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Abstract
In this study, the nanostructural vacancy behavior of bovine derived hydrox-
yapatite (BHA) doped with powder zirconmullite (ZM) contents of 5, 7.5, 10
and 12.5 wt.% were presented at sintering temperatures of 1000, 1100, 1200 and
1300◦C. ZM-doped BHA (ZM-BHA) was characterized by X-ray diffraction and
positron annihilation lifetime spectroscopy (PALS). Density and hardness behav-
ior weremeasuredwith respect to increasing sintering temperature. PALS results
indicate that the longest lifetime component τ3 of ortho-positronium (o-Ps) local-
ized at open spaces is attributed to the vacancy site and almost constant with the
ZM contents and the sintering temperatures to have a mean value of 0.680 ns
(corresponding to the radius of 0.997 nm). This average value is ascribed to the
OH group defects along the main crystalline line. On the other hand, the o-
Ps intensity attributed to the number of vacancy sites increases almost linearly
with ZM additives and sintering temperatures. The intensity is also related to the
density and hardness of ZM-BHA in terms of ZM contents.
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1 INTRODUCTION

Calcium phosphate ceramics are widely used in medicine
due to their high biocompatibility and ability to grow bone
around the implant material. The single, biphasic, tripha-
sic andmultiphasing single component calciumphosphate
and ortophosphate ceramics are extensively studied and
their biomedical applications and coatings are reviewed
and summarized in the references.1-4 The load bearing
capacity of these bioceramics is usually increased with

the addition of inert oxides such as zirconia, titania, mag-
nezia, etc. and their use in ortopaedics and dentistry are
studied.5-10 Themechanical properties of zirconia ceramics
alone coated with calcium deficient hydroxyapatite (HA)
was also investigated in amore recent research.11 The effect
of oxide additions on the crystal structure vis-a-vis atom
coordinates of HA is not fully understood, and they form
regular composite mixtures. The solid solutions of oxide
addition, if any, with thematrix and the corresponding bio-
logical behavior of cell tissues against the modified crystal
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F IGURE 1 The molecular configuration
of an hexagonal HA cell containing 88 atoms
adopted from 1 and 23 showing probable OH
vacancy channels along c axis in (A) 2D and
(B) 3D (circle 1 indicates single oxygen atom
vacancy probable in PO4 groups, circle 2
indicates probable O vacancy in the OH
channel, circle 3 indicates Calcium atom,
circles 4 and 4+ indicate OH vacancy, and
circle 5 indicates Phosphorous atom).

should be investigated. Bovine-derivedHA (BHA) is one of
the most preferred natural HA types.4,10-12 BHA is usually
produced using diluted HCI acid, which enables dem-
ineralization and freeze-drying of the tissues. Even when
strict regulations are applied, some deadly high-priority
diseases (bovine spongiform encephalopathy) can survive
even after all controlled processes. High temperature cal-
cination performed at 850◦C, prevents these diseases from
occurring.
Defects in these HA structures promote better bio-

compatibility, adhesion, attachment of bone cells, and
proliferation than those in biological structures. For this
reason, we concentrate the defect vacancy analysis of ZM-
BHA materials. A very comprehensive study on defect
modeling of pure HA was performed by Bystrow et al.13
andMatsunaga et al.14 whomodeled defects and electronic
structures in their work: they pretended the formation of
VO−,VH+, VOH−, and VCa++ vacancies in HA, because
these vacancies were expected to be relatively easy to
form HA energetically with increasing temperature 1073
K in a simple hexagonal structure. The common structural
defects of Ca andOH ions inHAare located along themain
structural c axis so called ‘OH-channel’. Especially OH-OH
vacancies form along the c axis, in a hexagonal supercell
of 88 atoms leading to the non stochiometric HA and its
derivatives in ambiant atmosphere with water vapor at
low pressure following the postulated reaction15,16 as in
Figure 1:

Ca10(PO4)6(OH)2 →Ca10(PO4)6(OH)2-2xOx(VOH)x

+𝑥H2Ogas (1)

