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Synchrotron-based XRD spectra from rat bone of different age groups (w, 56 w and 78w), lumber vertebra at
early stages of bone formation, Calcium hydroxyapatite (HAp) [Ca;0(PO4)s(OH),] bone fill with varying compo-
sition (60% and 70%) and bone cream (35-48%), has been acquired with 15 keV synchrotron X-rays. Experiments
were performed at Desy, Hamburg, Germany, utilizing the Resonant and Diffraction beamline (P9), with 15 keV
X-rays (N = 0.82666 A°). Diffraction data were quantitatively analyzed using the Rietveld refinement approach,

g(;ﬁ:ﬁ)g;on which allowed us to characterize the structure of these samples in their early stages. Hydroxyapatite, received
X-rays considerable attention in medical and materials sciences, since these materials are the hard tissues, such as
Diffraction bone and teeth. Higher bioactivity of these samples gained reasonable interest for biological application and
Rat bone for bone tissue repair in oral surgery and orthopedics. The results obtained from these samples, such as phase

Different age groups data, crystalline size of the phases, as well as the degree of crystallinity, confirm the apatite family crystallizing
Phase in a hexagonal system, space group P6s/m with the lattice parameters of a = 9.4328 A and ¢ = 6.8842 A
Crystal structure (JCPDS card #09-0432). Synchrotron-based XRD patterns are relatively sharp and well resolved and can be attrib-
SEM uted to the hexagonal crystal form of hydroxyapatite. All the samples were examined with scanning electron mi-
croscope at an accelerating voltage of 15 kV. The presence of large globules of different sizes is observed, in small
age groups of the rat bone (8w) and lumber vertebra (LV), as distinguished from, large age groups (56 and 78w)
in all samples with different magnification, reflects an amorphous phase without significant traces of crystalline
phases. Scanning electron microscopy (SEM) was used to characterize the morphology and crystalline properties

of Hap, for all the samples, from 2 to 100 pm resolution.
© 2017 Elsevier B.V. All rights reserved.

1. Motivation

XRD spectra from bone (humans and animals) are studied exten-
sively in a number ways to extract new and novel information about
the Ca/P ratio and over the years, calcium hydroxyapatite (HAp)
[Ca;0(PO4)s(0OH),], has been used in biomedical engineering as a coat-
ing material in bone implants, to focus on interfacial reactions of a bio-
logical system and prosthesis for dental and bone repair. A key calcium
phosphate ceramic mineral present in the human body. Hap is chemi-
cally and crystallographically equivalent to the mineral phase in bone.
Hap has outstanding biological properties such as toxicity, lack of in-
flammatory response and absence of fibrous or immunological reac-
tions. There has been a growing trend toward the development and
use of biomaterials for repairing and restoration of damaged bone tissue
and has been found to promote new bone formation when implanted in
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a skeletal defect. The aim of the present study is to know, phase compo-
sition, purity, crystallinity, crystallite size, lattice parameters, of different
age groups of rat bone, lumber vertebra and hydroxyapatite. Inview, of
this more fundamental radiation interactions from these samples, will
provide additional data, with the use of synchrotron sources, with
higher flux [1-5].

The functional properties of Hap strongly depend on their morphol-
ogy, stoichiometric ratio, crystallinity and crystal size distribution.Some
samples that are of special interest in archeometry, such as bone, scatter
X-rays strongly and it is hard to obtain essential information conven-
tional X-ray laboratory sources. This type ofdata can be obtained with
detailed studies made with micro-focal optics at synchrotron sources.

