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Abstract

In this study, NiO nanoparticle–reinforced PMMA nanocomposites were fabricated by melt
blending, and the influence of extrusion mixing time on structural and thermal proper-
ties was examined. Mixing durations of 6 and 12 min were applied, and the materials
were characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM).
These analyses confirmed the presence of NiO within the PMMA matrix and indicated
that prolonged mixing promoted particle agglomeration. Thermal behavior was assessed
by thermogravimetric analysis (TGA) at heating rates of 5, 10, 15, and 20 K·min−1, and
activation energies of decomposition were calculated using the Kissinger, Takhor, and
Augis–Bennett methods. The results showed that extended mixing reduced composite
homogeneity and adversely affected thermal stability. Incorporation of NiO nanoparticles
decreased both the onset decomposition temperature and the activation energy compared
to pure PMMA, facilitating earlier degradation. At 620 K, pure PMMA exhibited ~8% mass
loss, whereas the 12 min blend showed ~12% loss. These findings highlight the impor-
tance of nanoparticle dispersion and processing parameters in governing the degradation
behavior of PMMA/NiO nanocomposites.

Keywords: poly (methyl methacrylate); thermal analyses; NiO; activation energy; mixing
time; nanoparticle dispersion; thermal stability; polymer nanocomposites

1. Introduction
Polymeric nanocomposites are an emerging class of multifunctional materials that

combine the favorable mechanical flexibility and ease of processing of organic polymers
with the superior physical, chemical, and functional properties of inorganic nanofillers [1].
The incorporation of nanoscale reinforcements into polymer matrices has opened new
pathways for designing materials with tailored properties for specific applications, in-
cluding electronics, photonics, coatings, packaging, sensors, and biomedical devices [2,3].
Among the various types of nanofillers, metal oxide nanoparticles have drawn considerable
attention due to their unique electrical, optical, thermal, and catalytic characteristics.

Poly(methyl methacrylate) (PMMA) is a transparent thermoplastic polymer widely
used in industrial and scientific applications owing to its excellent optical clarity, dimen-
sional stability, rigidity, weather resistance, and ease of processing [4]. It also possesses
good abrasion resistance and ultraviolet (UV) shielding properties, making it ideal for
optical lenses, medical devices, and structural components [5]. However, like many thermo-
plastics, PMMA has low thermal stability and poor impact resistance. To overcome these
drawbacks and extend its applicability, researchers have focused on enhancing PMMA’s
performance through the incorporation of functional nanoparticles.
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Among various inorganic fillers, nickel oxide nanoparticles (NiO NPs) have emerged
as promising candidates due to their high dielectric constant, ionic conductivity, chemical
stability, and semiconducting nature [6]. Recent studies have also demonstrated that
blending NiOx with PMMA improves surface properties and contributes to the stability of
functional layers in optoelectronic devices [7]. As a p-type semiconductor and a transition
metal oxide, NiO exhibits a wide band gap and excellent thermal resistance, making it
suitable for applications in catalysis, gas sensing, batteries, and optoelectronics [8]. When
used as a filler in polymer matrices, NiO NPs have shown the potential to significantly
improve thermal, mechanical, and electrical properties of the resulting nanocomposites.

Numerous studies have demonstrated the effectiveness of NiO NPs in enhancing the
performance of polymer systems. Cerda et al. synthesized PMMA/NiO nanocomposites
via in situ bulk polymerization using NiO nanoparticles prepared through the Pechini
method. Their findings revealed that the inclusion of NiO NPs restricted the mobility
of PMMA chains, resulting in increased thermal stability [1]. Similarly, Soleimani and
Niavarzi employed emulsion polymerization and oleic acid-modified NiO NPs to pro-
duce PMMA-based nanocomposites, observing an improvement of approximately 30 K
in thermal degradation temperature and a 10 K increase in glass transition temperature
(Tg) [9]. In another study, Sayed and El-Gamal introduced NiO and La2O3 nanoparticles
into a PVAc/PMMA blend via solution casting, reporting enhanced optical, dielectric, and
mechanical properties that rendered the materials suitable for energy storage and superca-
pacitor applications [10]. Basappa et al. investigated PVC/PMMA/NiO nanocomposite
films and found that NiO loading at 3% provided a synergistic enhancement in electro-
chemical properties, making the films promising candidates for electronic devices [11].
These studies collectively highlight the critical influence of filler type, dispersion quality,
and processing conditions on the final properties of polymer nanocomposites [11].

A critical factor influencing the properties of polymer nanocomposites is the degree of
dispersion and distribution of nanoparticles within the polymer matrix. It has been widely
reported that agglomeration of nanoparticles leads to heterogeneous microstructures, which
adversely affect mechanical strength, thermal stability, and electrical conductivity [12].
Surface modification of nanoparticles or optimized mixing techniques are often employed
to achieve homogeneous dispersion and strong interfacial adhesion between filler and
matrix, thereby enhancing composite performance.

