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1. Introduction 

The rapid advancement of electronic devices, electrical 

insulation systems, and power-intensive technologies has 

imposed increasingly stringent requirements on materials 

capable of efficient thermal management while maintaining 

mechanical integrity and electrical reliability. In many modern 

applications, including power electronics, high-voltage 

insulation, and electronic packaging, inadequate heat 

dissipation remains a primary factor limiting performance, 

reliability, and service lifetime. Consequently, the 

development of polymer-based materials with enhanced 

thermal conductivity, thermal stability, and processability has 

become a critical research priority. 

Among polymer matrices, epoxy resins are widely 

employed due to their excellent adhesion, chemical resistance, 

dimensional stability, and favorable electrical insulation 

properties [1]. However, pristine epoxy exhibits inherently 

low thermal conductivity, which restricts its applicability in 

thermally demanding environments. To overcome this 

limitation, the incorporation of thermally conductive ceramic 

fillers has emerged as an effective and scalable strategy. In 

particular, aluminum oxide (AI2O3) has attracted considerable 

attention owing to its high intrinsic thermal conductivity, 

electrical insulation capability, chemical inertness, and cost-

effectiveness. By tailoring filler loading, morphology, and 

interfacial characteristics, epoxy–AI2O3 composites offer a 

promising pathway toward multifunctional materials that 

simultaneously address thermal transport and thermal stability 

requirements, thereby motivating the extensive research 

efforts reviewed in the following section. 

Ding et al. [2] offered an extensive design to epoxy-based 

thermal interface materials (TIMs), including alumina fillers, 

where a systematic review was applied to compare the impact 

of filler morphology, loading fraction, and enhancement 

strategies, including thermal network construction and 

minimization of interfacial thermal resistance, on thermal 

conductivity. The main results prove the fact that epoxy-AI2O3 

systems have a good balance between being cost-effective and 

stable in the chemical properties, though the enhancement of 

thermal conductivity is rather limited by interfacial thermal 

resistance and filler agglomeration with high concentrations. 

The biggest drawback of the study is that it uses aggregated 

literature data with no strict standardization of the 

measurement techniques or conditions of processing, and thus, 

it does not provide direct quantitative comparisons between 

various studies. 

Huang et al. [3] investigated the impact of filler 

morphology, especially the alumina nanowires, on the 

physicochemical characteristics of epoxy composites 

experimentally. The alumina nanowires were prepared and 

added to the epoxy matrix at various mass concentrations. The 

characterizations carried out later included thermal 

conductivity, dielectric properties and electrical breakdown 

strength. The major results were a significant increase in 

thermal conductivity with a corresponding increase in filler 

loading, reaching approximately 134 per cent at 10 wt. There 

were non-monotonic changes in the measured electrical 

parameters; volume resistivity was first increasing and then 
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decreasing whereas breakdown strength was initially 

increasing and then decreasing at higher concentrations of the 

filler. These findings highlight the sensitivity of the material 

performance to the complex interaction between the evolution 

of thermal transport networks and localization of electric fields 

or heat. Limitations of the study include the small set of filler 

loadings studied, which might not extend to the higher 

concentrations typically used in thermal interface material 

applications, and the largely qualitative study of the dispersion 

and agglomeration without a quantitative correlation to the 

underlying thermal network structure. Lee Sánchez et al. [4] 

adopted a clear experimental approach to enhance thermal 

conductivity using a hybrid filler system consisting of two-

dimensional Boron Nitride (BN) flakes and zero-dimensional 

spherical AI2O3 particles, supported by extensive 

characterization including FTIR, viscosity, morphology, 

Coefficient of Thermal Expansion (CTE), glass transition 

temperature (Tg), decomposition temperature (Td), dielectric 

properties, and thermal imaging. The most significant outcome 

was a substantial increase in thermal conductivity, reaching 

approximately 1.72 W/m.K at 80 wt.% filler content, 

corresponding to about a 7.8-fold enhancement compared to 

pristine epoxy. The study also tracked the influence of hybrid 

fillers on thermomechanical properties relevant to electronic 

encapsulation. However, the extremely high filler loading 

markedly increases viscosity and complicates industrial 

processability, and the presence of BN makes it difficult to 

isolate the specific contribution of AI2O3 if the research focus 

is solely on epoxy–alumina systems. 