The study of calcium phosphate-based ceramics has focused on
mainly hydroxyapatite, [Ca;o(PO4)s(OH),],due to its increased bioactive
potential shown in several investigations. It exhibits a hexagonal crystal
system with space group P63/m and contains a total of 44 atoms per
unit cell. The unit cell contains two crystallographic sites of Ca ions: co-
lumnar and screw-axis Ca. Columnar Ca ions are aligned parallel to the


http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2016.11.136&domain=pdf
http://dx.doi.org/10.1016/j.msec.2016.11.136
mailto:dvrao_9@yahoo.com
http://dx.doi.org/10.1016/j.msec.2016.11.136
http://www.sciencedirect.com/science/journal/09284931
www.elsevier.com/locate/msec

208 D.V. Rao et al. / Materials Science and Engineering C 74 (2017) 207-218

c-axis at approximate unit-cell heights of 0 and 1/2 and are linked by
three shared O ions. Screw-axis Ca ions occur in two groups of three
ions, with the Caions linked to a center OH group in the form of equilat-
eral triangles. The triangles are orientated along the c-axis in the ab
plane. The six screw-axis Ca ions are bonded to PO4 groups, and these
PO4 groups can be further linked to other Ca ions in the unit cell. The
small crystal plates of HAp [Ca;9(PO4)s(OH)-] are typically 50 nm in
length, around 25 nm wide and on average 3 nm thick. Stoichiometric
HA, Ca;o(PO4)s(OH)2 in its commonest form, occurs as a hexagonally
packed crystal [6-10].

The Ca/P ratio (10:6) of some of the calcium phosphates used in
medical applications, for example, hydroxyapatite, is 1.67. Due to the
close similarity between nanometer scale forms of HAp and the mineral
phase found in the natural bone matrix. Recent studies have focused on
understanding the structure of HAp for its inclusion in a new generation
of novel composites. Bone mineral is constituted of biological hydroxy-
apatite crystals. In developing bone, the mineral crystal matures and the
Ca/P ratio increases [11].

Synchrotron-based X-ray diffraction is a useful technique for deter-
mining crystal and molecular structures, to analyze the resulting diffrac-
tion data to determine the materials structure. To achieve this goal,
several analysis techniques have been developed to resolve the diffrac-
tion data, since the publication of the original Rietveld method. With the
advent of the Rietveld refinement technique, determining the crystal-
line structure from diffraction data has proven to be an indispensable
tool for characterizing materials from X-ray diffraction data and as re-
sult, the technique is popular with crystallographers.

2. Experimental

Resonant and Diffraction beamline (P9) at Desy, Hamburg, Germa-
ny, is designed to operate the hard X-rays regime with energies ranging
from 2.7 to 50 keV. Fig. 1 shows the experimental system used by the
authors. X-rays with an energy of 15 keV (\ = 0.82666 A°) were select-
ed from the bending magnet source using a silicon double-crystal
monochromator. The experimental hutch is dedicated to resonant X-
ray scattering and general diffraction experiments. The focus size is
150 x 40 pm? and the energy resolution is <1.4 eV with Si (111) and
for Si (311) it is <0.3 eV. The experimental hutch is equipped with a
highly flexible and precise Psi-diffractrometer with open Chi-circle. At
the sample position, a simple goniometer mount, Displex cryostats or
small sample environments, like ovens, can be mounted on the motor-
ized xyz-translation stage. The detector arms consist of two translations
separated by 25°. X-rays are detected using the area detector and

Fig. 1. Experimental system used by the author's at Desy: P9, diffraction beamline.

Table 1
Hydroxyapatite phantom dimensions.

Name Sample Dimensions Hydroxyapatite (%)
BONEFIL 60 Phantom pellet 10 mm x 10 mm
60

BONEFIL 70 Phantom pellet 10 mm x 10 mm
70

BONECERAM Phantom pellet 8 mm x 10 mm
35-48

mythen detector at an angle designated by the label 20, referenced to
the direct incoming beam. The magnitude of the momentum transfer
q is a function of 26, the scattering angle: q = (4m/\) Sin (26/2). The dif-
fraction peaks presented in this work, varies upto 65 degrees
(0 <26 <65°), with a step of 0.02° at 5 s/step, with minimum sample
tilts in the transverse direction. The data was converted to two-dimen-
sional 26 intensity data for the analysis of the samples.

