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Graphical/Tabular Abstract (Grafik Özet) 

This study demonstrates that peak thermal stability in PMMA/NiFe₂O₄ nanocomposites is achieved 
through optimum dispersion (partial agglomeration) rather than maximum homogeneity./ Bu 
çalışma, PMMA/NiFe₂O₄ nanokompozitlerinde en yüksek ısı direncinin tam homojen dağılımla 
değil, kısmi topaklanma (optimum dağılım) ile elde edildiğini kanıtlamaktadır. 

 
Figure A: Thermal degradation kinetics of PMMA/NiFe₂O₄ nanocomposites /Şekil A: 

PMMA/NiFe₂O₄ nanokompozitlerinin termal bozunma kinetiği 

Highlights (Önemli noktalar)  
 PMMA/NiFe₂O₄ nanocomposites were prepared via controlled melt mixing to study 

dispersion effects. / PMMA/NiFe₂O₄ nanokompozitleri, dağılım etkilerini incelemek için 
kontrollü eriyik karıştırma yoluyla hazırlanmıştır. 

  Nanoparticle dispersion was systematically controlled by varying the mixing duration. / 
Nanoparçacık dağılımı, karıştırma süresi değiştirilerek sistematik olarak kontrol 
edilmiştir. 

 Maximum thermal stability was observed at an optimum dispersion state rather than 
maximum homogeneity. / Maksimum termal kararlılık, maksimum homojenlik yerine 
optimum bir dağılım durumunda gözlemlenmiştir. 

 PMMA-6 exhibited the highest activation energy due to enhanced interfacial constraints. 
/ PMMA-6, artan arayüzey kısıtlamaları nedeniyle en yüksek aktivasyon enerjisini 
sergilemiştir. 

Aim (Amaç): To systematically investigate the effect of nanoparticle dispersion states, controlled 
by melt mixing time, on the thermal degradation kinetics of PMMA/NiFe₂O₄ nanocomposites. / 
Eriterek karıştırma süresiyle kontrol edilen nanoparçacık dağılım durumlarının PMMA/NiFe₂O₄ 
nanokompozitlerinin termal bozunma kinetiği üzerindeki etkisini sistematik olarak incelemek. 

Originality (Özgünlük): Optimum dispersion with partial agglomeration provides superior thermal 
resistance, challenging the assumption that maximum dispersion yields peak performance. / Kısmi 
topaklanma içeren optimum dağılım, maksimum dağılım varsayımını sorgulayarak daha yüksek 
termal direnç sağlar. 

Results (Bulgular): XRD confirmed an amorphous matrix; partially agglomerated PMMA-6 
showed the highest activation energy, 30% above neat PMMA./ XRD amorf matrisi doğrulamış; 
kısmi topaklanmalı PMMA-6, saf PMMA’dan %30 daha yüksek aktivasyon enerjisi göstermiştir. 

Conclusion (Sonuç): Thermal degradation in these nanocomposites is governed by an optimum 
dispersion state where interfacial constraints are maximized, rather than by achieving perfect 
homogeneity. / Bu nanokompozitlerdeki termal bozunma, mükemmel homojenliğe ulaşmaktan 
ziyade, arayüzey kısıtlamalarının maksimize edildiği optimum bir dağılım durumu tarafından 
yönetilmektedir. 
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Abstract 

The thermal degradation behavior of polymer nanocomposites is strongly governed by 
nanoparticle dispersion; however, the relationship between dispersion homogeneity and 
degradation kinetics remains unclear. In this study, PMMA/NiFe₂O₄ nanocomposites were 
prepared via controlled melt mixing with varying mixing times to systematically investigate the 
effect of dispersion state on thermal degradation kinetics. Structural and morphological 
characterization was carried out using X-ray diffraction (XRD) and scanning electron microscopy 
(SEM), while non-isothermal differential thermal analysis (DTA) was employed at multiple 
heating rates to evaluate degradation behavior. XRD results confirmed that the incorporation of 
NiFe₂O₄ nanoparticles did not alter the amorphous structure of the PMMA matrix. SEM analysis 
revealed that prolonged mixing significantly improved nanoparticle dispersion, whereas shorter 
mixing resulted in partial agglomeration. Despite comparable degradation peak temperatures 
across all samples, pronounced differences in degradation kinetics were observed. Activation 
energies calculated using the Kissinger, Ozawa, and Augis–Bennett methods indicated that the 
PMMA-6 nanocomposite exhibited the highest activation energy (~270 kJ/mol), approximately 
30% higher than neat PMMA and ~25% higher than the more homogeneously dispersed PMMA-
12 sample. These results indicate that maximum nanoparticle dispersion does not necessarily 
correspond to maximum thermal resistance. Instead, an optimum dispersion state characterized 
by partial agglomeration and enhanced interfacial constraint governs the thermal degradation 
kinetics of PMMA/NiFe₂O₄ nanocomposites. This study highlights the critical role of processing-
controlled dispersion in tailoring the thermal performance of polymer nanocomposites without 
inducing structural changes. 
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 Öz 

