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Abstract
This paper reports a detail crystallographic investigation of a well-known biphasic biomaterial containing hydroxyapatite 
(HAp) and β-tricalcium phosphate (β-TCP). This biphasic calcium phosphate bioceramic (BCP) was synthesized by three 
typical methods: (i) solid-state method (where CaCO3 and (NH4)2HPO4 was the source of Ca and P, respectively); (ii) wet 
chemical method (where the reactants were Ca(OH)2 and H3PO4); and (iii) direct incineration of bovine bones. Furthermore, 
the adopted fourth method to synthesize the biphasic biomaterial was UV irradiation instead of high temperature calcina-
tion. In each case the synthetic biphasic biomaterial was characterized by employing X-ray diffraction (XRD) and Fourier 
transform infrared (FT-IR) techniques. Various crystallographic parameters such as crystallite size, dislocation density, 
microstrain, crystallinity index (from XRD and FT-IR), HAp percentage, β-TCP percentage, the volume fraction of β-TCP, 
and degree of crystallinity were estimated by conventional approaches for the broader applicability of this biphasic bio-
material. Two new models for measuring microstrain and one new method (XRD-sin2Ѱ technique) for calculating residual 
stress (also known as intrinsic stress) were developed to estimate the crystallographic parameter more accurately. A linear 
relationship was illustrated among the value of conventional methods and newly developed techniques without significant 
difference (R2 = more than 0.9) among the values of four types of HAp.
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Introduction

Application of biomaterials in bone tissue engineering is 
now a fascinating area of research. In particular, Ca-phos-
phate-based biomaterials (BCP) are now in the top choice 
to be used in bone tissue engineering research. Neverthe-
less, hydroxyapatite (HAp) and β-tricalcium phosphate 
[β-TCP] having chemical formulae Ca10(PO4)6(OH)2, 
Ca3(PO4)2], respectively, are the two most important 
candidates which attract the attention of the biomate-
rial researchers. HAp is a naturally occurring biomate-
rial (Pazarçeviren et al. 2021) responsible for 70% (by 
wt.) or 50% (by volume) human bone (Puad et al. 2021). 
It has received researcher's consideration for its non-
toxic, biocompatible (Shi et al. 2021), bioactive (Awasthi 
et al. 2020), osteoconductive (Awasthi et al. 2020), and 
hemostatic nature (Gong et al. 2021). Indeed, all these 

properties have tagged it as a promising material for appli-
cations in various sectors such as bone tissue reconstruc-
tion (Liu et al. 2021), drug carrier (Karacan et al. 2021), 
bone tissue engineering, orthopedic and dental (Du et al. 
2021), catalyst and catalyst carrier (Vigneshwaran et al. 
2021), protein delivery (El-Fiqi and Kim 2021), gene 
delivery agent (Kermanian et al. 2021), water treatment 
(Nayak and Bhushan 2021), and antibody purification 
(Ghorbani et al. 2021). Generally, the structure and size 
of crystals govern the properties as well as the efficient 
applications of crystalline materials. The applications 
of HAp depend on the crystal size, shape, crystallinity, 
morphology, solubility, and defect, which are resulted 
from the synthesis phenomena. The raw materials, syn-
thesis process, and reaction conditions are the vital fac-
tors, which control the crystallographic structure of HAp 
along with applications. Generally, HAps are synthesized 



Chemical Papers	

1 3

from various natural sources such as eggshells (Ashokan 
et al. 2021), fishbone (Hernández-Cocoletzi et al. 2020) 
and bovine bone (Shaikh et al. 2020) by a number of tech-
niques such as solid-state method (Javadinejad and Ebra-
himi-Kahrizsangi 2021), co-precipitation (Sasaki et al. 
2020), gas injection approach (Nosrati et al. 2020), emul-
sion, hydrolysis, sol–gel method, hydrothermal approach 
plasma synthesis, and microwave (Agbeboh et al. 2020).

