
well as fluorescence and sensor applications. Both bone
and soft tissue to can adhere to HA and it is struc-
turally similar to bone and tooth mineral. Bone min-
eral differs from stoichiometric sintered HA in being
nanocrystalline and containing a variety of ionic substi-
tutions, the most abundant being carbonate and sodium
[1]. Since HA was first sintered [2, 3] a large number
of studies have been performed in order to determine
the effects of a variety of initial parameters such as
crystallinity [4], agglomeration [5], stoichiometry [6]
and substitutions [7] on the physical properties and mi-
crostructure of the resulting HA ceramic. As a result
of its osteoconductivity, a number of researchers have
investigated sintering as a route to producing HA mono-
liths with highly interconnected macroporosity for bone
graft and cell delivery applications [8, 9]. Sintered HA
is generally considered to be non-resorbable in vivo and
linear dissolution rates of approximately 1 µm per year
have been reported [10]. In addition to orthopaedic ap-
plications, apatite is widely used as a substrate on which
to study bone cell behaviour and has also been evalu-
ated in fluorescence and sensor applications [11–15],
for which the optical properties can be of importance.

∗Author to whom all correspondence should be addressed.

Transparent hydroxyapatite has been used to fabricate
cell culture dishes and percutaneous devices for moni-
toring vascularisation in vivo [16, 17].

Previous workers have succeeded in fabricating
transparent hydroxyapatite by one or a combination of
two methods. The application of pressure during sin-
tering, usually by hot isostatic pressing, has resulted in
the formation of both transparent and translucent ce-
ramics [18]. Additionally the use of fine particle sized
apatite prepared by either a sol-gel process or aqueous
precipitation [3, 19] may also yield ceramics display-
ing optical transmission, whilst the combination of the
techniques may result in transparent HA at tempera-
tures as low as 600◦C [20]. Recently it has been shown
that translucent carbonate hydroxyapatite (CHA) may
be formed by sintering nanocrystaline gels made from
agglomerated aqueous sols of CHA in a wet carbon
dioxide atmosphere at temperatures of 1000◦C [21]. In
this study we report for the first time that a carbon diox-
ide atmosphere can be used to sinter microcrystalline
powder compacts of hydroxyapatite to form translucent
ceramics at ambient pressure. The effect of water par-
tial pressure and sintering time at 1300◦C on the optical
transmission and microstructure of the ceramic is also
investigated.
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2. Methods
2.1. Green body preparation

and characterisation
Green powder compacts were produced by pressing 3 g
of HA powder, (sintering grade P210, Plasma Biotal,
Tideswell, UK) uniaxially at a pressure of 80 MPa in
a cylindrical die (25 mm diameter). The green com-
pacts were dried in an oven at 110◦C and the mass and
dimensions of the pellets were measured.

The phase composition and lattice parameters of the
starting powder and sintered HA were characterised us-
ing X-ray powder diffraction (Siemens D-5000, 2θ =
5◦–80◦, step, 0.02◦, count time 2 s) followed by Rietveld
refinement and FTIR spectroscopy (Nicolet 520, KBr
disc, wave number 500–4000 cm−1) was used to deter-
mine changes in composition. Thermogravimetric anal-
ysis (TGA) was performed on a STA1500 Rheometric
Scientific Thermal Analyzer. Samples were heated in
air to 120◦C (held 1 h, to determine adsorbed water)
then ramped (10◦C min−1) to 1400◦C and held until
no further weight loss was detectable. FTIR after TGA
were employed to confirm the removal of all carbonate.

2.2. Sintering
Sintering of the HA green compacts (n = 6) was
performed at 1300◦C (Lenton 1500◦C Vacuum Tube
Furnace) for different times; namely 0, 0.5, 2, 4, 8 and
24 h, using a heating and cooling rate of 5◦C min−1.
Carbon dioxide with varying water vapour partial pres-
sures was used as the furnace atmosphere. Different
water vapour partial pressure was achieved by flow-
ing carbon dioxide (1 litre min−1) at 22◦C through
double distilled water or saturated solutions of either
potassium acetate or di-sodium orthophosphate, since
saturated solutions of these compounds are known to
affect the water vapour pressure of air in equilibrium
with the solutions [22], to determine whether control
of furnace atmosphere could also be obtained under
non-equilibrium conditions using this relatively simple
method. The dynamic shrinkage during sintering was
determined by dilatometry (Netzsch 402E) using the
same heating regime and atmospheres as used in the
tube furnace for sintering experiments.