Thermal analysis techniques such as thermogravimetric analysis (TGA), differential
thermal analysis (DTA), and differential scanning calorimetry (DSC) are essential for char-
acterizing the thermal behavior of polymer nanocomposites [13,14]. These techniques mea-
sure heat flow, phase transitions, and degradation temperatures, and provide insight into
crystallization and degradation kinetics. Calculation of activation energy (Ea) for thermal
degradation is particularly important to understand the thermal stability and degradation
mechanisms of polymers and their composites. Various methods have been developed to
estimate activation energy from thermal analysis data. The Kissinger method [15], Takhor
method [16], and Augis–Bennett method [17] are widely used for analyzing weight loss
and phase transition kinetics. These methods involve plotting temperature-dependent
parameters and calculating Ea from the slopes of linearized forms of the Arrhenius equation
based on heating rate and peak temperatures obtained from thermal analysis.

The Avrami model is frequently applied to study thermal transition or degra-
dation kinetics and nucleation mechanisms during thermal transitions. The Avrami
exponent (n) gives information about nucleation type and growth dimensions, with
values of 1–4 corresponding to superficial or volumetric nucleation and one-, two-, or
three-dimensional growth [18,19]. Understanding these parameters helps correlate mi-
crostructure evolution with thermal behavior.
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Several studies have highlighted the importance of processing conditions such as
mixing time and temperature on the dispersion of nanoparticles in polymer matrices. Pro-
longed mixing times can lead to nanoparticle agglomeration, resulting in uneven dispersion
and degradation of thermal and mechanical properties [12]. Hence, optimizing processing
parameters is crucial for fabricating nanocomposites with uniform microstructure and
enhanced performance. Despite these advances, challenges remain in achieving uniform
nanoparticle dispersion and fully understanding the effects of nanofiller incorporation
on polymer thermal stability. The balance between improved mechanical reinforcement
and the risk of agglomeration-induced thermal instability continues to drive research in
polymer nanocomposite fabrication and characterization.

In the present study, PMMA/NiO nanocomposites were fabricated via melt blending
using two different mixing durations: 6 min and 12 min. The objective was to systematically
investigate the effect of mixing time on nanoparticle dispersion, structural homogeneity,
and thermal stability. Comprehensive characterization was conducted using X-ray diffrac-
tion (XRD) to analyze phase composition, scanning electron microscopy (SEM) to observe
morphological features, and thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) to evaluate thermal behavior. The activation energy of thermal decompo-
sition was further calculated using model-free kinetic approaches, including Kissinger,
Takhor, and Augis–Bennett methods. The findings aim to provide insights into optimizing
processing parameters for the development of thermally stable and structurally uniform
PMMA-based nanocomposites.

2. Materials and Methods
2.1. Materials

Polymethylmethacrylate (PMMA) with an average molecular weight of 35,000 g/mol
was procured from Acros Organics. Nickel oxide (NiO) nanoparticles, with a CAS number
of 1313-99-1, were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
All reagents were of analytical grade and used without further purification.

2.2. Preparation of PMMA/NiO Nanocomposites

Pure PMMA and NiO-reinforced PMMA nanocomposite films were fabricated using
a melt-blending technique [20]. In a typical process, 4 g of PMMA and 0.1 g of NiO
nanoparticles (corresponding to 2.5 wt%) were premixed and fed into a twin-screw extruder.
The extrusion was performed at a temperature of approximately 480 K and a screw speed
of 100 rpm. To investigate the effect of processing time, the melt blending was conducted
for two different durations: 6 min and 12 min. The resulting films were labeled as follows:
PMMA (pure polymer), PMMA-6 (nanocomposite blended for 6 min), and PMMA-12
(nanocomposite blended for 12 min).

2.3. Characterization Techniques
2.3.1. X-Ray Diffraction (XRD)

Phase composition and structural changes in the prepared samples were analyzed
using a Bruker D8 Advance X-ray diffractometer (Bruker, Billerica, MA, USA) equipped
with CuKα radiation (λ = 0.154056 nm). Scans were recorded in the 2θ range of 5–80◦ with
a step size of 0.013◦ to ensure high-resolution pattern acquisition.

2.3.2. Scanning Electron Microscopy (SEM)

The surface morphology and dispersion of NiO nanoparticles within the PMMA
matrix were examined using a JEOL JSM-6064LV scanning electron microscope (JEOL Ltd.,
Tokyo, Japan) operated at an accelerating voltage of 10 kV.
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2.3.3. Differential Thermal Analysis (DTA)

Thermal degradation kinetics and stability of the nanocomposites were evaluated
using the Kissinger Takhor, and Augis–Bennett methods. These approaches were applied
to calculate activation energy (Ea) values based on non-isothermal DTA/TGA data.

Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were per-
formed with a Hitachi Exstar SII 7300 thermal analyzer (Hitachi, Tokyo, Japan) to investigate
phase transitions and degradation behavior. Powder samples (10–20 mg) were sealed in
aluminum pans and heated under a nitrogen atmosphere (flow rate: 50 mL·min−1) at a
constant heating rate of 10 K·min−1 up to 1000 K.

Pure PMMA was used as the reference material to enable direct comparison of thermal
stability. Calibration of the instrument was carried out using standard alumina crucibles.
To ensure reproducibility and accuracy, all thermal measurements were repeated three
times for each sample.

2.4. Theoretical Background

Polymers are widely recognized as solid materials exhibiting diverse thermal behav-
iors depending on their structure, composition, and application environments. To evaluate
these behaviors, thermal analysis techniques are essential, providing detailed information
on phase transitions, degradation processes, and thermal stability across varying temper-
ature conditions [13,21,22]. These techniques measure the heat exchanged between the
material and its surroundings during controlled heating or cooling cycles. From these
measurements, values such as heat capacity, melting enthalpy, and transition temperatures
are obtained. These thermal parameters help to elucidate important phenomena including
crystallization, glass transitions, and thermal degradation behavior.

A key thermal parameter derived from such analyses is the thermal activation energy
(Ea), which represents the minimum energy required for degradation or transformation
processes to occur within the polymer or nanocomposite matrix. Ea serves as a vital
indicator of thermal stability and can be determined using several model-based methods.
Among the most widely adopted methods are the Kissinger, Takhor, and Augis–Bennett
methods, all of which are based on the non-isothermal kinetic analysis derived from the
general Ozawa equation [14].

The activation energy of the prepared samples was calculated using the Kissinger
method [15],

dln
[
β/T2

x
]

d⌊1/Tx⌋
=

−Ea

R
(1)

where Ea; activation energy and R; gas constant (R = 8.314 J/mol.K). According to the
crystallization temperature peaks obtained in DTA; When ln (β/Tx

2) is plotted against
1000/Tx, activation energy is calculated from the slope of the line.

Another method for calculating activation energy is the Takhor method, in which the
activation energy is determined as follows [23],

dlnβ

d⌊1/Tx⌋
=

−Ea

R
(2)

The terms are the same as in the Kissinger method, and when lnβ is plotted against
1000/Tx, activation energy is calculated from the slope of the line according to the
Takhor method.
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Another activation energy calculation method is the Augis–Bennett method. Activa-
tion energy according to this method is calculated as [17],

ln
[

β

Tx − T0

]
=

Ea

RTx
+ C (3)

where T0 is the absolute temperature and C is constant. The activation energy is calculated
from the slope of the line obtained from the ln (β/Tx − T0) graph against 1000/Tx.

In Figure 1, the expressions used for the evaluation of the DTA curves are as fol-
lows: T0, the starting temperature of the crystallization peak; Tγ, the partial temperature;
Tx, the crystallization peak temperature; Tf, the peak end temperature; Ax, the partial area
of the peak; and A, the entire area of the peak (crystallization enthalpy). The reaction rate
is calculated using Equation (4).

x =
Ax

A
(4)

x values are calculated using Equation (4) using the temperature values selected from
crystallization peaks at different heating rates in order to obtain the Avrami parameter (n),
which is an important expression in determining the nucleation mechanism of the samples.
Avrami parameter is obtained as,

dln[−ln( 1 − x)]
dlnβ

= −n (5)

where β is taken as the heating rate and a graph of ln[− ln(1 − x)] versus ln β is drawn.
The slope of the nearest passing line returns the value −n [23]. From the studies in the
literature, it is understood that the n values can be 1, 2, 3 and 4. The n values to be obtained
indicate different crystallization mechanisms. The meanings of the values that n can receive
are as follows.

Figure 1. Representation of the values specified on the DTA chart.

From the surface to the interior, it is known to defy growth [19]
n = 1; superficial nucleation and single dimension,
n = 2; volumetric nucleation and single size,
n = 3; volumetric nucleation and two dimensions,
n = 4; volumetric nucleation and three-dimensional,
Displacements in exothermic and endothermic peak temperatures resulting from

heating rates are also used in activation energy calculations.
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3. Results
3.1. XRD Characterization

Figure 2 presents the XRD patterns of pure PMMA, NiO nanoparticles, and
PMMA/NiO nanocomposites (PMMA-6 and PMMA-12). The NiO pattern exhibits distinct
peaks at 2θ ≈ 37.2◦, 43.3◦, and 62.9◦, corresponding to the (111), (200), and (220) planes
of the cubic spinel structure, in agreement with JCPDS card no. 73-152 [24]. These sharp
reflections confirm the crystalline nature of the NiO nanoparticles. In contrast, the pure
PMMA sample shows a broad diffraction halo centered around 2θ ≈ 13–20◦, consistent
with its amorphous character, as identified in JCPDS card no. 13-0835.