3. Scanning electron microscopy

Researchers studied, the bone and associated morphology using
SEM to magnify the features which will assist with identifying and clas-
sifying different spices. A high-resolution scanning electron microscope
(HR-SEM, ULTRA Plus, Zeiss, Germany) was used for characterization of
the crystal shape and morphology. To investigate the present samples,
the SEM was operated at an accelerating voltage of 20 kV and current
of 10 mA for imaging and the associated morphology. Samples were
prepared for scanning electron microscopy (SEM) by mounting the
dried samples on an aluminum stub covered in double-sided copper
tape, then sputter coated with either Au/Pd or amorphous carbon.

4. Samples

A number of rat's bone and lumbar vertebra samples (10 x 10 mm;
10 x 8 mm) of different ages (8, 56 and 78 weeks) were prepared from
Wistar rats, and these samples are used for XRD. All procedures were
approved by the Animal Research Committee of the University.

5. Rietveld analysis

The raw data from the XRD scans were inputted into the FullProf
program [12]. Rietveld analysis software program developed for crystal-
lographic refinement. The HAp crystal model was built using informa-
tion from the International Crystal Structure Database (ICSD). The
dimensions of the hydroxyapatite are mentioned in Table1. The details

Table 2
Hydroxyapatite crystal structure parameters, refined by Rietveld analysis.
Phase data
Space-group P63/m (176)—hexagonal
Cell a=94239A,c=68841 A
c/a = 0.7305,
Z=1y=120°
V = 52947 A>, a = p = 90°
Atom Ox. Wyck. Site S.O.F. x/a y/b z/c U [A?%]
Cal 4f 3. 1/3 2/3 0.00130  0.0037
Ca2 12i 1 033333 0.24620 0.99260 0.22220 0.0037
P1 12i 1 033333 039880 0.36910 0.22220 0.0048
01 12i 1 033333 032600 0.48300 0.22220 0.0015
02 12i 1 033333 058750 0.46530 0.22220 0.0015
03 12i 1 033333 034070 0.25590 0.07040 0.0015
04 4e 3... 05 0 0 0.20300 0.0015
H4 4e 3... 05 0 0 0.07300 0.0157
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Fig. 2. XRD spectra from the 8 weeks rat bone: Space group: P65 ,: Observed, calculated and differfence spectrum. Measured points are indicated by black crosses. The red line shows the
calculated diffraction pattern and blue line indicates the difference and Bragg reflections. The data were collected at Desy, Hamburg, with area detector detector and N\ = 82.666 (A°).
Comparison between experimental and calculated X-ray diffraction pattern of the sample. Observed data upper curve, difference Iops — Ica lower curve. Vertical markers show the
calculated position for Bragg reflections. The inset shows the Rietveld refinement, and the physical dimension of the sample used.

of the crystallographic model are listed in Table 2. Peak shapes were sample displacement, cell parameters, and atomic positions were all re-
modeled using the pseudo-Voigt function, and two asymmetry param- fined. The peak at 33° is too broad to resolve the separate (211), (112)
eters were refined. In each case, four background parameters, a scale and (3 0 0) peaks, but an overall peak shift is seen relative to HAp, as is

factor, five peak-shape parameters, 26 offset (zero point correction), also found for bone. The X-ray diffraction studies show initially broad
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Fig. 3. XRD spectra from the 56 weeks rat bone: Space group: P63 ,,: Observed, calculated and differfence spectrum. Measured points are indicated by black crosses. The red line shows the
calculated diffraction pattern and blue line indicates the difference and Bragg reflections. The data were collected at Desy, Hamburg, with area detector detector and N\ = 82.666 (A°).
Comparison between experimental and calculated X-ray diffraction pattern of the sample. Observed data upper curve, difference Ips — Ica lower curve. Vertical markers show the
calculated position for Bragg reflections. The inset shows the Rietveld refinement, and the physical dimension of the sample used.
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Fig. 4. XRD spectra from the 78 weeks rat bone: Space group: P65,: Observed, calculated and differfence spectrum. Measured points are indicated by black crosses. The red line shows the
calculated diffraction pattern and blue line indicates the difference and Bragg reflections. The data were collected at Desy, Hamburg, with area detector detector and N\ = 82.666 (A°).
Comparison between experimental and calculated X-ray diffraction pattern of the sample. Observed data upper curve, difference Iops — Ica lower curve. Vertical markers show the
calculated position for Bragg reflections. The inset shows the Rietveld refinement, and the physical dimension of the sample used.

