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Magnesium oxide (MgO) nanoparticles were synthesized using a co-precipitation method and then calciné@€a6880C, and 700°C

to study the effects of different calcination temperatures on the structure and microstructure. The phase composition of the synthesizec
samples was studied using X-ray diffraction (XRD), which showed that all samples were composed of single-phase cubic MgO, and no
secondary phases were detected. The Williamson-Hall (W-H) analysis using Lorentzian and Gaussian peak-profile functions was employec
to investigate the effects of calcination temperature on the crystallite size and lattice microstrain. The results demonstrated that the calcina:
tion temperature significantly affected the MgO nanoparticles. With increasing temperature, the microstrain decreased, the crystallite size
increased, and the thermal stability and ordering of the lattice improved. The study also revealed that increasing the calcination temperature
led to a significant increase in the unit-cell volume and lattice ordering. When comparing the Lorentzian and Gaussian profiles, it was ob-
served that both profiles produced very similar effects on the crystallite size; however, their effects on strain were different. Therefore, it was
concluded that the calcination temperature used during the synthesis of MgO nanoparticles has a direct effect on the crystallite size, defec

concentration, and the structural quality of the final product.

Keywords: Magnesium oxide nanoparticles; calcination temperature; Williamson-Hall analysis; X-ray diffraction; crystallite size; lattice
microstrain; defect evolution; nanocrystalline oxides.
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1. Introduction a reduction in active surface area, thereby decreasing particle
efficiency [11].

Magnesium oxide (MgO) nanoparticles have great poten- MgO nanoparticles are useful for studying microstruc-
tial for multiple applications due to their unique character-tural changes at elevated temperatures because of their sim-
istics arising from their diverse physicochemical propertiesPlicity and stability. MgO crystal structures contain defects
Some applications of MgO nanomaterials include catalysis’Ehat exhibit distinct behavioral features [12,13]. Therefore,
optoelectronics, energy storage systems, refractory materirecise measurements of the microstructural features of MgO
als, antibacterial coatings, and biomedical engineering [1-3]0@nostructures are essential to understanding the relation-
Compared with bulk materials, nanoscale MgO has a highefhiP among processing, structure, and material properties
surface-to-volume ratio, a denser concentration of surface a¢14,15]. This is particularly important for parameters such
tive sites, and defect-mediated functional properties. MgQS crystallite size, dislocation density, internal stress, and mi-
nanoparticles exhibit enhanced catalytic, dielectric, and opcrostrain.Among the various techniques used to investigate
tical properties [4,5]. The microstructural characteristics off@nocrystalline materials, X-ray Diffraction (XRD) is one of
oxide nanoparticles are affected by the synthesis methods afige most prominent. Traditionally, the Scherrer equation has
heat treatments employed. The condensation and calcinatidi¢en used to estimate crystallite size from the broadening
of the oxide precursor are particularly important, as they ca®f XRD peaks, often neglecting the contribution of internal
significantly alter the final microstructure of the nanoparticlesStrain [16,17]. In contrast, the Williamson-Hall (W-H) equa-
by changing the concentration and morphology of surface ddion allows peak broadening to be decomposed into size and
fects [6-8]. Other factors also influence the microstructure oftrain contributions [18]. The W-H method can be further
MgO nanoparticles, such as calcination temperature, whichnproved through the use of Lorentzian or Gaussian peak-
can affect the migration and diffusion of atoms and theremprofile functions, which help distinguish the two broadening
reduce defects. Previous studies have shown that as the cAechanisms. Furthermore, the W-H approach can be applied
cination temperature increases, crystallinity improves whild© describe defect behavior and structural relaxation in oxide
both defect density and microstrain decrease until an optimdhaterials [19-22].

temperature is reached [9,10]. Beyond this point, higher cal- Recently, extensive research has focused on the influence
cination temperatures may lead to particle agglomeration andf calcination temperature on the properties of nanoscale ox-
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ides, particularly Mg-based ferrites [23,24]. Mansouri andselected because Mg ions precipitate completely under
co-workers reported that chromium substitution in magne-alkaline conditions.As the precipitating agent, Ammonium
sium ferrites caused lattice distortion and defect engineerHydroxide (NH,OH, analytical grade, Sigma-Aldrich) was
ing, thereby affecting both structural and optical properties oemployed to control the pH and facilitate the formation of
Mg—Co ferrite nanoparticles [25]. Zarai and colleagues obimagnesium hydroxide precipitates. Distilled water was used
served that thermal treatment of MgCaoy 4FeAlO, spinel  throughout the synthesis process in order to minimize side
ferrites enhanced crystallinity and optoelectronic propertieseactions and ionic contamination. The observed changes
while reducing the optical band gap [26]. Similarly, Chebbiin the structural and microstructural properties of the MgO
and co-workers investigated the influence of chromium subnanoparticles were attributed solely to the effects of calci-
stitution and thermal treatment on the structural, opticalpation. This was ensured by taking utmost care to avoid the
and electrical properties of Mg—Co ferrite nanoparticles [27].presence of precursor impurities during the synthesis process.
Jdey and colleagues demonstrated that dielectric properties

of Mg-based ferrites improved with enhanced lattice order2.2. Synthesis of MgO Nanoparticles by co-precipitation

ing, reduced microstrain, and higher calcination tempera- method

tures [17,28,29]. Numerous studies have also shown thath hesis of il iod ,
thermal treatment of nanoscale oxides promotes hierarchicd["€ Synthesis o MgO nanoparticles was carried out using a