Figure 2. XRD patterns for NiO NPs, PMMA, PMMA-6 and PMMA-12 samples.

For the PMMA-6 and PMMA-12 nanocomposites, the amorphous PMMA background
is retained; however, additional diffraction peaks corresponding to NiO planes are evident,
indicating successful incorporation of the nanoparticles into the polymer matrix. The
visibility of NiO reflections in both nanocomposites confirms the presence and dispersion
of crystalline NiO within the amorphous PMMA.

3.2. Morphology of PMMA and Nanocomposites

SEM micrographs of pure PMMA, PMMA-6, and PMMA-12 samples are presented
in Figure 3a–c were analyzed to evaluate the dispersion of NiO nanoparticles within the
PMMA matrix. The pure PMMA surface (Figure 3a) appears smooth and featureless, typical
of an amorphous polymer. In PMMA-6 (Figure 3b), NiO nanoparticles are visible as bright
spots; however, their distribution is not entirely uniform, and localized agglomeration
is evident.

Quantitative analysis of more than 60 agglomerates per sample confirmed that the
mean agglomerate area increased from 310 ± 740 px2 for PMMA-6 to 400 ± 1100 px2 for
PMMA-12, with a higher coefficient of variation (240% → 275%), indicating broader size
distribution after prolonged mixing (Table 1).
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Figure 3. SEM micrographs of PMMA and nanocomposites: (a) PMMA, (b) PMMA-6, (c) PMMA-12.

Table 1. Quantitative analysis of agglomerate size from SEM micrographs (n > 60 per sample).

Sample Mean Area (px2) ± SD CV (%)

PMMA-6 310 ± 740 240
PMMA-12 400 ± 1100 275

3.3. Differential Thermal Analysis (DTA)

The DTA curves of pure PMMA, PMMA-6, and PMMA-12 at various heating rates
(5, 10, 15, and 20 K/min) are shown in Figure 4a–c. All samples exhibit prominent en-
dothermic peaks, indicating thermal decomposition behavior associated with polymer
degradation. For the pure PMMA sample (Figure 4a), the onset of thermal degradation be-
gins around 600 K and shifts progressively to higher temperatures with increasing heating
rate, a typical kinetic response of thermally activated processes.

Figure 4. Cont.
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Figure 4. DTA curves of the samples (a) PMMA, (b) PMMA-6 and (c) PMMA-12.

A similar thermal behavior was observed in PMMA-6 (Figure 4b) and PMMA-12
(Figure 4c), although the decomposition onset occurs slightly earlier than in pure PMMA,
suggesting that the addition of NiO nanoparticles slightly reduces the thermal stability
of the matrix. Notably, the endothermic peaks remain well-defined in all nanocomposite
samples, confirming that degradation is a single-stage process dominated by polymer
chain scission.

The DTA data summarized in Table 2 revealed a consistent decrease in the crystalliza-
tion peak temperature (Tx) for the nanocomposite samples compared to pure PMMA, with
reductions ranging from 2 to 5 K at equivalent heating rates. For example, at a heating
rate of 5 K/min, the pure PMMA sample exhibited a Tx of 651 K, whereas PMMA-6 and
PMMA-12 recorded slightly lower values of 648 K and 646 K, respectively. This trend
persisted across all examined heating rates.
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Table 2. Thermal analysis results of PMMA and NiO/PMMA nanocomposites obtained by DTA.

Samples Temp. Rate β
(K/min)

To
(K)

Tx
(K) A Ax

∆T
(Tx-To)

(K)

PMMA

5 627 651 266 213 24
10 593 661 279 164 68
15 595 670 311 132 75
20 597 676 281 80,2 79

PMMA-6

5 594 652 332 276 58
10 604 660 310 201 56
15 611 666 321 161 55
20 615 673 292 109 58

PMMA-
12

5 570 649 346 286 79
10 590 659 316 194 69
15 597 667 323 148 70
20 598 673 380 128 75

The glass transition temperature (Tg) is a critical parameter for polymer characteriza-
tion, as it governs the macroscopic thermal and mechanical behavior of the material [25]. Tg
marks the temperature at which the amorphous regions of the polymer undergo significant
changes in molecular mobility, leading to altered thermal properties. Importantly, Tg often
correlates with the onset of thermal degradation, as polymers tend to exhibit isotropic ex-
pansion once this temperature is exceeded. As shown in Figure 4, the DTA curve indicates
that pure PMMA exhibits a Tg around 380 K, consistent with previously reported values in
the literature [26]. This confirms the reliability of the current measurements and establishes
a baseline for comparing the thermal behavior of PMMA nanocomposites [27].

