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Cr-doped ALO3 (Al203:Cr) ceramic nanoparticles (AICr0—AICr5) are successfully synthesized via the
sol—gel method and calcined at 1000 °C. X-ray diffraction (XRD) analysis confirmed the formation of
a single-phase a-Al>O3 (corundum structure, space group R-3¢) with characteristic reflections at 26 =
25.6°, 35.1°, 37.8°, 43.4°, 52.6°, and 57.5°. The crystallite size increased from ~25 nm for AICr0 to
~36 nm for AICr5, accompanied by a reduction in FWHM, indicating improved crystallinity with
increasing Cr content. FTIR spectra exhibited characteristic AI-O vibrational bands in the 500-800
cm!' region, while Raman analysis confirmed Eg and Alg modes of a-Al,O; with enhanced peak
intensity at higher doping levels. Density measurements showed an increase in bulk density from ~3.20
to ~3.35 g/cm® and a corresponding decrease in apparent porosity from ~28% to ~22% with increasing
Cr concentration. Thermal analysis revealed total weight loss decreasing from ~6.0% (AICr0) to
~4.3% (AICr5), indicating enhanced thermal stability. DSC results showed an exothermic
crystallization peak around ~800-830 °C, becoming sharper with Cr addition, while DTG confirmed
reduced decomposition rates at higher doping levels. ICP-OES analysis demonstrated composition-
dependent Cr** ion release, decreasing from ~0.007 ppm (AICr0) to ~0.002 ppm (AICr5), reflecting
improved chemical stability. Cr incorporation enhances crystallinity, densification, thermal stability,
and chemical resistance without altering the a-Al:Os phase. Among all samples, AICr5 exhibited the
best overall performance, making it a promising candidate for advanced ceramic applications.
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1. INTRODUCTION

Aluminum oxide (Al203), commonly known as alumina, is one of the most widely used ceramic
materials due to its excellent mechanical strength, high thermal stability, chemical inertness, and good
electrical insulation properties [1-4]. Among its various polymorphs, a-Al>O3 (corundum phase) is the
most thermodynamically stable and technologically important form [5-7]. It is extensively utilized in
applications such as catalysts, biomedical implants, coatings, sensors, and refractory materials [8-10].
With the advancement of nanotechnology, the development of Al>O; in nanoparticle form has attracted
significant attention, as reduced particle size enhances surface area and improves functional properties
[11-15]. Doping ALOs with transition metal ions such as chromium (Cr’") has been widely
investigated to tailor its structural, optical, and thermal properties [16-20]. Due to its similar ionic
radius to AI**, Cr’" can substitute into the alumina lattice without significantly disturbing the crystal
structure [21,22]. This substitution can improve crystallinity, enhance grain growth, and modify
electronic and optical behavior [23, 24]. Additionally, Cr doping is known to influence densification,
reduce porosity, and improve thermal stability [25,26]. These effects make Cr-doped Al,O; a
promising material for advanced ceramic and optoelectronic applications [27,28]. Despite the
advantages of AlbO3 ceramics, achieving high densification, improved crystallinity, and enhanced
thermal stability at relatively moderate processing conditions remains a challenge [29,30].
Furthermore, controlling ion release and ensuring chemical stability are critical for applications in
harsh environments and biomedical fields 31,32]. The influence of Cr doping concentration on these
properties is not fully understood, particularly for sol—gel-derived Al,O3 nanoparticles processed at
high temperatures [33-35]. Although several studies have reported the synthesis of doped alumina,
there is limited systematic investigation on the combined effects of Cr doping on structural, thermal,
and chemical properties, especially in terms of ion release behavior [36-40]. Moreover, correlations
between crystallinity, densification, and thermal stability with varying Cr content are not
comprehensively explored [41,42]. This motivates the present study to provide a detailed and
comparative analysis of Cr-doped Al,O3 ceramic nanoparticles. The main objective of this work is to
synthesize Cr-doped Al>O3 nanoparticles (AlICr0—AlCr5) using the sol-gel method and evaluate the
effect of Cr concentration on their properties. The study focuses on structural characterization using
XRD, FTIR, and Raman spectroscopy, thermal analysis using TGA, DSC, and DTG, and evaluation of
physical properties such as density and porosity. Additionally, ICP-OES is employed to investigate
Cr’* ion release behavior, providing insight into chemical stability. This study provides a
comprehensive investigation of Cr-doped Al,Os; ceramic nanoparticles, combining multiple
characterization techniques to establish clear relationships between composition and material
properties. The novelty lies in the systematic comparison of structural, thermal, and chemical stability,
along with the inclusion of ion release analysis, which is rarely reported in similar studies. The work
demonstrates how Cr doping enhances crystallinity, reduces porosity, improves thermal stability, and
minimizes ion release. Despite the comprehensive analysis, this study has certain limitations. The
investigation is limited to a specific range of Cr concentrations (0-5 wt.%) and a single calcination
temperature (1000 °C). Advanced microstructural analysis techniques such as TEM or detailed surface
chemistry studies are not included. Additionally, long-term stability and application-specific
performance are not explored. The remainder of this paper is organized as follows: Section 2 describes
the materials and experimental methods. Section 3 presents the results and discussion, including
structural, thermal, and chemical analyses. Section 4 concludes the study by summarizing the key
findings and potential applications of Cr-doped Al.Os ceramic nanoparticles.
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2. MATERIALS AND METHODS
2.1.  Materials