It is well known that, owing to poor thermal stability 
coupled with low degradation rate as well as lightweight 
mechanical properties (e.g., low-impact resistance), syn-
thetic HAp has limited its widespread applications. Con-
versely, pronounced biodegradability of β-TCP stimulates 
the formation of continuous interface between Ca-phos-
phate ceramics and bone. Hence, currently, biphasic cal-
cium phosphate ceramic (BCP) consists of a mixture of 
HAp and β-TCP possess distinctive dissolution character-
istics in supporting new bone formation at the implant-
bone boundary and is considered superior when compared 
with either single-phase HAp or β-TCP. Concerning these 
facts, here we attempted to synthesize this well-known 
biphasic biomaterial (BCP) containing HAp and (β-TCP) 
by three typical methods: (i) solid-state method (where 
CaCO3 and (NH4)2HPO4 were the source of Ca and P, 
respectively); (ii) wet chemical method (where the reac-
tants were Ca(OH)2 and H3PO4); and (iii) direct incin-
eration of bovine bones. Furthermore, our adopted fourth 
method employed UV irradiation. Very recently we have 
developed this UV irradiation approach where HAp in 
biphasic form was synthesized by directly illuminating 
the source materials (Sultana et al. 2021) and the potency 
of this biomaterial was examined which was encourag-
ing. Nevertheless, such an approach offered the advantage 
to synthesize the desired product at ambient temperature. 
Alternatively, this UV-illumination eliminated the neces-
sity of high temperature calcination and thus revealed as 
an environment-friendly economic method. Because, since 
the production cost of any materials is associated with 
the reaction parameters such as temperature, pressure, 
and catalyst, replacement of high temperature sintering 
by UV irradiation will be favorable to diminish the pro-
duction cost. Essentially, for any successful applications 
in biomedical science ranging from bone regeneration to 
drug delivery, the desired properties of synthetic HAp 
must mimic the properties of natural HAp. Hence, it is 
necessary to have a detailed crystallographic information 
in this regard which is scarce now. Concerning this point, 
a detailed but precise investigation has been carried out 
to explore the crystallographic parameters of the bipha-
sic biomaterial. We used the existing methods together 
with two newly developed models and one new method 
(XRD-sin2Ѱ technique) for more precise calculation of 

microstrain and residual stress (also known as intrinsic 
stress), respectively.

Materials and methods

Materials

All the required chemicals were categorically analyti-
cal grade, collected from E-Merck Germany and used as 
received. Bovine bones were collected from a nearby shop 
located in Savar, Dhaka, Bangladesh, and preserved after 
washing with hot and double distilled water as well as deion-
ized (after double distillation) water.

Methods

Synthesis of biphasic hydroxyapatite

In the solid-state method, keeping the ratio of Ca:P at 1.67, 
the chosen starting materials [CaCO3 and (NH4)2HPO4] 
were ball milled followed by thermal treatment. The reaction 
protocol consisted of ball milling at 550 rpm for 5 h and then 
high temperature calcination at 900 °C (soaking time 30 min 
and the temperature increment rate 3 °C/min). Detailed pro-
cedure is described by Samina et al. (2011) and the associ-
ated reaction is given in Eq. 1. On the other hand, the wet 
chemical synthesis of biphasic HAp comprised the reac-
tion between Ca(OH)2 and H3PO4, which were the source 
of Ca and P (ratio Ca/p = 1.67), respectively. However, to 
begin with, requisite molar solution of Ca(OH)2 and H3PO4 
(1.25 M and 5.19 M) was prepared in aqueous medium keep-
ing a highly alkaline condition (pH 10–11). Phosphoric acid 
was then slowly (0.9 ml/min) added to calcium hydroxide. 
The alkaline environment favored the desired HAp to be pre-
cipitated in the solution which was then seasoned for 7 days 
with time to time stirring. During the whole course of the 
reaction, targeted pH was adjusted by adding ammonia solu-
tion. After 7 days the precipitate was collected and divided 
into two parts. One half of the precipitate was subjected to 
thermal treatment at 900 °C for 30 min (upraised rate of 
calcination temperature was 3 °C/min) which resulted the 
formation of desired HAp denoted by W-HAp (Eq. 2). The 
other half (in paste form) was exposed to UV radiation (9 h 
using 254 nm wavelength lamp) and the obtained HAp is 
expressed here as U-HAp (Eq. 3). For direct incineration, 
bovine bones were cleaned, boiled with distilled water and 
dipped in acetone for 12 h. Then, the bones were washed 
with copious volume of DI water and dried completely. 
Dried bones were then crushed into small parts and inciner-
ated at 900 °C temperature for 30 min with an increment 
rate of 3 °C/min. This incineration process resulted C-HAp 
(Eq. 4).
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Solid-state biphasic HAp:

