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Abstract 

Fe2O3 nanoparticles reinforced in Poly methyl methacrylate (PMMA) matrix structure were 
synthesized by melting method. Fe2O3 was added in an amount of 2.5% by weight. Mixing times of 
6 and 12 minutes were used and materials with different homogenization properties were produced. 
In the final section, optimized binary nanocomposites were characterized by x-ray diffractions (XRD) 
and scanning electron microscope (SEM) revealing the strong interaction of the PMMA matrix with 
nanometal particles. Differential thermal analysis (DTA) was used to determine the thermal behavior 
of Fe2O3 reinforced PMMA nanocomposite. Activation energies of thermal degradation were 
calculated by using Kissinger, Takhor and Augis-Bennett methods. The increasing of the mixing time 
in extruder also contributed to material homogenization. In addition, the Fe2O3 supplement lowered 
the polymer degradation temperature and increased the activation energy. Depending on the 
increasing mixing time, a decrease was observed in the maximum mass loss temperature (Tx) of the 
samples. 

Keywords: Poly(methyl methacrylate); Fe₂O₃ nanoparticles; thermal degradation; degradation 
kinetics; nanocomposites; activation energy 
 

1. Introduction 

Hybrid nanocomposites of polymers containing various inorganic fillers or additives have 
received great attention due to their advanced mechanical, thermal, electrical properties, lower cost, 
ease of molding, lightness, and potential in a wide range of technological applications [1–6]. Polymer 
nanocomposites with high thermal conductivity and high dielectric constant are extremely necessary 
due to their various applications in the electrical and electronics industries, including voltage control, 
sensors, actuators, embedded capacitors, electromagnetic protection and new energy storage devices 
[7]. Therefore, issues such as heat removal and mechanical stability are of prime importance which 
must be improved in order to maximize the performance of various polymers in the electronics 
industry [8]. 

The incorporation of nanoparticles in a polymer matrix alters, as expected, the mechanical, 
thermal and other characteristics of the polymer [9]. Rocha et al. investigated the thermal properties 
of maghemit-Poly(methyl methacrylate) (PMMA) nanocomposite. They reported that increasing 
maghemite content also increased the thermal stability of the nanocomposite compared to pure 
PMMA. They also showed that the electron density in the maghemite nanoparticle is not 
homogeneous, and low electron density volumes are radical scavengers during PMMA degradation 
acting as thermal stabilizers [10]. Dallas et al. prepared polymer/magnetic nanoparticle composites 
in their study and investigated the thermal properties of the obtained nanocomposite. They reported 
that an increase in the glass transition temperature was observed after the addition of nanoparticles 
[11]. 
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The polymorphic nature of iron oxides is well-known. Iron oxides and their nanoparticles are 
ubiquitous in the environment and have been investigated due to their properties and functions in 
both natural and engineered systems [12]. Laachacci et al. examined the thermal properties of PMMA 
which is associated with PMMA, titanium oxide and iron oxide (Fe2O3) nanoparticles of 5%, 10%, 15% 
and 20% by weight, and observed an increase in the thermal stability as the amount of oxide increased 
[13]. Barandiaran et al. to obtain a good dispersion of Fe2O3 magnetic nanoparticles, they modified 
the nanoparticles with silane using APTS. They reported that the nanocomposite obtained by 
combining the modified nanoparticles with PMMA transformed into a more homogeneous structure 
[14]. Aymonier et al. the degradation of the PMMA composite containing 0.0005% Pd by volume has 
been delayed by more than 75 °C and its optical and thermal properties were protected from 
deterioration [15]. These studies clearly show that interactions between polymers and additives can 
play a critical role for determining the properties of nanocomposites [5]. 

The elimination of heat produced by micro and nanoelectronic devices during the operation of 
electronic elements is a major problem. To control the heat generated in the system easily, polymeric 
materials having thermal conductivity are needed to dissipate the existing heat. 

In our previous study, the effect of mixing time on the thermal stability and activation energies 
of NiO/PMMA nanocomposites was investigated. The addition of NiO nanoparticles facilitated 
earlier decomposition by lowering both the initial temperature and activation energy compared to 
pure PMMA. These findings indicate that PMMA undergoes positive changes in its thermal 
decomposition and kinetic energies after forming a nanocomposite with metal oxides [16]. 