peaks that sharpen with time. The data alone, however, are insufficient ordered crystals could account for the narrowing of the XRD peaks. The
to conclude that the mineral is amorphous, because the initial broad peak narrowing in this XRD series suggest that crystals are indeed
peaks could arise from a collection of ordered crystals of nanometer di- forming, which we interpret to mean they are growing from an already
mensions, and subsequent growth of the small ordered crystals to larger present amorphous phase.
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Fig. 5. XRD spectra from the luber vertebra: Space group: P65, Observed, calculated and differfence spectrum. Measured points are indicated by black crosses. The red line shows the
calculated diffraction pattern and blue line indicates the difference and Bragg reflections. The data were collected at Desy, Hamburg, with area detector detector and N\ = 82.666 (A°).
Comparison between experimental and calculated X-ray diffraction pattern of the sample. Observed data upper curve, difference Iops — Ica lower curve. Vertical markers show the
calculated position for Bragg reflections. The inset shows the Rietveld refinement, and the physical dimension of the sample used.
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Fig. 6. XRD spectra from the bone cream with 70% composition.: Space group: P63,m: Observed, calculated and differfence spectrum. Measured points are indicated by black crosses. The
red line shows the calculated diffraction pattern and blue line indicates the difference and Bragg reflections. The data were collected at Desy, Hamburg, with area detector detector and N =
82.666 (A®). Comparison between experimental and calculated X-ray diffraction pattern of the sample. Observed data upper curve, difference Iops — Ico lower curve. Vertical markers show
the calculated position for Bragg reflections. The inset shows the Rietveld refinement, and the physical dimension of the sample used.
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Fig. 7. XRD spectra from bone fill with 60% composition—Space group: P65, Observed, calculated and differfence spectrum. Measured points are indicated by black crosses. The red line
shows the calculated diffraction pattern and blue line indicates the difference and Bragg reflections. The data were collected at Desy, Hamburg, with area detector detector and N = 82.666
(A%). Comparison between experimental and calculated X-ray diffraction pattern of the sample. Observed data upper curve, difference Iops — Ico lower curve. Vertical markers show the
calculated position for Bragg reflections. The inset shows the Rietveld refinement, and the physical dimension of the sample used.
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Fig. 8. XRD spectra from bone cream: Space group: P63,m,: Observed, calculated and differfence spectrum. Measured points are indicated by black crosses. The red line shows the calculated
diffraction pattern and blue line indicates the difference and Bragg reflections. The data were collected at Desy, Hamburg, with area detector detector and N\ = 82.666 (A°). Comparison
between experimental and calculated X-ray diffraction pattern of the sample. Observed data upper curve, difference Iops — Ica lower curve. Vertical markers show the calculated position
for Bragg reflections. The inset shows the Rietveld refinement, and the physical dimension of the sample used.

6. Results

Diffraction patterns were recorded using point and area detectors,
mounted perpendicular to the incident beam. The use of point and

Table 3
26 and h, k, 1 positions of the samples at 0.82666(A°).

10.8310 (010)
10.8580 (0 1 0)
16.8350 (01 1)
16,8770 (011)
18.8170 (110)
18.8640 (110)
21.7610 (02 0)
21.8160 (02 0)
22.8520(111)
22,9090 (111)
253520 (02 1)
254160 (02 1)
25.8630 (002)
25.9280 (002)
28.1120 (012)
28.1840 (012)
28.9210 (120)
28.9210 (210)
28.9940 (12 0)
28.9940 (210)
317610 (12 1)
31.7610(211)
31.8420 (121)
31.8420 (211)
32,1790 (112)
322610 (112)
32.8960 (03 0)
32.9800 (03 0)
34,0470 (022)
341340 (022)
354500 (03 1)
35.5410 (03 1)

area detectors allows diffraction patterns to be collected with high
counting statistics and greatly reduced acquisition times. These charac-
teristics were well suited to this experiment, because, we were dealing
with a relatively large number of weakly scattering samples. XRD spec-
tra were analyzed using the Rietveld structural refinement approach as
implemented in the FullProf software.