Wet chemical and UV-assisted biphasic HAp:

Bovine bone/cow bone incinerated biphasic HAp:

X‑ray diffraction analysis

An X-ray diffractometer (PANalytical X'pert PRO XRD 
PW 3040) was used to explore the crystallographic infor-
mation such as lattice parameters, crystallite size, degree 
of crystallinity, dislocation density, microstrain, crystallin-
ity index, percentage of β-TCP, and the volume fraction of 
β-TCP of synthesized biphasic HAp. The radiation source, 
CuKα (λ = 1.54060), was used to record data (2θ = 5–75°) 
with 0.01 steps and instrumental broadening was neglected. 
The machine was operated at 40 kV and 30 mA maintaining 
the cooling temperature at 19–20 °C. The standard JCPDS 
file (card no. 01-071-5048) was chosen for the comparison 
of synthesized data and the data were analyzed using High 
Score software.

FT‑IR spectroscopy

The functional groups of all synthesized HAps were identi-
fied by an FT-IR machine (IR-Prestige 21, Shimadzu Cor-
poration, Japan) comprising the attenuated total reflectance 
(ATR) facility. The FT-IR spectra were documented in the 
range of 4000–400 cm−1 wavenumber having 4 cm−1 spec-
tral resolution.

Results and discussion

X‑ray diffraction analysis

Representative XRD patterns of S-HAp, W-HAp, U-HAp, and 
C-HAp denoting counts/s in the Y-axis and 2-theta (degree) in 
the X-axis are given in Fig. 1. All the diffractograms showed 
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Fig. 1   X-ray diffraction of S-HAp, W-HAp, U-HAp, and C-Hap

the appearance of the significant peak at 31.78° (211) accom-
panied by two adjacent peaks at 32.26° (112) and 32.95° (300) 
which are distinctive of HAp formation. However, another 
noticeable peak at 2θ position 31.02° (0210) disclosed the 
presence of β-TCP as the second phase. The experimental 
data were compared with the standard JCPDS data (card no: 
01-071-5048) and are presented in Table 1. The calculated 
lattice parameters (from Eq. 5) and major peaks from all four 
HAps coincide with the JCPDS standard. Though there are 
slight variations in relative intensity and peak position, Table 1 
carries good evidence for the biphasic HAp phase.

Crystallographic parameters such as degree of crystallinity, 
dislocation density, microstrain, crystallinity index, HAp per-
centage, β-TCP percentage, and volume fraction of β-TCP are 
indispensable for successful applications of crystalline materi-
als. Hence, as a consequence, the respective values were deter-
mined with the aid of Eqs. 5–13 (Sa et al. 2017; Abdel-Aal and 
Abdel-Rahman 2020; Rabiei et al. 2020; Pazarçeviren et al. 
2021) while Table 2 represents the calculated crystallographic 
data of synthesized HAp samples.

(5)

Lattice parameter equation,

(

1

dhkl

)2

=
4

3

(

h2 + hk + k2

a2

)

+
l2

c2

(6)Crystallite size,Dc =
K�

� cos �

(7)

Crystallinity index, CIXRD =
∑ H(202) + H(300)+) + H(112)

H(211)

(8)Degree of Crystallinity,Xc =

(

Ka

�

)3

=

(

0.24

�

)3



Chemical Papers	

1 3

The notations of the equations are: a/b/c = Length 
of unit cell edges in x, y, and z direction; h, k, l are the 
Planes of unit cell; K is the shape factor (arbitrary con-
stant)/Scherrer’s constant = 0.94; β = FWHM (full width at 
half maxima) in radian, θ = diffraction angle (in degree); 
H(hkl) = peak height; Ka is a constant having the value 0.24 
for most of the HAp; Iβ-TCP(0210) = intensity of β-TCP at 
(0210); IHA(0210) = intensity of HAp at (211); P = inte-
grated intensity of HAp (211) reflection to β-TCP (0210) 
reflection and was assumed as 2.275; and WB = β-TCP 
percentage.