2.3. Ceramic characterisation
The densities of the sintered pellets were determined us-
ing helium pycnometry (Micromeritics AccuPyc 1330).
Optical transmission of 2 mm thick sintered HA ground
with 320 grit silicon carbide was determined using a
dental curing light (Heliomat H2, Vivadent UK) as a
light source and a photo-voltaic detector (303–674, RS
Components, UK) as a detector. Setting C of the cur-
ing light was used as this gave the narrowest distri-
bution of wavelengths and hence the most monochro-
matic light source (∼530 nm) as shown in Fig. 1. The
current/intensity relationship was determined by mea-
suring the current of the transmission experimental con-
figuration in the absence of a sample and assigning this
value as 100%. Intensity was varied to produce a cali-
bration curve from which percentage transmission was
calculated.

Figure 1 Measured voltage as a function of wavelength of light from
Heliomat H2 light source.

Sintered HA ceramic was embedded in epoxy resin
(Epofix, Struers, UK) and sections were cut, ground,
polished to a 1 µm finish and etched using 0.5% phos-
phoric acid solution for 60 s. Specimens were then gold
coated using a Desk II sputter coater (Denton Vacuum,
UK) for 40 s. The microstructure of the sintered HA
was examined by scanning electron microscopy (JEOL
JSM-5300LV). Images of grain boundaries for image
analysis were obtained using an accelerating voltage
of 30 kV, working distance of 12 mm and stage tilt
of 10◦. 32-Bit images were recorded at a resolution of
1976 × 1475 pixels and were re-sampled at 8-bit at
800 × 600 pixels. Subsequent analysis of images was
carried out using Optimas image analysis software (Me-
dia Cybernetics, LP, USA), calibration of the software
against the SEM having been carried out by means of a
TEM grid of known dimensions. The number of pores
mm−2 was calculated from representative electron mi-
crographs and average maximum pore dimension of at
least 60 pores (where sufficient pores could be found)
was measured manually. Grain size was measured by
linear intercept as the average of at least 80 grains from
images recorded at 20 kV accelerating voltage and a
working distance of 12 mm from gold coated etched,
ground and polished, flat samples.

3. Results
The average water partial pressures of humidified fur-
nace gasses were estimated by measuring the weight
loss of the humidifying solutions before and after ex-
perimentation and by calculating the volume of carbon
dioxide passed through the solutions. It was assumed
that 1 mole of carbon dioxide or water vapour occupied
24 litres and that the water content of the gas was con-
stant throughout the experiment. The water content of
the carbon dioxide, as stated by the manufacturer (BOC
Gases, UK), was 7 ppm. The water contents of carbon
dioxide saturated with water and various saturated so-
lutions are shown in Table I.

The XRD pattern indicated that within the limits of
the technique (>5%) the starting powder was a phase
pure hydroxyapatite. FTIR spectroscopy revealed the
presence of a small quantity of carbonate as indicated by
two peaks at 1446 and 1418 cm−1. Manufacturer’s data
indicated that the carbonate content of the powder was
2.8%. The mean relative density of the green compacts
was 46 ± 2% as calculated from mass and dimension
measurements.
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T ABL E I Water partial pressure of carbon dioxide gas passed through
various humidifying solutions

CO2 humidifying solution Water partial pressure (kPa)

None 0.0007
Saturated potassium acetate 2.5 ± 0.9
DDW 3.2 ± 0.4
Sodium orthophosphate solution 4.6 ± 0.9
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Figure 2 Dilatometry (a) shrinkage and (b) derivative plots of HA pow-
der compacts heated to 1300◦C at 5◦C min−1.

3.1. Dilatometry
The shrinkage of the compacts during sintering in air,
carbon dioxide and carbon dioxide with 3.2 kPa wa-
ter vapour is shown in Fig. 2a. HA sintered in car-
bon dioxide alone appeared to begin densification at
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Figure 3 Effect of sintering time and atmosphere on the relative density of HA ceramics.

approximately 30◦C higher than HA sintered in air or
carbon dioxide and water mixture which both com-
menced densification at approximately 790◦C. Densi-
fication of HA sintered in carbon dioxide was complete
at around 1260◦C, whereas when sintered in air, den-
sification was complete after 18 min dwell at 1300◦C.
In contrast, HA sintered in the water/carbon dioxide
mixtures ceased densification within the first five min-
utes of the dwell cycle. As determined from the deriva-
tive plot of shrinkage against time between 1100 and
1200◦C the shrinkage rate of HA was fastest in car-
bon dioxide atmosphere and slowest in air (Fig. 2b).
The rate of shrinkage was greatest at a temperature of
∼1180◦C in all atmospheres investigated. The temper-
ature of the maximum magnitude for the rate of change
was increased by the presence of carbon dioxide and the
onset of significant change was increased to a higher
temperature. However the presence of water vapour re-
duced both the onset temperature and the maximum
magnitude of the change.

