Development of Translucent Oxyapatite Ceramics
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The pure Sr2Y8(SiO4)6O2 oxyapatite powder materials have been ball milled
and spark-plasma sintered. The microstructures and transmittances in the
completely and incompletely densified ceramics were investigated. The ceramic
sintered at 1500°C is translucent with 0.7% porosity and its total forward
light transmittance can reach about 52% in the infrared region. The
transmittance was interpreted based on the microstructures of the ceramic
samples and the Mie scattering theory.

I. Introduction

Silicate oxyapatites, a group of apatite materials, has a hexagonal crystal
structure with a general formula

(SiO4)6O2, where AI and AII stand for two

different Wycoff sites 4f and 6h that can be occupied by various cations.1 Due to its
good thermal and chemical stability and high crystal field,2 silicate oxyapatites such as
Sr2Y8(SiO4)6O2 have been utilized in solid-state lasers and scintillators.3–5 As both of the
applications require bulk transparent materials, single crystals of silicate oxyapatites

were used in most of the previous studies. Because of the high melting point of the
silicate oxyapatites,6 Czochralski method is mostly used to grow the single crystals,
though it is costly and time consuming. An alternative method to produce bulk
transparent materials is to obtain sintered transparent polycrystalline ceramics,
which is cost effective and fast in processing. In addition, transparent ceramics can
be fabricated into larger sizes with improved mechanical properties.7 In order to
fabricate transparent ceramics, the light scattering centers inside the material,
including pores, impurity phases, rough surfaces, and grain boundaries, must be
minimized or eliminated.8 The scattering effect of the pores is predominant because
the porosity as low as 0.1% can deteriorate the transparency.9

So far, very few attempts to fabricate transparent silicate oxyapatite ceramics have
been reported. In this work, the silicate oxyapatite Sr2Y8(SiO4)6O2 was sintered by the
spark plasma sintering (SPS) with the attempt to obtain condensed even transparent
ceramics. The SPS is a promising way to produce densified ceramics10–14 and it could
heat the sample with a high heating rate due to the spark plasma generated by highpulsed electric current.15 The pure Sr2Y8(SiO4)6O2 material were synthesized through
solid-state reaction. After SPS translucent Sr2Y8(SiO4)6O2 ceramics were obtained and
the microstructures and transmittances in the completely and partially densified
ceramics were investigated. Moreover, the in-line transmittance was analyzed by the
Mie scattering theory.16,17

II. Experimental Procedure
The synthesis process of the pure Sr2Y8(SiO4)6O2 powder was introduced elsewhere.18
The resultant Sr2Y8(SiO4)6O2 powders were further ball milled using zirconia balls
and ethanol for 6 h. A SPS system (Sumitomo Coal Mining SPS system, Dr. Sinter
Modal 1050, Tokyo, Japan) was used to prepare the consolidated ceramics. A 2 g
sample was placed in a graphite die and aligned in the SPS chamber. The samples
were first heated to 600°C with a heating rate of 300°C/min and held for 1 min for
stabilization. After that the temperature was increased to the sintering temperature

(1400°and 1500°C) with a heating rate 100°C/min and dwelled 3 min. During the whole
process, the pressure applied on the graphite die was kept at 23 MPa and the
temperature profile was monitored by a pyrometer. The as-SPSed ceramic pellets
were heat treated at 1400°C for 1 h in a muffle furnace to remove the residual carbon
on the surface as well as other defects. The surfaces of the two pellets were carefully
polished by sand papers and diamond pastes to reduce the effect of rough surfaces.
Both samples have a final thickness of 0.8 mm.
The phase compositions of the as-synthesized samples were studied using a
Shimadzu 6000 X-Ray Diffractometer (XRD, Shimadzu, Kyoto, Japan) with a Cutube operated at 40 kV and 30 mA. The scan range of XRD is 10°–80°. The sizes of
the powders and the surface morphologies of the ceramics were observed using a
JEOL JSM-6340F scanning electron microscope (SEM, JEOL, Tokyo, Japan) with a
field emission source. The grain sizes at the sample surface were measured from the
SEM image and a correction factor 1.56 was used.19 The total forward transmittance is
the term including all the light passed through the sample in –180°to 180°range. It
was measured by the Lambda 1050 UV/VIS/IR spectrometer equipped with the
integration sphere (Perkin Elmer, Waltham, MA) in the range from 400 to 800 nm.
For the in-line transmittance only the transmitted light in the same direction as the
incident light is considered. It was measured by Cary 5000 UV-VIS-NIR
spectrophotometer (Varian, CA) in the range from 200 to 810 nm. The densities of
the ceramic pellets were measured using the Archimedes method.
The effective scattering coefficients of the birefringence and pores for the in-line
transmittance and the angular dependence of the scattered light were calculated by
the Mie scattering theory. All the calculations of Mie scattering used an algorithm
written by Bohren and Huffman17 coded in Fortran.