As it can be seen from Table 2, the crystallite size 
(which often referred to as the ‘Gold Standard’ for crys-
tallite materials; Barbosa et al. 2020) of the four samples 
varies slightly. Equation 6 which is responsible for com-
puting crystallite size gives the corresponding values in 
following the order: C-HAp > S-HAp > W-HAp > U-HAp. 
Clearly, C-HAp tends to have slightly higher value than 
that obtained for the other three cases. On the other hand, 
U-HAp (synthesized at ambient temperature) possesses the 
lowest crystal size. The plausible reason for such behavior 
could be the effect of temperature and Majid et al. (2021) 
concluded that crystallite size usually increases with the 
increase of calcination temperature because the chance 
of coalescence surges by increasing temperature (Majid 
et al. 2021).

The crystallinity index (CIXRD) is one of the significant 
crystallographic parameters to quantify the volume frac-
tion of crystallinity of synthesized HAp, which indicates 
the perfection, average crystallite size, and ordering of a 
crystal (Li et al. 2007; Ren et al. 2009). Table 2 depicts 
the crystallinity indices of synthesized S-HAp, W-HAp, 
U-HAp, and C-HAp, where the values were calculated by 
employing Eq. 7. The highest and the lowest crystallin-
ity index were computed from natural cow bone, and UV 
synthesized HAp, respectively.

(9)Dislocation density, � =
1
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4 tan �
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Crystallinity is the state of materials, where composing 
motifs (atoms or molecules) are arranged in a regular geo-
metric pattern (Vorokh 2018). For the applications of HAp 
in the biomedical sector, the degree of crystallinity is of 
great interest since lower crystallinity increases the water 
solubility as well as protein absorption (Sun et al. 2001). 
At the same time, the degree of crystallinity is also the 
indicator of stiffness, hardness, and heat resistance of HAp 
(Sun et al. 2001). The degree of crystallinity of prepared 
HAps was calculated by using Eq. 8 and documented in 
Table 2. U-HAp exhibited a lower degree of crystallinity, 
and cow bone incinerated HAp (C-HAp) gives the highest 
value.

Dislocation density is the concentration assessing the 
number of dislocation lines per unit area of surface and 

is directly related to crystal size (Saikiran et al. 2020). In 
any crystalline material, it is always objectionable because 
it hampers the desired properties of materials. The dislo-
cation density was calculated with the help of Eq. 9 and 
given in Table 2. The microstrain or local strain is the vari-
ations in the lattice parameters in the crystalline materials, 
and it was computed with the help of Eq. 10 and presented 
in Table 2. The variation in the span of the contact place 
of grain results in peaks broadening, and thus the micro-
strain changes. When the values of crystal size decrease, the 
microstrain value increases. The highest microstrain values 
were calculated for U-HAp.

The degree of crystallinity deviates to small, and the dislo-
cation density value moves to large, when the crystallite size 
(from Scherrer’s equation) changes from small to large. The 

Table 2   Different calculated 
parameters of synthesized 
biphasic HAps

Parameter S-Hap W-HAp U-HAp C-HAp

Crystallite size, nm
For HAp 59.94 42.07 13.14 70.09
For β-TCP 104.77 83.84 104.69 104.82
Average crystallite size, nm (HAp + β-TCP) 82.35 62.95 58.91 87.45
Degree of crystallinity, % 5.28 1.81 0.05 8.39
Dislocation density, (1015 lines/m2) 0.28 0.57 5.79 0.20
Microstrain, ε 0.12 0.17 0.56 0.10
Crystallinity index CIXRD 1.24 1.12 0.74 1.25
HAp percentage 73.52 86.44 79.45 85.84
β-TCP percentage 26.48 13.56 20.55 14.16
Volume Fraction of β-TCP 1.74 1.22 0.38 2.03
Crystallinity index, CIFT-IR-1 1.86 1.82 1.80 1.89
Crystallinity index, CIFT-IR-area 2.84 2.62 2.49 2.82

Fig. 2   Change in A degree of crystallinity and dislocation density and B microstrain and crystallinity index with crystallite size
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relationship among crystallite size, degree of crystallinity, and 
dislocation density of synthesized HAp is clarified in Fig. 2A. 
If the microstrain value increases, the crystallinity index value 
lessens. These values also preserved a connection with crys-
tallite size (from Scherrer’s equation). The variation in values 
of microstrain and crystallinity index with crystallite size is 
illustrated in Fig. 2B.