Aluminum nitrate nonahydrate (Al(NO3)3-9H,0, MW = 375.13 g-mol™!, purity > 98%, Sigma-Aldrich)
is used as the aluminum precursor. Chromium nitrate nonahydrate (Cr(NO3);-9HO, MW = 400.15
g-mol™', purity > 98%, Sigma-Aldrich) served as the chromium dopant source. Citric acid (CsHsO7,
MW = 192.12 g-mol™!, purity > 99.5%, Sigma-Aldrich) is employed as a chelating and complexing
agent in the sol—gel process. Deionized water is used as the solvent throughout the synthesis. Cr-doped
ADO3 samples with different chromium concentrations are prepared and labeled as AlCr0, AlCrl,
AICr3, and AICr5, corresponding to 0, 1, 3, and 5 wt.% Cr, respectively.

2.2.  Preparation of Cr-doped Al>O3 NPs

Cr-doped Al>O; ceramic nanoparticles are synthesized using a citrate-based sol-gel method. Initially,
an appropriate amount of aluminum nitrate corresponding to 0.1 mol of total metal ions is dissolved in
approximately 100 mL of deionized water under continuous magnetic stirring to obtain a clear and
homogeneous solution for the undoped sample (AICr0). For the doped samples (AICr1, AlCr3, and
AICr5), the total metal ion concentration is maintained at 0.1 mol, and suitable amounts of chromium
nitrate are introduced to achieve the desired doping levels (1, 3, and 5 wt.% Cr). The required
quantities of aluminum nitrate and chromium nitrate are dissolved together in deionized water under
constant stirring to ensure uniform mixing of AI** and Cr*" ions. Citric acid is then added gradually to
each solution in a 1:1 molar ratio with the total metal ions (0.1 mol), acting as a chelating agent to
form stable metal—citrate complexes and promote homogeneous distribution of the cations. The
resulting mixture is heated at ~80 °C under continuous stirring until a transparent and stable sol is
obtained. Further heating at the same temperature led to solvent evaporation and the transformation of
the sol into a viscous gel. Upon continued heating, the gel underwent drying followed by spontaneous
combustion, resulting in the formation of a porous precursor powder. This process involved the
decomposition of nitrate—citrate complexes and the release of gaseous by-products such as H>O, CO,,
and nitrogen oxides (NOx). The obtained powder is allowed to cool to room temperature and then
ground using an agate mortar and pestle to obtain a fine and homogeneous powder. The powder is
further dried to eliminate residual moisture and reground to improve uniformity. Subsequently, the
powders are compacted into pellets using a hydraulic press. The pellets are then sintered at 1000 °C in
air, followed by natural cooling to room temperature. This high-temperature treatment facilitated phase
formation, enhanced crystallinity, and improved densification of the Cr-doped AlO; ceramic
nanoparticles. The final samples are labeled as AICr0, AICr1, AICr3, and AICr5, corresponding to O, 1,
3, and 5 wt.% Cr, respectively, and are used for further characterization.

2.3. Characterization

The structural, physical, and thermal properties of the synthesized Al,O3:Cr ceramic nanoparticles
(AICr0-AICr5) are systematically investigated using a range of analytical techniques. X-ray diffraction
(XRD) analysis is performed to determine the crystal structure, phase composition, and crystallite size
of the samples. The measurements are carried out using an X-ray diffractometer (PANalytical X Pert
PRO, Malvern Panalytical, Netherlands) with Cu Ko radiation (A = 1.5406 A), operating at 40 kV and
30 mA. The diffraction patterns are recorded over a 20 range of 10°-90° with a step size of 0.02°.
Fourier transform infrared (FTIR) spectroscopy is employed to identify functional groups and
investigate chemical bonding within the samples. The spectra are recorded using a PerkinElmer
Spectrum Two FTIR spectrometer (USA) in the wavenumber range of 400—4000 cm™ with a
resolution of 0.1 cm™. Raman spectroscopy is further utilized to examine vibrational modes and
confirm the formation of the corundum structure. Raman measurements are conducted using a
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Renishaw inVia Raman microscope (UK) with a laser excitation wavelength of 532 nm, and spectra
are collected over the range of 100-1000 cm™'. The physical properties, including bulk density and
apparent porosity, are determined using the Archimedes method with distilled water as the immersion
medium. The calculations are based on dry, soaked, and suspended weights of the samples. Thermal
stability and decomposition behavior are analyzed using thermogravimetric analysis (TGA) and
derivative thermogravimetry (DTG) with a TA Instruments Q500 thermal analyzer (USA). The
measurements are conducted from room temperature up to 800 °C at a heating rate of 10 °C/min under
a nitrogen atmosphere. Differential scanning calorimetry (DSC) is performed using a TA Instruments
Q2000 system (USA) over a temperature range of 25-800 °C at a heating rate of 10 °C/min to
investigate thermal transitions and crystallization behavior. Additionally, the release of Cr** ions from
AlLO;:Cr ceramic nanoparticles is quantified using inductively coupled plasma optical emission
spectroscopy (ICP-OES, PerkinElmer Optima 8000, USA) after one week of immersion. These
characterization techniques collectively provided comprehensive insights into the structural,
vibrational, physical, thermal, and chemical stability properties of the synthesized Cr-doped Al>O3
ceramic nanoparticles.