Polimer nanokompozitlerin termal bozunma davranışı büyük ölçüde nanoparçacık dağılımı 
tarafından belirlenmektedir; ancak dağılım homojenliği ile bozunma kinetiği arasındaki ilişki 
henüz tam olarak açıklığa kavuşmamıştır. Bu çalışmada, farklı karıştırma süreleri kullanılarak 
kontrollü ergiyik karıştırma yöntemiyle hazırlanan PMMA/NiFe₂O₄ nanokompozitlerinde 
dağılım durumunun termal bozunma kinetiği üzerindeki etkisi sistematik olarak incelenmiştir. 
Yapısal ve morfolojik karakterizasyon X-ışını kırınımı (XRD) ve taramalı elektron mikroskobu 
(SEM) ile gerçekleştirilmiş, bozunma davranışının değerlendirilmesi için farklı ısıtma hızlarında 
izotermal olmayan diferansiyel termal analiz (DTA) uygulanmıştır. XRD sonuçları, NiFe₂O₄ 
nanoparçacık ilavesinin PMMA matrisinin amorf yapısını değiştirmediğini göstermiştir. SEM 
analizleri, uzun karıştırma sürelerinin nanoparçacık dağılımını belirgin şekilde iyileştirdiğini, 
daha kısa karıştırma sürelerinin ise kısmi aglomerasyona yol açtığını ortaya koymuştur. Tüm 
numunelerde bozunma pik sıcaklıkları benzer olmasına rağmen, bozunma kinetiğinde belirgin 
farklılıklar gözlenmiştir. Kissinger, Ozawa ve Augis–Bennett yöntemleri kullanılarak hesaplanan 
aktivasyon enerjileri, PMMA-6 nanokompozitinin en yüksek aktivasyon enerjisine (~270 kJ/mol) 
sahip olduğunu ve bu değerin saf PMMA’ya kıyasla yaklaşık %30, daha homojen dağılıma sahip 
PMMA-12 numunesine kıyasla ise yaklaşık %25 daha yüksek olduğunu göstermiştir. Elde edilen 
sonuçlar, maksimum nanoparçacık dağılımının her zaman maksimum termal dayanım anlamına 
gelmediğini ortaya koymaktadır. Bunun yerine, kısmi aglomerasyon ve artmış arayüzeysel 
kısıtlamalarla karakterize edilen optimum bir dağılım durumunun PMMA/NiFe₂O₄ 
nanokompozitlerinin termal bozunma kinetiğini belirlediği görülmüştür. Bu çalışma, yapısal 
değişime neden olmaksızın polimer nanokompozitlerin termal performansının ayarlanmasında 
işlem koşullarıyla kontrol edilen dağılımın kritik rolünü vurgulamaktadır. 

https://orcid.org/0000-0002-5230-7122
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1. INTRODUCTION (GİRİŞ) 

The thermal degradation behavior of polymeric 
materials has been a subject of extensive research 
due to its importance in determining service 
performance and lifetime in various applications 
[1]. Among thermoplastics, polymethyl 
methacrylate (PMMA) has attracted considerable 
attention owing to its excellent optical clarity, 
mechanical properties, and ease of processing. 
However, pure PMMA exhibits limited thermal 
stability, which constrains its use in high-
temperature or demanding environments [2,3]. One 
effective strategy to enhance the thermal and 
mechanical behavior of PMMA is the incorporation 
of inorganic nanoparticles into its matrix, leading to 
nanocomposite systems with tailored properties 
[4,5]. Metal oxide nanoparticles, such as titanium 
dioxide (TiO₂), zinc oxide (ZnO), and ferrites, have 
been used to reinforce PMMA due to their high 
thermal stability and potential to alter degradation 
pathways [6,7]. The addition of nanoparticles may 
influence not only the degradation temperature but 
also the kinetic mechanisms underlying the thermal 
decomposition processes [8]. 

Despite extensive studies on nanoparticle-
reinforced PMMA matrices, the impact of mixing 
time and dispersion state on thermal degradation 
kinetics remains underexplored. Previous works 
have shown that nanoparticle dispersion within a 
polymer matrix significantly affects thermal 
stability and degradation behavior; however, the 
relationship between dispersion homogeneity and 
activation energy is not always straightforward 
[9,10]. For instance, optimal dispersion can provide 
extensive interfacial interactions that restrict 
polymer chain mobility, thereby increasing the 
energy barrier for degradation, whereas either poor 
dispersion or complete agglomeration can lead to 
alternative thermal response patterns [11,12]. 

In addition to structural factors, understanding the 
degradation kinetics is essential for predicting 
material behavior under thermal stress. Kinetic 
parameters such as activation energy (Ea) are widely 
used for this purpose and can be evaluated using 
non-isothermal methods, including Kissinger, 
Ozawa, and Augis–Bennett analyses [13–15]. These 
methods allow comparison of thermal stability of 
polymer and nanocomposite systems under 
different heating rates, and they have been applied 
in various polymeric matrices to elucidate the 
effects of nanofiller type, size, and distribution 
[14,16]. 