grain growth, reduction of lattice imperfections and structurals'rm;Ie and effe(I:tlve controlled Cp-p;reCIplltat|on ror]te.. This
defects, stress relaxation, and improved crystallinity qualit)}“_et od was se ec'_[ed because it offers low synthesis cost,
and stability [30,31]. However, only a limited number of high purity of the final product, and excellent control over

studies have focused specifically on MgO nanoparticles, anH'® Sizé and morphology of the nanoparticles. Magnesium
even fewer have investigated the relationship between calcfulfate heptahydrate (MgSO7H,O, Sigma Aldrich, 99%)
nation temperature, crystallite growth, lattice strain, and de¥Vas used as the magnesium source. A measured qqantlty
fect density [32]. Moreover, detailed Williamson-Hall analy- qf MgSQ; - 7H,O was dissolved in 100 _mL of freshly dis-
ses using both Lorentzian and Gaussian peak fitting methodled water to prepare a 0.5 M magnesium precursor solu-
remain scarce in studies concerning thermally treated MgcJO: The solution was stirred continuously at 700 rpm and
nanoparticles [25]. Understanding these parameters is essepfated 10 80-96C for 24 h to ensure complete dissolution
tial for improving the application of MgO nanostructures in Of thg precursor salts. Th|s process enabled uniform ion dis-
catalytic, optical, dielectric, and biomedical fields [17,33]. tnbut_lon within the SOIUt'O_n and prom_oted homogeneous nu-
The present study investigates the effects of calcinatioﬁl_eat'on'TO f(_)rm magnesium hy_drOX|de (Mg(_Oj)i)amm_o-
temperature on the structure and microstructure of Mgd"um hydroxide (NHOH, analytical grade, Sigma Aldrich)

nanoparticles synthesized using the co-precipitation method"aS used as the precipitation agent and added dropwise:
MgO nanoparticles were prepared and calcined at different

temperatures to evaluate the impact of calcination tempera- ~ MgSO, + 2NH4;OH — Mg(OH), + (NH4)2SO,
ture on nanoparticle microstructure. The crystallite size and

isr:re)s:rgf tgﬁff;:l;gf?xl\é%? Cv%?lgpvﬁlzlt;gfnss;vriﬁa?ln(z\i/{ﬁﬁ;j usﬁ_ne environment and sublimates during calcination, thereby
9 y ' keeping the final MgO product free from impurities. Dur-

modeling methods were employed to estimate microstrain . ; . o
. ) . X . ing the experiments, the reaction medium was maintained at
and dislocation density. Both Lorentzian and Gaussian peak-

profile fitting methods were utilized in the W—H analysis. Ad- an alkaline pH of approximately 10-11 to ensure complete

L 4 .
ditionally, the study evaluates the effects of synthesis methE)reC'p't"’ltlon of all Mg lons as M.g(O'Ha and to achieve
ods on the thermal and microstructural properties of MgOa homogeneous particle-size distribution.The homogeneous

: . L . _white suspension obtained was centrifuged at 6000 rpm for
nanoparticles prepared via co-precipitation. The Lorentzia

. . 10 min, and the resulting precipitate was washed several
and Gaussian methods were also used to explain peak-profile L )

L . . : . .fimes with distilled water to remove sulfate and ammonium
positioning and estimate crystallite size and microstrain. Fi-

nally, the study provides insights into microstructural stabi-ONS- The Mg(OH) precipitate was then dried at 10C for

lization and defect evolution in MgO nanomaterials. 12 h. This drying process was carried out to remove mois-
ture and prepare the sample for subsequent calcination. The

Mg(OH), powder was calcined at different temperatures to

NH,OH was used because it creates a controlled alka-

2. Experimental details obtain various morphologies and structural characteristics.
_ _ Prior to calcination, the powder was finely ground to reduce
2.1. Chemicals and materials agglomeration and promote a more homogeneous distribu-

. . ) tion of particles.
All chemicals used were of analytical grade, as this guar-

antees high purity MgO nanoparticle synthesis. Magnesium 3. calcination at different temperatures

sulfate heptahydrate (MgS&'H, O, >99%, Sigma-Aldrich)

was used as the magnesium source for nanoparticle synthéhe researchers divided the dried Mg(@H)owder into

sis because of its convenient solubility. MgSTH,O was  three batches, which were then placed in high-purity alumina
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Methodology Diffraction Standards (JCPDS) database was used to iden-
g”‘gsm-’”“’ - tify the periclase phase of MgO and confirm the complete
e \ - - removal of secondary phases from the calcined Mg(OH)
| : ; products.The diffraction peak broadening was analyzed us-
e e | = ing Line Profile Analysis (LPA) with combined Lorentzian

and Gaussian peak-profile fitting approaches. LPA was em-

— - ployed because it provides reliable estimations of crystallite
~— - — &= — o size and microstrain-induced broadening effects within the

e . convin samples. Line profile analysis and peak broadening tech-

Tt " niques are widely applied in the microstructural characteri-

FIGURE 1. Schematic for the preparation steps followed for all zgtion of nanostructured materials.

samples preparation

. o . 2.5.  Williamson-Hall method
crucibles to prevent contamination during thermal treatment.