Figs.2 to 5 shows the observed, calculated and difference spectra
from 8, 56 and 78 weeks rat bone and lumber vertebra. Figs.6 to 8
shows the observed, calculated and difference spectra of the bone fill
with varying composition (60 and 70%) and bone cream (35-48%).
Measured points are indicated by black crosses. The red line shows
the calculated diffraction pattern and blue line indicates the difference
and Bragg reflections. The inset shows the Rietveld refinement, with
the physical dimension of the sample used for the measurements. Com-
pared the experimental and calculated X-ray diffraction pattern for each
sample, with observed data as upper curve, difference Iops — Ica as lower
curve. Vertical markers show the calculated position for Bragg reflec-
tions. The analysis of the samples, reveals the presence of crystalline
nano-metre sized HAp phases, which were found to be consistent
with the phases listed in the ICDD database. The main (h k [) indices
for nano-metre sized HAp: (002), (211), (300), (202), (130), (002),
(222) and (213) being indicated in Figs.2 to 8. Table3 shows the reflec-
tions from the samples. Table4 shows the group of atoms. Table5 shows
the distances/angles and atom wise symmetry operation for the sample

Table 4
Atom groups.

No Symbol Effective radius Drawing radius Van-der-Waals radius

(A% (A% (A%
1 C 1.8 0.570 2.600
2 P 1.0 0.285 1.800
3 0 06 0.255 1.520
4 H 0.25 0.135 1.200
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Table 5
Distances/angles and atom-wise symmetry operations for the sample, calcium hydroxyapatite.
Atom 1 Atom 2 Symmetry op. 2 d12[A] Atom 3 Symmetry op. 3 d1,3[A] Angle 2,1,3 [°]
Cal 01 X, ¥, 2 22.777 01 —X+vy,1—-x1z 22.780 80.380
Cal 01 —x+yl-xz 22.780 01 1—-yl1+x—-yz 22.784 80.365
Cal 01 1—yl+x—yz 22.784 02 1-x1-y—z 23.223 120.109
Cal 02 1—-x1—-y,—2z 23.223 02 X —V,X, —2Z 23.224 80.969
Cal 02 X —V,X —2Z 23.224 02 yv1—x+y —z 23.229 80.955
Ca2 Ca2 X,y,05 —z 0.3855 03 v,1—x+y —z 21.584 158.840
Ca2 03 yv1—x+y, —z 21.584 02 1—-yl+x—yz 23.586 86.696
Ca2 04 x,1+vy,z 23.594 02 1—y,1+x—y, 23.899 151.411
05—z
Ca2 02 1—y1+x—y, 23.899 04 —X+vy,1-x05~-1z 24117 144.662
05—z
Ca2 04 —Xx+y1-x05-z 24117 03 x,1+yz 24.144 85.909
P1 P1 X,y,05 —z 0.3855 03 X, ¥, Z 13.939 138.480
P1 03 X, V,Z 13.939 01 X,V,Z 15.360 113.145
P1 01 X, ¥, 2 15.360 02 X, ¥, 2 15.401 112.108
P1 02 X, ¥,z 15.401 03 X,y,05 — z 17.018 106.492
P1 01 X,y,05 — z 15.836 02 X,y,05 —z 15.877 107.157
P1 02 X,y,05 —z 15.877 03 X,y,05 — z 17.018 94.099
01 01 X,y,05 —z 0.3855 P1 X, ¥,z 15.360 90.000
01 P1 X, V,Z 15.360 03 X, ¥,z 24.465 31.594
01 P1 X,y,05 — z 15.836 Cal X, ¥, 2 22.777 144.936
01 P1 X,y,05 —z 15.836 03 X, ¥,z 24.465 43.754
01 Cal X, ¥,z 22.777 03 X, ¥,z 24.465 112.742
02 02 X,y,05 —z 0.3855 P1 X, ¥, Z 15.401 90.000
02 P1 X, V.2 15.401 03 X, ¥,z 24.090 32.871
02 P1 X,y,05 —z 15.877 Cal 1-x1-y—z 23.223 115.029
02 Cal 1—x1—-y,—z 23.223 03 X, ¥, 2 24.090 73.250
02 Ca2 —X+vy1—=x1z 23.586 Ca2 —x+y,1—x05—-z 23.899 9.283
02 Ca2 —x+yl-xz 23.586 03 X, ¥,z 24.090 137.796
02 Ca2 —Xx+y,1—-x05-z 23.899 03 XV, Z 24.090 143.219
02 02 X,y,05 —z 0.3855 P1 X, Y, 2 15.401 90.000
03 P1 X, V.2 13.939 P1 X,y,05 —z 17.018 8.636
03 P1 X,y,05 —z 17.018 03 X,y,05 —z 24.728 32.884
03 Ca2 1+x—yXx —z 21.584 03 X,y,05 —z 24,728 158.840
03 02 X, ¥,z 24.090 Ca2 x,—1+yz 24.144 111.318
03 Ca2 x,—1+yz 24.144 03 X,y,05 — z 24.728 64.390
03 01 XV, Z 24.465 03 X,y,05 —z 24.728 64.749
04 04 x4y, —x05-1z 0.6471 H4 X, ¥, 2 0.8949 180.000
04 H4 X, ¥,z 0.8949 H4 —X+y,—%x05-1z 15.420 180.000
04 H4 —Xx+Yy, —x05—z 15.420 H4 —X,—Yy,—Z 19.000 180.000
04 H4 —X, =Yy, —zZ 19.000 Ca2 x,—1+yz 23.594 93.178
04 Ca2 x,—1+yz 23.594 Ca2 1—-yl1+x—-yz 23.594 119.695
04 Ca2 x,—1+y05~-z 24117 Ca2 1—yl1+x—y, 24117 115.547
05—z
H4 04 X, ¥, 2 0.8949 H4 —X, =y, —Z 10.051 180.000
H4 H4 —X, =Y, —Z 10.051 04 —X+y,—%x05—-1z 15.420 180.000
H4 04 —X+Vy,—X05—z 15.420 04 —X, =Yy, —z 19.000 180.000
H4 04 —X, =Yy, —zZ 19.000 H4 —X+Yy,—%x05—-1z 24.370 180.000