3.2. Pycnometry
The change in percentage relative density as measured
by helium pycnometry of the HA with dwell time in
the atmospheres investigated is shown in Fig. 3. The-
oretical density was assumed to be 3.156 Mg m−3 [3].
After a temperature ramp up to 1300◦C followed by
a ramp down in temperature with no dwell cycle, all
the specimens had densities between 98.4 and 99.4%.
As dwell time increased from 0 to 24 h, the density
of HA sintered in carbon dioxide appeared to decrease
from 99.35 to 98.35%. At all sintering times investi-
gated HA sintered in air had a lower apparent density
than HA sintered in carbon dioxide containing water
vapour. Variation in the water content of the carbon
dioxide atmosphere had little effect upon the density of
HA at dwell times greater than 0 h.

3.3. Microstructure
Except after a sintering regime with no dwell, HA sin-
tered in air had a significantly smaller grain size than
HA sintered in carbon dioxide atmospheres and was
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Figure 4 Effect of sintering time and atmosphere on the grain size of HA ceramics.

2.4 µm after a twenty-four hour dwell compared with
6–7 µm after sintering in carbon dioxide atmospheres.
HA sintered in wet carbon dioxide atmospheres gener-
ally had larger grain sizes than HA sintered in carbon
dioxide alone especially at dwell times less than 8 h,
(Fig. 4).

Fig. 5a–d show the microstructures of HA sintered in
air at 1300◦C for 0, 2, 4 and 24 h respectively. Porosity
was predominantly intergranular and located at triple
points, whereas at the same conditions in carbon diox-
ide (Fig. 6a–d) some intragranular porosity was appar-
ent after a heating and cooling regime with no dwell
(Fig. 6a). However after sintering for 2, 4 and 24 h
in dry carbon dioxide the microstructure was essen-
tially pore free (Fig. 6b–d). When sintered in an at-
mosphere of carbon dioxide and 3.2 kPa water partial
pressure at 1300◦C, both inter and intragranular poros-
ity was evident after sintering for 0 and 2 h (Fig. 7a and
b) whereas after sintering at longer times, i.e., 4 and
24 h only intragranular porosity was observed (Fig. 7c
and d).

3.4. Grain size distribution
The grain size distributions of HA sintered at 1300◦C in
air, carbon dioxide and water/carbon dioxide are shown
in Fig. 8a–c respectively. Some data were removed for
clarity. It can be seen that the modal value of the grain
size of HA sintered in air increased only after sintering
at times of more than 8 h (Fig. 8a), whereas after only

T ABL E I I Effect of sintering atmosphere and time on pore size and density (mean (sd))

Air Carbon dioxide Carbon dioxide +3.2 kPa water

Sintering Pore density Dimension Pore density Dimension Pore density Dimension
time (h) (No × 103 mm−2) (mm) (No mm−2) (mm) (No mm−2) (mm)

2 73 (3) 0.5 (0.2) 1800 (500) 0.8 (0.6) 2400 (200) 1.8 (1.3)
4 45 (3) 0.7 (0.3) 500 (130) 4.8 (2.1) 3200 (400) 2.1 (0.9)

24 35 (12) 1.2 (0.6) 460 (20) 6.1 (3.4) 300 (700) 0.5 (0.7)

0.5 h sintering time in carbon dioxide, grain growth
could be observed as indicated by the peak in grain
area histogram at 4 µm2 in Fig. 8b. However when sin-
tered in a 3.2 kPa water and carbon dioxide mixture, the
modal grain size did not change until after 2 h sintering
(Fig. 8c). At sintering times longer than this, a broad
peak between 20 and 30 µm2 was observed indicating
that grain coarsening had occurred.