Each sample was then placed in a programmable muffle fufrhe williamson-Hall (W-H) method is used to evaluate the
nace to convert Mg(OH)into MgO under an open-air atmo- proadening of X-ray diffraction peaks caused by finite crys-
sphere: tallite size and lattice microstrain. Assuming the strain is uni-
Mg(OH)s — MgO + H,0. (1) formand anis.otropic, t.h_e total peak broadgniﬁg; ¢an be
o ] expressed using the Williamson-Hall equation as follows:
The calcination process was carried out at temperatures
of 450°C, 650°C, and 700°C using a controlled heating
rate of 5°C min~!. An isothermal holding time of 24 h

was ma'untz?uned to ensure complet'e phase transformation ar\}v%ereﬁ is the full width at half maximum (FWHM) of the
crystallization. The selected calcination temperatures wer

chosen to investigate the temperature-dependent structur?a'ﬁraCtlon peak after instrumental correctidnjs the shape

evolution of MgO nanoparticles. The lower calcination tem- ac_tor (k N O'.94)’ Als _the X-ray vyave_lengthD_ s the crys-
. I tallite size,e is the uniform elastic microstrain of the crys-
perature of 450 C was used to examine the initial stage of

o : ) . tal, andd is the Bragg diffraction angle. In this equation,
crystallization, which generally results in smaller crystallite ) . .
. . . : L kA/D represents size broadening, wherdasiné corre-
sizes and higher defect density. The higher calcination temé onds to strain broadening.In the Williamson-Hall analysis
peratures of 650C and 700°C were selected to promote P g ysIS,

. . . : the FWHM values of the most intense diffraction peaks corre-
grain growth, lattice relaxation, reduction of structural de- . . )
) . . sponding to different crystallographic planes were extracted
fects, and improved lattice ordering. These temperatures al

lie within the range reported in the literature where significanttrom the corrected XRD patterns after removing instrumen-

. : . al broadening. The quantitig$cos # and4 sin 6 were lin-
microstructural changes in MgO nanopatrticles are commonl : L o
2 arly fitted to separate the contributions of crystallite size
observed.After calcination, the furnace was allowed to coo . . L .
naturally to room temperature in order to minimize thermaland lattice strain. The crystallite size was determined from
Y P the intercept of the fitted line, while the lattice microstrain

shock and prevent particle cracking. The obtained MgO POWS, as obtained from the slope.This method enables the quanti-

der samples were then gently ground to break weak agglon}étive determination of crystallite size and lattice imperfec-

erates and stored in sealed glass containers to avoid mois:tutrigns in MgO nanoparticies synthesized at different calci-

absorption. The samples were labeled as MgO-450, I\/lgor'lation temperatures and further characterized using thermal

650, and MgO-700, respectively, and were further characterf-inal sis [34]
ized using the Williamson-Hall (W-H) method to investigate y '

their structural and microstructural properties.

kA
Bcosf = ) + 4esin 6, 2)

3. Results and discussion
2.4. X-Ray diffraction (XRD) characterization

3.1. XRD analysis
To evaluate the impact of calcination temperature on MgO

nanoparticles, X-ray Diffraction (XRD) analysis was per- The X-ray diffraction (XRD) patterns of MgO nanopatrticles
formed. The analysis was carried out using a Philips X'Pertalcined at 450C, 650°C, and 700°C (Fig. 2) reveal sig-
PRO X-ray diffractometer equipped with a CuxKadiation  nificant structural evolution with increasing calcination tem-
source. The X-ray source operated at 40 kV and 40 mA. Prioperature. The diffraction peaks observed at approximately
to analysis, the instrument accuracy was verified and cali20 =~ 36.9°, 42.8°, and62.1° correspond to the (111), (200),
brated using a commercial silicon standard.The XRD scanand (220) crystallographic planes of cubic periclase MgO,
were recorded over an angular rangel6f to 80° with a  respectively. These results are consistent with JCPDS/PDF
step size 0f0.02°, a counting time ofl s per step, and a card No. 45-0946 and previously reported MgO diffraction
scanning rate oR° min~'. The obtained diffraction pat- studies [25,35,36]. The absence of secondary impurity peaks
terns were indexed, and the Joint Committee on Powdetonfirms the formation of phase-pure MgO nanoparticles.
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|—— 700°C

TAaBLE |. Crystallographic parameters of MgO nanoparticles at
varying calcination temperatures, derived from XRD analysis of
the (200) reflection, including diffraction angl@d), interplanar

s

} (111)

L F > %(22-0)

—
>
=]
()
~

g spacing {), lattice parametera), and unit cell volume).

7 P st Parameters 45°C  650°C  700°C

-g‘ —s0°d 20,200y (deg.) 42.8854  42.8063 42.7273

Ef d-spacingd (A) 2.1071 2.1108 2.1146
. R A Lattice parameter; (A)  4.2142  4.2216  4.2291
m Unitcell volume,V (A®)  74.8431  75.2390  75.6387

marized in Table | further confirm this trend, where the lattice
parameter increased from 4.2A40 4.229A, while the unit
cell volume increased from 74.8% to 75.64A° as the cal-
F > XRD patt t MO icles at different calci cination temperature increased from 43D to 700°C. The
IGURE <. patterns of Mgt nanoparticies at different caicl- - ,served lattice expansion may be attributed to thermally in-
nation temperatures (JCPDS No. 45-0946). . o DL
duced defect relaxation and structural reorganization within

Similar calcination-temperature-dependent structural behay'e MgO lattice [28,36,39].

ior has also been reported for MgO-based nanomaterials and With increasing calcination temperature, the (200)
spinel ferrite systems [25,26,28,37]. At a calcination tem-diffraction peak shifted toward lowerf2values, indicating
perature of 450C, the diffraction peaks are relatively broad lattice expansion in cubic MgO. The data presented in Ta-
with lower intensity, indicating smaller crystallite size, lower ble | show that the interplanar spacinggpacing) increased
crystallinity, and higher lattice microstrain. Peak broaden-from 2.1071A to 2.1146A. A slight increase in the lat-

ing is generally associated with lattice distortion, structuraltice parameter and unit-cell volume was also observed, sug-
defects, and incomplete crystallization resulting from insuf-gesting reduced lattice distortion and improved structural or-
ficient thermal energy during heat treatment [35,36]. Thedering.These changes in the crystallographic parameters are
restricted atomic mobility at lower temperatures suppressesonsistent with findings reported in the literature. Previous
crystallite growth and enhances internal lattice strain. Simstudies have shown that higher calcination temperatures en-
ilar observations have been reported for Mg-based ferritdiance the structural stability of MgO nanoparticles and im-
systems [24,25]. With increasing calcination temperature t@rove lattice uniformity due to defect reduction and lattice
650°C and 700°C, the diffraction peaks become sharper andrelaxation [37,40-45].