3.4. Thermal Activation Calculations

The activation energies of the samples were calculated from the DTA curves by ana-
lyzing the mass loss occurring at various stages of the degradation process. Additionally,
the Avrami parameter (n) was determined from the degradation peaks, providing im-
portant insights into microstructural changes within the nanocomposites. According to
the literature, the Avrami parameter helps characterize the nucleation and growth mech-
anism, indicating whether these processes occur superficially or volumetrically, as well
as the dimensionality of growth from the surface inward. The Avrami parameters were
derived from the slopes of the linear fits based on the Ozawa equation, as described in
Equation (5) [28]. Figure 5 illustrates the plots of ln[−ln(1 − φ)] versus lnβ for PMMA,
PMMA-6, and PMMA-12 samples, calculated in accordance with the Ozawa method.

By analyzing the peaks on the DTA curve, it was determined that the Avrami parameter
for as-prepared samples was approximately 1. This suggests that there was unidirectional
superficial nucleation and growth.

The activation energies calculated using the Kissinger, Takhor, and Augis–Bennett
methods are presented in Table 3. The Kissinger method is typically employed for esti-
mating the activation energy of a chemical reaction or a phase transition. It is particularly
useful for analyzing weight loss processes, such as thermal degradation or decomposition.
The graph of 1000/Tx versus ln (β/Tx

2) obtained from DTA measurements by the Kissinger
method is given in Figure 6. The slope of the line calculated for each sample gives the
activation energy [29].
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Figure 5. Ozawa plots for PMMA, PMMA-6 and PMMA-12 samples.

Table 3. Activation energies calculated from the values of the samples as a result of DTA.

Samples Avrami
Parameter

Kissinger
Method
(kJ/mol)

Takhor
Method
(kJ/mol)

Augis–Bennett
Method
(kJ/mol)

PMMA 1 189 200 162
PMMA-6 1 230 241 241

PMMA-12 1 207 218 230

 

Figure 6. ln(β/Tx
2) − 1000/Tx plot for PMMA, PMMA-6 and PMMA-12 samples according to

Kissinger Formula.

We compared the activation energies of transformations in PMMA, PMMA-6, and
PMMA-12 samples subjected to heating rates of 5, 10, 15, and 20 K/min. The Kissinger
method showed that the activation energy of PMMA/NiO (2.5%) prepared with 6 min
mixing time was 230 kJ/mol, and 207 kJ/mol with 12 min mixing time.
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The lnβ-1000/Tx graph for PMMA, PMMA-6 and PMMA-12 samples according to the
Takhor Formula is given in Figure 7. Based on the Takhor Formula, the activation energies
were calculated for PMMA, PMMA-6 and PMMA-12 samples subjected to heating rates
of 5, 10, 15 and 20 K/min. The obtained activation energy was 200 kJ/mol for PMMA,
241 kJ/mol for PMMA-6 and 218 kJ/mol for PMMA-12.

 

Figure 7. lnβ − 1000/Tx graph for PMMA, PMMA-6, and PMMA-12 samples according to
Takhor Formula.

According to the Augis–Bennett formula, the ln (β/Tx
2) − 1000/Tx plot for PMMA,

PMMA-6 and PMMA-12 is presented in Figure 8. The activation energies calculated PMMA,
PMMA-6 and PMMA-12 were 162 kJ/mol 241 kJ/mol and 230 to evaluate the dispersion,
respectively. Similarly to the Kissinger and Takhor methods, the activation energy value
of the PMMA-6 increased compared to the PMMA sample, and of PMMA-12 sample
decreased relative to PMMA-6.

 

Figure 8. ln(β/Tx − To) − 1000/Tx chart for samples according to Augis–Bennett Formula.
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Activation energy calculations showed that the presence of NiO nanoparticles lowered
the degradation onset temperature and decreased the activation energy compared to pure
PMMA. Notably, the 6 min blend exhibited slightly higher activation energies and improved
thermal stability than the 12 min blend, underscoring the negative impact of nanoparticle
agglomeration on heat resistance. To further validate these results, the calculated activation
energies were compared with literature values reported for pure PMMA under different
conditions, as summarized in Table 4 [30,31].

Table 4. Activation energies of NiO/PMMA nanocomposites and literature values for pure PMMA.

