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A B S T R A C T

This study aims to investigate the crystallographic properties of hydroxyapatite (HAp) and 
strontium-substituted hydroxyapatite (SrHAp) obtained from sand lobster shells (SLS) using 
various analytical methods. HAp and SrHAp were synthesized by the hydrothermal method using 
sand lobster (Panulirus homarus) shell waste as a calcium precursor. SLS were calcined at 0 ◦C, 
600 ◦C, 800 ◦C, and 1000 ◦C and characterized by X-ray diffraction (XRD). HAp and SrHAp were 
analyzed by XRD and transmission electron microscopy (TEM). XRD results revealed that SLS 
calcined at 1000 ◦C displayed a Ca(OH)2 phase, while those calcined at other temperatures 
showed a CaCO3 phase. The characterization also verified the diffraction patterns of HAp and 
SrHAp according to the reference model. Various methods, including the Scherrer method, linear 
straight-line Scherrer method, Monshi-Scherrer method, Williamson-Hall plot, size-strain plot, 
and Halder-Wagner method, were employed to investigate the microstructure parameters (crys
tallite size and microstrain). All methods resulted in varied yet comparable results of crystallite 
size, except for the linear straight-line Scherrer method. The TEM results showed that the particle 
sizes of HAp and SrHAp were approximately 130 nm. In this study, the W-H plot was regarded as 
the best method for providing additional information on anisotropy elasticity and consistent 
crystallite size results.

1. Introduction

The growing interest in biomaterials has driven significant research efforts in recent years, particularly in the field of bone tissue 
engineering. Hydroxyapatite (Ca10(PO4)6(OH)2, HAp) has garnered attention due to its chemical similarity to human bone [1], making 
it a promising candidate for biomedical applications [2–4]. A variety of methods have been established for HAp synthesis, such as 
sol-gel [5], wet chemical precipitation [6], and hydrothermal [7]. HAp can be synthesized from either synthetic materials or natural 
sources. Many studies have reported the compatibility of natural sources in synthesizing HAp, such as eggshells [8], mammalian bones 
[9,10], and marine sources [11]. We utilized sand lobster (Panulirus homarus) shell waste as a calcium precursor for HAp synthesis 
using the hydrothermal method. The sand lobster shells (SLS) are continuously available due to the periodic molting cycle of the 
lobsters [12,13]. Various modifications, such as substituting metal ions like the Sr2+, Mg2+, and CO3

2− [14], have been employed to 
enhance the physicochemical, mechanical, and biological properties of HAp. The substitution of Sr2+ has been shown to enhance the 
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biological properties of HAp in bone remodeling [15]. Furthermore, Sr-doped CaP bioceramics have been demonstrated to promote 
bone regeneration [16,17].

X-ray diffraction (XRD) analysis has been widely used to characterize materials in terms of crystallographic properties, such as 
crystallite size, crystallinity, and microstrain. In search of a perfect crystal, one would expect it to extend infinitely in all directions. 
However, no crystals are perfect due to their finite size. This imperfection in crystal structure results in the broadening of diffraction 
peaks [18]. The broadening of XRD peaks is primarily influenced by lattice strain and crystal size. Intrinsic strain in the crystal 
generally arises from the large grain boundary areas and the inherent imperfections in crystalline materials [19,20]. Generally, 
Scherrer’s equation is used to estimate the crystallite size of materials depending on the width of the XRD peaks. However, this method 
neglects the contribution of intrinsic strain and instrumental effects that influence the peak broadening. Therefore, X-ray peak profile 
analysis (XPPA) considers these peak broadening contributions to estimate the microstructural properties of materials, mainly crys
tallite size and microstrain [21,22]. Some methods of this XPPA are the Scherrer method, the Monshi-Scherrer method, the linear 
straight-line Scherrer method, the Williamson-Hall (W-H) plot, the size-strain plot (SSP), and the Halder-Wagner (HW) method. The 
Monshi-Scherrer method is also called the modified Scherrer equation and was found in 2012 by Monshi et al. [23], which gave a 
correction to the standard Scherrer’s equation. The W-H method consists of the uniform deformation model (UDM), uniform stress 
deformation model (USDM), and uniform deformation energy density model (UDEDM), which provide a calculation of elastic prop
erties, such as Young’s modulus, stress, and energy density. These methods also consider the anisotropic elasticity of materials [24,25]. 
The SSP method regards the XRD peak broadening which consists of the size-widened component as the Lorentzian function and the 
strain-broadened component as the Gaussian function [26,27]. This method has the advantage of providing more precise results by 
giving less weight to data from reflections at high angles, where accuracy is typically poorer [28]. In contrast, the HW method 

Fig. 1. Schematic methods of (a) preparation of SLS and (b) synthesis of HAp and SrHAp.
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interprets the peak broadening as a Voigt function, which assumes that typical strain and size can be inferred from the widening of the 
XRD peaks [29]. Hence, the authors were inspired to apply these methods to investigate the crystallographic properties of HAp and 
strontium-substituted hydroxyapatite (SrHAp) derived from SLS. To the best of our knowledge, no existing reports cover this specific 
investigation.