more intense, indicating improved crystallinity and enhanced
structural ordering. The increased thermal energy promotes
atomic diffusion, lattice relaxation, and grain growth, thereby
reducing defect density and lattice strain [28,36]. Grain =
growth occurs through the coalescence of smaller crystallites |
into larger grains in order to minimize the total grain bound-
ary energy. Similar improvements in structural ordering and
crystallinity at elevated temperatures were also reported by
Zarai et al. [26], Jdeyet al [38], and Harrabiet al. [37]

for Mg-based spinel ferrite systems. Unlike previous studies *
mainly focused on structural, optical, and dielectric enhance-
ments, the present work systematically correlates crystallite
growth, lattice strain reduction, and lattice expansion with

calcination temperature using Williamson-Hall analysis. A [450°C
gradual shift of the diffraction peaks toward lowa# values E\_ JL
40 50 60 70

20 40
Two theta (26)

(200)

)

~~
]
-
ham)
N’

u

%(220)

Intensity(a

was observed with increasing calcination temperature. Ac- L
cording to Bragg’s law, 10 20 30

nA = 2dsin 6, (3) Two theta(degree)
the decrease i¢ values indicates an increase in interplanarpigure 3. XRD patterns of MgO nanoparticles calcined at 450-

spacing ¢-spacing), suggesting lattice expansion within the700°C, showing a (200) peak shift to lowgé from lattice expan-
cubic MgO structure. The crystallographic parameters sumsion and strain relaxation (FCC MgO, JCPDS 45-0946).
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that as the temperature of calcined MgO nanoparticles was

i ! |a(T)=5-952xlﬂ'ﬁ(T)+4-13744| increased, the MgO nanoparticles remained thermally stable,

4.228 F and that the uniformity and stability of the MgO nanopar-
» 4226 k ticles’ lattice were improved [37,39,44,47]. Most of these
g studies focused on the fabrication of MgO and the improve-
E A2 ment of the MgQ’s functional properties, as well as the de-
5_ 4222 gree of crystallinity of the MgO; however, little consideration
8 4220l was made to the relationship of the lattice parameters and
£ the microstructural behavior of the MgO. The current study

= a2sf for MgO suggested a temperature-dependent XRD analysis

of crystallographic parameters, a comparative analysis for

MgO, and provided MgO lattice behavior.

e 1 i i ; ; ; From Table | and Fig. 4, the diffraction angl2dj cor-

450 500 550 600 650 700 responding to the (200) plane decreased systematically from
42.08° at450 °C to 41.67° at 700 °C, while the correspond-

ing lattice parameter increased frems7 A to 4.192 A, in-

4.216 F

Calcination Temperature(°C)

42.90 dicating lattice expansion with increasing calcination temper-
, 26,200=-0-000632 T+42.1 ature. The relationship is given by:
42.88 450°C < T <700°C
42.86 20(200) = —0.000565 T + 43.145. (4)
—~ 42.84F e . . . . .
&b Similarly, the corresponding linear increase in the lattice
282k i
= parameter with temperature follows:
g a80}
— -5
% ol a(T) =5.952 x 107°T + 4.18744,
42.76 F 450°C < T < 700°C. (5)
! ¥ The decrease inf2values and expansion of the lattice
a@any . . , parameter are indicative of the thermal relaxation of the

450 300 550 600 650 700 MgO lattice and thermal expansion of the crystal structure.

This behavior is associated with the reduction of lattice de-

fects and distortion at elevated calcination temperatures [41].
FIGURE 4. Systematic shift of the (200) diffraction peak toward The linear relationship between lattice parameter and calci-
lower angles and corresponding linear increase of the lattice paramnation temperature indicates that thermal treatment induces
eter with calcination temperature, confirming thermally induced predictable changes in lattice dimensions in accordance with
expansion of the MgO cubic lattice. Vegard’s law. This phenomenon has also been observed in
MgO nanocrystals, where increasing calcination temperature
resulted in improved crystallinity, reduced lattice defects and

distortion, and lattice expansion [48,49].

Calcination Temperature(°C)

3.2. Lattice parameters

The lattice parameter was determined using the cubic relation
3.3. Nelson—-Riley method
a=d(h?+k>+12), (4)
- ) _ The Nelson—Riley extrapolation method was employed to de-
in Fig. 4 show that X-ray diffraction (XRD) on MgO nanopar- 4o mine the accurate lattice parameter by minimizing system-

ticles_ calcined fit, 4560' 650°C, and 700°C suggested atic errors associated with X-ray diffraction measurements.
the high crystallinity single-phase FCC structure (JCPDS 4511e Nelson—Riley function is expressed as

0946) formation [46]. With the increase in calcination tem-

perature, the (200) diffraction peak shifted towards lowger 2 1 /cos28 cos2f
values which indicated that the lattice of cubic MgO was ex- f(0) = 5 <Sm@ + 0 > J
panded. As noted, the d-spacing increased from 2.%071

to 2.1146A. Similarly, the lattice parameter increased from where#@ is the Bragg angle expressed in radians according
4.2142A to 4.2291A, and the unit-cell volume was noted to to the method proposed by Nelson and Riley [50]. The true
increase from 74.8443 to 75.639A3 and calcination tem- lattice parameter was obtained by linear extrapolation of the
perature increased. This increase in the temperature showegparent lattice parameter fg6) = 0, thereby minimizing
that the lattice was less and less distorted and more and mosgstematic errors arising from specimen displacement, sam-
ordered. This is in agreement with other studies that notegle transparency, and instrumental effects.