3.5. Pore size
Sintering atmosphere had a large effect on pore size
and pore density as shown in Table II. When sintered
for up to four hours in air, detected pores were submi-
cron in dimension and were present at comparatively
high densities (3–7 × 104 mm−2). However in carbon
dioxide atmospheres, pores were present at a lower den-
sity (0.3–2 × 103). The presence of 3.2 kPa water in
the carbon dioxide sintering atmosphere appeared to in-
crease pore density and reduce pore size after sintering
for up to 4 h. After twenty-four hours sintering, in con-
trast with HA sintered in dry carbon dioxide, average
pore size decreased as only intragranular porosity was
observed.

3.6. Optical transmission
All ceramics were blue in colour and this was thought
to be due to a change in oxidation state of transmission
metal ion impurities. Optical transmission at 530 nm of
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(a)

(b)

Figure 5 Microstructures of HA ceramic sintered in air at 1300◦C for (a) no dwell, (b) 2, (c) 4, and (d) 24 h. (Continued )

3983



(c)

(d)

Figure 5 (Continued ).
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(a)

(b)

Figure 6 Microstructures of HA ceramic sintered in carbon dioxide at 1300◦C for (a) no dwell, (b) 2, (c) 4, and (d) 24 h. (Continued )
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(c)

(d)

Figure 6 (Continued ).
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(a)

(b)

Figure 7 Microstructures of HA ceramic sintered in carbon dioxide with 3.2 kPa water at 1300◦C for (a) no dwell, (b) 2, (c) 4, and (d) 24 h. (Continued )
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(c)

(d)

Figure 7 (Continued ).
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Figure 8 Grain size distributions of HA sintered in (a) air, (b) carbon dioxide, and (c) carbon dioxide with 3.2 kPa water.

HA ceramic sintered in air was undetectable whereas
ceramics sintered in carbon dioxide atmospheres were
all translucent to some degree. Fig. 9 shows the vari-
ation of optical transmission as a function of water
partial pressure in carbon dioxide and sintering time
at 1300◦C. It can be seen that for all carbon diox-
ide atmospheres, maximum transmission was observed

after four hours sintering and thereafter decreased
considerably.

3.7. Infrared spectroscopy
FTIR showed that carbonate ions were present in the
HA sintered in all carbon dioxide atmospheres at all
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Figure 9 Optical transmission of HA sintered in carbon dioxide atmospheres as a function of sintering time.

timepoints. The intensity of the ν3 carbonate peaks rel-
ative to the ν3 phosphate peaks was higher in the HA
sintered in carbon dioxide than the starting powder.
Fig. 10a and b show the FTIR spectra of HA sintered
in dry carbon dioxide and carbon dioxide with a water
partial pressure of 4.6 kPa respectively at 1300◦C for
the times investigated.

Although water in the carbon dioxide atmosphere
increased carbonate peak intensity relative to the phos-
phate peaks, little difference in the relative intensity
of the various ν3 carbonate peaks was observed Es-
sentially four carbonate ν3 peaks were observed; 1540,
1464, 1455 (doublet) and 1413 cm−1. Peaks at 1540,
and 1410 cm−1 have been assigned to carbonate lo-
cated in the phosphate site (B-type) whereas 1550 and
1460 cm−1 have been assigned to hydroxyl substitution
(A-type) [23]. The assignment of 1465 and 1455 cm−1

to A and B type substitutions respectively [24], does
not help clarify the nature of the carbonate location,
furthermore carbonate ν2 peaks were invariably located
at ∼880 cm−1 which is closer to A type assignments
of these previous studies than B type. On this basis
it is believed that the material was probably a mixed
A/B substitution. Small variations were observed with
increasing sintering time; the intensity of the peak at
∼1410 cm−1 (believed to be B type) diminished slightly
after sintering times of 30 min and two hours in carbon
dioxide and at 8 h in carbon dioxide/water and then re-
turned to a similar intensity as at previous time points.

3.8. X-ray diffraction
Comparisons of X-ray diffraction data with JCPDS
standards revealed that HA sintered in air for twenty-
four hours did decompose slightly to produce a small
quantity of tetracalcium phosphate. HA sintered in dry
carbon dioxide decomposed to form a small quantity
of tricalcium phosphate. At all other times and at all
sintering times investigated in wet carbon dioxide the
ceramic appeared to be phase pure hydroxyapatite. The

TABLE I I I The effect of sintering time and atmosphere on the lattice
parameters of HA sintered at 1300◦C for up to 24 h