In this study, a comparative X-ray profile analysis of HAp and SrHAp derived from SLS waste by using Scherrer method, linear 
straight-line Scherrer method, Monshi-Scherrer method, Williamson-Hall plot, size-strain plot, and Halder-Wagner method was re
ported. In addition, transmission electron microscopy (TEM) has been used to examine the shape and particle size of the HAp and 
SrHAp.

2. Materials and methods

2.1. Materials

Sand lobster shells were obtained from Buleleng, Bali, Indonesia as a calcium source. Diammonium hydrogen phosphate 
((NH4)2HPO4), strontium nitrate Sr(NO3)2, and ammonium hydroxide (NH4OH) were purchased from Merck (USA).

2.2. Extraction of sand lobster shells

Sand lobster shells were cleaned and washed using water before drying in the oven (Memmert, UN55, Germany) at 100 ◦ C for 6 h. 
The shells were then ground into a fine powder using a ball mill (Kawasaki, T-100, Kobe, Japan). The powder was calcined at 600 ◦C, 
800 ◦C, and 1000 ◦C using a furnace (Vulcan A-130, USA) with a heating rate of 32 ◦C/min under atmospheric conditions. The 
chemical reaction for the extraction of sand lobster shells is shown in Equation (1). The samples were designated as SLS_0, SLS_600, 
SLS_800, and SLS_1000. 

CaCO3 (s) ̅̅̅̅̅→
1000◦C CaO (s) + CO2 (g) (1) 

2.3. Synthesis of HAp and SrHAp

Based on our previous studies [30,31], the SLS_1000 (Ca(OH)2) sample is the best candidate as a calcium source to synthesize HAp. 
To synthesize HAp, 10 M Ca(OH)2 and 6 M (NH4)2HPO4 were dissolved in 70 mL of deionized water. The (NH4)2HPO4 solution was 
added dropwise to the Ca(OH)2 solution at a rate of 1 mL/min. A 3M NH4OH 25 % solution was added to control the pH to 11 and 
maintained with constant stirring for 1 h until homogeneous. The mixed solution was then transferred to an autoclave and heated at 
100 ◦ C in an oven for 6 h. The solution was filtered, washed, and dried at 100 ◦ C for 6 h. The obtained HAp powder was sintered at 
1000 ◦ C for 6 h. The SrHAp synthesis followed the same process. However, the composition of Ca(OH)2 was altered to 9 M Ca(OH)2 
and 1 M Sr(NO3)2. The schematic procedure is illustrated in Fig. 1.

2.4. Characterization

Crystallographic properties of the samples were characterized by X-ray diffraction analysis (XRD, Bruker D8 Advance, USA). The 
XRD analysis was carried out at 40 kV and 30 mA. The diffraction pattern was recorded in the range of 2 θ from 10 ◦ to 70 ◦ using K α1 

radiation (λ = 1.5406 ̊A). To analyze the particle size of the HAp and SrHAp, transmission electron microscopy (TEM, Jeol JEM-1400, 
Japan) was used. The crystallographic properties of the samples were calculated using Equation (2) – Equation (5). 

Lattice parameters,
1

dhkl
2 =

4
3

(
h2 + hk + k2

a2

)

+
l2

c2 (2) 

Cell volume,V =

̅̅̅
3

√

2
a2c (3) 

Microstrain, ε= β
4 tan θ

(4) 

Crystallinity index,CI=
(

1 −
V112/300

I300

)

× 100% (5) 

Density, ρ= n ⋅ M
NA ⋅ V

(6) 

Where dhkl is inter-atomic spacing; h, k, l are Miller indices; a, b, c are lattice parameters; V is cell volume; ε is microstrain; β is full-width 
at half maximum (FWHM); and θ is diffraction angle. The crystallinity index and density were applied to HAp and SrHAp, where 
V112/300 is the intensity of the valley between the diffraction planes of (112) and (300); I300 is the intensity of the (300) diffraction plane 
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[32]; n is the effective number of atoms per unit cell (for HAp = 1); M is the molar mass; and NA is Avogadro’s number (6.022 × 1023 

mol− 1).