To understand further the bone tissue structure with
vacancy defects, one of the relatively less-known methods
such as measurement of the free volume of the bone tis-
sue, can be used. Free volume as a measure of the vacancy
exists in the tissues as the chemical structure changes
by the substitutional components and the sintering

temperatures. Actually, the free volume quantity can
be correlated with some physical phenomena, such as
the glass transition temperature,17 viscosity,18-21 ionic
conductivity,22 relaxation23 and other mechanical and
thermodynamic properties. Some methods, such as dif-
ferential scanning calorimetry (DSC), X-ray diffraction
(XRD), dynamic mechanical analysis (DMA), FTIR, elec-
tron microscopy, and neutron scattering, are used to
estimate the free volume indirectly.17 However, as a pow-
erful nondestructive technique, positron annihilation life-
time spectroscopy (PALS) provides invaluable information
about the structure of materials.17 PALS is a unique tech-
nique to measure the size, density and size distribution of
the free volume in materials.17 Zirconmullite (ZM) is an
inert material very stable at temperatures over 1000◦C and
is composed of zirconia (ZrO2) andmullite (3Al2O3.2SiO2)
as a mechanical mixture of both phases simultane-
ously. The structural and physical properties of BHA
with/without ZMmay be important in terms of its usage in
medicine, nanotechnology and photocatalytic processes.
On the other hand, defects in BHA play an important role
in their usage. Defect analysis of BHA with/without ZM
has not been studied very well. Especially during the sin-
tering and substitution of ZM, some vacancy defects, such
as OH, Ca and O vacancies, can be produced that might be
important in the usage of ZM-BHA.
In this study, the physical and mechanical properties of

ZM-doped BHA composites were investigated in terms of
changes in microscopic free volume using PALS.

2 MATERIALS ANDMETHODS

2.1 Rawmaterials

Zirconmullite powder was obtained from Haznedar Durer
Company with a weight averaged particle size of 1.524 mm
and density 1.69 g/cm3. Its chemical analysis is provided in
Table 1.
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AKAY et al. 3

TABLE 1 Chemical analysis of zircon mullite powder in wt%

Al2O3 ZrO2 SiO2 Na2O Fe2O3 CaO TiO2

46.47 35.31 17.87 0.09 0.07 0.04 0.15

Alumina versus Silica molecular ratio
(46.47/102):(17.87/60) = 1.53 confirms the presence of
mullite, which is also proved by XRD analysis and
mullite versus zirconia weight ratio is found to be 1.82.
Hydroxyapatite produced from calf femur bone by boiling
following calcining in a muffle furnace were used.

2.2 Preparation of bovine
hydroxyapatite composite strengthened
with zirconmullite

Fresh bovine femoral bone was obtained from a butcher
and boiled for nearly 2 h to be released from its soft tis-
sues. Then, it was calcinated in a box furnace at 850◦C
for 4 h under ambient atmosphere. Calcinated bovine has
obtained a completely white color free of its organic sub-
stances. Crushing and milling using a mortar grinder and
planetary ball mill was used to obtain the powder, which
was dry sieved to under 75 μm. The sieved powder was
mixed with zirconmullite at 5, 7.5, 10, and 12.5 wt% using
ball milling for 4 h with alumina media. Powder mixtures
were pressed in hardened steel molds according to British
Standard 7253 with a one-way press at 350 MPa pressure.
The resulting pellets are 11 mm in diameter and 11 mm in
height. The composite pellets were then sintered at 1000,
1100, 1200 and 1300◦C for 4 h in ambient atmosphere.

2.3 PALS

In working PALS, a setup of a fast-fast coincidence sys-
tem was used, based on the measurement of the time
interval between the birth signal as 1274 keV prompt
gamma and the stop signal as 511 keV positron annihila-
tion gamma. To detect both γ rays, two plastic scintillators
(BC422) with photomultiplier tubes (PMT) (Hamamatsu
R2059) and ORTEC Base, and for the timing signals and
timing, two constant fractional differential discriminators
(ORTEC 583B) and a time-to-amplitude converter (ORTEC
266) connected to theMCA time spectrum (ORTECASPEC
927) were used. To extract the lifetimes and their intensi-
ties in the time spectrum, the LT9.2 code program24 was
applied. This LT code is a respected analysis program to fit
PALS data that are deconvoluted of the lifetime spectrum
into a number of exponential components.
The PALS spectrum in three lifetime components was