Condition a (=b)/Å c/Å Rwp (%) Rp (%) χ2

Raw 9.4183 (1) 6.8868 (1) 1.98 1.46 2.00
CO2/H2O—0 h 9.4235 (1) 6.8874 (1) 2.92 1.96 4.47
CO2/H2O—4 h 9.4185 (1) 6.8905 (1) 2.46 1.71 3.20
CO2/H2O—24 h 9.4171 (1) 6.8828 (1) 2.89 1.93 4.23
CO2—24 h 9.4252 (1) 6.8985 (1) 3.32 2.09 5.72
Air—24 h 9.4108 (1) 6.8861 (1) 3.15 2.05 5.33

effect of sintering time on the lattice parameters of HA
sintered in carbon dioxide/water vapour at 1300◦C is
presented in Table III with lattice parameters of HA
sintered for twenty-four hours in dry CO2 and air. The
a parameter increased during a sintering cycle with no
dwell in carbon dioxide water mixture. After four hours
and twenty-four hours sintering the a lattice parameter
was more similar to that of the starting powder. After 4 h
sintering the c parameter appeared to increase slightly
and after sintering for twenty-four hours was more sim-
ilar values to that at previous sintering times. However
when sintered in carbon dioxide only for twenty-four
hours both the a and c axes expanded compared to the
starting material, whilst the same thermal treatment in
air resulted in little change in a or c axes.

3.9. Thermogravimetric analysis
In order to attempt to determine the carbonate content at
different sintering times TGA was performed after de-
hydration until no weight loss was detected. Table IV
shows that the starting material contained 2.9% car-
bonate. In carbon dioxide atmospheres less carbonate
appeared to be lost than in air and most was retained
in a carbon dioxide/water atmosphere. In this atmo-
sphere carbonate appeared to be entering the structure
during sintering at 1300◦C. In other atmospheres inves-
tigated, little change occurred in carbonate content with
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(a)

(b)

Figure 10 FTIR spectra of HA sintered in (a) carbon dioxide and (b) carbon dioxide and 4.6 kPa water at 1300◦C for up to 24 h.

sintering time, though carbonate loss occurred during
heating to 1300◦C.

4. Discussion
Table I shows that potassium acetate and sodium or-
thophosphate appeared to decrease and increase the

water content of the furnace atmosphere respectively
compared with water alone. However there was large
variability in these results that may have been caused
by slight variation in room temperature or flow rate,
hence this method would not appear suitable as a
means of accurately controlling water content at the
flow rates used since equilibrium conditions could
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T ABL E IV TGA data for starting powder, HA sintered at 1300◦C in
air, carbon dioxide and carbon dioxide with 4.6 kPa water

Time (h)\ Starting
atmosphere powder CO2 CO2 + 4.6 kPa H2O Air

0 2.9% 0.75 0.8 0.4
24 – 0.6 1.55 0.32

not be reached. Lower flow rates may prove more
successful.

Sintering data showed that carbon dioxide increased
the temperature at which densification commenced, yet
the densification rate was fastest in this atmosphere, as
was grain growth rate was highest in this atmosphere;
however, decomposition into βTCP occurred after pro-
longed sintering times. Manufacturer’s data reported
the Ca/P ratio as being 1.72, in which case CaO would
be the expected decomposition product [25]. But previ-
ous work has shown that a carbonate apatite containing
nearly 8 wt% carbonate which had a similar Ca/P ratio
(1.71) also decomposed into βTCP at 1300◦C in carbon
dioxide atmospheres [26]. This suggests that carbonate
containing HA has increased stability in carbon diox-
ide atmosphere over a range of carbonate contents. The
decrease in density of HA ceramic sintered in carbon
dioxide with sintering time as shown in Fig. 3 suggests
that bloating of the ceramic may have occurred as a
result of gas evolution. Pore size measurements con-
firmed that pore size did increase with sintering time.

The addition of water to the sintering atmosphere had
the effect of reducing the temperature at which densifi-
cation commenced and also reduced the sintering rate.
Although no significant effect on mean grain size was
observed, grain size distribution data showed that the
presence of water in the sintering atmosphere delayed
the onset of grain coarsening at 1300◦C. HA sintered
in air clearly had a smaller grain size than that sintered
in carbon dioxide atmospheres. Although translucency
has been reported in hydroxyapatite ceramics with fine
grain size using HIP [27], another report also investigat-
ing HIP indicated that transparent HA ceramics were
formed in the grain size range 5–10 µm [18]. The de-
pendence of optical transmission on pore density and
size is well known [28]. Generally ceramics in which
measurable transmission was observed, demonstrated
increased transmission as pore density decreased, how-
ever this was not always the case in our system, par-
ticularly for HA sintered for four hours. This implies
that while pore density was important in determining
translucency other factors may have also affected this
property. The number of boundaries per unit length
is proportional to linear grain dimension and Fig. 11
shows the relationship between optical transmission
and grain size of the HA sintered in carbon dioxide
atmospheres. There was an approximately linear rela-
tionship between transmission and grain size up to a
limiting grain size of 4.3 µm, thereafter little relation-
ship exists between them.