Despite extensive studies on nanoparticle-
reinforced PMMA systems, most existing works 
implicitly assume that improved or maximum 
nanoparticle dispersion leads to enhanced thermal 
stability. However, the distinction between 
maximum dispersion and an optimum dispersion 
state, particularly in terms of thermal degradation 
kinetics and activation energy, has not been 
systematically addressed. In addition, the role of 
controlled partial agglomeration in modifying 
degradation energetics without altering the 
degradation mechanism remains unclear. Therefore, 
a comprehensive understanding of how processing-
controlled dispersion states govern thermal 
degradation kinetics is still lacking in the literature. 

In this study, we investigate the thermal degradation 
behavior and kinetics of NiFe₂O₄-reinforced 
PMMA nanocomposites prepared with different 
mixing times. Differential thermal analysis (DTA) 
was conducted at multiple heating rates to obtain 
characteristic degradation temperatures, which were 
then used to calculate activation energies using 
Kissinger, Ozawa, and Augis–Bennett methods. By 
correlating thermal stability and kinetic parameters 
with nanoparticle dispersion conditions, this work 
aims to provide a comprehensive understanding of 
how processing parameters govern the thermal 
performance of PMMA-based nanocomposites. 
This study demonstrates that optimum rather than 
maximum dispersion governs degradation kinetics. 

2. MATERIALS AND METHODS (MATERYAL 
VE METOD) 

2.1. Materials (Malzemeler) 

Polymethyl methacrylate (PMMA, Mw = 35,000 
g/mol, Acros Organics) was used as the polymer 
matrix material in this study due to its well-
documented thermal degradation behavior and 
widespread application in polymer nanocomposite 
research [17]. Nickel ferrite (NiFe₂O₄) nanoparticles 
(CAS No. 12168-54-6, Sigma-Aldrich, Merck 
KGaA, Darmstadt, Germany) were employed as the 
inorganic reinforcing phase owing to their high 
thermal stability, chemical resistance, and potential 
to influence polymer degradation pathways [18]. 
All materials were of analytical grade and used as 
received without further purification. 

Prior to composite preparation, PMMA and 
NiFe₂O₄ powders were dried at 353 K for 24 h to 
remove residual moisture and prevent unwanted 
thermal effects during processing. The nanoparticle 
content was kept constant in all nanocomposite 
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samples to isolate the effect of mixing time on 
thermal behavior and degradation kinetics. 

2.2. Preparation of PMMA/NiFe₂O₄ 
Nanocomposites (Preparation of PMMA/NiFe₂O₄ 
Nanocomposites) 

PMMA/NiFe₂O₄ nanocomposites were prepared 
using a melt-blending procedure under controlled 
processing conditions. The NiFe₂O₄ nanoparticle 
content was fixed at 2.5 wt.% for all samples in 
order to isolate the effect of mixing time on 
dispersion and degradation behavior. Melt mixing 
was performed at a processing temperature of 480 
K using an internal mixer (twin-screw extruder) 
operating at a rotational speed of 100 rpm. Two 
different mixing durations, 6 min and 12 min, were 
selected, and the samples were denoted as PMMA-
6 and PMMA-12, respectively. No chemical 
compatibilizers were used to avoid introducing 
additional variables affecting degradation behavior.  
This approach enables a direct evaluation of the 
influence of mixing time and physical dispersion on 
the thermal response of the nanocomposites and is 
consistent with established processing 
methodologies reported for polymer–nanoparticle 
systems [19,20]. 

2.3. Differential Thermal Analysis (DTA) 
(Diferansiyel Termal Analiz (DTA)) 

Differential thermal analysis (DTA) and 
thermogravimetric analysis (TGA) were conducted 
to evaluate the thermal degradation behavior and 
stability of PMMA and PMMA/NiFe₂O₄ 
nanocomposites. Measurements were performed 
using a Hitachi Exstar SII 7300 simultaneous 
thermal analyzer (Hitachi, Tokyo, Japan) under a 
controlled nitrogen atmosphere. Approximately 5 ± 
0.5 mg of each sample was placed in alumina 
crucibles to ensure uniform heat transfer conditions. 

Thermal analyses were carried out at heating rates 
(β) of 5, 10, 15, and 20 K·min⁻¹ over a temperature 
range up to 1000 K to capture the complete 
degradation process. A constant nitrogen flow rate 
of 50 mL·min⁻¹ was maintained throughout the 
experiments to prevent oxidative effects. The onset 
temperature (Tₒ) and the maximum degradation 
temperature (Tₓ) were determined from the DTA 
curves to evaluate the influence of NiFe₂O₄ 
incorporation and mixing time on thermal stability 
[21]. Based on the non-isothermal DTA/TGA data 
obtained at different heating rates, kinetic 
parameters were calculated using the Kissinger, 
Takhor, and Augis–Bennett methods to determine 
the apparent activation energy (Eₐ) of degradation. 
Pure PMMA was analyzed under identical 

conditions to serve as a reference material. Prior to 
measurements, the instrument was calibrated using 
standard alumina crucibles. All experiments were 
performed in triplicate to ensure reproducibility and 
accuracy. 