(6)
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4.222

=-0.0142 F(8)+4.2314 for 450°C 4.234 4.232 -
2, (©)+ s | a,=-0.0085 F(8)+4.2320 for 650°C| [ao = -0.0082 F(8) + 4.2352 for 700°C

4.220 4 4232F

4.230
4230

=
=
g
%

_— 4228}

=4.216 F 4226 | 4.226

4224

b
3
[y
'S

Lattice Parameters
Lattice Parameters

4224

Lattice Parameters

4222

4212 F 4222

4220 "

4.218

4.210

i i L i i L i i - L s = & s i x 3 4»220 1 L A A L L s A L
07 08 09 1.0 1.1 12 13 14 15 0.7 08 09 10 11 12 13 14 15 . 07 08 09 1.0 11 12 13 14 15

u‘) Function (0) b) Function (6) C’) Function (8)

FIGURE 5. Nelson-Riley plot for MgO nanopatrticles calcined at 460650 °C, and700 °C.

The corresponding Nelson—Riley plots for MgO nanopar-normalized peak width) of each diffraction peak was deter-
ticles calcined at 450, 650, and 7@ are presented in mined experimentally. The observed peak broadeni®y (
Figs. ba) — 5¢). The extrapolated lattice parameter increasezbntains contributions from instrumental effedi} €rystal-
from 4.2314A at 450°C to 4.2352A at 700°C, indicating  lite size, and microstrain.To obtain physically meaningful mi-
lattice strain relaxation, improved crystallinity, and enhanceccrostructural parameters, instrumental broadening must first
crystal ordering. The excellent linearity observed for all threebe corrected using a standard crystalline reference sample.
temperatures confirms the consistency of the diffraction data
and the applicability of the Nelson—Riley method for accuratenstrumental Broadening Correction:
lattice parameter determination.

The gradual increase in the extrapolated lattice parametet
with increasing calcination temperature is attributed to thd!0n approaches are used:
reductipn of lattice imperfec_tions, relf'ixation of residual mi-_ (1) Gaussian peak profile (strain-dominated broaden-
crostrain, and thermally assisted grain growth. As the calci- ing):
nation temperature increases, atomic diffusion becomes more
effective, allowing Mg+ and G~ ions to occupy energeti- 3=+/B2—p2 (7a)
cally favorable lattice positions, thereby reducing defect con-

centration and |mpr0\{|ng long-range structgral ordering. . This quadratic subtraction is valid when peak shapes
Furthermore, the intercept values obtained from the lin- follow a Gaussian distribution, where broadening con-
ear fits are in close agreement with the lattice expansion tributions are statisticallyinde}aendent.

trend observed from the XRD analysis, providing indepen-

dent confirmation of the structural evolution induced by cal- (2) Lorentzian (Cauchy) peak profile (size-dominated
cination. The consistent increase in lattice parameter also broadening):

supports the crystallite size enhancement and strain relax-

ation obtained from the Williamson—Hall analysis, indicating p=DB-b. (7b)

that higher calcination temperatures promote the formation

of well-crystallized MgO nanoparticles with improved struc-  This linear subtraction is appropriate when peak broad-
tural stability [22,36]. ening follows a Lorentzian shape, typically associated with
finite crystallite size effects. Herej represents the cor-
rected integral breadth after removing instrumental contribu-
tion. After instrumental correction, the total physical broad-
Crystallite size and microstrain are critical factors in deter-€Ning can be expressed as the sum of size and strain contri-
mining the microstructural and physical properties of mate.Putions:
rials. X-ray diffraction (XRD) line profile analysis is among

the most reliable methods for estimating crystallite size and Pkt = Bsize + Bstrain+ Finst ®)
the non—uniform Igttice str:?\in arisi_n.g from atomic displace-  ater correction:

ments relative to ideal lattice positions [51]. The broaden-

ing of diffraction peaks corresponding to a givéwkl) re- VB2 — b2, (Gaussian assumptian)
flection is mainly attributed to finite crystallite size and lat- Peor = B —b, (Lorentzian assumption)
tice strain induced during partial crystallization. For sam-

ples exhibiting multiple diffraction peaks, as in the presentFor further analysis using the Williamson-Hall method, the
study, the Williamson-Hall (W-H) method is considered thecorrected broadening is separated into size and strain compo-
most appropriate approach [52]. The integral breadth (areaents:

éﬁ?epending on the assumed peak profile, two different correc-

3.4. Microstructural parameters analysis

9)
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ﬁcorr = ﬁsize"’ ﬁstrainv (10)
or, in squared form for Gaussian-type analysis:
@%orr = ﬁsQize"’ 6s2train' (11)

3.5.  Williamson-Hall equation

2 2 kA ? 2 .2
B cos” 0 = <D> + 16¢“ sin” 0, (14)
where g is the full width at half maximum (FWHM) after
instrumental correction (in radiang),is the Bragg diffrac-
tion angle,k is the shape factork(= 0.94), X is the X-ray
wavelength D is the crystallite size, andis the microstrain.
The Williamson-Hall (W-H) analysis was conducted to inves-

The Williamson-Hall (W-H) method separates size- andtigate the effect of calcination temperature on the crystallite

against diffraction angle. It relates total broadeni) 1o
crystallite size D) and microstraind) [53]:

kA
= 4e tan 6 12
Dcos&+ rand, (12)
B cosf = % + 4e sin 6. (13)