The crucial point in obtaining nanosize materials is to prevent particles from aggregation [17]. 
Therefore, mixing time is important to ensure the distribution of particles in the matrix [18]. Another 
important choice for nanoparticle added composite materials is the reinforcement particle ratio. For 
example, Sun et al. investigated the mechanical behavior of epoxy reinforced nanoparticles of 4% 
Fe2O3 [19]. Naguib et al. investigated the effect of 3% Fe2O3 coated particles on the mechanical 
properties of the epoxy matrix [20]. Maleki et al. produced 5%, 10%, 15% and 20% Fe2O3 reinforcement 
particles and polymer matrix composites [21]. In this study, the reinforcement particle ratios in the 
literature were examined and the 2.5% reinforcement particle ratio was chosen as a sufficient 
reinforcement particle ratio to monitor the effect of mixing time. Different mixing times were applied 
in the preparation of the samples with the selected reinforcement particle ratio. Thus, the effect of the 
obtained homogenization amount on the thermal behavior of the material was determined. Unlike 
the literature, it was aimed to examine the changes in structural and thermal properties as a result of 
mixing Fe2O3 nanoparticles in the PMMA structure for different periods of 6 and 12 minutes. For this 
purpose, the results of the experiment obtained by x-ray diffractions (XRD), scanning electron 
microscope (SEM) images and thermogravimetric analysis of the samples obtained after different 
mixing times were examined. The data obtained from the thermograms of nanocomposites at 
different heating rates were analyzed with Kissinger, Takhor and Augis-Bennett methods. The 
current study describes novel nanocomposites polymer film reinforced with Fe2O3 mixed 
nanoparticles at 2,5 weight percentage using melting methods and characterized by thermal analysis 
methods. 

2. Materials and Methods 

Poly(methyl methacrylate)-(M.W.=35000 g/mol) was purchased from Acros Organics. Nano 
Fe2O3 was purchased from Sigma-Aldrich (Germany) with 1309-37-1 CAS number. All chemical 
reagents were used in analytical purity. Pure PMMA and Fe2O3 reinforced PMMA matrix 
nanocomposites were synthesized using the melting method [22]. Twin screw DSM explore micro 
extruder was used in the synthesis of nanocomposite by melting method [23]. The optimum 
temperature for PMMA was determined as 473, 483 and 483 K for the three regions in the cylinder, 
respectively. These temperatures have been found by determining an appropriate temperature value 
between the glass transition temperatures and melting points of the polymers and using the 
literature. The polymer (4 g) and metal oxide (0.1 g) were premixed. Transferred into the feeding unit 
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of the ready twin-screw extruder. After the materials were processed in 2 different mixing times, 6 to 
12 minutes, nanocomposites were obtained in the form of a film. In nanocomposite production, the 
extruder control temperatures vary according to the polymers and the temperature value was around 
473-483 K and the speed was 100 rpm in the processes related to PMMA polymer. The resulting 
samples were defined as PMMA (undoped), PMMA-6 (6 minutes of mixing) and PMMA-12 (12 
minutes of mixing). The schematic flow diagram of the entire experimental procedure, which 
involves the preparation of pure PMMA and Fe₂O₃-doped nanocomposite samples mixed for 
different durations using the melt compounding method, is presented in Figure 1. 

 

Figure 1. Schematic representation of the synthesis process of pure PMMA and Fe₂O₃-reinforced PMMA 
nanocomposites using the melt mixing method. 

Structural changes and phase analysis of samples after certain mixing times were measured in 
the Bruker Advance D8 XRD device using CuKα radiation (λ = 0.154056 nm) at a step speed of 0.013° 
in the range of 2θ = 5°-80°. The microstructures of the nano Fe2O3/PMMA nanocomposites were 
characterized using a Jeol 6064 LV SEM at an acceleration voltage of 10 kV. In differential thermal 
analysis-thermogravimetric (DTA-TG) measurements Hitachi Exstar SII 7300 model device was used 
and the weight of powder samples was between 10-20 mg which were placed in an aluminum pan 
exposed to nitrogen gas at different heating rates up to 1000 K from room temperature [24]. 