2.4. Kinetic Analysis of Thermal Degradation 
(Termal Bozunmanın Kinetik Analizi) 

The thermal degradation kinetics of PMMA and 
PMMA/NiFe₂O₄ nanocomposites were evaluated 
using non-isothermal kinetic methods. Activation 
energies were calculated based on the characteristic 
temperatures obtained from DTA analysis at 
different heating rates. The Kissinger, Ozawa, and 
Augis–Bennett methods were applied to determine 
the apparent activation energies associated with the 
main degradation stage [22–24]. 

These methods are widely used for kinetic analysis 
of polymer degradation processes and provide 
reliable comparative information regarding the 
effect of fillers and processing conditions on 
thermal stability. The consistency of the results 
obtained from different kinetic models was used to 
validate the reliability of the calculated activation 
energy values [23,25]. 

2.5. SEM Analysis (SEM Analizi) 

Scanning electron microscopy (SEM) analyses were 
carried out using a SEM model (JEOL JSM-
6064LV) operated at an accelerating voltage of 10 
kV. Samples were prepared by fracturing the 
specimens in liquid nitrogen to obtain 
representative cross-sections, followed by sputter 
coating with a thin layer of gold to avoid charging 
effects. Quantitative image analysis was performed 
using image analysis software (ImageJ). 
Agglomerates were defined as particle clusters with 
an area larger than approximately 0.1 µm², and the 
analysis was conducted as a comparative trend 
evaluation due to limited SEM fields. 

2.6. X-Ray Diffraction (XRD) Analysis (X-ışını 
Kırınımı (XRD) Analizi) 

Phase composition and structural characteristics of 
PMMA and PMMA/NiFe₂O₄ nanocomposites were 
analyzed using a Bruker D8 Advance X-ray 
diffractometer (Bruker, Billerica, MA, USA) 
equipped with CuKα radiation (λ = 0.154056 nm). 
Diffraction patterns were recorded in the 2θ range 
of 5–80° with a step size of 0.013° to ensure high-
resolution data acquisition. The measurements were 
carried out at room temperature under standard 
operating conditions. The obtained diffraction 
patterns were used to evaluate the amorphous nature 
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of the PMMA matrix and to identify the 
characteristic crystalline reflections of NiFe₂O₄ 
nanoparticles.

3. RESULTS AND DISCUSSION (BULGULAR 
VE TARTIŞMA) 
 

3.1. XRD Characterization (XRD Karakterizasyonu) 

The structural characteristics of PMMA and 
PMMA/NiFe₂O₄ nanocomposites were investigated 
by X-ray diffraction (XRD) analysis. The XRD 
patterns of PMMA, PMMA-6, and PMMA-12 
samples are presented in Figure 1. As observed, 
pure PMMA exhibits a broad diffraction halo 
centered in the range of 2θ ≈ 15–25°, confirming its 
amorphous structure. This characteristic amorphous 
diffraction behavior of PMMA has been widely 
reported in the literature [12,17]. The XRD patterns 
of PMMA-6 and PMMA-12 samples remain largely 
unchanged after the incorporation of NiFe₂O₄ 
nanoparticles, indicating that the amorphous nature 
of the PMMA matrix is preserved. Similar 
observations have been reported for PMMA-based 
nanocomposites reinforced with inorganic fillers, 

where no crystallization of the polymer matrix 
occurs [2,3]. 

Weak diffraction peaks corresponding to the 
characteristic planes of NiFe₂O₄ can be identified in 
the nanocomposite samples, confirming the 
presence of the ferrite phase within the polymer 
matrix. The absence of peak shifting or additional 
diffraction peaks suggests that the interaction 
between PMMA and NiFe₂O₄ nanoparticles is 
predominantly physical rather than chemical 
[18,20]. Furthermore, no significant difference is 
observed between the XRD patterns of PMMA-6 
and PMMA-12, indicating that variation in mixing 
time does not alter the structural characteristics of 
the polymer matrix. As shown in Figure 1, the broad 
amorphous halo of PMMA is preserved for both 
PMMA-6 and PMMA-12 samples, indicating that 
variations in mixing time affect neither the 
structural nature nor the amorphous character of the 
polymer matrix. 

 
Figure 1. XRD patterns of NiFe₂O₄, PMMA, PMMA-6, and PMMA-12 samples (NiFe₂O₄, PMMA, PMMA-

6 ve PMMA-12 numunelerinin XRD desenleri) 

3.2. Morphological Analysis by SEM (SEM ile 
Morfolojik Analiz) 

The dispersion state of NiFe₂O₄ nanoparticles 
within the PMMA matrix was examined by 
scanning electron microscopy (SEM). SEM 
micrographs of PMMA, PMMA-6, and PMMA-12 
samples are shown in Figure 2(a–c). 