3. Results and discussion

3.1. XRD crystallographic analysis

The X-ray diffraction (XRD) analysis of SLS (Fig. 2) showed that the samples calcined at 0 ◦ C, 600 ◦ C, and 800 ◦ C primarily 
presented a CaCO3 phase. The peaks at 22.8 ◦, 29.2 ◦, 35.8 ◦, 39.2 ◦, 43.0 ◦, 47.3 ◦, and 48.3 ◦ corresponded to the diffraction planes 
(012), (104), (110), (113), (202), (024), and (116), respectively [33]. At 1000 ◦ C, SLS decomposed from CaCO3 to CaO, as shown in 
Equation (1). However, the observed peaks corresponded mostly to the Ca(OH)2 rather than the CaO phase. The Ca(OH)2 phase in 
SLS_1000 was verified by the peaks at 17.8 ◦, 28.6 ◦, 34.0 ◦, 47.0 ◦, 50.7 ◦, and 54.2 ◦, corresponding to the diffraction planes of (001), 
(100), (101), (102), (110), and (111), respectively [34]. This phase conversion to Ca(OH)2 phase occurred because CaO is highly 
reactive to water vapor under atmospheric conditions, resulting in the interaction between CaO and H2O Equation (7) [35,36]. 

CaO (s)+H2O (g) → CaOH2 (s) (7) 

From the XRD data, crystallographic properties such as lattice parameters, cell volume, and microstrain were calculated using 
Equation (2) – Equation (4) and are presented in Table 1. These results are crucial for determining the crystal structure of the samples. 
The crystal system and space group of the SLS_0, SLS_600, and SLS_800 were identified as trigonal and R-3c, respectively. Their lattice 
parameters were similar to the lattice parameters reference values (JCPDS No. 47–1743) of CaCO3 (calcite), which are a = b = 4.98 Å 
and c = 17.05 Å. This also applied to the cell volume characteristic, which is 367.39 Å3. The variations in calcination temperature 
influenced these values. At 800 ◦ C, SLS achieved a crystal structure closely related to the CaCO3 phase. In addition to causing 
decomposition, the calcination process also promoted crystal growth, leading to an improved crystal structure. This phenomenon 
significantly influenced the untreated SLS, which had crystallographic values that deviated from the reference. Furthermore, the 
results also revealed that the untreated SLS contains a few impurities typically present in natural sources. In contrast, SLS_1000 
exhibited the crystal structure of Ca(OH)2 (portlandite), with lattice parameters of a = b = 3.59 Å and c = 4.92 Å and cell volume of 
54.87 Å3, which are in good agreement with the reference values (JCPDS No. 00-044-1481).

Fig. 2. XRD patterns of SLS_0, SLS_600, SLS_800, and SLS_1000.
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SLS_1000 was selected as the primary source of calcium for synthesizing HAp and SrHAp. XRD analysis (Fig. 3) revealed that the 
diffraction patterns of HAp and SrHAp predominantly showed a hydroxyapatite phase, with peaks at 25.7 ◦, 28.8 ◦, 31.6 ◦, 32.0 ◦, 32.7 
◦, 33.9 ◦, 39.6 ◦, 41.8◦, 46.5 ◦, 47.9 ◦, 49.3 ◦, 50.3 ◦, 51.1 ◦, 51.9 ◦, and 53.1 ◦. These peaks corresponded to the diffraction planes (002), 
(210), (211), (112), (300), (202), (310), (311), (222), (312), (213), (321), (410), (402), and (004), respectively. The crystallographic 
properties (Table 2) were in good agreement with the reference values (JCPDS No. 09–0432), showing lattice parameters of a = b =
9.4232 Å and c = 6.881 Å, a cell volume of 529 Å3, and a density of 3.05 g/cm3 [37–39]. In SrHAp, deviations from these values were 
observed due to the addition of Sr2+, which caused distortion in the hydroxyapatite crystal structure [40]. The distortion occurred 
because the ionic radius of Sr2+ (1.12 Å) is larger than that of Ca2+ (0.99 Å) Furthermore, the CI and microstrain results also indicated 
the distortion. The CI decreased with the addition of Sr2+, and the microstrain was larger in SrHAp, suggesting that HAp had a more 
ordered structure compared to SrHAp. Despite this, the increase in lattice parameters in SrHAp confirmed that Sr2 successfully 
substituted for Ca2+ in the hydroxyapatite structure [41]. Additionally, the diffraction peaks of SrHAp shifted to lower 2 θ values 
(Table S6), leading to an increase in d-spacing and cell volume [42].

Fig. 4 shows the FWHM for various peaks of the diffraction patterns for SLS_0, SLS_600, SLS_800, HAp, and SrHAp. Since the 
SLS_1000 exhibited a Ca(OH)2 phase, it was excluded from the analysis because of not sufficient variable to be compared. The decrease 
in FWHM observed with increasing calcination temperature in the SLS samples indicated enhanced crystallinity within the material. 
This trend suggests that higher calcination temperatures facilitate crystal growth, leading to larger crystallite sizes and improved 
atomic ordering. In addition, elevated temperatures likely relieve internal lattice strain, further narrowing the FWHM. The increase in 
FWHM observed in the SrHAp sample because the incorporation of Sr2+ leads to lattice distortion in the HAp crystal. Therefore, this 
increase in FWHM can lower the crystallite size and crystallinity of HAp.