calcium hydroxyapatite. To save the space, the repeated operations are
not included, which the same value and the data will give detailed infor-
mation of the sample.

The FullProf program was used to determine the crystal structure
of the samples. Further data such as the contents of the unit cell based
on the formula sum for HAp [Ca;o(PO4)s(OH),]| was entered atom by
atom.

All diffraction patterns displayed show similarities and point out the
analogy between the structures of bone and Hap. However, the hexag-
onal symmetry works well, when dealing withdiffraction data, and the
crystal structure of synthetic HAp is usually described in space group
P63/m with a hexagonal unit cell. Good structure refinements were ob-
tained by varying the scale factor, background coefficients, unit-cell
axes (a = b and c), and profile-function parameters. Atomic thermal
factors, site occupancies, and atomic positions were kept fixed during
the refinement, because the quality of the diffraction patterns was not
sufficient to refine the crystal structure. The parameters that, we refined
are independent of peak intensities and therefore are not affected by ab-
sorption conditions and (weak) preferred orientation. The broad 26
peak around 30° to 35° detected at all the sample was consistent with

the advancement of crystallization toward HA from the amorphous
state, and became gradually higher.

The background was described using a 12-term shifted-
Chebishev function, and the diffraction profile was modeled by a
pseudo-Voigt peak-shape function as implemented in the FullProf
software package. Observing the diffraction patterns, it was noticed,
that the diffraction peaks of rat bone and lumber vertebra (8w) are
less broad than the diffraction peaks of rat bone (56 and 78w) and
Hap. This feature clearly indicates that young rat bone samples are
more poorly crystallized, dense meshed structure than the older
ones (56 and 78w), which suggests that the diffracting particles
(crystallites) in the younger bone are smaller and older ones are
much larger.