3. RESULTS AND DISCUSSION
3.1.  Bulk density and apparent porosity

Figure 1 shows the variation of apparent porosity and bulk density of Al>O3 ceramic nanoparticles as a
function of Cr nanoparticle (Cr NPs) addition (0-5 wt.%). A clear inverse relationship between
porosity and density is observed across all samples. For the AICr0 sample (Al.O3:Cr (0)), the material
exhibits the highest apparent porosity (~28%) and the lowest bulk density (~3.20 g/cm?). This indicates
a relatively less compact microstructure with a higher volume of open pores, which is typical for pure
alumina processed via sol-gel without sintering aids or dopants to enhance densification. With the
introduction of 1 wt.% Cr (AlCrl, Al:Os:Cr (0.01)), there is a noticeable improvement in densification.
The porosity decreases to ~26%, while the bulk density increases to ~3.24 g/cm®. This suggests that a
small amount of Cr acts as a sintering facilitator, promoting better particle packing and reducing pore
volume. The Cr ions or nanoparticles likely enhance diffusion processes during high-temperature
treatment (1000 °C). At 3 wt.% Cr (AICr3, AlzOs:Cr (0.03)), the trend continues more significantly.
The porosity drops further to ~24%, accompanied by an increase in density to ~3.30 g/cm?®. This
composition appears to represent an optimal intermediate stage, where densification is substantially
improved without introducing structural instability. The reduced pore fraction indicates improved grain
bonding and more effective elimination of voids. For the 5 wt.% Cr sample (AICr5, ALO3:Cr (0.05)),
the lowest apparent porosity (~22%) and highest bulk density (~3.35 g/cm?) are achieved [43-45]. This
confirms that increasing Cr content enhances densification and reduces pore connectivity. The higher
density suggests a more compact and uniform microstructure, likely due to enhanced mass transport
and grain rearrangement during sintering [46].
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Figure 1 Variation of apparent porosity (%) and bulk density (g/cm?®) of ALO3:Cr ceramic
nanoparticles (AlCr0, AICrl, AlCr3, and AICr5 corresponding to Cr contents of 0, 0.01, 0.03, and
0.05) as a function of Cr nanoparticle addition (0-5 wt.%), sintered at 1000 °C