 Long et al. [5] used branched alumina (b-AI2O3) fillers to 

create more bridging thermal conduction pathways in an epoxy 

material. The experimental process involved the preparation of 

branched alumina by the sintering method, the further 

preparation of composites with high filler content and the total 

measurement of thermal conductivity, electrical and dielectric 

characteristics. The findings showed that the branched 

architecture enables the formation of quasi-continuous thermal 

networks, which decreases interfacial resistance and 

significantly increases thermal conductivity, about ~1.13 

W/m.K at 70 wt.%, which is almost seven times higher than 

unfilled epoxy, and also maintains desirable electrical 

insulation properties. The paper is aware of some of the 

limitations such as reliance on special filler preparation 

methods and the requirement of very high loading fractions, 

which can present limitations in terms of material density, 

process viability, and reproducibility. In addition, the 

composites are highly sensitive to the filler distribution and 

network integrity. Singh and Pandey [6] A key strength of this 

study is that it goes beyond measuring the composite's 

effective thermal conductivity and attempts to extract the 

thermal conductivity of the interphase itself. A hybrid 

methodology was employed, combining TPS 500 thermal 

conductivity measurements with a finite element model of a 

virtual composite over a range of assumed interphase 

conductivities, followed by an optimization algorithm to 

identify the interphase value. The principal finding revealed 

that the interphase may exhibit significantly higher thermal 

conductivity than the base polymer, indicating that interfacial 

engineering is a governing factor in heat transport rather than 

a secondary effect. The main limitation is that the interphase 

is often modeled using simplified assumptions of uniformity 

and effective thickness. In contrast, real systems may exhibit 

gradients and local heterogeneities that depend on processing 

and surface chemistry. Pan et al. [7] investigated the dispersion 

of AI2O3 particles of different sizes in an epoxy matrix and its 

effect on thermal conductivity. Epoxy composites filled with 

AI2O3 particles of varying sizes and contents were prepared to 

evaluate their thermal performance. The results showed that 

nanoparticles of approximately 30 nm were uniformly 

dispersed within the epoxy matrix, leading to the formation of 

effective conductive pathways and achieving a maximum 

thermal conductivity of 2.52 W/m.K. However, larger particle 

sizes (greater than 17 μm) resulted in particle agglomeration 

and increased surface roughness, which negatively affected 

heat transfer by disrupting the formation of continuous 

conduction pathways. Xu et al. [8] examined how 

epoxy/AI2O3 composites are influenced by varying alumina 

particle sizes when micro-AI2O3 with various particle sizes (5, 

10, 40, 60, and 120 μm) has been utilized as a thermally 

conductive filler for the epoxy resin composite. Stress and 

strain tests have been done simultaneously to determine the 

mechanical properties. It found that from the results, as the size 

of the alumina particles increased, the thermal conductivity 

reduced with the same quantity of alumina filling. This 

suggests that smaller particles increase heat conductivity. The 

thermal conductivity and Tg (glass transition temperature) of 

epoxy/AI2O3 composite material decrease with the increase of 

alumina particle size. Also, when the size of the alumina 

particles increased, the epoxy/AI2O3 composite's energy 

storage modulus increased as well, reaching the peak at 160 

MPa. This implies that the mechanical strength of the 

composite is positively impacted by bigger particles. 

Xie and Yang [9] explained an atomistic perspective with 

respect to the effect of dimensions of Al2O3 nanoparticle 

(between 1 to 1.5 nm) on the characteristics of an epoxy 

system, using molecular dynamics simulations of a DGEBF 

matrix which was further cross-linked with DETDA at a 

constant volume fraction. The results showed that when small 

nanoparticles are added, the values of the glass transition 

temperature and the elastic modulus are increased, 

accompanied by a decrease in the coefficient of thermal 

expansion. It was these improvements that were credited with 

an increase in cohesive energy density and a resulting 

limitation of polymer chain mobility that was shown by a 

lower mean square displacement. The results therefore support 

the assumption that nanoscale interfacial processes can 

strengthen thermomechanical stability. Nevertheless, one of 

the main weaknesses lies in the fact that the model of 

molecular dynamics simulations is an idealized system with 

perfect dispersion and limited time and space scales; therefore, 

it does not directly provide experimental measurements of 

thermal conductivity or entirely realistic agglomeration 

effects. 

 Farhan and Hussein [10] studied the effect of alumina 

particle loading on the mechanical properties of polymer 

composites. Polyester-based composites containing 0–5 wt.% 

alumina particles (50 μm) were prepared and evaluated 

through impact, compression, tensile, hardness, and flexural 

tests. The results showed that the mechanical performance 

improved with uniform particle distribution within the matrix. 

The composite containing 5 wt.% alumina exhibited a 

significant increase in impact strength (about 82.74%) and 

hardness compared to the unfilled matrix. In addition, 

moderate improvements in tensile strength were observed at 

lower filler contents (1–3 wt.%), indicating a strong 

relationship between alumina content and impact resistance.  
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Paul et al. [11] this review gave an applied and diagnostic 

outlook on epoxy nanocomposites in electrical insulation 

using a systematic approach that correlates the improvement 

of thermal and dielectric characteristics with the quality of 

dispersion and with the best filler loading before the 

agglomeration effect and the resulting dielectric losses occur. 

The major conclusion was that the optimal filler ratio and 

quality of the interfaces between the fillers and the matrix are 

the determinants of high performance without an upsurge in 

the dielectric loss. This is the limitation because the review is 

not limited to any one type of filler, as it is more focused on 

epoxy and AI2O3 fillers. 