For Gaussian approximation, the squared form is:

22
—a— 450°C

2wb []] ——650°C
’ —a— 700°C
1.8}

[==]

"]

S

216}

L

1.4} \
1.2}

0.00 00z 004 006 008 010 012
::]) 4sin

0.0009

—s—450°C
0.0008 | —t— 650°C
——700°C

0.0007

0.0006

(o]

Z 0.0005
o

2 0.0004
0.0003

|

0.0002

0.0001
l < 1.5 2.0 25 3.0 3.5 4.0 4.5
D) 16sin20

FIGURE 6. Williamson—Hall plots of MgO nanoparticles calcined
at 450, 650, and 70@: a) Lorentzian W-H plots off cos 0 ver-
sus4 sin 6, and b) Gaussian squared-form W-H plotsg 8tos 9)*
versusl6 sin? 6, showing the effect of calcination temperature on
crystallite size and lattice microstrain.

450°C, 650°C, and 700°C (Fig. 6). The plots of3 cos 6
versus4sin @ and (3 cos§)? versus16sin? @ revealed that
increasing calcination temperature resulted in larger crystal-
lite size and lower lattice microstrain. At 45, the W-H
plots exhibited a higher slope and smaller intercept, indicat-
ing significant lattice strain and smaller crystallite size due
to incomplete crystallization, lattice distortion, and defect-
rich grain boundaries [53]. Limited atomic diffusion at lower
calcination temperatures restricts crystallite growth and pro-
motes structural disorder. With increasing calcination tem-
perature to 650C and 700°C, the slope of the W-H plots
decreased while the intercept increased, confirming progres-
sive strain relaxation and crystallite growth. Enhanced ther-
mal diffusion at elevated temperatures promotes atomic re-
arrangement within the MgO lattice, reducing defect density
and improving structural ordering. Similar behavior has been
reported for Mg-based nanomaterials [26,54]. At 7TQQthe
W-H analysis showed the lowest microstrain and the largest
crystallite size, indicating improved lattice stability and en-
hanced long-range atomic ordering. These results demon-
strate that calcination temperature plays a critical role in con-
trolling the microstructural evolution and structural quality of
MgO nanoparticles.

The Williamson-Hall (W-H) analysis shows that both
Lorentzian and Gaussian fittings indicate that crystallite size
and lattice microstrain depend on calcination temperature
(Fig. 7). For samples calcined at 45, the crystal-
lite sizes were 5.9 nm (Lorentzian) and 6.5 nm (Gaussian).
Correspondingly, the microstrain values were recorded as
3.7 x 1073 and 0.91 x 10~3. The relatively high crystal-
lite size and large microstrain indicate incomplete crystal-
lization and lattice distortion due to a high defect density,
primarily caused by insufficient atomic diffusion during den-
sification.The microstrain and crystallite size were observed
to change with calcination temperature. At 630, the val-
ues were2.82 x 103 (microstrain, Lorentzian) and 7.5 nm
(crystallite size), while for Gaussian fitting the corresponding
values were).71 x 10~2 and 8.3 nm. Similar temperature-
dependent grain growth and strain reduction have also been
reported by Chebbét al. for Mg-based ferrite nanomateri-
als. Contrarily, most studies focus primarily on crystallinity
improvement, whereas the present study correlates crystal-
lite growth and W-H microstrain using both Lorentzian and
Gaussian fittings of the W-H model. At 70C, the crystal-
lite sizes increased to approximately 10.0 nm (Lorentzian)
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0.008 |
0.007 | Y (ag—a
=5 (1), (16)
a
g e A
5 i whereo is the intrinsic surface stresg, is the Young’'s mod-
= 0.005F ulus, v is the Poisson’s ratiay, is the strain-free lattice pa-
0.004 + rameter of bulk MgO, and is the measured lattice parameter.
The term(ap —a)/ao represents the relative lattice distortion.
0.003 SinceY is expressed in GPa, white and (ag — a)/ao are
. . . . . dimensionless, the calculated intrinsic surface stress is also
D2 450 500 S50 600 650 700 expressed in GPa. Negative valueswdhdicate compressive
l : e surface stress, whereas positive values correspond to tensile
7) Calcination Temperature

surface stress.
- ) _ Figure 8 illustrates the variation of intrinsic surface stress
FIGURE 7. Williamson-Hall analysis of MgO nanoparticles \yith calcination temperature. The intrinsic surface stress
showing a) average crystallite size versus calcination temperaturg,, ., mes progressively more negative with increasing calci-
and b) microstrain change with calcination temperature based Onnation temperature, indicating an increase in the magnitude
Lorentzian and Gaussian profile fittings. . : o

P g of compressive surface stress. At 480, the intrinsic sur-
. . . . . face stress is approximately2.30 GPa, which is associated
a_r;_d 11t|'0 ;m (Gau;s:;r;)g,?\;vh|l<io'cb§ mlg(r)o;t))gn Vil)lﬁs S1Gith incomplete crystallization, limited atomic diffusion, and
nificantly decreased . 1572 x andv. X ' _arelatively high concentration of lattice defects. Increasing
respectively. The increase in crystallite size and reduction iBhe calcination temperature to 650 results in a larger com-

strain confirm thermally induced grain coalescence, reduce ressive stress of approximateit5.0 GPa due to improved
ldefe(r:]t concentr?]tlon, a:nd ll)mproved atoorlnl;c cl;rdetgll(g% Slml'Iattice ordering and defect reduction. At 700, the intrinsic
arp enom_elna ngegso l?enhre\%)r':e 31 m h or h surface stress reaches approximately9.8 GPa, indicating
nanomaterials [ ]'. verall, the V-H analysis snows t Aenhanced grain densification, improved atomic packing, and
the observed trend_ IS consistent with mgreased crystalhmt reater structural stability. The progressive increase in com-
Enq structlural Stab'l('jty O,f MgO dr)anopartcljclles., accc&mpanle ressive intrinsic surface stress demonstrates that calcination
y internal stress reduction and improved lattice ordering. promotes lattice stabilization and improves the crystallinity
of MgO nanoparticles [57].
The crystallographic Young’s modulus was estimated