3.2.  XRD analysis

Based on Figure 2 and Table 1, the XRD patterns of all samples (AICr0, AlCrl, AlCr3, and AICrS)
confirm that the synthesized powders are predominantly a-Al2Os; (alpha alumina). The diffraction
peaks appearing at about 20 = 25.6°, 35.1°, 37.8°, 43.4°, 52.6°, and 57.5° are indexed to the
crystallographic planes (012), (104), (110), (113), (024), and (116), respectively. These reflections are
characteristic of the corundum structure of a-Al>O3, indicating that the prepared ceramic nanoparticles
have crystallized successfully after heat treatment. The absence of any extra diffraction peaks in the
patterns suggests that no detectable secondary chromium oxide phase has formed, which implies that
Cr is incorporated into the alumina lattice or remains highly dispersed below the XRD detection limit.
The crystal structure identified from the diffraction pattern corresponds to a-Al,O3; with the corundum
phase, generally matched with standard JCPDS/PDF card data for a-Al>Os. This phase belongs to the
trigonal crystal system (often described in the hexagonal setting) with space group R-3c. The typical
lattice parameters for a-Al,Os are approximately a =b = 4.76 A and ¢ = 12.99 A. In the commonly
used hexagonal description, the cell angles are o = 90°, B = 90°, and y = 120°. These values are
consistent with the corundum structure and support the assignment of all major peaks to a-alumina.
Since the peak positions in Figure 2 do not show any major shift with increasing Cr content, the basic
crystal symmetry remains unchanged after doping, indicating that chromium addition does not alter the
host phase structure significantly. A comparison between the samples shows that AICr0 exhibits the
same phase as the doped samples, but its peaks are relatively broader and less intense. This indicates a
lower degree of crystallinity and a smaller crystallite size. Table 1 supports this observation, where the
crystallite size values for AICr0 range from about 20 to 30 nm, with an average around 25 nm. The
broader full width at half maximum (FWHM) values in this sample suggest that the undoped alumina
contains finer crystallites and probably more lattice imperfection or micro-strain compared with the
Cr-doped compositions. For AICrl, the diffraction peaks become sharper and slightly more intense
than those of AICr0, indicating improved crystallization after the addition of a small amount of
chromium. The FWHM decreases, while the crystallite size increases to an average of about 29 nm.
This result suggests that low-level Cr doping promotes crystal growth and improves structural
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ordering. The retention of the same peak positions means that the host a-Al>O3 structure is preserved,
while the improved peak quality reflects better atomic arrangement and enhanced grain development.
The AlCr3 sample shows a further increase in peak sharpness and intensity. This confirms a continued
improvement in crystallinity with increasing Cr concentration. According to Table 1, the crystallite
size values increase further, and the average size is about 31-32 nm overall. The sample therefore
appears to represent a more developed crystalline state than AICr0 and AICr1. The strengthening of the
characteristic a-Al,O3 peaks without the appearance of impurity peaks indicates that this Cr content
remains within the solubility or accommodation range of the alumina matrix under the present
synthesis conditions. Among all samples, AICr5 exhibits the sharpest and most intense diffraction
peaks, indicating the highest crystallinity. Its FWHM values are the lowest, and the crystallite size
reaches the largest values, ranging from about 30 to 43 nm, with an average of approximately 36 nm.
This clearly shows that increasing Cr addition enhances crystal growth and reduces peak broadening.
In other words, the structural ordering becomes progressively better from AICt0 — AICrl — AlICr3 —
AICr5. The stronger and narrower peaks of AICrS suggest improved grain coalescence and reduced
structural disorder after calcination at high temperature. The d-spacing values listed in Table 1 remain
nearly constant for all samples, which is an important observation. It indicates that Cr incorporation
does not cause a drastic distortion of the a-Al>O; lattice. This is reasonable because chromium ions can
substitute aluminum ions without strongly disrupting the host structure, especially at relatively low
concentrations. Therefore, the main effect of Cr addition in these samples is not a phase
transformation, but rather an enhancement in crystallinity and crystallite growth [47-50].
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Figure 2 X-ray diffraction (XRD) patterns of Al>O3:Cr ceramic nanoparticles (AICr0, AlCrl, AICr3,
and AICr5) synthesized via sol-gel method and calcined at 1000 °C.
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Table 1 Structural parameters of Al2O3:Cr ceramic nanoparticles (AICr0—AICrS).

Sample | 20 (°) | FWHM | (hkl) d-spacing (A) Dcs (nm) | Dcs-avg (nm)
256 | 042 | (012) 3.47 20
351 | 038 | (104) 2.55 23
378 | 036 | (110) 2.38 25
AlCO =3 T 034 | (113) 2.08 27 25
526 | 032 | (024) 1.74 29
575 | 031 | (116) 1.60 30
256 | 038 | (012) 3.47 23
351 | 034 | (104) 2.55 27
378 | 032 | (110 2.38 29
AlCTT =34 T 030 | (113) 2.08 31 2
526 | 029 | (024) 1.74 33
575 | 028 | (116) 1.60 34
256 | 034 | (012) 3.47 26
351 | 030 | (104) 2.55 30
378 | 028 | (110) 2.38 33
AICS =3 T 027 | (113) 2.08 35 32
526 | 026 | (024) 1.74 36
575 | 025 | (116) 1.60 28
256 | 030 | (012) 3.47 30
351 | 027 | (104) 2.55 34
378 | 025 | (110) 2.38 37
AlCS 30T 024 [ (13) 2.08 39 36
526 | 023 | (024) 1.74 41
575 | 022 | (116) 1.60 43