Diffraction peaks of Hap (Figs.6 to 8), especially the three strongest
peaks of HAP at 26 = 25.88, 31.88 and 32.98, which can be indexed as
(002),(211)and (3 00), respectively, according to the standard
data (International Centre for Diffraction Data, Powder Diffraction File,
09-0432). The XRD spectra reveals that the structure of as-synthesized
HAP belongs to the hexagonal P63/m space group with lattice constant
ofa=b=194238 Aand c = 6.8842 A.



214 D.V. Rao et al. / Materials Science and Engineering C 74 (2017) 207-218

Phase data
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Fig. 9. Atomic structure of [Ca;o(PO4)s(OH)]:[2 x 2 x 2 cells]. (a) a-axis lies almost vertical in the plane of view and (b) c-axis is at vertical position. Schematic of the final crystal structure
of the HAP sample along a-axis calculated by Rietveld refinement. The inset has phase data and atomic position values.

The final mineral crystalline phase was confirmed from the col-
lection of XRD d-spacing's that correlated well with the Joint Com-
mittee on Powder Diffraction Standards (JCPDS) files for HAp. The
variation of intensity with d-spacing for the hydroxyapatite sample
is displayed in Fig.9. HAp exhibited numerous sharp diffraction
peaks, indicating that its structure exhibited crystalline characteris-
tics, and is in agreement with the reported crystal structure for this
compound. The HAP diffraction pattern matched the HAp data ob-
tained from the International Centre for Diffraction Data (ICDD) da-
tabase. Phase identification was performed with reference to the
library database supplied by the International Centre for Diffraction
Data (ICDD) by directly comparing the X-ray diffraction spectra. All
the XRD spectra obtained have characteristic peaks consistent with
the International Centre for Diffraction Data (ICDD) files for calcium
phosphates. The predominant phase, as expected, was confirmed
with JCPDS file no. 9-432 for stoichiometric HAp. The hexagonal
primitive cell of P63/m symmetry (#176 in the International X-ray
Tables) that contains 10 Ca atoms, six phosphate (PO4) groups, and
two hydroxyl (OH) molecules.

Fig. 10 shows, atomic structure of [Ca;o(PO4)s(OH)3]:[2 x 2 x 2
cells]. (a) a-axis lies almost vertical in the plane of view and (b) c-axis
is at vertical position. Schematic of the final crystal structure of the
HAP sample along a-axis calculated by Rietveld refinement. The inset
has phase data and atomic position values.

The critical atoms in structure picture around Ca = 304, P = 128,
= = 640 and for H = 72. The histograms are displaced in Fig.11(a) to
(e) to have an insight of the diffraction pattern. Two groups of XRD re-
flection peaks can be used to monitor the HAp formation; one at
26 = 26° and the other group is ranging from 26 = 30 to 34°. For quan-
titative purposes, it is recommended to consider the data from 26 =
26° which corresponds to (0 0 2) reflection peak, and is well resolved,
with no interferences.

For a given animal age and degree of mineralization, crystallinity in-
creases with animal age, indicating that changes in bone mineral occur
even after mineralization is complete or nearly complete. A high crystal-
linity in the low-to-medium density, presumably younger bone (8w); a
lower crystallinity in the middle density ranges (56w); and a higher
crystallinity in the highest density (78w), oldest fraction.
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Fig. 10. Variation of d-spacing with 2theta for the hydroxyapatite sample at 15 keV.
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Fig. 11. (a) to (e). Histogram of distances of selected atoms.

The HAp powder samples are non-conducting, by nature. In order to
prevent charging from occurring during examination, sample prepara-
tion for each HAp sample was undertaken. The first stage involved
suspending HAp with a glue on an aluminum stub. The samples were
allowed a sufficient period to dry (10 min). After which, any excess
powder was eliminated with an air hose at low pressure prior to the

carbon coating process. The Edwards Scancoat six sputter coaterwas
used to apply a layer of carbon onto the HAp samples, in order to in-
crease the electrical conductivity of the specimen sample during SEM
operation and hence provide a clear analysis of the individual HAp pow-
der particles and/or particle aggregates morphological properties. The
samples were investigated for their microstructural and morphological
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features by using a scanning electron microscopy operated at a typical
accelerating voltage of 20 kV.