The SEM image of pure PMMA (Figure 2a) reveals 
smooth and homogeneous surface morphology, 
which is typical for amorphous polymer matrices 
[1]. In contrast, the PMMA-6 sample (Figure 2b) 
exhibits localized regions containing nanoparticle 
agglomerates dispersed within the polymer matrix. 
Such agglomeration leads to microstructural 
heterogeneities that may restrict polymer chain 
mobility and influence thermal degradation 
behavior [4,20]. The SEM micrograph of PMMA-
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12 (Figure 2c) demonstrates a more uniform 
distribution of NiFe₂O₄ nanoparticles throughout 
the PMMA matrix. The improved dispersion 
observed in PMMA-12 can be attributed to the 
extended mixing time, which promotes the breakup 
of nanoparticle clusters and increases the effective 
polymer–particle interfacial area. Similar dispersion 
dependent morphological behavior has been 
reported for polymer nanocomposites processed 
under optimized mixing conditions [5,7]. These 
morphological differences play a critical role in 
governing the thermal response and degradation 
kinetics of the nanocomposites, as discussed in the 
following sections. As illustrated in Figure 2, 
increasing the mixing time leads to a noticeable 
transition from localized nanoparticle 
agglomeration (PMMA-6) to a more homogeneous 

dispersion state (PMMA-12). These distinct 
morphological features are expected to impose 
different levels of interfacial constraint on polymer 
chain mobility, which is a key factor influencing 
thermal degradation kinetics. 

Quantitative SEM analysis performed at 2000× 
magnification revealed distinct dispersion 
characteristics between PMMA-6 and PMMA-12 
samples. PMMA-6 exhibited fewer but larger 
agglomerates with a broader size distribution, 
whereas PMMA-12 showed a higher number 
density of smaller and more uniformly distributed 
agglomerates, reflecting enhanced dispersion 
resulting from prolonged mixing. The 
corresponding quantitative parameters are 
summarized in Table 1.  

 
Figure 2. SEM images of (a) PMMA, (b) PMMA-6, and (c) PMMA-12 samples. ((a) PMMA, (b) PMMA-6 ve 

(c) PMMA-12 örneklerinin SEM görüntüleri) 

Table 1. Quantitative SEM analysis of agglomerate characteristics (Topaklanma özelliklerinin nicel SEM analizi) 
Sample Number of 

agglomerates 
(n) 

Mean area 
(µm²) 

Std. dev. 
(µm²) 

Coefficient of 
Variation (CV) 

 (%) 

Equivalent 
diameter 

(µm) 
PMMA-6 28 0.34 0.48 141 0.66 

PMMA-12 42 0.19 0.21 110 0.49 
 
The quantitative parameters summarized in Table 1 
further support the qualitative SEM observations. 
PMMA-6 exhibits fewer but larger agglomerates 
with a broader size distribution, whereas PMMA-12 
shows a higher density of smaller agglomerates, 
confirming enhanced dispersion with prolonged 
mixing. In recent studies, it has been emphasized 
that an intermediate dispersion state, characterized 
by partial nanoparticle agglomeration together with 
strong polymer–particle interactions, may lead to 
maximum restriction of polymer chain mobility and 
enhanced thermal resistance [20,21]. This behavior 
is consistent with the present results, where the 
PMMA-6 sample exhibits a higher activation 
energy despite less homogeneous dispersion 
compared to PMMA-12. Such findings highlight 
that optimal, rather than maximum, dispersion 
governs the thermal degradation kinetics of polymer 
nanocomposites. 

3.3. Thermal Degradation Behavior (Termal 
Bozunma Davranışı) 

The thermal degradation behavior of PMMA and 
PMMA/NiFe₂O₄ nanocomposites was investigated 
by differential thermal analysis (DTA) at different 
heating rates. 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 3a–c. 
As shown in Figure 3, all samples exhibit a single 
dominant degradation peak, indicating a similar 
overall degradation mechanism. However, subtle 
differences in peak shape and thermal response 
suggest that nanoparticle dispersion primarily 
affects degradation kinetics rather than the 
characteristic degradation temperature.  

All samples exhibit a single dominant endothermic 
peak corresponding to the main thermal degradation 
stage of PMMA, indicating that the incorporation of 
NiFe₂O₄ nanoparticles does not alter the 
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fundamental degradation mechanism of the polymer 
matrix. Similar degradation behavior has been 
reported for PMMA-based nanocomposites 
containing inorganic fillers [8,9]. The characteristic 

degradation parameters, including onset 
temperature (To) and maximum degradation 
temperature (Tx), are summarized in Table 2. 