Various methods have been developed for XRD analysis to determine crystallite size and other geometrical parameters, such as 
microstrain, stress, and energy density. These methods include the Scherrer method, Williamson-Hall plot, size-strain plot, and Halder- 
Wagner model, each of which is discussed below. The diffraction peaks evaluated using these methods are listed in Tables S1–6.

3.2. Average Scherrer method

The X-ray diffraction peak broadens due to the crystalline size effect and intrinsic strain. This broadening generally includes two 
components: physical broadening and instrumental broadening. Instrumental broadening can be corrected using Equation (8). 

βd
2 = βm

2 + βi
2 (8) 

Table 1 
Crystallographic properties of SLS_0, SLS_600, SLS_800, and SLS_1000.

Parameter Sample

SLS_0 SLS_600 SLS_800 SLS_1000

Lattice parameter (Å) a = b = 4.963 a = b = 4.983 a = b = 5.012 a = b = 3.581
c = 16.66 c = 17.29 c = 17.18 c = 4.96

Cell volume (Å) 354.95 374.34 371.95 55.67

Microstrain, ε (× 10-3) 2.5 2.0 1.1 3.4

Fig. 3. XRD patterns of HAp and SrHAp.
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Where βm is the measured broadening, βi is the instrumental broadening, and βd is the corrected broadening. In this study, a silicon- 
based material used as a standard material for calibrating instrumental errors. The corrected physical broadening is defined as full 
width at half maximum (FWHM). Therefore, crystallite size can be calculated using the Scherrer equation, as described in Equation (9). 

D=
Kλ

βd ⋅ cos θ
(9) 

Where K is the shape factor (0.89), λ is the wavelength of the X-ray radiation (Cu K α1 = 1.5406 ̊A), and D is the crystallite size. The 
crystallite size values according to each diffraction plane of the samples are presented in Table 3. The average crystallite sizes are as 
follows: SLS_0 = 20.33 nm, SLS_600 = 23.87 nm, SLS_800 = 42.61 nm, SLS_1000 = 15.36 nm, HAp = 70.93 nm, and SrHAp = 46.90 

Table 2 
Crystallographic properties of HAp and SrHAp.

Parameter Sample

HAp SrHAp

Lattice parameter (Å) a = b = 9.471 a = b = 9.485
​ c = 6.917 c = 6.951

Cell volume, V (Å
3
) 537.32 541.56

Microstrain, ε (× 10-3) 1.53 2.39
Crystallinity, CI (%) 91.1 64.6
Density, ρ (g/cm3) 3.10 3.12

Fig. 4. FWHM measured for various peaks of the samples.

Table 3 
Crystallite size of the samples using average Scherrer method.

Crystallite size (nm)

SLS_0 SLS_600 SLS_800 SLS_1000 HAp SrHAp

28.57 23.51 52.91 14.21 73.37 41.44
19.45 30.62 42.87 19.87 78.58 45.90
10.30 24.22 43.60 13.86 75.64 40.82
16.67 24.47 44.05 10.34 78.47 43.23
16.28 27.87 44.59 17.06 69.74 44.66
24.58 17.42 32.35 16.85 77.44 48.36
26.47 18.95 37.89 ​ 71.70 43.01
​ ​ ​ ​ 71.63 44.30
​ ​ ​ ​ 72.25 49.40
​ ​ ​ ​ 72.63 43.33
​ ​ ​ ​ 71.32 49.57
​ ​ ​ ​ 71.05 52.53
​ ​ ​ ​ 68.62 47.55
​ ​ ​ ​ 63.20 55.01
​ ​ ​ ​ 48.31 54.09

20.33 23.87 42.61 15.36 70.93 46.90
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nm.

3.3. Linear straight-line Scherrer method

In the linear straight-line Scherrer method, Equation (9) is rearranged as shown in Equation (10). This rearrangement yields plots of 
cos θ vs 1/ βd for all synthesized samples as illustrated in Fig. 5. The crystallite size values can be extracted from the slope, which is 

Fig. 5. Linear fit plot of linear straight-line Scherrer method of SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp.
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equal to Kλ/D, The calculated crystallite sizes were 1342.3, 232.1, 417.8, 245.5, 249.60, and 144.89 for SLS_0, SLS_600, SLS_800, 
SLS_1000, HAp, and SrHAp, respectively. 

cos θ=
Kλ
D
.
1
βd

(10) 

These unusually large values deviated considerably from the typical crystallite sizes observed using XRD, which generally range 

Fig. 6. Linear fit plot of Monshi-Scherrer method of SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp.
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from 10 to 100 nm [31,43–46]. Therefore, this discrepancy suggests that the linear straight-line Scherrer method is not accurate for 
determining crystallite size, as indicated by previous studies [47,48]. The Scherrer equation presumes that peak broadening is solely 
due to finite crystallite size. When applying the linear straight-line Scherrer method, this assumption extends to a linear relationship 
between the variables. However, the relationship between cos θ and 1/ βd might not be perfectly linear due to complex broadening 
mechanisms [49].