HAp was synthesized as the main product together with 
β-TCP (β-Tricalcium orthophosphate). Sometimes, β-TCP 
is desirable for its solubility and bio-reasonability character 
(Sung and Kim 2003). The higher percentage of HAp indicates 
the efficient and favorable reaction parameters or β-TCP will 
be the main product. Equations 11 and 12 were employed to 
calculate the β-TCP and HAp percentage, and the resultant 
values are depicted in Table 2, where it is noticeable that if the 
HAp percentage increases, the β-TCP percentage decreases. 
Similarly, the volume fraction of β-TCP was calculated from 
Eq. 13 and depicted in the same table.

The major d-spacing from XRD peaks of CaO, CaCO3, 
β-TCP, tricalcium orthophosphate hydrate, β-Calcium 
pyrophosphate, dicalcium orthophosphate, and dicalcium 
orthophosphate hydrated is 2.405, 3.043, 2.88 (or 3.4), 2.80, 
3.04, 3.38, and 4.23 nm, respectively (Schlägl et al. 1987; 
Rehman and Bonfield 1997; Ciobanu et al. 2009; Kabir et al. 
2011; Kamal and Hezma 2015). From Fig. 1, it was noticed 
that no significant peaks except the peak of β-TCP appeared 
in these regions for any HAp. The tricalcium orthophosphate 
hydrate, β-Calcium pyrophosphate, dicalcium orthophos-
phate, and dicalcium orthophosphate hydrated are formed 
at the higher temperature, above 1000 °C (Kamal and Hezma 
2015). No such reaction conditions were associated with this 
research. From the XRD data, it can be assumed that the new 
method, applied to synthesize HAp at ambient temperature 
under UV radiation, completed the reaction without produc-
ing any by-product.

Crystallite size calculation using various models

Liner straight‑line method of Scherrer’s equation

Estimation of crystallite size is very crucial for any pre-
cise characterization and applications of crystalline mate-
rial. Thus, we applied different model equations to calculate 
the crystallite size of HAps, which were synthesized from 
a newly developed method, conventional methods, and a 
natural source. The liner straight-line method of Scherrer’s 
equation (LSLMSE) (Rabiei et al. 2020), which was modi-
fied from Scherrer’s equation, can be employed to determine 
crystallite size. Equation 6 can be rearranged as follows, 
where DL represents the crystal size from the liner straight-
line method of Scherrer’s equation:

Equation 14 can be compared with the liner straight-line 
equation as below.

From Eq. 14, cos � (in degree) can be plotted in the y-axis 
and 1

�
 (in radian) in the x-axis, and the prepared graphs are 

illustrated in Fig. 3A for S-HAp, and supplementary Figs. a, 
b, and c for W-HAp, U-HAp, and C-HAp, respectively. Equa-
tions 14 and 15 can be compared to separate the slope m = K�

DL

 , 
which is used to calculate crystal size, DL. Crystallite sizes 
calculated from this method are 1386.54, 693.27, 4621.80, and 
1980.77 nm for S-HAp, W-HAp, U-HAp, and C-HAp, respec-
tively. For resulting in so large crystallite size, this method is 
invalid for synthesized (S-HAp, W-HAp, and U-HAp) as well 
as natural (C-HAp) HAp.

Monshi–Scherrer method

The Monshi–Scherrer method or modified Scherrer formula, 
which is written in Eq. 16, can be applied to compute the crys-
tallite size of HAp. The equation is formed after rearranging 
and taking ‘ln’ in Eq. (6) (Monshi et al. 2012). In this equa-
tion, DM represents the crystallite size measured from Mon-
shi–Scherrer Method.

For crystallite size estimation from the Monshi–Scherrer 
method, ln � , and ln 1

cos �
 were plotted in the y-axis, and the 

x-axis, respectively. The obtained graphs are represented in 
Fig. 3B for S-HAp, and supplementary Figs. d, e, f for W-HAp, 
U-HAp, and C-HAp, respectively. Comparing Eqs. 15 and 16, 
it can be written as below.

Or,

Taking the intercepts from Fig. s, crystallite sizes (DM) were 
calculated with the help of Eq. (14). The values of crystal-
lite size of S-HAp, W-HAp, U-HAp, and C-HAp were found 
59.74, 62.93, 43.43, and 81.27 nm, respectively. These values 
are lower than the straight-line model in Scherrer method, and 
the values are very similar to the theoretical concept or values 

(14)cos � =
K�

Dc

×
1

�
=

K�

DL

×
1

�

(15)y = mx + c

(16)Monshi - Scherrer Method, ln � = ln
1

cos �
+ ln

K�

DM

(17)ln
K�

DM

= intercept

(18)
K�

DM

= e(intercept)
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measured from Scherrer’s formula. So, it can be assumed that 
the Monshi–Scherrer method is valid for the synthesized HAp.