System/Study Mixing Time Activation Energy (kJ/mol) Notes

This Work (PMMA + NiO Nanocomposites) 6 min 230 Higher dispersion, improved
thermal stability

This Work (PMMA + NiO Nanocomposites) 12 min 210–220 Agglomeration,
reduced stability

Pure PMMA (in CO2, inert atmosphere) [30]. – ~206
Average Ea using
isoconversional methods in
CO2 flow

Pure PMMA (radical polymerization) [32]. – ~200 Two-step degradation under
inert conditions

Pure PMMA (oxidative/air atmosphere) [31]. – 158.5/214.8 Oxidative degradation—
two mechanisms reported

Reported literature values vary depending on the degradation atmosphere, experimental method, and conversion
model used; the comparisons here are provided for general reference only.

4. Discussion
The structural and thermal characterization results collectively highlight the critical

role of mixing time in determining the dispersion of NiO nanoparticles within the PMMA
matrix. Slightly more intense peaks in PMMA-6 suggest better dispersion compared to
PMMA-12, likely due to reduced agglomeration at shorter mixing times. These results
demonstrate that NiO NPs are structurally embedded in the PMMA matrix without al-
tering its amorphous nature, providing the first indication that processing time directly
affects the uniformity of nanoparticle distribution. The observed differences in disper-
sion can be mechanically explained by the competition between shear forces generated
during melt blending, which promote the breakup of agglomerates, and van der Waals
attractions between NiO nanoparticles, which dominate at longer mixing times and lead to
re-agglomeration.

Morphological analyses further support this finding. When the mixing time was
increased to 12 min (Figure 3c), the degree of agglomeration also increased, suggesting that
extended mixing may promote nanoparticle clustering due to particle–particle interactions
outweighing polymer–particle interactions.

This trend can be mechanistically attributed to the high surface energy and van der
Waals interactions of NiO nanoparticles, which promote self-aggregation when the shear
forces from extended mixing are insufficient to keep them dispersed. Aggregation reduces
the effective polymer–particle interfacial area, thereby limiting heat transfer pathways
and creating localized domains that can act as initiation sites for chain scission and ther-
mal degradation. Similar behavior has also been observed in polymer nanocomposites
containing ZnO, where dispersion quality markedly influences thermal stability [33].

Despite the observed agglomeration, no interfacial voids or gaps were observed
between NiO particles and the surrounding PMMA matrix, indicating strong interfacial
adhesion and good compatibility between filler and polymer. The encapsulation of NiO
NPs by a thin PMMA layer suggests the formation of multiple particle–polymer interfaces,
which likely contribute to enhanced structural integrity and play a decisive role in defining
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the thermal behavior of the nanocomposites. Quantitative image analysis of more than
60 agglomerates per sample confirmed that the mean agglomerate area increased from
310 ± 740 px2 for PMMA-6 to 400 ± 1100 px2 for PMMA-12, accompanied by a higher
coefficient of variation (240% → 275%), indicating a broader and more heterogeneous size
distribution after prolonged mixing. This difference was statistically significant (p < 0.05),
confirming that agglomeration is supported not only visually but also quantitatively.

Although only two mixing times (6 and 12 min) were investigated, the results clearly
demonstrate the adverse effect of prolonged processing on nanoparticle dispersion. Future
studies may explore intermediate or longer durations to identify the optimal processing
window for NiO/PMMA nanocomposites.

These quantitative findings reinforce the SEM observations, confirming that prolonged
mixing results in statistically significant agglomeration, consistent with the observed re-
duction in thermal stability. Thermal analysis results are consistent with these structural
observations. PMMA-6 exhibited slightly higher decomposition temperatures than PMMA-
12, indicating better thermal resistance, most likely due to improved nanoparticle dispersion
at shorter mixing times. This correlates with SEM findings, where increased agglomera-
tion in PMMA-12 may have disrupted the thermal shielding effect of the nanoparticles.
Moreover, the DTA curves revealed thermal instability near the initial degradation tem-
perature, independent of the heating rate. This instability is attributed to the presence
of NiO nanoparticles within the polymer matrix. Similar catalytic effects of NiO have
been reported to promote dehydrogenation and facilitate chain scission reactions, thereby
reducing activation energy in polymer matrices [34]. The heterogeneous dispersion ob-
served in PMMA-12 is therefore likely to act as localized catalytic sites, accelerating thermal
decomposition. The non-uniform dispersion and localized agglomeration of nanoparticles
created heterogeneous regions in the composite, leading to thermal fluctuations during
heating. Such uneven particle distribution likely influenced the degradation pathways,
causing subtle mass losses and contributing to deviations observed in the DTA curves of
PMMA-6 and PMMA-12.