3.4. Monshi-Scherrer method

The Monshi-Scherrer method, introduced by Monshi et al. (2012), modifies the original Scherrer equation to account for the in
fluence of increasing crystallite size on XRD measurements [23]. This method corrects for changes in interplanar spacing (dhkl) and 2 θ 
values, where β cos θ does not remain constant. This correction is important because it addresses the increasing values of crystallite size 
while the dhkl values decrease and 2 θ values increase [23,47]. Furthermore, the Monshi-Scherrer method also provides an 
improvement to minimize error or 

∑
(±Δln β)2, leading to more accurate results for the diffraction peaks [23]. Therefore, the 

Monshi-Scherrer method is expressed in Equation (11). 

ln β= ln
1

cos θ
+ ln

Kλ
D

(11) 

Graphs can be plotted with ln β vs ln 1
cos θ as illustrated in Fig. 6. From these linear plots, the crystallite size can be calculated using 

their intercept, as presented in Equation (12). The intercept values of SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp are 
-4.86764, − 5.44793, − 6.080905, − 4.66074, − 6.36029, − 5.61375, respectively. The corresponding crystallite size values calculated 
from these intercepts are 18.83 nm, 33.64 nm, 63.35 nm, 15.31 nm, 83.76 nm, and 39.7 nm. 

Kλ
D

= e(intercept) (12) 

3.5. Williamson-Hall plot analysis

The Scherrer equation primarily considers XRD peak broadening due to the influence of crystallite size, neglecting the micro
structures of the lattice, such as the intrinsic strain. Such strain can arise from point defects, grain boundaries, triple junctions, and 
stacking faults [50]. To overcome this limitation, methods like the Warren-Averbach method and the Williamson-Hall (W-H) method 
have been developed to incorporate the effects of microstrain on XRD peak broadening and to evaluate additional geometrical pa
rameters of the crystal lattice. Among these methods, the W-H method is widely regarded as a precise, simple, and preferred technique 
[51,52]. The W-H method posits that the total peak broadening (Equation (13)) results from the combination of broadening due to 
crystallite size and strain-induced broadening. 

βtotal = βsize + βstrain (13) 

In addition to estimating crystallite size, the W-H method enables the assessment of other geometrical parameters, such as 
microstrain, stress, and energy density. It includes models such as the Uniform Deformation Model (UDM), Uniform Stress Deformation 
Model (USDM), and Uniform Deformation Energy Density Model (UDEDM), which will be discussed in detail below.

3.5.1. Uniform deformation model (UDM)
The UDM accounts for uniform intrinsic strain along the crystal directions, reflecting the isotropic nature of the crystal [53,54]. 

This uniform strain affects the broadening of diffraction peaks. The mathematical expression for this strain can be derived from 
Equation (13), providing the following relation. 

βstrain =4ε tan θ (14) 

Since the W-H method considers that the broadening of a particular diffraction peak (βhkl) is influenced by both intrinsic strain and 
the crystallite size, this relation is expressed in Equation (15) and Equation (16). 

βhkl = βsize + βstrain (15) 

βhkl =
Kλ

Dcosθ
+ 4ε tan θ (16) 

Re-arranging Equation (16), we get, 

βhkl ⋅ cos θ =
Kλ
D

+ 4ε sin θ (17) 

Equation (17) represents the UDM method with a consideration of the isotropic nature of the crystal, plotting 4 sin θ along the x-axis 
and βhkl cos θ along the y-axis (Fig. 7). The slope (m) is used to determine the microstrain (m = ε), while the y-intercept is used to assess 
the crystallite size (D = Kλ/y-intercept). The intercepts of the synthesized samples were found to be 0.00742, 0.00313, 0.00171, 
0.00925, 0.00135, and 0.004 for SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp. From these intercepts, the crystallite sizes were 
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calculated as 19.52 nm, 46.27 nm, 85.19 nm, 15.66 nm, 107.27 nm, and 35.58 nm, respectively. The corresponding microstrain values 
were 0.0004, 0.00243, 0.0014, 0.00044, 0.00052, and 0.00068 for SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp, respectively.