 

 

 

Figure 3. DTA curves of the samples (a) PMMA, (b) PMMA-6 and (c) PMMA-12. ((a) PMMA, (b) PMMA-6 
ve (c) PMMA-12 örneklerinin DTA eğrileri) 
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Table 3. Thermal analysis results of PMMA, PMMA-6, and PMMA-12 samples (PMMA, PMMA-6 ve 
PMMA-12 numunelerinin Termal analiz sonuçları) 

SAMPLES β 
(K/min) 

TO 
(K) 

TX 
(K) 

A 

PMMA 

5 590 651 266 
10 593 661 279 
15 595 670 311 
20 597 676 281 

PMMA-6 

5 592 653 331 
10 608 661 325 
15 609 668 323 
20 607 670 447 

PMMA-12 

5 594 651 332 
10 600 665 336 
15 601 670 342 
20 616 672 356 

 
According to Table 2, the Tx values of PMMA-6 and 
PMMA-12 are comparable to those of pure PMMA 
at all heating rates. This indicates that the addition 
of NiFe₂O₄ nanoparticles and the variation in 
mixing time have a limited effect on the degradation 
temperature. However, differences in the shape and 
stability of the DTA curves are evident. PMMA-6 
shows slight irregularities at the onset of 
degradation, whereas PMMA-12 exhibits smoother 
thermal behavior, which can be attributed to 
differences in nanoparticle dispersion. Recent 
investigations on PMMA-based nanocomposites 
have shown that the incorporation of metal oxide 
and ferrite nanoparticles may not significantly shift 
degradation temperatures but can markedly alter 
degradation pathways and reaction rates [1]. The 
present results support this observation, as the Tx 

values remain nearly unchanged while notable 
differences are observed in the degradation kinetics 
and activation energies of the samples. 

The broader agglomerate size distribution observed 
in PMMA-6 suggests the presence of controlled 
particle clustering, which may induce 
heterogeneous restriction of polymer chain 
mobility. This morphological feature is consistent 
with the higher activation energies obtained for 
PMMA-6 from Kissinger, Ozawa, and Augis–
Bennett analyses. 

In contrast, the finer and more homogeneous 
dispersion observed in PMMA-12, while indicative 
of improved particle distribution, may reduce 
localized interfacial constraints, leading to lower 
effective energy barriers for thermal degradation. 

 

 

3.4. Effect of Heating Rate (Isıtma Hızının Etkisi) 

The activation energies of the samples were 
calculated from the DTA curves by analyzing the 
thermal events associated with the degradation 
process. Additionally, the Avrami parameter (n) 
was determined from the degradation peaks, 
providing important insights into microstructural 
changes within the nanocomposites. According to 
the literature, the Avrami parameter helps 
characterize the nucleation and growth mechanism, 
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. Figure 4 illustrates the plots of ln[-ln(1-
φ)] versus ln(β) for PMMA, PMMA-6, and PMMA-
12 samples, calculated in accordance with the 
Ozawa method. The linear relationships observed in 
the Ozawa plots (Figure 4) confirm the validity of 
non-isothermal kinetic analysis for all samples. The 
Avrami parameter values close to unity indicate a 
surface-controlled degradation process, suggesting 
that nanoparticle incorporation and dispersion state 
modify the energy barrier without altering the 
fundamental degradation mechanism. The 
invariance of the Avrami parameter across all 
samples, combined with the observed differences in 
activation energy, indicates that nanoparticle 
dispersion modifies the energetic landscape of 
degradation without altering the dominant 
degradation pathway. 

The Avrami parameter values close to unity (n ≈ 1) 
indicate a surface-controlled degradation process 
dominated by random chain scission. The 
invariance of the Avrami parameter across all 
samples confirms that nanoparticle incorporation 
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modifies the energetic barrier of degradation 
without altering the fundamental degradation 
mechanism [23,24]. The invariance of the Avrami 
parameter upon NiFe₂O₄ incorporation and varying 
dispersion states indicates that the fundamental 
degradation pathway of PMMA remains 
unchanged. Instead, the nanoparticles primarily 
modify the energetic barrier of degradation rather 
than altering the degradation mechanism itself. This 
behavior is consistent with recent studies on 
polymer nanocomposites, where the addition of 
inorganic nanoparticles increased activation energy 
while preserving surface-controlled degradation 
characteristics. Therefore, the constant Avrami 
parameter combined with varying activation energy 
values confirms that NiFe₂O₄ nanoparticles act as 

kinetic stabilizers rather than mechanism modifiers 
in the thermal degradation of PMMA [24]. 

The effect of heating rate on the thermal degradation 
behavior of the samples was examined by 
performing DTA measurements at heating rates of 
5, 10, 15, and 20 K/min. The variation of Tx with 
heating rate is shown in Figure 4. This suggests that 
the incorporation of NiFe₂O₄ nanoparticles and 
variations in dispersion state primarily affect the 
energetic barrier of degradation rather than altering 
the fundamental degradation pathway of PMMA. 
The invariance of the Avrami parameter further 
confirms that nanoparticle dispersion modifies 
degradation kinetics without inducing a change in 
the degradation mechanism.  