also analyzed: of bound state positronium, one is the

singlet state of the antiparallel spins so-called para-
positronium (p-Ps) with the corresponding lifetime (τ1)
with its intensity (I1) and the other is the triplet state of
antiparallel spins so-called ortho-positronium (o-Ps) with
the corresponding lifetime (τ3) with its intensity (I3), and
free positron has a contribution as a direct annihilation
lifetime (τ2) with the intensity (I2). A relation can be estab-
lished between the lifetime and geometric structure of the
cavity where o-Ps resides, using the overlap integration of
the Ps wave function. For this purpose, the Tao–Eldrup
model25,26 was used. In this model, o-Ps was considered
to be in a spherical potential well of radius R with a sur-
rounding electron cloud layer of thickness δR = R0 − R.
Themodel in the ground state of the Pswave function reads
as

1

𝜏3(𝑛𝑠)
= 2

(
1 −

𝑅

𝑅0
+

1

2𝜋
sin

2𝜋𝑅

𝑅0

)
(1)

where δR= 0.1656 nm is empirically determined value.17,27
The hole-free volume (υf) then follows as:

𝜐𝑓(𝜏3) = 4𝜋𝑅3∕3 (2)

3 RESULTS AND DISCUSSION

3.1 XRD results

X-ray diffraction phase analysis (XRD) of pure zircon mul-
lite and composite samples (12.5 wt.%) sintered at 1000,
1100, 1200 and 1300◦C was performed with a Bruker
d2 phaser instrument using CuKα radiation (λ = 1.541
Å) with 30 kV, 10 A conditions, and the results are
shown in Figure 2. In Figure 2, two main phases were
determined: the first is mullite (PDF 74–4144) with the
chemical formula Al4.52Si1.48O9.74 with an orthorhombic
crystal structure15,16 and the second phase is badeleyite
(PDF 37–1484) with the chemical formula ZrO2 with a
monoclinic crystal structure. The peaks in the graph are
compatible with the literature.4,10,15,28-30
When sintered from 1000 to 1300◦C, the pure syn-

thetic BHA changed color from white to blue, especially
after 1200◦C, which was possibly due to phase transfor-
mations and related to variations in electron transitions
in the d orbitals of newly formed phases. In Figure 3,
when 12.5 wt.% ZM was added to BHA, after the 1100◦C
heat treatment, the initial BHA phases were stable, as no
change occurred in the diffraction pattern (PDF: 01-075-
3726). However after 1200◦C heat treatment, the amount
of BHA decreased as can be noticed from peak mag-
nitudes whereas some new phase whitlockite formed
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4 AKAY et al.

F IGURE 2 X-ray diffraction (XRD) results of pure zirconmullite

F IGURE 3 X-ray diffraction (XRD) results of bovine derived
hydroxyapatite (BHA) mixed with 12.5 wt.% zirconmullite (ZM)
sintered at 1000–1300◦C

(PDF: 00-055-0898). After 1300◦C heat treatment, BHA
transformed to Ca deficient HA and Ca++ ions content
dropped from 5 to 4.36 (PDF: 01-074-9774) and in con-
trast, (PO4)−IV stoichiometry increased from 2.928 to 3 and
the OH− hydroxyle stochiometry dropped from nearly 1.3
to 0.672 possibly forming OH channels and H vacancies.
Additionally, the unit hexagonal cell volume increased
from V = 528.83 Å3 to 529.12 Å3, indicating new forma-
tion of vacant spaces in the lattice following whitlockite.
After 1300◦C heat treatment, the calcium phosphate phase
(PDF: 00-029-0359) and minor amount of calcium zir-
conium oxide also appeared at the expense of original
BHA which transformed to Ca-deficient hydroxyapatite
(PDF: 01-074-9774). Figure 4 is the representation of heat-
treated BHA with 5, 7.5, 10, and 12.5 wt.% ZM additions