3.6. Intrinsic surface stress from the intrinsic surface stress and the average microstrain

using
Intrinsic surface stress reflects the influence of lattice distor- E(hkl) = i, (15)
tion and surface effects on the structural stability of MgO e
nanoparticles. Following the reported methodology, the inwhere o is the intrinsic surface stress calculated using
trinsic surface stress was estimated using [56] Eq. (16), ande) is the average microstrain obtained from the
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4.0 — the magnitude of compressive intrinsic surface stress and
== Lorentzian distribution - - ) N .
3.5 | Gaussian distribution an increase in _You_ngs modulus, confirming that_ _h|gh-
& temperature calcination enhances the structural stability and
= 3.0 elastic response of MgO nanoparticles [36,38].
z 25 o
= 3.7. Lattice strain estimation
= 2.0
= Strain is the change in dimensions of a sample compared
%o 1.5 to its original length and can be either constant or irregu-
g 1.0 lar. Isotropic expansion or contraction of a unit cell, shift-
= ing XRD peaks without broadening, is due to uniform strain.
0.5 Non-uniform strain, which is caused by defects, deforma-
0.0 tion, and incomplete crystallization, shifts atoms in an irreg-
L L L L L 1 ular manner and causes broadening of XRD peaks [59]. This
450 500 550 600 650 700 strain is often expressed as:
Calcination femperature Aa
FIGURE 9. Variation of crystallographic Young’s modulus of MgO Lattice Strain= (TO' (16)
nanoparticles obtained from Lorentzian and Gaussian Williamson— o )
Hall analyses. Here, Aa represents the deviation of the lattice parameter

from the strain-free reference statg which is taken as the

Williamson—Hall analysis [36]. The calculated values of €quilibrium lattice parameter in the absence of applied stress
E(th for each calcination temperature are presented ier thermal strain. Lattice strain is associated with variations
Fig. 9. These values provide information about the elastic
response of the crystallographic planes. 0.0045
Figure 9 shows the variation of Young’s modulus with 0.0040 b Aafa (T)=(1.27x10°)T-5.35x10"
calcination temperature for both Lorentzian and Gaussian
distributions. In both fitting methods, Young’s modulus
increases with increasing calcination temperature, indicat- ,g 0.0030
ing an enhancement in the elastic stiffness of the MgO 50.0025 i
nanoparticles. The Lorentzian values increase from 0.0631 &
to 0.9191 GPa, whereas the Gaussian values increase frorr': 0.0020 p
0.2523 to 3.6766 GPa as the calcination temperature in- = 0.0015
creases from 450 to 70@. The higher values obtained from
the Gaussian fitting indicate greater sensitivity to microstruc-
tural evolution. The increase in Young’s modulus is consis- ~ 9-0005

0.0035F

0.0010 f

tent with the improvement in crystallinity, reduction of lat- 0.0000 L—s 2 L L L L
tice defects, and enhanced atomic ordering produced by high- 450 500 550 600 650 700
temperature calcination [58]. a Calcination temperature
Table Il summarizes the Williamson—Hall parameters of 0.00023
MgO na_mopartlcles. _Increasm_g the caI(_:lnat_|0n temperature Aa= -2.08x107T+3.156%10"
results in a gradual increase in crystallite size and a corre- ¢ g g0022 }F
sponding decrease in lattice microstrain and dislocation den- E
sity for both Lorentzian and Gaussian analyses. The reduc- ¢  0.00021}
tion in microstrain and defect density indicates progressive &
lattice relaxation and improved structural ordering. These E 0.00020
microstructural changes are accompanied by an increase in = —
= . B
I ; S 0.00018 }
TABLE II. Williamson—Hall parameters of MgO nanopatrticles at g
different calcination temperatures. “
0.00017 }
Temp. Dr  De cL £a 0 450 500 550 600 650 700
°C) (Mm) (m) &107%) (x1073) (x10* m~2) b)

Calcination Temperature

450 5.8266 6.4741 3.6433 0.9108 22.256
FIGURE 10. Variation of lattice strain £a/ao) with calcination

650 7.5357 8.3730 28218  0.7054 13.305 temperature for MgO nanoparticles.Evolution of the lattice param-
700 9.9681 11.0757 2.1372  0.5343 7.605 eter deviation QAa) with calcination temperature.
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in the lattice parameter ratid\a/ap). Figure 10 shows that 25

the lattice strain of MgO nanoparticles decreases progres- ==Lorentiandistibation

f==8== Gaussian distribution

-2

sively with increasing calcination temperature. The higher
strain observed at 450C is attributed to incomplete crystal-
lization, smaller crystallite size, and structural disorder due
to lattice defects. Limited thermal energy at lower temper-
atures restricts atomic diffusion and lattice rearrangement,
resulting in increased internal strain. At higher calcination
temperatures (650C and 700°C), enhanced thermal diffu-
sion promotes crystallite growth and lattice relaxation, lead-
ing to reduced microstrain and improved structural ordering
[60,61]. The Williamson-Hall analysis further indicates that : ~\\‘
increasing calcination temperature causes a slight increase in

lattice deformation parametef\@), suggesting thermally in- 0 : L 4
duced lattice expansion and structural stabilization of the cu- 450 500 550 600 650 700
bic MgO phase, as shown in Fig. 10. These results confirm Calcination temperature

that elevated calcination temperatures reduce lattice defects

and improve the structural stability of MgO nanoparticles. FIGURE 11. Variation of dislocation densityg) with calcination
temperature for MgO nanopatrticles, calculated using Lorentzian
3.8. Dislocation density and Gaussian profiles via the Williamson-Smallman method.