3. Results And Discussions 

3.1. XRD Characterization 

The X-ray pattern of PMMA shows three broad peaks at 2θ = 13.52, 29.61 and 42.22 which shows 
the semi crystalline structure of the PMMA particles. The pattern exhibits typical amorphous nature 
of the nanocomposite material. From these patterns of the nanocomposites it is realized that Fe2O3 
loading did not affect the structural characteristics of PMMA which was due to the fact that TiO2 was 
mixed physically [25]. XRD results of Fe2O3 powder and other samples in nano dimensions which 
were used during the experiments are shown in Figure 2. XRD patterns of PMMA, PMMA-6, PMMA-
12, and Fe2O3 powder were examined, the patterns of polymer structure and Fe2O3 powder combined 
in nanocomposite PMMA-6 and PMMA-12 samples gave similar peaks at 6 points at the same angles. 
The XRD patterns of the PMMA sample are similar to the PMMA-6 and PMMA-12 samples. This 
situation determines that Fe2O3 powders containing nanoparticles are distributed within the polymer 
matrix and both components exist within the structure. Figure 2 shows the XRD pattern for PMMA 
peaks at 2θ and relative intensities obtained for the polymer match with the JCPDS Card no. 13-0835 
file, identifying it as PMMA. It is compatible with the XRD patterns of Fe2O3 and the standard JCPDS 
Card no. 04-0755. 
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Figure 2. XRD patterns for nano Fe2O3, PMMA, PMMA-6 and PMMA-12 samples. 

3.2. Morphology Characterization 

The distribution of Fe2O3 nanoparticles in the PMMA matrix was investigated under SEM.  
Figure 3 shows SEM micrographs of sections of samples at the same magnification rates and Fe2O3 
particles scattered in the PMMA matrix in case of doped Fe2O3 . In Figure 3 (b), the distribution 
structure of Fe2O3 nanoparticles in PMMA-6 sample is not homogeneous enough. It is possible to see 
the agglomeration that occurs in the structure. In Figure 3 (c) the increase in the mixing time is seen 
to allow more homogeneous dispersion of Fe2O3 reinforcement particles. It is clear that the 
agglomeration for the PMMA-12 sample decreased. In addition, since no gaps are defined at the 
interfaces of the PMMA matrix forming the nanocomposite and the Fe2O3 reinforcement particle, it 
can be seen that there are strong interfaces. Thus, each Fe2O3 nanoparticle was completely 
encapsulated by a thin layer of PMMA polymer producing multiple interfaces. Therefore, Fe2O3 

nanoparticles appear to be strongly embedded in PMMA to form a compact interface structure 
reflecting the improvement of thermal properties. 
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Figure 3. SEM micrographs of (a) pure PMMA, (b) PMMA-6, (c) PMMA-12. 

3.3. Differential Thermal Analysis 

The DTA results demonstrated that the PMMA, PMMA-6, and PMMA-12 nanocomposite 
samples exhibited endothermic behaviour (see Figure 4). As the heating rate increased, the onset 
temperature of polymer decomposition shifted to higher values due to thermal lag. The pure PMMA 
sample exhibited a distinct endothermic peak at approximately 680 K. Similar thermal decomposition 
profiles were observed for the PMMA-6 and PMMA-12 nanocomposites, thus confirming the 
presence of analogous decomposition mechanisms. 
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Figure 4. DTA graphics of the samples (a) PMMA, (b) PMMA-6 and (c) PMMA-12. 

The glass transition temperature of a polymer is important for characterization as it determines 
the macroscopic performance of the polymer [26]. Glass transition temperature is the temperature at 
which the increased molecular mobility leads to significant changes in the thermal properties of the 
amorphous structure. In other words, the temperature of starting of the thermal disintegration has 
been proven to be the glass transition temperature [6]. At above the glass transition temperature, the 
polymer tends to expand isotropically [27]. The glass transition temperature ( based on the DTA 
curves given in Figure 3) was found to be about 380 K for pure PMMA. Approximate temperature 
values are given in the literature [28]. 