III. Results and Discussion

The XRD patterns of the as-synthesized Sr2Y8(SiO4)6O2 powders and the
ceramics SPSed at 1400° and 1500°C are shown in Fig. 1. The consistency
between calculated18 and experimental patterns indicates that all samples

consisted of pure hexagonal oxyapatite phase. Therefore, the authors assumed that
the light scattering effect from the impurity phase in the ceramic samples could be
excluded.
The SEM image of the Sr2Y8(SiO4)6O2 powders after horizontal ball milling is
shown in Fig. 2. The powder is uniform and well dispersed. The average particle size
measured from the SEM image is 0.77 µm.
The ceramics SPSed at 1400°and 1500°C were chosen to investigate due to their
shrinkage curves during the SPS (Fig. 3). The densification process was continuing
until the temperature reached 1500°C. Moreover, no further densification occurred
during the dwell region in both 1400°and 1500°C shrinkage curves. Therefore, the
difference of the microstructures and transmittances in the completely and partially
densified ceramics could be revealed by the comparison between the ceramics
sintered at 1400° and 1500°C. The density measurement shows that the relative
densities of the ceramics SPSed at 1400° and 1500°C are 98.1% and 99.3%,
respectively. The porosity of the 1400°C sintered sample (1.9%) is almost three times
than that of the 1500°C sintered one (0.7%). The pores observed by SEM (Fig. 4) are
closed ones. The residual pores of the 1500°C sintered sample are located at the
junctions of the grains with a size of about 80 nm. Whereas the pores in the 1400°C
sintered sample are about 580 nm, which are larger (Fig. 4). All the results obtained
from the density measurements and the SEM are consistent with the sintering
shrinkage curve (Fig. 3). The curve shows that the densification process is not
finished until 1450°C so the densification did not complete for the sample sintered at
1400°C, which results in higher porosity and larger pore size. The grain size range
for both of the ceramics is about 0.5–9 µm. The average grain size of the ceramic
SPSed at 1500°and 1400°C is 3.8 and 3.2 µm, respectively. The grain growth of
the ceramics is suppressed by the high heating rate of SPS. Frequently nanopowders
are used in the SPS studies due to their good sinterability,2,15,20 while the micrometer
scaled powders used in this study are also suitable for SPS and detailed studies on
the sintering behavior of the micrometer scale powders are undergoing.
The optical images of the ceramics SPSed at 1400°and 1500°C are shown in Fig.
5. Both samples are translucent and the sample SPSed at 1400°C apparently has

lower transparency due to the higher porosity and the larger pore size (Fig. 4). The
sample SPSed at 1500°C is translucent and the letters beneath can be displayed.
The total forward transmittance and the in-line transmittance are almost zero for
the opaque sample sintered at 1400°C. For the one sintered at 1500°C, both the
total forward transmittance and the in-line transmittance increase as the
wavelength increases (Fig. 6). The total forward transmittance reaches about 52% in
the infrared region while the in-line transmittance is relatively low (3.2% at 800
nm). The large difference between the total forward transmittance and the in-line
transmittance of the present sample indicates that large portion of the forward light
was deflected by the grain boundaries and the residual pores, and that is why the
letters beneath the ceramic become blur when the ceramic is lifted by several
millimeters.
The in-line transmittance T for a sample with certain thickness can be
expressed as

(1)

where R is the reflectivity, Csca is the effective scattering coefficient which
should consider all the scattering centers, and t is the thickness of the sample. The
reflectivity R can be derived from the refractive index of material n and the air n' = 1:

(2)

Because the refractive index of Sr2Y8(SiO4)6O2 is unavailable, the data of no = 1.831
and ne = 1.816 from a very similar compound Ca2Y8(SiO4)6O2 were used.6 The
difference of the refractive index values of Sr2Y8(SiO4)6O2 and Ca2Y8(SiO4)6O2 is
estimated to be about 3% by Lorenz–Lorentz formula. This difference is in an
acceptable range and the approximation of the refractive index is feasible.
Therefore, the calculations followed can reflect the light transmittance characteristics
in Sr2Y8(SiO4)6O2. The calculated R value is about 0.84. As Sr2Y8(SiO4)6O2 is

optically anisotropic due to the hexagonal crystal structure, the Csca should include
both the scattering caused by the pores and the birefringence effect:

(3)

The effective scattering coefficient of pore Cpore can be expressed by the terms of
porosity and pore radius21:

(4)