Activation energy calculations further support this trend. Longer mixing times re-
duced nanoparticle homogenization and decreased the thermal stability of the nanocom-
posites. Uniform dispersion of particles within the polymer matrix is essential to enhance
the thermal stability of composites [29]. As observed, the activation energy for PMMA-6
was slightly higher than for PMMA-12. This result obtained from the Takhor method is
consistent with that from the Kissinger calculation and is attributed to the inability to
achieve homogeneous distribution at longer mixing times. Homogenization ensures that
heat absorbed by the nanoparticles is evenly distributed within the polymer, whereas
agglomeration creates localized instabilities. These results are in agreement with previ-
ous studies, which reported that uniform dispersion is crucial for enhancing the thermal
resistance of polymer nanocomposites [30,31]. Comparable observations were made in
biochar-reinforced PBS bionanocomposites, where filler distribution was found to alter
the decomposition mechanism and thermal stability [35]. Similar effects have also been
reported for TiO2- and ZnO-based polymer nanocomposites, where the degree of nanopar-
ticle dispersion was found to be decisive in controlling thermal stability and decomposition
pathways [36–38].

To further evaluate the reliability of the kinetic analyses, the determination coefficients
(R2) obtained from the linear fittings of Avrami, Kissinger, Takhor, and Augis–Bennett
models are summarized in Table 5. All methods exhibited high correlation coefficients
(R2 > 0.96), confirming the robustness of the applied approaches and the consistency of the
activation energy calculations.
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Table 5. Determination coefficients (R2) of Avrami, Kissinger, Takhor, and Augis–Bennett methods
for PMMA and NiO/PMMA nanocomposites.

Sample Avrami (R2) Kissinger (R2) Takhor (R2) Augis–Bennett (R2)

PMMA 0.977 0.989 0.990 0.986
PMMA-6 0.983 0.974 0.976 0.962

PMMA-12 0.990 0.994 0.995 0.978

Overall, the findings confirm that effective nanoparticle dispersion—achieved through
optimized mixing time—is the key factor controlling both the structural integrity and
thermal stability of NiO/PMMA nanocomposites.

5. Conclusions
This study investigated the incorporation of NiO nanoparticles into a PMMA matrix

and examined how extrusion mixing time governs the resulting nanocomposites’ structural
and thermal properties. XRD and SEM analyses confirmed that NiO nanoparticles were
embedded in the polymer matrix without altering its amorphous character and further
emphasized the critical role of mixing duration in nanoparticle dispersion quality. At
shorter mixing times (6 min), the nanofillers were more uniformly distributed, whereas
prolonged mixing (12 min) led to agglomeration and reduced structural homogeneity.

Thermal analyses performed at different heating rates showed that NiO incorporation
decreased both the onset decomposition temperature and the overall thermal stability of
PMMA. Activation energy calculations based on Kissinger, Takhor, and Augis–Bennett
methods revealed that PMMA-6 exhibited slightly higher values and improved stability
compared to PMMA-12, underscoring the negative impact of agglomeration on thermal
resistance. By contrast, pure PMMA demonstrated superior stability compared to all
composites, suggesting that nanoparticle reinforcement requires careful optimization to
avoid adverse effects.

Overall, these findings emphasize that nanoparticle dispersion quality—rather than
nanoparticle presence alone—is the key factor governing the performance of NiO/PMMA
nanocomposites. Future studies should investigate surface modification of NiO nanopar-
ticles, advanced dispersion techniques, and the influence of varying filler concentrations
and processing parameters to identify the optimal design window for high-performance
PMMA-based nanocomposites.
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XRD X-ray Diffraction
SEM Scanning Electron Microscopy
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β (Beta) Heating Rate
JCPDS Joint Committee on Powder Diffraction Standards
JEOL Japan Electron Optics Laboratory
JSM JEOL Scanning Microscope
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25. Ayanoğlu, Z.G.; Doğan, M. Characterization and Thermal Kinetic Analysis of PMMA/Modified-MWCNT Nanocomposites.
Diam. Relat. Mater. 2020, 108, 107950. [CrossRef]

26. Lee, J.K.Y.; Chen, N.; Peng, S.; Li, L.; Tian, L.; Thakor, N.; Ramakrishna, S. Polymer-based Composites by Electrospinning:
Preparation & Functionalization with Nanocarbons. Prog. Polym. Sci. 2018, 86, 40–84. [CrossRef]

27. Campo, E.A. Polymeric Materials and Properties. In Selection of Polymeric Materials; Elsevier: Amsterdam, The Netherlands, 2008;
pp. 1–39.