Even after twenty-four hours sintering in air, the grain
size of the HA ceramic was only 2.5 µm. Certainly
ceramics with the highest optical transmission in this

Figure 11 Optical transmission of HA as a function of grain size.

study did have microstructures containing of grains in
that size range. As light is scattered by impurities such
as pores and grain boundaries, increasing the grain size
reduces the number of boundaries per unit length of the
ceramic and hence should increase optical transmis-
sion. HA ceramics produced in air had a high pore den-
sity compared with ceramics sintered in carbon dioxide,
furthermore the pore size in these ceramics would have
caused maximal scattering due to their similarity with
the wavelength of light used when sintered at two and
four hours.

The P201 powder batch used in this study had a spe-
cific surface area of 21.7 m2 g−1, however, preliminary
work performed by us used P120 batch that had a SSA
of 13.4 m2 g−1 (manufacturer’s data) and both batches
produced ceramics with similar translucency in car-
bon dioxide atmospheres. The microcrystalline pow-
der compacts used in this study did not form translu-
cent ceramics after sintering in air, but only in carbon
dioxide atmospheres at 1300◦C. The maximum trans-
mission of 2 mm thick ceramics was ∼13% after 4 h
sintering, shorter and longer sintering times resulted in
less translucent ceramics (∼3–9% transmission). Con-
trary to what might be expected form previous work on
translucent and transparent apatite sintered using HIP,
optical transmission appeared to be independent of rel-
ative density. However, calculations of ceramic relative
density may have been inaccurate since HA density
may have altered possibly as a result of compositional
changes.

HA sintered in dry CO2 decomposed into a mixture
of HA and βTCP after twenty-four hours, however the
presence of water inhibited this decomposition as has
been observed previously [26]. Despite the phase sta-
bility of HA sintered in wet carbon dioxide Rietveld
analysis of XRD patterns did show that variations in
lattice parameters occurred with prolonged sintering.
After 8 h sintering in carbon carbon dioxide/water, the
B type carbonate peak in FTIR spectra at 1410 cm−1 de-
creased in intensity and then returned to similar levels
as observed at shorter sintering times, otherwise little
change in spectra were observed. The lattice parameters
of the HA sintered in this condition did show tempo-
ral changes; the a axis increasing during the heating
ramp to 1300◦C and then decreasing again, the c axis
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showed similar behaviour but after 4 h sintering. A type
carbonate substitution has been associated with an in-
crease in a axis and a decrease in c axis, [23], whilst the
converse has been attributed B type substitution [29].
TGA showed that HA sintered in wet carbon dioxide
lost carbonate during heating to 1300◦C and then gained
carbonate after sintering for twenty-four hours. It seems
feasible that the initial a axis expansion may have oc-
curred as B site carbonate moved to the A site as it
left the structure [30], whilst the c axis expansion may
have been a result of subsequent additional B type sub-
stitution from the sintering atmosphere. The lack of any
clear changes in carbonate IR band position and inten-
sity may have been due to the small changes involved or
lattice parameter changes may have occurred as a result
of a different structural change, e.g., loss of water [31].

5. Conclusion
Translucent HA ceramic may be formed from micro-
crystalline powder pressed compacts sintered at ambi-
ent pressure in carbon dioxide atmospheres, and optical
transmission is at a maximum after four hours sinter-
ing at 1300◦C. Carbon dioxide atmosphere enhanced
grain growth and the elimination of fine pores, which
is thought to be the reason for translucency of HA sin-
tered in these atmospheres. The presence of water in
carbon dioxide atmospheres appeared to reduce bloat-
ing of the HA after sintering for more than four hours.
The reason why optical transmission appeared to de-
crease in ceramics sintered for longer than 4 h was not
determined, however slight structural variation in either
the HA lattice or the grain boundaries may have also
affected optical transmission.
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