The image is an artificial map of the surface, that is, there are no direct
ray paths linking the specimen to the projected image, as is the case in op-
tical and transmission microscopes. Instead, the area under observation is
irradiated with a finely focused electron beam of between 10 and 25 kV,
which may be static or swept in a raster across the surface of the material
in synchronism with a spot on a cathode ray tube (CRT). A detector mon-
itors the scattered electron (SE) (including back scattered electron (BSE))
signals and the brightness of the spot on the CRT is controlled by an am-
plified version of the detected signal. The scan of the CRT is fixed and the

EHT = 16.00 kV
WD = 85mm

Signal A = InLens
Mag= 870X

Date 9 May 2016 ZEISS
Time :10:62:31

effect of reducing the area scanned on the specimen is to increase the
magnification of the map. The intensities of the SE and BSE generated
are dependent on the angle of incidence between the beam and the spec-
imen. The angle of incidence will vary because of the roughness of the
material, leading to the development of contrast, which relates to the
physical nature of the specimen. The surfaces facing the light source ap-
pear bright while those facing away range from grey to black. Hence,
only the surfaces which face the detector provide a strong enough signals
to obtain a useful image, while black are indicative of a tilted surface. The
high-magnification SEM images shows the samples are porous structure,
which is very useful for biomedical applications.

EHT = 15,00 kV
WD = 4.2mm

Signal A = InLens

Date 8 May 2016 ZEISS
Time :10:47:45

Mag= 172X

(a) 8wl

EHT = 15.00 KV Signal A = InLens
WD = 58mm Mag= 479KX

Date 9 May 2015
Time 105847

(c) 56wl

10 pm EHT = 15.00 kV

(b) 8w2

= 1 L
Signal A = InLens
Meg= 272X

EHT = 15.00 kv
WD = 88mm

Date :9 May 2015
Time :10:58:11

Date @ May 2015 -
Time :11:05.04

(d) 56w2

ZEISS)
Time 110702

WD = &7 mm Svn::-;v;n:x H WD = 45mm Mag= 585X
(e) 78wl () 78 w2

Fig. 12. (a) to (n) shows the SEM images of all the samples used.
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Time :11:02:12
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() LV1 (h) LV2
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Signal A = InLens
Mag= 478KX

EHT = 1500 kv
WD= 16mm
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Signal A = InLens
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(i) Bone cream 1

Fig. 12

The surface morphology and crystalline properties of rat bone of dif-
ferent age groups, lumber vertebra, bone fill with different composition
and bone cream, were further characterized by SEM; the resulting
micrographs are displayed in Fig.12(a) to (n). For the 8 weeks rat,
we used two different resolutions of 20 and 100 um. At 20 pm, the
structure of the sample is poor in crystalline nature, with increased
resolution, we noticed the visible porosity,with less dense mesh
structure, as distinguished, with 56 and 78 weeks rat bone and also
with rat lumber vertebra with enhanced morphology. With extend-
ed resolution, the nature of the sample, looks like a long-shaped

(j) Bone cream 2

(continued).

crystalline in nature. However, for Hap, at various composition(60%
and 70%) and also in bone cream (35-48%), contained crystals with
an agglomerated structure.

7. Conclusion
Our research is focused on studying and understanding the structur-

al properties of these samples, with an aim to explore the importance of
these materials at the nano-level scale.
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Dato 8 May 2015
Time :11:28:08

10 pm EHT = 16.00 kv

F——  wo=simm

Signal A = InLens
Mag= 350KX

(k) Bone fill 60% 1

»

X,
Signal A = Inl
Mag= 282KX

EHT = 1500 kv
WD = 4.3mm

ZEISS
Time :11:33:07 .

.
Signal A = InLens
Mag= 167 KX

ZEISS
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(m) Bone fill 70% 1

(n) Bone fill 70% 2

Fig. 12 (continued).
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