Upon examination of the graph, it was observed that the Tx temperatures of the nanocomposite 
decreased between 3 and 5 K for a constant heating rate, as indicated by the data obtained from DTA 
analysis. At the rate of 5 K/min temperature increase, the temperatures of PMMA, PMMA-6 and 
PMMA-12 samples were recorded as 651K, 648K and 646K respectively. The same trend occurred for 
the other heating rates. Another thing that stands out in DTA curves was the stabilization disorder 
at the initial temperature of degradation. The more clearly occurring reaction initiation mechanism 
for PMMA-6 sample came out to be more stable for the PMMA-12 sample. The cause of this 
instability, which occurred independent of the heating rate was the effect of supplementary 
nanoparticles on the polymer structure. When the concentration of metal oxide concentrated in 
certain regions (as a result of accumulation) did not disperse equally to the entire composite, it caused 
different thermal effects within the entire composite under the heat effect and probably caused 
distortion in a way that affected subsequent processes. It is inevitable that this process will slightly 
cause mass loss. This agglomeration is the cause of the deviations in the curves obtained from the 
samples under different heating rates. The data calculated as a result of DTA analysis is shown in 
Table 1. 
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Table 1. The values for the samples were calculated as a result of DTA analysis. 

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 

5 556 648 372 
10 562 660 323 
15 560 662 323 
20 598 676 289 

PMMA-12 

5 594 646 337 
10 590 659 306 
15 620 663 274 
20 625 670 249 

An examination of the Tx temperatures in relation to the heating rate revealed a direct 
correlation between the reaction peak temperature and the values of 651, 661, 670, and 676 K, 
respectively, at rates of 5, 10, 15, and 20 K/min for the PMMA sample. Furthermore, a temperature 
increase rate of 651 K/min was observed for PMMA, PMMA-6, and PMMA-12 samples at a rate of 5 
K/min. This phenomenon is consistent across a range of temperature increase rates. 

3.4. Thermal Activation Energies 

The activation energies of the decomposition calculated from the DTA curves are based on the 
mass losses in the different decomposition regions during the decomposition process. Accordingly, 
a series of experiments were performed at various heating rates and E was obtained from the slope 
of an ln linear isoconversion plot. Figure 5 shows the graph of ln(- ln(1-φ (T))-lnβ for the samples 
calculated according to the Ozawa formula [29]. The value of the Avrami Parameter was calculated 
by using the Ozawa equation. 

 
Figure 5. Ozawa plots for PMMA, PMMA-6 and PMMA-12 samples. 

The values obtained from the peaks in the DTA curve and the Avrami parameter for these 
samples were found to be approximately 1. Avrami Parameter values were 1.10 for PMMA, 1.15 for 
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PMMA-6 and 1.10 for PMMA-12. This value indicates superficial nucleation and one-dimensional 
growth. 

The Kissinger method is a useful technique for evaluating average degradation energy in weight 
loss. The graph of 1000/Tx versus ln(β/Tx2) obtained from DTA measurements for PMMA, PMMA-
6, and PMMA-12 is given in Figure 6. The gradient of the calculated accuracy for each sample 
provides the activation energy [30]. The values of the experimental results are presented in Table 2. 

 

Figure 6. ln(β/Tx2)-1000/Tx plot for PMMA, PMMA-6 and PMMA-12 samples according to Kissinger Formula. 

Activation energies of conversions occurring at an increased rate of 5, 10, 15, and 20 K/min for 
PMMA, PMMA-6, and PMMA-12 samples were compared. According to the Kissinger technique, a 
value of 189 kJ/mol was obtained for PMMA, while 166 kJ/mol was found for the PMMA-6 sample 
and 209 kJ/mol for the PMMA-12 sample. This results in an increase in mixing time increasing the 
thermal stabilization of the composite. It is seen that thermal stabilization increases with the increase 
of homogenization of the mixing process. When the increase in particle ratio in the PMMA composite 
provides a more homogeneous reinforcement particle distribution, the distance between the particles 
decreases, forming a tight binding. Thus, the produced nanocomposite becomes denser and more 
stable. Therefore, the transfer of heat from one surface to the other surface of the related 
nanocomposite films becomes quite easy. In this case, it is possible to form thermally more efficient 
conductive pathways [31]. 