F IGURE 4 X-ray diffraction (XRD) results of pure and alloyed
bovine derived hydroxyapatite (BHA) with zirconmullites (ZMs) of
5, 7.5, 10, and 12.5 wt.% followed by heat treatment at 1300◦C

sintered at 1300◦C. Pure BHA sintered at 1300◦C is pro-
vided as the control diffractogram for alloyed samples.
As can be observed, in addition to whitlockite, hydrox-
yapatite, and calcium phosphate phases, as determined
previously, the calcium zirconium oxide phase (PDF: 01-
076-2401) formed additionally as a result of alloying and
heat treatment. When comparing the patterns with each
other in Figure 4, it can be concluded that there is a
slight decrease in calciumphosphate content following the
addition of ZM, possibly enhancing the formation of the
calcium zirconium oxide phase.
The greater the complexity of the pattern increases, the

most likely the formation intercavities and atomic size
vacancies and defects in the composite. The results are
compatible with the literature.31-33

 15512916, 0, D
ow

nloaded from
 https://ceram

ics.onlinelibrary.w
iley.com

/doi/10.1111/jace.18985 by M
arm

ara U
niversity, W

iley O
nline L

ibrary on [20/02/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



AKAY et al. 5

F IGURE 5 Density of bovine derived hydroxyapatite (BHA)
with respect to zirconmullite (ZM) addition at different sintering
temperatures. The best fit line is drawn for each data set

F IGURE 6 Hardness of bovine derived hydroxyapatite (BHA)
with respect to zirconmullite (ZM) (wt.%) at sintering temperatures.
The best fit line is drawn for each data set.

3.2 Density and hardness of HA with
zirconmullite

The density and hardness results are plotted in Figures 5
and 6, respectively. Densitymeasurements of sintered sam-
pleswere evaluated using theArchimedesmethod, and the
hardness was measured using a Vickers micro indenter.
As shown in Figure 5, a linear decrease in density

occurred with increasing alloy content, and an increase
was observed with increasing sintering temperature, as
expected. From Figure 6, it is observed that a significant
increase in microhardness is apparent at 1300◦C due to
enhanced diffusion causing higher density and possibly

to whitlockite and calcium zirconium oxide phase forma-
tions. Increasing alloy content caused a slight decrease
in microhardness, although it significantly decreased the
density of composites, possibly due to volumetric changes
during phase transformations and corresponding thermal
expansions of newly formed phases.

3.3 PALS results of bovine
hydroxyapatite with zirconmullit additives

PALS experiments were carried out with two pieces of the
samples with more than 2 mm thickness each, sandwich-
ing the positron source approximately 30 μCi of 22NaCl on
a thin aluminum foil (5 μm thick). We have a resolution of
approximately 350 ps. We have taken a million counts for
each sample measurement.
To analyze the PALS spectrum, the p-Ps lifetime value

τ1 = 125 ps in vacuumwas selected assuming it stayed con-
stant in matter. PALS lifetimes and their intensities and
the defect volume (υf) are in Table 2 for BHA-ZM compos-
ites for sintering temperatures 1000, 1100, 1200 and 1300◦C.
The o-Ps lifetime is approximately 0.680 ± 0.03 ns cor-
responding to 0.0997 nm radius using Equation (1). This
value is close to the OH− ion radius of 0.11 nm and the
O− ion radius of 0.126 nm and the Ca++ ion radius of
0.114 nm.13,14,34
In Figure 7, the o-Ps intensity is plotted with respect to

increasing sintering temperatures for each ZM content (5,
7.5, 10 and 12.5 wt.%). The solid lines are the best-fit regres-
sion lines to each ZM content separately. For each ZM
content, the o-Ps intensity as a measure of the number of
defects increases linearly with the sintering temperature.
Increasing the sintering temperature might have caused
OH bonds to brake and then evaporate as H2O vapor,
leaving the vacant side behind. These crystal defects also
increase linearly with the increase in ZM content due to
mismatch with the matrix (BHA), creating new surfaces
and increasing the internal energy.
In Figure 8, the o-Ps intensity is replotted with respect

to the ZM content for each sintering temperature, and
the solid lines are the best-fit regression lines. For each
sintering temperature, the o-Ps intensity increases almost
linearly with ZM content, except for one datum with
12.5 wt.% at 1300◦C, which was reduced drastically, claim-
ing to the partial structural collapse with the increasing
defects. The slopes of the best fit lines also increase to 0.375,
0.800, 1.186 and 1.549 for sintering temperatures of 1000,
1100, 1200 and 1300◦C, respectively. Although ZM addi-
tion increased the defect concentration, which affected the
PALS results, it caused a decrease in the density and hard-
ness due to phase transformations at high temperatures
over 1100◦C.
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6 AKAY et al.