Where Npore is the pore density, Gpore is the geometrical cross section of pore, rpore is
the radius of the pores, Vp is the volume % of porosity, and Qpore is the scattering
efficiency of pore.
The effective scattering coefficient of the birefringence can be calculated based on the
model proposed by Apetz and Bruggen9:

(5)

Where Nbi is the number of the scattering centers causing birefringence effect, Gbi is
the geometrical cross section, rbi is the radius of the scattering centers, and Qbi is the
scattering efficiency. In order to calculate the scattering efficiencies Qbi and Qpore
and the effective scattering coefficients Cbi and Cpore for the two ceramics sintered at
1400°and 1500°C, the results from the SEM images and the density measurements
are used (Vp (1500°C) = 0.7%, Vp (1400°C) = 1.9%, rbi (1500°C) = 1.9 µm, rbi (1400°C) = 1.6
µm, rpore (1500°C) = 40 nm, and rpore(1400°C) = 580 nm). The calculated results for
both ceramics sintered at 1400° and 1500°C are shown in Fig. 7. Due to their
similar grain sizes for the 1400°and 1500°C sintered ceramics, the difference of
their Cbi derived from Eq. (5) are small, demonstrating their similar influence
on the light scattering. The Cpore for both 1400°and 1500°C sintered ceramics are

higher than their Cbi values, exhibiting more pronounced scattering influence on
the in-line transmittance. Due to the higher porosity and larger pore size, the value
of Cpore for the sample sintered at 1400°C is much larger; therefore the light
transmittance of the material is poor.
Using the effective scattering coefficients obtained above, the in-line
transmittance of the 1500°C sintered sample was calculated from Eq. (1). The
difference of the experimental and calculated transmittance values is small at
longer wavelength, whereas the experimental values are much higher than the
calculated ones at shorter wavelength. This phenomenon is also exhibited in
Yamashita et al.22. The difference may be ascribed to the fact that only the average
pore size is used in the above discussion. It is believed that the pore size distribution
can cause difference between the calculated and experimental curves as indicated in
Fig. 6. For more accurate calculations, the pore size distribution needs to be
considered, which will be investigated in our future research.

IV. Conclusion

In summary, the translucent silicate oxyapatite Sr2Y8(SiO4)6O2 ceramic with
hexagonal crystal structure was successfully fabricated by using the SPS in
combination with the conventional solid-state reaction. The microstructures and
transmittances in the completely and partially densified ceramics sintered by
SPS were investigated. The porosity of the ceramic sintered at 1500°C is about
0.7%, the total forward light transmittance has reached 52% in the infrared region.
The total forward transmittance is mainly influenced by the residual pores, while the
in-line transmittance is affected by both birefringence effect and residual pores.
As the residual pores affect the light transmittance much more severely than the
birefringence effect according to the effective scattering coefficients, it is important
to eliminate residual pores in the fabrication of transparent ceramics.
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List of Figures

Fig. 1. XRD patterns of (a) the Sr2Y8(SiO4)6O2 ceramic pellet spark plasma sintered
(SPSed) at 1500°C, (b) the Sr2Y8(SiO4)6O2 ceramic pellet SPSed at 1400°C, (c)
the pure Sr2Y8(SiO4)6O2 powders obtained after solid-state reaction, and (d)
the calculated pattern derived from refinement.

Fig. 2.

The morphology and size of the Sr2Y8(SiO4)6O2 powders after 6-h ball milling
using zirconia balls and ethanol.

Fig. 3. The shrinkage curves of Sr2Y8(SiO4)6O2 spark plasma sintered at 1400°C
(circle) and 1500°C (square). The shrinkages during the dwell region related to
the time axis are plotted as open circles for 1400°C and open squares for
1500°C.

Fig. 4.

SEM images of the surfaces of Sr2Y8(SiO4)6O2 ceramic pellets spark plasma
sintered at (a) 1400°C and (b) 1500°C, inset is the one with higher magnification.
The pores are indicated by the arrows.

Fig. 5. Images of the Sr2Y8(SiO4)6O2 ceramic pellets spark plasma sintered at 1400°C
(left) and 1500°C (right). The thicknesses of both samples are 0.8 mm.

Fig. 6. The transmittances of the 1500°C spark plasma sintered Sr2Y8(SiO4)6O2 with
thickness 0.8 mm. The dashed line represents the total forward transmittance
and the solid line is the in-line transmittance. The dash-dotted line is the
calculated in-line transmittance, where Vp = 0.7%, rbi = 1.9 µm, and rpore =
40 nm.

Fig. 7. The effective scattering coefficients of residual pores (square) and
birefringence (up-triangle) in the ceramic spark plasma sintered at 1400°C;
The effective scattering coefficients of residual pores (circle) and birefringence

(down-triangle) in the ceramic sintered at 1500°C.
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