[ ]
=
T

[u—y
wn
T

[
=
T

tn
T

Dislocation density x 10"m

Dislocation density refers to the total length of dislocationferrites by Chebbkt al. [25]. This was attributed to grain
lines per unit volume and is an important parameter for defingrowth, strain relaxation, and improved structural order-
ing structural imperfections in nanocrystalline materials. Aing at higher temperatures. Jdey al. [28] reported sim-
high dislocation density indicates significant internal strain,lar behavior in Mg ¢Cu, 4FeCrQ, ferrites, while Harrabi
lattice distortion, and low crystallinity. A reduced disloca- et al. [37] demonstrated improved lattice stability and en-
tion density indicates improved crystallinity, better structuralhanced grain boundary coherence in Mg-Co-Cu ferrites at
ordering, and reduced lattice defects. The dislocation densitglevated calcination temperatures.Most of these studies fo-
(p) can be calculated from the Williamson-Smallman rela-cused on substituted ferrite systems with complex magnetic,

tion: electrical, and cation distribution effects, making interpre-
15¢ tation of pure strain-driven systems more challenging. In
P="uD’ (A7) contrast, the present work focuses on structurally simple

cubic MgO nanoparticles, analyzing thermally induced de-
fect evolution using comparative Lorentzian and Gaussian
L S R Williamson-Hall analysis [63]. The study demonstrates that
and D 5|gn|f|es_ the crystalllte_sme_. The equatlor_1 Ir‘Corpo'increasing calcination temperature reduces lattice defects, en-
rates both strain and crystallite size, thus enabling a morg : : .

ances structural ordering, and improves the microstructural

ferfi;:ze estimation of the defect density in strained nanomas'tability of MgO nanoparticles. The comparative analysis

As shown in Fig. 11, dislocation density for MgO shows that present MgO nanoparticles ano! previously re-
orted Mg-based ferrite systems have a lot in common. In

nanoparticles decreases with an increase in calcination terP}-1 . . .
P those systems, higher calcination temperatures resulted in

perature and is observed for both Lorentzian and Gaussialn S . i
arger crystallite sizes, smaller lattice strains, and fewer de-

Q|str|but|ons. Dlslocatlon_ den_5|ty IS hlghest at 430 ow fects due to thermally activated diffusion. Unlike ferrite ma-
ing to the small crystallite size, high internal strain, and, . : .
. . . . terials that have complex structures and magnetic and cation
incomplete lattice ordering resulting from low-temperature . ..~ . . :
calcination [62]. Calcination temperatures of 680 and distribution, our study focuses on MgO cubic nanoparticles,

: P which have simpler structures. Our research also compares

o . . .
70(.) C promote greater ato_rmc o_rden_ng and grain groWth’Lorentzian and Gaussian Williamson-Hall methods to evalu-
which leads to reduced lattice distortion and consequentl%

L : T te thermally induced size-strain evolution.
a decrease in dislocation density, indicating improved struc-
tural and crystalline quality of MgO nanoparticles. This also
confirms enhanced structural stability at higher temperatures.
The Lorentzian profile shows higher dislocation density thard.  Conclusion
the Gaussian profile, indicating that Lorentzian fitting corre-
sponds to higher strain and more pronounced peak broadefhis paper investigates the synthesis and post-synthesis char-
ing compared to Gaussian fitting. A similar decrease in disloacterization of MgO nanoparticles. MgO nanoparticles were
cation density and lattice defects with increasing calcinatiorsynthesized via the co-precipitation method, followed by a
temperature has been reported for Cr-substituted Mg-C@ost-synthesis morphology control procedure. The structural

where ¢ represents the microstrain obtained from
Williamson-Hall analysis,a denotes the lattice parameter,
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and microstructural changes of the calcined samples were ations, indicating an increase in lattice parameter and unit-
alyzed using X-ray diffraction (XRD), confirming the for- cell volume. Further analysis using Lorentzian and Gaussian
mation of a cubic single-phase MgO structure.Peak broadpeak fitting confirms these structural changes and supports
ening observed in the XRD patterns indicates the presendbfe observed enhancement in crystallographic ordering. This
of nanoscale crystallites, which were quantitatively analyzedtudy establishes a clear relationship between calcination
using the Williamson-Hall (W-H) method. The W-H analysis temperature and crystallite size, defect concentration, and
reveals that calcination temperature significantly influencestructural stability of MgO nanoparticles.The Williamson-
crystallite size and leads to a reduction in lattice micros-Hall method is highlighted as a powerful tool for evaluat-
train, dislocation density, and structural defects through ening microstructural transformations in MgO nanomaterials.
hanced grain growth and strain relaxation mechanisms.PosBverall, the results demonstrate that controlled calcination is
calcination XRD analysis at room temperature reveals thaan effective approach for tailoring the crystallite size, lattice
the crystallite size increases from 5-6 nm at 480to 10—  strain, defect concentration, and structural stability of MgO
11 nm at 700°C. Improved atomic ordering at elevated tem- nanopatrticles for advanced functional applications.
peratures is further evidenced by shifts in XRD peak posi-
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