According to the Takhor Formula, PMMA was calculated as 200 kJ/mol for PMMA, 177 kJ/mol 
for PMMA-6 sample and 220 kJ/mol for PMMA-12 sample when considering conversions occurring 
in 5, 10, 15 and 20 K/min increase ratio for PMMA-6 and PMMA-12 samples. While activation energy 
decreased slightly for the PMMA-6 sample, the activation energy of the PMMA-12 sample was higher 
than the other two samples. According to Takhor formula, lnβ-1000/Tx graph of PMMA, PMMA-6 
and PMMA-12 samples is given in Figure 7. This result coincides with the calculation made by 
Kissinger method and is attributed to the inability to achieve a homogeneous distribution in the 
polymer. Homogenization ensures that the heat absorbed by nanoparticles is evenly distributed in 
the polymer. The agglomeration of the structure indicates that oxide particles together create more 
thermal instability. 
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Figure 7. lnβ-1000/Tx graph for PMMA, PMMA-6, and PMMA-12 samples according to Takhor Formula. 

According to the Augis-Bennett Formula, ln(β/(Tx-T0))-1000/Tx graph is drawn for PMMA, 
PMMA-6 and PMMA-12 samples. When the activation energies obtained by this method were 
compared, it was calculated as 162 kJ/mol for PMMA sample while it increased to 198 kJ/mol for 
PMMA-6 sample and 251 kJ/mol for PMMA-12 sample. Here, like Kissinger and Takhor methods, 
the energy activation level of the PMMA-6 and PMMA-12 samples showed similar trends. In the 
same way as Kissinger and Takhor method, the activation energy value of the PMMA-12 sample was 
higher than the other two samples. According to the Augis-Bennett Formula, the graph of the 
calculated values for each of the three samples is given in Figure 8. 

 

Figure 8. ln(β/Tx-To)-1000/Tx chart for samples according to Augis-Bennett Formula. 

The results of the calculations made with Kissinger, Takhor and Augis-Bennett methods were 
similar. The values calculated by these methods are given in Table 2. 
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Table 2. Activation energies calculated from the values of the samples as a result of DTA analysis. 

Samples Avrami 
Parameter 

Kissinger 
Method 
(Kj/Mol) 

Takhor 
Method 
(Kj/Mol) 

Augis-Bennett 
Method 
(Kj/Mol) 

PMMA 1 189 200 162 
PMMA-6 1 166 177 198 

PMMA-12 1 209 220 251 

3.5. Thermogravimetric Analysis 

Thermogravimetric measurements calculated the different slopes seen at the degradation initial 
temperatures of the samples at an increased rate of 10K/min and the effect of the additive on the 
initial degradation amount was examined. Changes in thermal degradation temperatures were 
examined for the K and L points shown in Figure 9. Mass loss quantities were calculated by taking 
varying values depending on temperature. Table 3 shows mass loss values for PMMA, PMMA-6, and 
PMMA-12 samples. All samples decreased the amount of mass loss by around 1% at point K. At L 
point, for the PMMA sample increased to 8.32%, 12.03% for PMMA-6 sample, and 12.35% for PMMA-
12 sample. At this point, the amount of mass change in samples with reinforced particles was higher. 
It is also seen that the mixing time accelerates the thermal degradation process. Aygahoglu et al. 
investigated the thermal conductivity of iron oxide powders at low temperatures and found that the 
thermal conductivity coefficient of the samples was affected by the temperature change, depending 
on the content and size of the Fe2O3 particles [32]. 

TG thermograms of PMMA, PMMA-6 and PMMA-12 nanocomposites were performed. Table 3 
shows T5, T30, T50, T80, Tx and residue values of PMMA, PMMA-6 and PMMA-12 nanocomposites. T5, 
T30, T50 and T80 value was the temperature indicating that the analyzed sample has degraded at x wt% 
amount [33]. The temperatures at which the maximum mass loss (Tx) of pure PMMA, PMMA-6 and 
PMMA-12 occurred were 661 K, 660 K and 659 K respectively. When the maximum decomposition 
temperatures of PMMA nanocomposites were examined, the maximum decrease occurred for 
nanocomposite containing PMMA-12. With nano Fe2O3 reinforced pure PMMA, a decrease occurred 
in T5, T30, T50, T80 and Tx temperatures. In addition, temperature decreases were observed for the same 
T5, T30, T50, T80 and Tx values with the increasing mixing time. On the other hand, there was an increase 
in the residue values depending on the mixing time. 