Williamson–Hall method

The Scherrer equation and modified Scherrer equations 
focus only on the effect of crystallite size in XRD peak 
broadening without considering the intrinsic strain, which 
is very important in the case of nanocrystals through the 
grain boundaries, point defects, dislocation, and stacking 
(Nath et al. 2020). The Williamson–Hall method (Rabiei 
et al. 2020), which shows the way to calculate crystal size 
as well as intrinsic strain, uses the strain-induced XRD peak 
broadening, and the equation is given below.

(19)�total cos � =
KB�

DW

+ 4� sin �

By plotting 4 sinθ (degree) in the x-axis, and �total cos 
(radian, degree) in the y-axis, we acquired Fig.  3C for 
S-HAp, and supplementary Figs. g, h, and i for W-HAp, 
U-HAp, and C-HAp, respectively, which produced respec-
tive straight-line equation that can be compared with Eq. 11. 
The y-intercept, computed from the graphs, is equal to the 
value of KB�

Dw

 , which is applied to measure the crystal size 
( Dw ). The calculated crystallite sizes of S-HAp, W-HAp, 
U-HAp, and C-HAp from the Williamson–Hall Method are 
51, 92, 39, and 81 nm, respectively, which are within the 
acceptable limit. From Eq. 19, we can also calculate the 
intrinsic strain of the crystal by assuming � as the slope of 
the straight line (Eq. 15). Thus, the slope values such as 
0.0006, 0.0012, 0.0012, and 0.0002 of the respective equa-
tion represent the intrinsic strain of S-HAp, W-HAp, 
U-HAp, and C-HAp, respectively. As all the values are posi-
tive, the strain is called tensile strain. The strain value that 
emerged from the graph is very much different from that of 

Fig. 3   Crystallite size from A liner straight-line method of Scherrer’s equation of S-Hap, B Monshi–Scherrer method for S-Hap, C Williamson–
Hall Method for S-Hap, and D FT-IR spectra of synthesized HAps
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the value estimated from Eq. (10). Equation 10 is only asso-
ciated with a single angle and a peak broadening, but 
Eq. (19) consumed all the angles and peaks broadening.

New models for microstrain calculation

As a new approach (New Model-1) to calculate microstrain, 
we can rewrite Eq. 10 as below, where � is the full width at 
half maxima in degree.

Equation (20) can be compared with the straight-line 
Eq. (15). By plotting � (degree) in the x-axis and 4tan θ in 
the y-axis, the obtained graphs and straight-line equation 
are illustrated in Fig. 4 for S-HAp, and supplementary 
Figs. j, k, and l for W-HAp, U-HAp, and C-HAp, respec-
tively. The slopes of the equations, which are presented in 
the respective graph, will be equal to 1

�
 , and the computed 

microstrains are 0.35, 0.56, 1.37, and 0.29 for S-HAp, 
W-HAp, U-HAp, and C-HAp, respectively. The values, 
which are documented from this new model-1, are very 
much significant in comparison with the crystal size. The 
microstrain values showed a linear relationship with the 
crystal sizes (obtained from Scherrer’s Equation) and are 
visualized in Fig. 9A. The R2 value (above 0.9) presents 
no significant variation that carries good evidence for the 
reliability of new model-1 to calculate microstrain from 
this graphical method.

Indicating the same meaning as described, Eq. (20) can 
be rewritten as below and denoted as New Model-2.

(20)4 tan � =
�

�
=

1

�
× �

(21)4 sin (�) =
1

�
× � cos (�)

By comparing with Eq.  (15), and plotting �cos(�) 
(degree) in the x-axis and 4 sin(θ) in the y-axis, the 
achieved graphs are visualized in Fig. 5 for S-HAp, and 
supplementary Figs. m, n, and o for W-HAp, U-HAp, and 
C-HAp, respectively. The measured values are 0.014, 
0.018, 0.037, and 0.012 for S-HAp, W-HAp, U-HAp, and 
C-HAp, respectively, and demonstrate (in Fig. 9B) a linear 
relationship with crystal size without a notable difference 
(R2 ≅ 0.9). There were no significant variations between 
the values estimated from two new models of microstrain. 
The comparison of microstrains calculated using two new 
models and crystallite size measured from Scherrer’s equa-
tion is pictured here in Fig. 6.