3.3.  FTIR analysis

Figure 3 shows the FTIR spectra of Al>O3:Cr ceramic nanoparticles (AlCr0, AlCr1, AlCr3, and AICrS)
in the wavenumber range of 4004000 cm™'. The spectra of all samples exhibit similar characteristic
absorption bands, confirming that the fundamental chemical structure of AlbO3 is preserved after Cr
doping, with only slight variations in intensity and band position. For the AICr0 sample, a broad
absorption band observed around 3400 cm! is attributed to the stretching vibration of hydroxyl (~OH)
groups, indicating the presence of adsorbed moisture on the surface of the nanoparticles. The band near
1600 cm™! corresponds to the bending vibration of H-O-H, further confirming the presence of
physically adsorbed water. In the lower wavenumber region, strong bands appearing around 500—-800
cm! are assigned to Al-O stretching vibrations, which are characteristic of the Al,Os lattice. These
bands confirm the formation of alumina after calcination. With the addition of chromium in AICrl, the
FTIR spectrum retains all the characteristic bands of Al,O3, indicating that Cr incorporation does not
introduce new functional groups. However, slight changes in band intensity and minor shifts can be
observed, particularly in the Al-O vibration region (500-800 cm™'). These variations suggest that Cr
ions are interacting with the alumina lattice, possibly substituting Al** sites or occupying interstitial
positions, leading to local structural distortions. For AlCr3, the spectral features become slightly more
defined, especially in the metal-oxygen region. The Al-O bands appear sharper and more intense
compared to AlCr0 and AICrl, indicating improved structural ordering and crystallinity, which is
consistent with the XRD results. The hydroxyl-related bands slightly decrease in intensity, suggesting
reduced surface moisture due to better densification and grain growth at higher Cr content. In the case
of AICr5, the FTIR spectrum shows the most pronounced and well-defined Al-O absorption bands,
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confirming enhanced crystallinity and stronger metal-oxygen bonding. The broad —OH band around
3400 cm is further reduced in intensity, indicating a decrease in adsorbed water content. This
behavior suggests that higher Cr doping leads to a more compact and less porous structure, consistent
with the density and porosity results discussed earlier. No additional peaks corresponding to chromium
oxide phases are observed, supporting the conclusion that Cr is well incorporated into the Al,O3 matrix
without forming separate phases. Table 2 presents the FTIR band positions and their corresponding
vibrational assignments of Al,O3:Cr ceramic nanoparticles (AICrO—AICr5), highlighting the presence
of hydroxyl groups and characteristic AI-O bonding [51, 52].
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Figure 3 FTIR spectra of Al,O3:Cr ceramic nanoparticles (AlICr0, AlCr1, AlCr3, and AICrS).

Table 2 FTIR band assignments of Al,O3:Cr ceramic nanoparticles (AlCr0—AlCrS).

Sample Wavenumber (cm™) Assignment Description
~3400 O-H stretching Adsorbed / hydroxyl groups
AICTO ~1600 H—O-H bending . Molecular Wat(?r _
1000-1100 Al-O / AI-O-H Residual precursor or lattice vibration
500-800 AI-O stretching Characteristic alumina vibration
~3400 O-H stretching Reduced intensity (less moisture)
AICT] ~1600 H-O-H bending . Wegk water band '
1000-1100 Al-O vibration Slight shift due to Cr doping
500-800 Al-O stretching Enhanced intensity
~3400 O—H stretching Further reduced
AICKE3 ~1600 H-O-H bending Weak
1000-1100 Al-0 vibration Improved structural order
500-800 Al-O stretching Sharper peaks
~3400 O-H stretching Minimum intensity
AICES ~1600 H-O-H bending Very weak
1000-1100 Al-O vibration Stable
500-800 Al-O stretching Strong and well-defined
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3.4.  Raman analysis

Figure 4 presents the Raman spectra of Al>O3:Cr ceramic nanoparticles (AlCr0, AlCrl, AICr3, and
AICr5) in the range of 100-1200 cm™. All samples exhibit well-defined Raman active modes
characteristic of the a-Al,O3 (corundum) structure, confirming the results obtained from XRD analysis.
The observed peaks around ~380—420 cm™, ~450 cm™!, ~580 cm!, and ~630—650 cm™! correspond to
the typical vibrational modes of a-alumina, including Eg and Alg symmetry modes. For the AICr0
sample, the Raman peaks are present but relatively broader and of lower intensity, indicating a lower
degree of crystallinity and smaller crystallite size. The bands around ~418 cm™ and ~645 cm™ are
associated with bending and stretching vibrations of the Al-O bonds in the corundum lattice. The
relatively broad nature of these peaks suggests structural disorder and possible lattice strain in the
undoped sample. With the addition of chromium in AlCrl, the Raman peaks become sharper and more
intense compared to AICr0. This indicates an improvement in crystallinity and structural ordering. The
positions of the peaks remain nearly unchanged, confirming that the incorporation of Cr does not alter
the fundamental crystal structure of a-Al,O3. However, slight changes in peak intensity suggest that Cr
ions influence the local bonding environment within the lattice. For AlCr3, the Raman spectra show
further enhancement in peak sharpness and intensity. The vibrational modes become more well-
defined, indicating improved long-range order and reduced lattice defects. This behavior is consistent
with the XRD and FTIR results, which showed increased crystallite size and better structural
organization at this doping level. The absence of additional peaks indicates that no secondary
chromium oxide phases are formed. The AlCr5 sample exhibits the highest Raman intensity and the
sharpest peaks among all samples, indicating the highest degree of crystallinity. The strong and well-
resolved Raman modes confirm enhanced lattice ordering and reduced structural defects. The
increased intensity can also be attributed to improved grain growth and reduced phonon scattering due
to fewer defects. No new Raman bands related to chromium oxide phases are observed, confirming
that Cr is successfully incorporated into the alumina lattice without forming separate phases. A
comparison among all samples clearly shows that the Raman peak intensity increases and peak width
decreases in the order: AICr0 < AICr1 < AICr3 < AICrS, which indicates progressive improvement in
crystallinity and structural quality with increasing Cr content [53-55]. Table 3 presents the Raman
active modes of Al.Os:Cr samples, including the observed Raman shift positions and their assignments
to Eg and Alg vibrational modes associated with the corundum structure.
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Figure 4 Raman spectra of Al,O3:Cr ceramic nanoparticles (AICr0, AICr1, AlCr3, and AlCrS).