 
Figure 4. Ozawa plots for PMMA, PMMA-6 and PMMA-12 samples (PMMA, PMMA-6 ve PMMA-12 

numuneleri için Ozawa grafikleri) 

For all samples, Tx shifts toward higher 
temperatures with increasing heating rate, which is 
a typical feature of non-isothermal thermal analysis. 
This behavior is attributed to thermal lag and 
reduced reaction time at higher heating rates [13–
15]. The similar trends observed for PMMA and 
nanocomposite samples indicate that the 
fundamental degradation mechanism remains 
unchanged. 

3.5. Thermal Degradation Kinetics (Termal 
Bozunma Kinetiği) 

The thermal degradation kinetics of PMMA and 
PMMA/NiFe₂O₄ nanocomposites were evaluated 
using Kissinger, Ozawa, and Augis–Bennett 
methods based on DTA data obtained at different 

heating rates. The corresponding kinetic plots are 
presented in Figure 5. 

As evidenced by the kinetic plots shown in Figures 
5–7, PMMA-6 consistently exhibits higher slopes 
compared to PMMA and PMMA-12, corresponding 
to increased activation energy values. This behavior 
demonstrates that an optimum dispersion state 
characterized by partial agglomeration provides 
more effective restriction of polymer chain mobility 
than a fully homogeneous nanoparticle distribution. 
In addition to absolute activation energy values, the 
steeper slopes observed for PMMA-6 in the 
Kissinger, Ozawa, and Augis–Bennett plots indicate 
a higher sensitivity of the degradation rate to 
temperature, reflecting the presence of a more 
pronounced energy barrier for chain scission. The 
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calculated activation energy values are summarized 
in Table 3. 

Notably, all three non-isothermal kinetic methods 
yield a consistent activation energy trend (PMMA-

6 > PMMA-12 > PMMA), indicating that the 
observed differences are intrinsic to the degradation 
behavior of the system rather than artifacts arising 
from the mathematical assumptions of individual 
kinetic models.

 
Figure 5. ln(β/Tx

2)-1000/Tx plot for PMMA, PMMA-6 and PMMA-12 samples according to Kissinger 
Formula (Kissinger Formülüne göre PMMA, PMMA-6 ve PMMA-12 örnekleri için ln(β/Tx2)-1000/Tx grafiği) 

 

Figure 6. lnβ-1000/Tx graph for PMMA, PMMA-6, and PMMA-12 samples according to Ozawa Formula 
(lnβ-1000/Tx graph for PMMA, PMMA-6, and PMMA-12 samples according to Ozawa Formula) 
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Figure 7. ln(β/Tx-To)-1000/Tx chart for samples according to Augis-Bennett Formula (Augis-Bennett 
Formülüne göre örnekler için ln(β/Tx-To)-1000/Tx grafiği) 

Table 3. Activation energies calculated from the values of the samples as a result of DTA (DTA verilerinden 
elde edilen değerler kullanılarak hesaplanan aktivasyon enerjileri) 

Samples Avrami 
Parameter 

Kissinger 
Method 
(kj/Mol) 

Ozawa 
Method 
(kj/Mol) 

Augis-
Bennett 
Method 
(kj/Mol) 

PMMA 1 189 200 162 
PMMA-6 1 270 280 273 

PMMA-12 1 210 221 206 

Recent studies have shown that maximum 
nanoparticle dispersion does not always result in 
maximum thermal stability in polymer 
nanocomposites. Instead, an optimum dispersion 
state—often involving partial nanoparticle 
agglomeration—can enhance thermal resistance by 
forming constrained polymer regions around filler 
clusters. These constrained regions limit polymer 
chain mobility and increase the energy barrier 
required for thermal degradation [25,26]. 

In a recent study by Ulutaş (2025), the effect of 
mixing time on the thermal degradation behavior of 
metal oxide–reinforced PMMA nanocomposites 
was systematically investigated. It was 
demonstrated that nanocomposites processed under 
intermediate mixing conditions exhibited higher 
activation energies compared to both neat PMMA 
and samples subjected to prolonged mixing, 
highlighting the presence of an optimum dispersion 
regime rather than a fully homogeneous distribution 
[27]. 

Similar observations have been reported in recent 
literature, where partially agglomerated nanofiller 
structures were found to impose stronger local 
interfacial constraints on polymer chains than fully 
dispersed systems, resulting in improved thermal 
stability and higher degradation activation energies 
[26,28]. 

In the present study, the PMMA-6 sample exhibits 
such an optimum dispersion state. The partial 
agglomeration of NiFe₂O₄ nanoparticles enhances 
polymer–particle interfacial interactions without 
altering the amorphous structure of the PMMA 
matrix, leading to the highest activation energy 
among the investigated samples. These findings 
confirm that optimum, rather than maximum, 
nanoparticle dispersion governs the thermal 
degradation kinetics of PMMA/NiFe₂O₄ 
nanocomposites. 