Fig. 4   New Model-1 to calculate microstrain for S-Hap

Fig. 5   New Model-2 to calculate microstrain for S-HAp

Fig. 6   Relationship among the new mode-1, new model-2, and crys-
tallite size
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The XRD‑sin2Ѱ technique for hydroxyapatite

For the first time, the XRD-sin2Ѱ technique was used for 
HAp. This technique is widely applied for polycrystalline and 
solid materials, which are composed of numerous crystallites 
of different sizes and orientations. After removing external 
stress (extrinsic stress) from the material, the remaining stress 
is known as residual stress. The intrinsic stress originated in 
crystal because of impurities, and defects, is resulted from 
point defects and dislocation. A few analytical techniques are 
available for estimating residual stress in materials or crys-
tals, and XRD is a unique method for such a purpose. Table 1 
documents the deviation of lattice parameters from the stand-
ard JCPDS data, which originated from the residual stress of 
crystal deforming grain boundaries. The variation of d-spacing 
mainly results from the intrinsic strain and stress. For the bulk 
material, the intrinsic strain can be computed using the sin2Ѱ 
method, and the respective equation is given below (Marola 
et al. 2021; Pandey et al. 2021).

Equation (22) is called the principal formula for the XRD-
sin2Ѱ stress measurement. Figure 7 visualizes the measure-
ment setup for HAp crystals. In this technique, E and v are 
denoted as Young’s modulus and Poisson’s ratio at the (hkl) 
plane, respectively. For simplicity of explanation, stress-free 
lattice spacing is mentioned as d0 , and due to intrinsic stress, 
the lattice spacing changes to d�Ψ . In the equation, �� is the in-
plane stress from two stress components ( �1 and �2 ), and the 
tilt angle is Ѱ, which can be measure from Ѱ = θ− Ω (glancing 
angle).

(22)
d�Ψ − d0

d0
=

1 + v

E
⋅ �� ⋅ sin2 Ψ −

�

E

(

�1 + �2
)

If in-plane stress is independent of orientation, we can write 
�� = �1 = �2 = � and Eq. (22) stands as below.

or,

or,

By comparing Eq. (25) with straight-line Eq. (15), we can 
calculate the slope ( �d0 ), and the y-intercept ( d0) . The values 
of E (6 GPa) and v (0.27) were taken from the literature to 
estimate the residual stress (Martin and Brown 1997; Char-
rière et al. 2001). As the lower diffraction angle produces 
more error, the higher angle (30° < 2θ > 70) and subsequent 
tilt and glancing angle were considered in this method.

By plotting [ 1+v
E
. sin2Ѱ − 2v

E
 ] in the x-axis and d�Ψ in the 

y-axis, the obtained graphs and respective equations (with 
R2≅ 0.9) are presented in Fig. 8 for S-HAp, and supple-
mentary Figs. p, q, and r for W-HAp, U-HAp, and C-HAp, 
respectively. The d0 values, which were 2.6443, 2.6553, 
2.6592, and 2.6114 nm, respectively, are measured from the 
intercept of the equation. The residual stress was also calcu-
lated from the slope and d0 value, and estimated as −12.17, 
−12.26, −13.38, and −10.84 GPa for S-HAp, W-HAp, 
U-HAp, and C-HAp, respectively. The negative sign is the 
indication of the compressive stress and the consistency of 
measured stress with crystallite size is illustrated in Fig. 9c 
maintaining R2 ≅ 0.9. The residual stress decreased with 
the increment of crystallite size and a similar pattern was 
noticed in the case of microstrain. Thus, the XRD-sin2Ѱ 

(23)
d�Ψ − d0

d0
=

1 + �

E
⋅ � ⋅ sin2 Ψ −

�

E
(� + �)

(24)
d�Ψ − d0

d0
=

1 + �

E
⋅ � ⋅ sin2 Ψ −

2�

E
�

(25)d�Ψ =

[

1 + �

E
⋅ sin2 Ψ −

2�

E

]

� ⋅ d0 + d0

Fig. 7   Schematic diagram of XRD-sin2Ѱ stress measurement in-
plane stress Fig. 8   XRD-sin2Ѱ technique for S-HAp to calculate residual stress



Chemical Papers	

1 3

technique can be employed for the measurement of the resid-
ual stress of HAp.