3.5.2. Uniform stress deformation model (USDM)
While the UDM assumes uniform intrinsic strain in all directions within the crystal, the USDM provides an anisotropic approach, 

which is more reliable for a realistic crystal. The USDM relates to the influence of lattice deformation stress, assuming it is uniform 
along all lattice plane directions and is particularly useful for small microstrains [50,55]. The USDM applies principles from Hooke’s 

Fig. 7. Linear fit plot of UDM method of SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp.
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law, which describes the linear relation between strain (ε) and stress (σ) as shown in Equation (18). 

σ =Yε (18) 

Where Y is Young’s modulus. For this study, the values of Young’s modulus were 77.6 GPa for calcite, 48.57 GPa for portlandite, and 6 
GPa for hydroxyapatite. Rearranging and incorporating this into Equation (17), the modified equation becomes: 

Fig. 8. Linear fit plot of USDM method of SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp.
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βhkl ⋅ cos θ =
Kλ

D ⋅ cos θ
+ 4σ sin θ

Yhkl
(19) 

Plots according to Equation (19) were presented in Fig. 8 with 4 sin θ/Y along the x-axis and βhkl cos θ along the y-axis. The slope of 
the graphs is equal to the value of stress, which is obtained as 30.71, 188.3, 105.1, 21.52, 3.1, and 4.1 MPa for SLS_0, SLS_600, SLS_800, 
SLS_1000, HAp, and SrHAp, respectively. Microstrain values can be obtained using equation (18), which gives the microstrain values of 
0.00040, 0.00243, 0.00135, 0.00044, 0.00052, and 0.00068. The crystallite sizes obtained from this model were 19.52 nm, 46.27 nm, 
84.69 nm, 15.66 nm, 107.27 nm, and 35.58 nm for SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp, respectively.

Fig. 9. Linear fit plot of UDEDM method of SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp.
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3.5.3. Uniform deformation energy density model (UDEDM)
The UDM only can work in considering a perfectly isotropic crystal. However, in mostly real crystals, the imperfections between 

lattices occur for a particular reason. Prior to this, the USDM regards the intrinsic strain in the crystal as anisotropic according to 
Hooke’s law. The difference between the USDM and the UDEDM is that the UDEDM can measure the anisotropic energy, which is 
essential for real crystals that produce crystallographic imperfections that may prevent Hook’s law linear relation between stress and 
strain. Therefore, the UDEDM came up with an idea to consider the stress-strain relation as a function of energy density (u), as 
described by Equation (20) [53]. 

Fig. 10. Linear fit plot of SSP method of SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp.
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u=
Yhkl

2
⋅ ε2 (20) 

Rearranging Equation (20), we get 

ε= σ ⋅

̅̅̅̅̅̅̅̅
2u
Yhkl

√

(21) 

Substituting this into Equation (17), the UDEDM is expressed as: 

βhkl ⋅ cos θ =
Kλ

D ⋅ cos θ
+ 4 sin θ ⋅

̅̅̅̅̅̅̅̅

2u
Yhkl

√

(22) 

Equation (22) describes the UDEDM with the stress-strain relation based on energy density. Graphs of the plot of 4 sin θ/(Y/2)1/2 

along the x-axis and βhkl cos θ along the y-axis display in Fig. 9. The crystallite size values were 19.52 nm, 46.27 nm, 84.69 nm, 15.66 
nm, 107.27 nm, and 35.58 nm for SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp, respectively. The slope provided the energy 
density as 6.10, 228.01, 70.56, 4.75, 0.80, and 1.40 (kJ/m3) for SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp. Microstrain 
values derived from Equation (20) were 0.00040, 0.00242, 0.00134, 0.00044, 0.00052, and 0.00069 for SLS_0, SLS_600, SLS_800, 
SLS_1000, HAp, and SrHAp, respectively.

3.6. Size-strain plot (SSP) analysis

The Williamson-Hall method evaluates peak broadening as a function of the diffraction angle (2 θ). In contrast, the SSP method 
provides a different approach by considering the XRD peak profile as a combination of Lorentzian and Gaussian functions. The strain 
profile follows a Gaussian function, whereas the crystallite size profile is described by a Lorentzian function, which is expressed by 
Equation (23). Moreover, the SSP method consistently yields superior results for isotropic broadening, as it prioritizes low-angle re
flections, which offer greater accuracy and precision compared to high-angle reflections. This is due to the fact that XRD data at higher 
angles are of lower quality, and peaks tend to overlap significantly at higher diffraction angle [18,56]. 