Pure PMMA exhibits an activation energy 
consistent with values reported in the literature 
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[8,21]. The incorporation of NiFe₂O₄ nanoparticles 
results in an increase in activation energy, indicating 
enhanced resistance to thermal degradation. Among 
the nanocomposites, PMMA-6 exhibits the highest 
activation energy, suggesting that partial 
nanoparticle agglomeration combined with strong 
polymer–particle interactions effectively restricts 
polymer chain mobility [4,5]. In contrast, PMMA-
12 shows a lower activation energy compared to 
PMMA-6, despite improved nanoparticle 
dispersion. This indicates that maximum dispersion 
does not necessarily correspond to maximum 
thermal resistance, and that an optimum dispersion 
state governs the degradation kinetics of PMMA-
based nanocomposites. Although PMMA-12 
exhibits a more homogeneous nanoparticle 
dispersion, its lower activation energy compared to 
PMMA-6 suggests that excessive dispersion may 
reduce localized interfacial constraints, thereby 
facilitating segmental polymer chain motion and 
lowering the effective energy barrier for thermal 
degradation. 

Similar trends have also been observed in non-
isothermal kinetic studies, where partially 
agglomerated nanofiller structures were reported to 
increase activation energy by inducing constrained 
polymer regions around filler clusters [20,22]. 
These findings demonstrate that, for 
PMMA/NiFe₂O₄ nanocomposites, maximum 
nanoparticle dispersion does not necessarily lead to 
maximum thermal resistance. Instead, an optimum 
dispersion state characterized by partial 
agglomeration and strong interfacial constraint 
governs the degradation kinetics. The convergence 
of kinetic parameters derived from different 
analytical approaches highlights the reliability of 
DTA-based non-isothermal analysis for 
comparative evaluation of dispersion effects in 
PMMA-based nanocomposites. This consistency 
reinforces the validity of correlating morphological 
features with degradation kinetics. 

4. CONCLUSIONS (SONUÇLAR) 

In this study, the structural, morphological, and 
thermal degradation behavior of PMMA and 
PMMA/NiFe₂O₄ nanocomposites prepared with 
different mixing times were systematically 
investigated using XRD, SEM, and non-isothermal 
DTA analyses. The combined results provide a 
comprehensive understanding of the role of 
nanoparticle dispersion and processing conditions 
on the thermal stability and degradation kinetics of 
PMMA-based nanocomposites. XRD analysis 
confirmed that the incorporation of NiFe₂O₄ 
nanoparticles did not alter the amorphous structure 

of the PMMA matrix, regardless of mixing time. 
The absence of significant structural changes 
indicates that the observed variations in thermal 
behavior originate primarily from morphological 
and interfacial effects rather than crystallinity 
differences. SEM observations revealed that mixing 
time plays a critical role in controlling nanoparticle 
dispersion within the PMMA matrix. While the 
PMMA-6 sample exhibited partial nanoparticle 
agglomeration, PMMA-12 showed a more 
homogeneous dispersion. These morphological 
differences were found to directly influence the 
thermal degradation behavior and kinetic 
parameters of the nanocomposites. 

DTA results demonstrated that the main 
degradation temperatures of PMMA remained 
largely unchanged upon NiFe₂O₄ incorporation. 
However, significant differences were observed in 
the degradation kinetics. Kinetic analyses based on 
Kissinger, Ozawa, and Augis–Bennett methods 
revealed that the PMMA-6 nanocomposite 
exhibited the highest activation energy among the 
investigated samples. This behavior was attributed 
to an optimum dispersion state characterized by 
partial agglomeration combined with strong 
polymer–particle interactions, which effectively 
restrict polymer chain mobility and increase the 
energy barrier for thermal degradation. In contrast, 
although PMMA-12 exhibited improved 
nanoparticle dispersion, its activation energy was 
lower than that of PMMA-6, indicating that over-
processing or excessive dispersion may be 
energetically inefficient for achieving optimal 
thermal performance. These findings highlight that 
an optimum dispersion state, rather than complete 
homogeneity, governs the thermal degradation 
kinetics of PMMA/NiFe₂O₄ nanocomposites. 

Overall, this study demonstrates that controlled 
processing parameters, particularly mixing time, 
can be effectively used to tailor the thermal 
degradation behavior and kinetic response of 
PMMA-based nanocomposites without altering 
their structural characteristics. The results provide 
valuable insights for the design of polymer 
nanocomposites with enhanced thermal 
performance and controlled degradation behavior 
for advanced engineering applications. The present 
study is limited to a fixed nanoparticle 
concentration and two mixing durations. Future 
studies may focus on different filler loadings, 
surface-modified nanoparticles, and 
complementary thermal analysis techniques to 
further elucidate dispersion-controlled degradation 
mechanisms. 
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