The thermal stability of PMMA was affected by the amount of Fe2O3 added to the matrix and the 
mixing time in nanocomposite synthesis atmosphere, due to the enhanced interface interactions 
between PMMA and Fe2O3 particle. 
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Figure 9. Temperature/TG graphs showing mass loss of samples. 

Table 3. Mass loss values for PMMA, PMMA-6 and PMMA-12 samples. 

Samples TG 
(µg) 

K 
(µg) 

L 
(µg) 

T5 

(K) 
T30 

(K) 
T50 

(K) 
T80 

(K) 
TX Residue 

% 
PMMA 11.19 11.08 10.26 601 647 658 682 661 0.42 

PMMA-6 13.01 12.89 11.45 582 641 653 671 660 0.90 
PMMA-12 13.32 13.19 11.68 578 640 653 671 659 1.43 

This result indicates that PMMA degradation is accelerated by the presence of Fe2O3 
nanoparticles. The reason for the acceleration is that Fe2O3 nanoparticles tend to disrupt the random 
chain polymer structure. Fe2O3 is restricted to adhesion between particles and PMMA molecules and 
to their mobility due to the fact that polymer chains are connected to inorganic particles [34]. A small 
amount of iron oxide has reportedly created such an acceleration in the thermal decomposition of 
organics [5,35] 

4. Conclusions 

In this study, the effects of Fe2O3 nanoparticles reinforced to PMMA matrix on the behavior of 
composites were investigated. In addition to the effects of extrusion time on composite behavior 
during composite production, the thermal stability levels of the composite were compared with 
different activation calculations. In the microstructure photographs, it was observed that nano-sized 
Fe2O3 reinforcement particles caused agglomeration. It was determined that as the mixing time 
increased, agglomeration decreased and homogenization increased. This can be considered as the 
direct effect of restriction of the mobility of polymer chains on the thermal-oxidative degradation 
mechanism. In the XRD analysis, the same results were obtained with the XRD cards given for PMMA 
and Fe2O3. The peaks of the materials constituting the composition were detected in PMMA-6 and 
PMMA-12 samples. This indicates that Fe2O3 powders containing nanoparticles are dispersed in the 
polymer matrix and both components are present in the structure. For all samples, the Avrami 
parameters calculated with the Ozawa equation were found to be approximately “1”. This result is 
indicative of superficial nucleation and one-dimensional growth. The mixing time in extrusion and 
the dispersion behavior of the mixed fillers affected the thermal properties of the PMMA matrix. With 
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the increase of mixing time, a more homogeneous structure was obtained and this reduced the initial 
mass loss temperature. There are two mass loss regimes from PMMA. In the former, the weight loss 
is controlled by the chemical degradation process, while in the latter it occurs by the effect of partial 
degradation (bubble transport or diffusion) on the softened PMMA. Here, the idea that Fe2O3 
influences bubble formation and diffusion mechanisms is more logical. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

Symbol Meaning 

APTS (3-Aminopropyl) triethoxysilane 

DTA Differential thermal analysis 

JCPDS Joint Committee on Powder Diffraction Standards Card No 

K The amount of substance remaining in the K region 

L The amount of substance remaining in the L region 

M.W. Molecular Weight 

PMMA Poly(methyl methacrylate) 

PMMA-6 Nanocomposite with 2.5% reinforcement particle ratio prepared by mixing for 6 minutes 

PMMA-12 Nanocomposite with 2.5% reinforcement particle ratio prepared by mixing for 12 minutes 

Residue Remaining substance as a percentage 

SEM Scanning electron microscope 

TG Initial amount of substance 

XRD X-ray diffractions 

A Calculation of the area under the thermal graph training 

β Heating Rate 

Tx The maximum mass loss temperatures 
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