βhkl = βL + βG (23) 

Where βL and βG are the peak broadening according to Lorentzian and Gaussian functions. Here is the equation for the SSP method [53,
57,58] 

(dhkl ⋅ βhkl ⋅ cos θ)2
=

Kλ
D

⋅
(
dhkl

2 ⋅ βhkl ⋅ cos θ
)
+
(ε

2

)2
(24) 

The SSP plots for the prepared samples are shown in Fig. 10. The term dhkl
2 ⋅ βhkl ⋅ cos θ is plotted along the x-axis with respect to 

(dhkl ⋅ βhkl ⋅ cos θ)2 along the y-axis. The slope and the y-intercept of the plots give information about crystallite size and microstrain 
values. The crystallite size values of SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp were 15.5, 26.19, 36.02, 14.17, 80.45, and 
40.23 nm. The microstrain values can only be calculated for SLS_600, SLS_800, and HAp because they had a positive y-intercept. 
Therefore, the microstrain values were calculated as 0.00630, 0.00063, and 0.00087 for SLS_600, SLS_800, and HAp, respectively.

3.7. Halder-Wagner (HW) method analysis

As opposed to the SSP method which considers a combination of Lorentzian and Gaussian functions for the peak profile broadening, 
the HW method assumes that the peak broadening is a symmetric Voigt function [59,60]. This method has the advantage of giving 
more weight to peaks in the low and mid-angle range, where diffracting peak overlap is minimal [28,50]. The HW method involves the 
convolution of Lorentzian and Gaussian functions [61], which gives the expression below. 

βhkl
2 = βL ⋅ βhkl + βG

2 (25) 

Where βL and βG are the full width at half maximum of the Lorentzian and Gaussian functions, respectively. The HW method gives the 
relation of crystallite size and microstrains as follows. 

(
β*

hkl

d*
hkl

)2

=
1
D

⋅
β*

hkl

d*
hkl

2 +
(ε

2

)2
(26) 

β*
hkl = βhkl ⋅

cos θ
λ

(27) 

d*
hkl =2dhkl ⋅

sin θ
λ

(28) 

Using Equation (26), plots of the HW method are presented in Fig. 11. A plot of β*
hkl

d*
hkl

2 on the x-axis and 
(

β*
hkl

d*
hkl

)2 

on the y-axis gives a 
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slope of 1/D and a y-intercept of 
(

ε
2

)2
. This provided information on crystallite size and microstrain, respectively. After calculation, the 

crystallite size of SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp are 16.50, 27.86, 38.31, 15.06, 32.26, and 25 nm, respectively. 

Since the y-intercept is equal to 
(

ε
2

)2
, the negative y-intercept cannot be calculated for microstrain values. Therefore, microstrain could 

only be calculated for SLS_600 and SLS_800. The microstrain values of SLS_600 and SLS_800 were 0.00409 and 0.00041, respectively.

Fig. 11. Linear fit plot of HW method of SLS_0, SLS_600, SLS_800, SLS_1000, HAp, and SrHAp.
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3.8. TEM analysis

TEM investigation provides insight into the particle size (S) and shape of HAp and SrHAp. The TEM morphology images of the HAp 
and SrHAp are displayed in Fig. 12. The images revealed that both HAp and SrHAp exhibited agglomerated particles with HAp showing 
a nearly spherical shape and SrHAp presenting a rod-like shape. The morphology of SrHAp was notably more elongated, similar to 
findings reported by Frasnelli et al. [62]. The particle size of HAp was estimated to be around 110–120 nm, while the particle size of 
SrHAp was measured to be around 63 × 130 nm. This increasing particle size of SrHAp also reported by previous studies [40,63].

Table 4 summarizes the results obtained from the Scherrer method, linear straight-line Scherrer method, Monshi-Scherrer method, 
W-H plots, SSP method, HW method and TEM. The values of crystallite size obtained from the linear straight-line Scherrer method 
showed excessive deviation, indicating its inaccuracy and impracticality for values above 100 nm, as also reported in previous 
research. Previous research also reported that inaccuracy [47,52,64]. In exceptional cases for HAp and SrHAp, the linear straight-line 
Scherrer method produced much lower crystallite sizes. The Monshi-Scherrer method produced more reliable results indicating its 
inaccuracy and impracticality for values above 100 nm, as also reported in previous research. Apart from the Scherrer-related method, 
the W-H method accounts for peak broadening due to lattice strain, not solely depending on the crystallite size. This strain (micro
strain) forms in the structure due to various defects such as point defects, grain boundaries, stacking faults, and others [50,65]. The 
W-H method offers a comprehensive analysis of geometrical properties, including stress, microstrain, and energy density. The W-H 
method consistently provided reliable values for crystallite size and microstrain across all samples, consistent with previous studies 
[48,52,64,66,67]. Negative slopes in the W-H plots interpret a compression strain in the samples, while others believe that these 
negative slopes may not have a significant impact [28,68]. The SSP and HW methods are quite identical for the peak broadening, which 
takes account into the peak profiles of Lorentzian and Gaussian. For isotropic crystals, these methods perform better by giving more 
weight to lower-angle peaks and less to higher-angle peaks in the XRD pattern [50,69,70]. Thus, the crystallite size results of the SSP 
and HW methods showed slight deviations for SLS samples. However, to calculate the microstrain, the SSP and HW methods require 
positive y-intercepts. For further investigation, TEM analysis was employed to determine the particle size and shape of HAp and SrHAp. 
The particle size results align well with the crystallite size obtained from most methods, except for the linear straight-line Scherrer 
method. This is because the calculated crystallite size did not exceed the particle size. In other words, the crystallite size must be less 
than the particle size of nanoparticles.