TABLE 2 Positron annihilation lifetime spectroscopy (PALS) parameters as lifetimes (τ2 and τ3) and intensities (I2 and I3) with hole
radius (R) in terms of temperature for zirconmullite (ZM) contents from 5% to 12.5%

Anneal T(◦C) ZM Content (%) τ2 (ns) (± 0.086) I2 (%) (± 1.4) τ3 (ns) (± 0.03) I3 (%) (± 0.47) R(nm) (± 0.008)
1000◦C 0 0.261 80.3 0.710 4.55 0.107

5 0.265 76.5 0.670 6.22 0.097
7.5 0.269 78.2 0.710 6.97 0.108
10 0.268 79.2 0.660 8.87 0.094
12.5 0.275 74.1 0.680 8.40 0.099

1100◦C 0 0.255 79.4 0.670 4.65 0.097
5 0.266 80.2 0.650 8.61 0.092
7.5 0.276 78.4 0.660 11.9 0.094
10 0.285 73.8 0.675 12.1 0.100
12.5 0.292 72.1 0.675 14.7 0.099

1200◦C 0 0.254 70.9 0.678 5.72 0.099
5 0.288 73.2 0.670 12.3 0.097
7.5 0.321 64.7 0.724 14.4 0.110
10 0.313 68.6 0.717 17.4 0.109
12.5 0.301 66.8 0.670 21.8 0.097

1300◦C 0 0.289 58.0 0.650 8.27 0.092
5 0.312 69.5 0.700 15.2 0.105
7.5 0.317 67.5 0.697 19.1 0.104
10 0.294 66.6 0.660 23.8 0.094
12.5 0.305 68.9 0.675 20.6 0.099

Note: The intensities were normalized as I1 + I2 + I3 = 1.

F IGURE 7 The o-Ps lifetime intensity versus sintering
temperature with increasing zirconmullite (ZM) content

3.4 SEM analysis

Scanning electron microscope (SEM) analysis was per-
formed using a JEOL 6400 instrument in BSE (Back
scattered electron imaging) mode. Figure 9A,B illustrate
BHA doped with 12.5 wt.% ZM micrographs taken at 500x

F IGURE 8 The o-Ps lifetime intensity versus the zirconmullite
(ZM) content and sintering temperatures

and 2500x magnifications, respectively, sintered at 1300◦C
for 4 h in ambient atmosphere.
As can be observed in Figure 9, the ZM particles (light

color phase4) are homogeneously distributed throughout
the BHA matrix, some of them forming reaction phases
such as CaZrO3, and some of them possibly dissolving in
the BHA lattice. BHA grains nearly 3 to 5 microns in size
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AKAY et al. 7

F IGURE 9 SEMmicrographs for
HA-12.5 zirconmullite (ZM) composite under
backscattered electron image (BEI) sintered
at 1300◦C for 4 h (A) ×500 and (B) ×2500

merge due to high temperature sintering, and wide cracks
possibly form during cooling because of the phase con-
traction and mismatching of various phases with different
coefficients of thermal expansion. As the sintering tem-
perature increased, although the density increased with
merging grains, micro and nanoporosity increased due
to the changing stoichiometry of solid solutions and the
generation of new phases causing cracking in the matrix
phase.

4 CONCLUSIONS

The zirconmullite used in this study formed new phases
and defects with increasing sintering temperatures. The
density and hardness of the composite samples increased
as expected with the sintering temperatures, and the phase
distributions changed after 1100◦C heat treatment, which
is consistent with the changes in the o-Ps lifetime inten-
sity. Over 1100◦C, the newly formed phases, whitlockite,
calcium phosphate and calcium zirconium oxide, affected
themolecular structure of the remaining BHAphase, caus-
ing defects such as vacant OH and Ca sites, which changed
o-Ps lifetime intensity in PALS measurements.
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