Table 3 Raman band positions and assignments of Al,O3:Cr ceramic nanoparticles (AICr0—AlICrS).

Sample | Raman Shift (cm™) | Mode Assignment
AlICr0 ~380 Eg Lattice vibration (Al1-O)
~418 Eg Bending mode of AlI-O
~450 Alg Symmetric vibration
~580 Eg Al-O stretching
~645 Alg Strong Al-O stretching
AlCrl ~380 Eg Lattice vibration
~420 Eg Al-O bending
~450 Alg Symmetric mode
~580 Eg Stretching vibration
~645 Alg Strong A1-O mode
AlCr3 ~380 Eg Lattice vibration
~420 Eg Bending vibration
~450 Alg Symmetric mode
~580 Eg Al-O stretching
~645 Alg Strong mode
AlCr5 ~380 Eg Lattice vibration
~420 Eg Bending mode
~450 Alg Symmetric vibration
~580 Eg Stretching
~645 Alg Strong Al-O vibration
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3.5. TGA analysis

Figure 5 shows the thermogravimetric analysis (TGA) curves of Al2O3:Cr ceramic nanoparticles
(AICr0, AlCrl, AlICr3, and AICrS) in the temperature range from room temperature to 1000 °C. All
samples exhibit a similar weight loss trend with increasing temperature, indicating comparable thermal
decomposition behavior, although slight differences are observed depending on Cr content. For the
AICr0 sample, an initial weight loss occurs below ~150 °C, which is attributed to the removal of
physically adsorbed water and surface hydroxyl groups. A second, more gradual weight loss is
observed between ~200—400 °C, corresponding to the decomposition of residual organic species or
precursor remnants from the sol-gel process. Beyond 400 °C, the weight becomes relatively stable,
indicating the formation of thermally stable AlbOs. The total weight loss for AICrO is the highest
among all samples, suggesting a higher amount of residual moisture and organic content. With the
introduction of chromium in AlCrl, a similar two-step weight loss behavior is observed; however, the
total weight loss is slightly reduced compared to AICr0. This indicates that Cr incorporation improves
the thermal stability of the material and promotes more complete decomposition of volatile species
during synthesis. The stabilization region above 400 °C is reached more rapidly, reflecting improved
structural consolidation. For the AICr3 sample, the weight loss further decreases, and the curve
becomes flatter at high temperatures. This suggests enhanced thermal stability and reduced presence of
volatile components. The improved behavior can be attributed to stronger bonding within the Al,O3
lattice due to Cr incorporation, which reduces the number of surface hydroxyl groups and residual
impurities. The AICr5 sample exhibits the lowest overall weight loss and the most stable behavior
across the entire temperature range. The initial moisture loss is minimal, and the decomposition of
residual species is significantly reduced. The curve becomes nearly constant beyond ~400 °C,
indicating excellent thermal stability. This behavior confirms that higher Cr content leads to a more
compact and stable ceramic structure with fewer volatile components. A comparison among all
samples reveals that the total weight loss decreases in the order: AICr0 > AlCrl > AICr3 > AICrS,
indicating that Cr doping enhances thermal stability. The reduced weight loss at higher doping levels is
consistent with the FTIR results (lower hydroxyl content) and XRD results (improved crystallinity).
Thus, Cr incorporation strengthens the alumina network, reduces defects, and improves resistance to
thermal decomposition [56, 57]. Table 4 presents the thermal parameters of Al2O3:Cr ceramic
nanoparticles, including weight loss percentages in different temperature regions and the residual mass
at high temperature, indicating the effect of Cr doping on thermal stability.
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Figure 5 Thermogravimetric analysis (TGA) curves of Al,O3:Cr ceramic nanoparticles (AICr0, AICrl,
AICr3, and AICrS).

Table 4 Thermal parameters of Al,O3:Cr ceramic nanoparticles (AICr0—AICrS).

Sample | Initial weight loss (%) Weight loss (%) Total weight Residual weight at
(RT-150 °C) (150400 °C) loss (%) 1000 °C (%)
AICr0 ~2.2 ~3.8 ~6.0 ~94.0
AlCrl ~2.0 ~3.5 ~5.5 ~94.5
AlCr3 ~1.8 ~3.2 ~5.0 ~95.0
AICr5 ~1.5 ~2.8 ~4.3 ~95.7