FT‑IR analysis

FT-IR technique was used to identify the functional group 
of HAp, and Fig. 3D illustrates the spectra of synthesized 
HAps. The main characteristic groups present in HAp 
are OH− and PO4

−3 along with CO3
−2. The main peak of 

PO4
−3 group was found near the wavenumber of 560 cm−1, 

600 cm−1, and 1000–1100 cm−1. The peak appeared near 
1030 cm−1 for the asymmetric stretching vibration, and the 
peak originated in the region of 560 cm−1 to 600 cm−1 was 
for the bending vibration of the phosphate group. CO3

−2 
revealed a weak peak between 870 and 880 cm−1 and an 
intensive peak between 1460 and 1530 cm−1. And, OH−1 
exhibits a peak in the range of 3200 to 3400 cm−1. These 
findings also supported the literature (Schlägl et al. 1987; 

Rehman and Bonfield 1997; Ciobanu et al. 2009). All the 
four HAps such as S-HAp, W-HAp, U-HAp, and C-HAp 
represented more or less similar peak positions in FT-IR 
spectra.

In the previous section of this manuscript, we calculated 
crystallinity index from XRD data, now FT-IR data will be 
taken into consideration for the same purpose. The follow-
ing equation can be used to measure the crystallinity index 
by estimating the peak’s height (Kamal and Hezma 2015)].

where A565, A605, and A595 are the height of the peak at the 
wavenumbers of 565, 605, and 595 cm−1, respectively. This 
region shows peaks due to the presence of the phosphate 
group. The higher value of the crystallinity index is respon-
sible for the increased absorbance near 560 and 605 cm−1, 

(26)Crystallinity index, CIFTIR - 1 =
A565 + A605

A595

Fig. 9   Consistency between A crystallite size and microstrain by 
using New Model-1, B crystallite size and microstrain by using New 
Model-2, C crystallite size and residual stress by using XRD-sin2Ѱ 

technique for hydroxyapatite, and D crystallite size and crystallinity 
index from different methods
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and decreased peak at 600 cm−1. The calculated data are 
presented in Table 1. From this method, the highest (1.89) 
and the lowest (1.80) CIFT-IR-1 were estimated for C-HAp and 
U-HAp, respectively.

Another equation can be applied to calculate crystallin-
ity index and is given below (Termine and Posner 1966).

In Eq.  (27), A2 represents the splitting area and is 
formed by a line joining the two splitting points near 
600 cm−1, and A1 denotes the area limits sketch a baseline 
at the top of the band. The calculated data from Eqs. (26) 
and (27) are presented in Table 2. A similar trend was 
observed as described in the case of Eq. (26).

The crystallinity index (CI) is one of the important 
parameters of HAp, which is dependent on the crystal-
lite size. Various methods, from XRD and FT-IR, were 
employed to estimate crystallinity index and it was tried to 
appraise a relationship with crystallite size measured from 
Scherrer’s equation. The relationship between crystallite size 
and crystallinity index is pictured in Fig. 9D, where the R2 
values are more than 0.9 for all applied methods. In all the 
cases, the value of the crystallinity index was increased with 
the increment of crystallite size. The area-based CI from 
FT-IR presented relatively higher values, and XRD-based 
CI showed lower values. Thus, it can be assumed that all the 
methods applied to measure crystallinity index are signifi-
cant for all synthesized HAps.

Conclusion

HAp can be synthesized from Ca(OH)2 and H3PO4 at room 
temperature just applying a UV radiation source. Since no 
extra temperature was used in this method, small crystals 
were formed. The crystallographic parameters and data from 
the various models as well as techniques of S-HAp, W-HAp, 
U-HAp, and C-HAp justified the formation of HAp with 
identical character. The measured parameters maintained 
a linear relationship with the crystallite size without sig-
nificant variations (R2≅ 0.9 ). Microstrain estimated from 
the two new models also played a significant addition in 
the analysis of HAp. The XRD-sin2Ѱ technique can be 
employed to measure the residual stress of HAp, and the 
measured values also preserved a linear relationship with 
crystallite size.
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