According to Table 4 (except the linear straight-line Scherrer method), the crystallite size of SLS samples increased with calcination 
temperature for SLS_0, SLS_600, and SLS_800, regardless of the method used. This trend is consistent with previous studies [71,72]. 
The increase in crystallite size with calcination temperature is attributed to enhanced crystal growth, improved structural uniformity, 
and reduced defects [73]. The decrease in microstain was evidenced from SLS_600 to SLS_800 using the W-H plots, SSP method, and 
HW method. SLS_1000 was excluded because it had already possessed a different crystal structure from the others. The SLS_1000 
showed the most constant value of crystallite size(~15 nm), indicating its suitability for all methods used. Furthermore, the crystallite 
size of SrHAp was consistently smaller than that of HAp across all methods. This reduction can be attributed to the Sr2+ substitution, 
which distorts the hexagonal lattice structure of HAp [14,15,41]. According to the W-H method, this distortion results in increased 
microstrain in SrHAp compared to HAp.

4. Conclusion

HAp and SrHAp were successfully synthesized using the hydrothermal method with sand lobster shell waste. XRD analysis indi
cated that a calcination temperature of 1000 ◦ C for the SLS was suitable for the preparation of HAp and SrHAp. The SLS_1000 
exhibited a Ca(OH)2 phase (portlandite), while the other SLS retained a CaCO3 phase (calcite). The HAp and SrHAp exhibited 
diffraction patterns according to the reference. The crystallinity of SrHAp decreased due to the distortion of crystal lattice caused by 
the Sr2+ substitution, which has a longer ionic radius than Ca2+. Crystallite size and other geometrical parameters were analyzed using 
the Scherrer method, linear straight-line Scherrer method, Monshi-Scherrer method, W-H plots, SSP method, HW method, and TEM. 
Except for the linear straight-line Scherrer method, all methods were suitable for analyzing the XRD data of SLS, HAp, and SrHAp. Each 
method provides a variety of different approaches. The Monshi-Scherrer method offered improved results over the linear straight-line 
Scherrer method, providing values of crystallite size that were closer to those obtained using the standard Scherrer method. The W-H 
plots introduced considerations of anisotropic elasticity, which provides additional information on microstrain, stress, and energy 
density. This method provided the most consistent values for crystallite size. The SSP and HW methods, while also yielding reasonable 
crystallite size values with minor deviations, were limited in their ability to determine microstrain accurately, particularly when y- 
intercepts were negative. TEM results confirmed that, with the exception of the linear straight-line Scherrer method, all methods were 
effective for estimating crystallite size. Overall, the W-H method proved to be the most reliable for determining crystal properties due 
to its comprehensive analysis of strain and stress, along with consistent crystallite size measurements.
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Fig. 12. TEM images of (a) HAp and (b) SrHAp.

Table 4 
Crystallite size, particle size, and other geometrical parameters of SLS, HAp, and SrHAp.

Methods Sample

SLS_0 SLS_600 SLS_800 SLS_1000 HAp SrHAp

Average Scherrer D (nm) 20.33 23.87 42.61 15.36 70.93 46.88
Linear straight-line Scherrer D (nm) 1342.34 232.07 417.80 245.48 32.26 25.00
Monshi-Scherrer D (nm) 18.83 33.64 63.35 15.31 83.76 39.70
W-H UDM D (nm) 19.52 46.27 85.19 15.66 107.27 35.58

ε
(
× 10-3) 0.40 2.43 1.40 0.44 0.52 0.68

W-H USDM D (nm) 19.52 46.27 84.69 15.66 107.27 35.58
ε
(
× 10-3) 0.40 2.43 1.36 0.44 0.52 0.68

σ (MPa) 30.71 188.3 105.1 21.52 3.10 4.10
W-H UDEDM D (nm) 19.52 46.27 84.69 15.66 107.27 35.58

ε
(
× 10-3) 0.40 2.42 1.34 0.44 0.52 0.69

u (kJ/m3) 0.47 17.64 5.52 0.59 0.80 1.40
SSP D (nm) 15.50 26.19 36.02 14.17 80.45 40.23

ε
(
× 10-3) – 6.30 0.63 – 0.87 –

Halder-Wagner D (nm) 16.50 27.86 38.31 15.06 32.26 25.00
ε
(
× 10-3) – 4.09 0.41 – – –

TEM S (nm) – – – – ~110 63 × 130
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