3.6.  DSC analysis

Figure 6 shows the differential scanning calorimetry (DSC) curves of Al2O3:Cr ceramic nanoparticles
(AICr0, AICrl, AICr3, and AICrS) over a wide temperature range. All samples exhibit two main
thermal events: an endothermic peak at low temperature (~100-200 °C) and a prominent exothermic
peak at higher temperature (~750-900 °C). These thermal features provide insight into the phase
evolution and thermal behavior of the materials. For the AICr0 sample, the endothermic peak observed
around ~120-150 °C is attributed to the removal of physically adsorbed water and dehydration of
surface hydroxyl groups. This is consistent with the TGA and FTIR results, which confirmed the
presence of moisture in the undoped sample. The broad exothermic peak centered around ~800 °C
corresponds to the phase transformation and crystallization of amorphous alumina into the stable a-
ADlO3 phase. The relatively lower intensity and broader nature of this peak indicate slower
crystallization kinetics and lower structural ordering. With the addition of chromium in AlICrl, the
endothermic peak slightly decreases in intensity, suggesting reduced moisture content due to improved
particle packing and reduced porosity. The exothermic peak shifts slightly toward a higher temperature
and becomes sharper, indicating enhanced crystallization behavior. This suggests that Cr acts as a
facilitator for structural rearrangement, improving the transformation process. For the AICr3 sample,
the endothermic peak becomes less pronounced, confirming further reduction in hydroxyl content and
improved thermal stability. The exothermic peak becomes sharper and more intense, indicating more
efficient and well-defined crystallization. The shift in peak position suggests that the presence of Cr
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modifies the energy required for phase transformation, likely due to lattice interactions and improved
diffusion during heating. The AlICr5 sample exhibits the most distinct thermal behavior among all
samples. The endothermic peak is minimal, indicating very low moisture and residual content. The
exothermic peak is the sharpest and most intense, and it is slightly shifted compared to the undoped
sample. This reflects enhanced crystallization kinetics and improved structural ordering, consistent
with XRD and Raman results showing higher crystallinity for this sample. The sharper peak also
indicates a more uniform phase transformation. A comparison between all samples shows that the
endothermic peak intensity decreases and the exothermic peak becomes sharper and more defined with
increasing Cr content. This indicates that Cr doping reduces residual volatile species and enhances the
crystallization process. The shift and sharpening of the exothermic peak confirm that chromium
improves the thermal behavior and promotes the formation of a well-ordered a-Al2O3 phase [58, 59].
Table 5 presents the DSC-derived thermal parameters of AloO3:Cr ceramic nanoparticles, including the
temperatures of endothermic and exothermic peaks and their corresponding thermal behavior,
illustrating the effect of Cr doping on crystallization and thermal stability.
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Figure 6 Differential scanning calorimetry (DSC) curves of Al2O3:Cr ceramic nanoparticles (AlCr0,
AlCrl, AlCr3, and AICrS).

Table 5 DSC thermal parameters of Al2O3:Cr ceramic nanoparticles (AlCr0—AICrS5).

Sample | Endothermic peak | Exothermic peak | Peak intensity Thermal behavior

) ¢C) (mW)
AlCr0 ~130 ~800 Moderate Slower crystallization
AlCrl ~140 ~810 Moderate—high Improved transformation
AlICr3 ~145 ~820 High Enhanced crystallization
AlCr5 ~150 ~830 Highest Best thermal stability and ordering

3.7. DTG analysis

Figure 7 shows the derivative thermogravimetric (DTG) curves of AlO;:Cr ceramic nanoparticles
(AICr0, AICrl, AICr3, and AICrS) as a function of temperature. The DTG curves provide a more
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precise identification of the temperatures at which maximum weight loss occurs, highlighting the
decomposition stages observed in TGA. For the AICr0 sample, two distinct negative peaks are
observed. The first sharp peak centered around ~100-150 °C corresponds to the maximum rate of
weight loss due to the removal of physically adsorbed water and surface hydroxyl groups. The second
broader peak around ~250—400 °C is attributed to the decomposition of residual organic compounds
and precursor remnants from the sol-gel process. The relatively higher (intensity) of these peaks
indicates that AICr0 contains a larger amount of volatile species and exhibits lower thermal stability.
With the addition of chromium in AICrl, both DTG peaks decrease slightly in intensity, indicating a
reduction in the rate of weight loss. This suggests that Cr incorporation reduces the amount of
adsorbed moisture and organic residues. The peak positions remain nearly unchanged, confirming that
the decomposition mechanism is similar, but the extent of decomposition is reduced compared to the
undoped sample. For the AICr3 sample, the DTG peaks become further reduced and slightly
broadened, indicating a more gradual and controlled decomposition process. The lower peak intensity
reflects improved thermal stability and reduced volatile content. This behavior suggests that Cr doping
enhances the structural integrity of the material and limits rapid mass loss during heating. The AlCr5
sample exhibits the lowest DTG peak intensities among all samples. The first peak associated with
moisture removal is significantly reduced, indicating minimal adsorbed water. The second peak
corresponding to organic decomposition is also less pronounced, confirming that the sample contains
fewer residual impurities. The smoother DTG curve indicates a more stable and gradual thermal
decomposition process. A comparison among all samples shows that the maximum rate of weight loss
decreases in the order: AICr0 > AICr1 > AICr3 > AICr5. This clearly demonstrates that increasing Cr
content enhances thermal stability and reduces the presence of volatile components. Additionally, the
slight broadening and reduction in peak indicate a more controlled decomposition process at higher
doping levels [60, 61]. Table 6 presents the DTG-derived thermal parameters of AlbO3:Cr ceramic
nanoparticles, including the temperatures of maximum weight loss and corresponding peak intensities,
highlighting the effect of Cr doping on decomposition behavior and thermal stability.