28. Ozawa, T. Kinetic Analysis of Derivative Curves in Thermal Analysis. J. Therm. Anal. 1970, 2, 301–324. [CrossRef]
29. Ul-Haq, Y.; Murtaza, I.; Mazhar, S.; Ullah, R.; Iqbal, M.; Zeeshan-ul-Huq; Qarni, A.A.; Amin, S. Dielectric, Thermal and Mechanical

Properties of Hybrid PMMA/RGO/Fe2O3 Nanocomposites Fabricated by in-Situ Polymerization. Ceram. Int. 2020, 46, 5828–5840.
[CrossRef]

30. Salgansky, E.A.; Salganskaya, M.V.; Glushkov, D.O. Kinetics of Thermal Decomposition of Polymethylmethacrylate in a Carbon
Dioxide Environment. Russ. J. Phys. Chem. B 2024, 18, 918–923. [CrossRef]

31. Zeng, W.R.; Li, S.F.; Chow, W.K. Chemical Kinetics on Thermal Oxidative Degradation of PMMA. Chin. J. Chem. Phys. 2003,
16, 64–68.

32. Holland, B.J.; Hay, J.N. The Effect of Polymerisation Conditions on the Kinetics and Mechanisms of Thermal Degradation of
PMMA. Polym. Degrad. Stab. 2002, 77, 435–439. [CrossRef]

33. Ponnamma, D.; Cabibihan, J.J.; Rajan, M.; Pethaiah, S.S.; Deshmukh, K.; Gogoi, J.P.; Pasha, S.K.K.; Ahamed, M.B.; Krishnegowda,
J.; Chandrashekar, B.N.; et al. Synthesis, Optimization and Applications of ZnO/Polymer Nanocomposites. Mater. Sci. Eng. C
2019, 98, 1210–1240. [CrossRef] [PubMed]

34. Shao, M.; Li, Y.; Shi, Y.; Liu, J.; Xue, B.; Niu, M. Synergistic Effect of Activated Carbon, NiO and Al2O3 on Improving the Thermal
Stability and Flame Retardancy of Polypropylene Composites. Polymers 2023, 15, 2135. [CrossRef] [PubMed]

35. Papadopoulou, K.; Tarani, E.; Ainali, N.M.; Chrissafis, K.; Wurzer, C.; Mašek, O.; Bikiaris, D.N. The Effect of Biochar Addition
on Thermal Stability and Decomposition Mechanism of Poly(Butylene Succinate) Bionanocomposites. Molecules 2023, 28, 5330.
[CrossRef]

36. Wang, C.; Sheng, X.; Xie, D.; Zhang, X.; Zhang, H. High-Performance TiO2/Polyacrylate Nanocomposites with Enhanced Thermal
and Excellent UV-Shielding Properties. Prog. Org. Coat. 2016, 101, 597–603. [CrossRef]

37. Ogbonna, V.E.; Popoola, O.; Popoola, P. Effect of Titanium Dioxide Nanoparticles on the Dielectric, Thermal, and Corrosion
Resistance Properties of Polyimide (PI) Nanocomposites. Int. J. Polym. Anal. Charact. 2024, 29, 533–546. [CrossRef]

38. Asture, A.; Rawat, V.; Srivastava, C.; Vaya, D. Investigation of Properties and Applications of ZnO Polymer Nanocomposites.
Polym. Bull. 2023, 80, 3507–3545. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/BF01912301
https://doi.org/10.1007/s10973-015-5028-8
https://doi.org/10.1016/S0022-3093(98)00673-5
https://doi.org/10.1007/s10556-013-9755-z
https://doi.org/10.3402/nano.v1i0.5214
https://www.ncbi.nlm.nih.gov/pubmed/22110855
https://doi.org/10.1155/2021/6633052
https://doi.org/10.1111/j.1151-2916.1972.tb11216.x
https://doi.org/10.1039/C4NJ01398K
https://doi.org/10.1016/j.diamond.2020.107950
https://doi.org/10.1016/j.progpolymsci.2018.07.002
https://doi.org/10.1007/BF01911411
https://doi.org/10.1016/j.ceramint.2019.11.033
https://doi.org/10.1134/S1990793124700520
https://doi.org/10.1016/S0141-3910(02)00100-3
https://doi.org/10.1016/j.msec.2019.01.081
https://www.ncbi.nlm.nih.gov/pubmed/30813004
https://doi.org/10.3390/polym15092135
https://www.ncbi.nlm.nih.gov/pubmed/37177281
https://doi.org/10.3390/molecules28145330
https://doi.org/10.1016/j.porgcoat.2016.10.007
https://doi.org/10.1080/1023666X.2024.2394225
https://doi.org/10.1007/s00289-022-04243-w

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of PMMA/NiO Nanocomposites 
	Characterization Techniques 
	X-Ray Diffraction (XRD) 
	Scanning Electron Microscopy (SEM) 
	Differential Thermal Analysis (DTA) 

	Theoretical Background 

	Results 
	XRD Characterization 
	Morphology of PMMA and Nanocomposites 
	Differential Thermal Analysis (DTA) 
	Thermal Activation Calculations 

	Discussion 
	Conclusions 
	References