Temperature (° C)

Figure 7 Derivative thermogravimetric (DTG) curves of AO3:Cr ceramic nanoparticles (AlCrO,
AlCrl, AlCr3, and AICrS).
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Table 6 DTG thermal parameters of Al2O3:Cr ceramic nanoparticles (AICr0-AlCrS).

Sample Peak 1 Peak 2 DTG peak Interpretation
temperature (°C) | temperature (°C) | intensity (%/°C)

AlCr0 ~120 ~320 Highest Rapid decomposition, low stability

AlCrl ~125 ~330 High Improved stability

AlCr3 ~130 ~340 Moderate Controlled decomposition

AlICr5 ~135 ~350 Lowest Highest thermal stability

3.8.  ICP-OES analysis of Cu’" ion release from Al>Os:Cr ceramic NPs

Figure 8 illustrates the ion concentration released (ppm) from Al,O3:Cr ceramic nanoparticles (AICr0,
AlCr1, AICr3, and AICrS5). A clear decreasing trend in ion release is observed with increasing Cr
content, indicating improved chemical stability of the material upon doping. For the AICr0 sample, the
highest ion release value (~0.007 ppm) is recorded. This suggests that the undoped AlO3 exhibits
relatively lower chemical stability and a higher tendency for surface ion leaching. The higher ion
release can be attributed to its higher porosity and lower density, as previously observed, which
facilitate interaction with the surrounding medium and promote ion diffusion. With the introduction of
chromium in AlCrl, the ion release decreases to approximately ~0.0055 ppm. This reduction indicates
that Cr doping enhances the structural integrity of the material, reducing its susceptibility to ion
leaching. The improved densification and reduced pore volume limit the pathways available for ion
diffusion. For the AICr3 sample, the ion concentration further decreases to around ~0.003 ppm. This
significant reduction reflects enhanced chemical stability and stronger bonding within the alumina
matrix. The improved crystallinity and reduced defect concentration, as confirmed by XRD and Raman
analyses, contribute to minimizing ion release. The AICr5 sample exhibits the lowest ion release
(~0.002 ppm), indicating the highest chemical stability among all samples. The dense microstructure,
reduced porosity, and improved grain bonding effectively suppress ion diffusion and leaching. This
behavior confirms that higher Cr content leads to a more stable and durable ceramic structure. A
comparison among all samples reveals that ion release decreases in the order: AICr0 > AICrl > AlCr3
> AICrS5, demonstrating that Cr incorporation significantly enhances the chemical resistance of Al2Os
ceramic nanoparticles. The reduction in ion release correlates well with the improvements in density,
crystallinity, and thermal stability observed in previous analyses [62].
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Figure 8 Ion concentration released (ppm) from Al>O3:Cr ceramic nanoparticles (AICr0, AlCr1, AlCr3,
and AICr5)

4. CONCLUSIONS

In this study, Cr-doped AlO3 (Al2O3:Cr) ceramic nanoparticles (AICr0—AlCr5) were successfully
synthesized via the sol-gel method and calcined at 1000 °C. XRD analysis confirmed the formation of
a single-phase a- A12O3; (corundum structure) for all samples, with no detectable secondary phases,
indicating effective incorporation of Cr into the alumina lattice. A progressive decrease in FWHM and
increase in crystallite size from ~25 nm to ~36 nm was observed with increasing Cr content,
demonstrating enhanced crystallinity and grain growth. FTIR and Raman analyses further supported
the formation of AI-O bonding and the preservation of the corundum structure, while revealing
improved structural ordering with Cr addition. The reduction in hydroxyl-related bands and sharper
Raman peaks confirmed decreased surface defects and enhanced lattice stability. Thermal analyses
(TGA, DSC, and DTG) showed that all samples exhibit good thermal stability above 400 °C, with Cr
doping significantly reducing weight loss and enhancing crystallization behavior. The AICr5 sample
displayed the highest thermal stability and most efficient phase transformation. Density and porosity
measurements revealed that increasing Cr content improves densification, as evidenced by higher bulk
density and reduced apparent porosity. Furthermore, ICP-OES results demonstrated a composition-
dependent decrease in Cr’" ion release, indicating enhanced chemical stability with higher Cr
concentrations. Cr doping effectively improves the structural, thermal, and chemical properties of
ADO3 ceramic nanoparticles without altering the fundamental crystal structure. Among all samples,
AICr5 exhibited the best overall performance, making it a promising candidate for advanced ceramic
applications requiring high stability and durability.
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