Despite the extensive efforts reported in the literature to 

enhance the thermal conductivity of epoxy–AI2O3 systems, 

most studies either rely on hybrid fillers, focus on 

micro/nanoscale modeling, or emphasize functional insulation 

performance rather than providing a systematic experimental 

correlation between filler loading, thermal conductivity 

enhancement, and thermal stability. In this context, the present 

study aims to experimentally investigate the thermal 

conductivity and glass transition behavior of epoxy–Al2O3 

composites over a wide filler loading range, offering direct 

insight into the coupled evolution of heat transport and thermal 

stability. 

2. Materials and methods  

2.1. Composite materials 

Sikadur® 52 LP low-viscosity injection resin Appendix-A, 

has been used as the matrix material, it is a high-strength with 

two component A and B, with a convenient, easy mixing ratio 

A:B = 2:1 by volume, moisture-tolerant. Formulated 

specifically for grouting both dry and damp cracks. It 

conforms to the current ASTM C-881, types I and II, grade-1, 

class C, and AASHTO M-235 specifications.  

White fused alumina with an average grain size of 50 µm 

was used as the reinforcement material.  

Table 1 presents the most important characteristics 

[12],[13]. 

Table 1. Most important mechanical and thermal properties of epoxy and 

alumina. 

Property Epoxy Alumina 

Color Clear, Pale yellow White 

Ultimate tensile strength 54 MPa 220 MPa 

Poisson’s coefficient (ν) 0.389 - 

Density (A + B) 1.06 kg/L - 

Thermal conductivity - 35 W/m.K 

Heat deflection temperature 

(ASTM D-648) 
122°F (50°C) - 

 

2.2. Composite fabrication method 

Epoxy/alumina composites were fabricated using the hand 

lay-up technique [14]. Initially, the required volume of epoxy 

resin was measured and mixed with the hardener in a 

predetermined ratio 2:1 and stirred thoroughly to ensure 

uniform mixing. Alumina particles were added to the epoxy-

hardener mixture at predetermined volume fractions (0%, 

10%, 20%, 40%, 50%, and 60 wt.%). The mixture was then 

stirred by hand using a glass stirring rod for a period of 5 to 15 

minutes to promote uniform dispersion of alumina particles 

within the epoxy matrix. To minimize air entrapment and 

improve wetting of the filler, the mixture was gently stirred at 

low speed, with using the hot water immersion method. After 

achieving a homogeneous mixture, the composite mixtures 

were poured into a disk-shaped Teflon mold Fig. 1.  

The design and fabrication of the Teflon mold were 

performed in the Science Camp Fab Lab. 

  

  
 

Fig. 1 epoxy/Al2O3 composite preparation. 

2.3. Specimen preparation 

The poured mixtures were cured at room temperature for 

the specified curing period, approximately 24 hours to ensure 

complete cross-linking of the epoxy matrix. The obtained 

specimens were disk-shaped (76.2 mm diameter and 6 mm 

thickness) in accordance with the requirements of the testing 

device that operates according to the general guidelines of 

ASTM D7340 [15], as shown in Fig. 2. 

  

Fig. 2 composite disk specimens. 

The experimental procedure was repeated with the six 

different mixing ratios of epoxy and alumina. As shown in 

Table 2. 
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Table 2. volume calculation for all epoxy and AI2O3 ratios. 

Fraction volume % Volume (cm3) 

Al2O3 Epoxy A B Al2O3 

0 100 18.233 9.117 0.000 

10 90 16.410 8.205 2.735 

20 80 14.587 7.293 5.47 

40 60 10.940 5.470 10.94 

50 50 9.117 4.558 13.675 

60 40 7.293 3.647 16.410 

 

3. Experimental tests  

3.1. X-Ray diffraction (XRD)  

The methods of phase analysis [16], the structural 

properties of the epoxy-alumina composites have been 

investigated using an X-Ray Diffraction (XRD) diffractometer 

using Cu-K alpha radiation. Two samples, pure epoxy and 

epoxy reinforced with 60% alumina, were measured. At a 

measurement temperature of 25 °C, the diffraction patterns 

were captured throughout a 2θ range of 10°–80° with a step 

size of 0.1° and a scanning time of 2 s per step. 

3.2. Thermal properties 

3.2.1. Thermal conductivity 

 Lee's disc technique, which was carried out in accordance 

with the ASTM C518-02 standard [17], is used to determine 

the thermal conductivity of the samples examined in this study, 

which is based on Fourier's theory of heat conduction, Eq. (1) 

[18]. 

ⅆ𝑇

ⅆ𝑥
𝑘 = −

𝑞

𝐴
 (1) 

The equation represents the case of one-dimensional heat 

transfer along the x-direction, the conductive heat flux per unit 

area q/A, A: can be expressed in terms of an elemental 

thickness dx across which a temperature difference dT exists. 

k is the thermal conductivity, W/m.K, dT/dx is heat transfer 

along the x-direction at a steady-state temperature, K/m. A is 

the cross-sectional area in m2. The equation's negative sign 

indicates that heat is flowing in the direction of a falling 

temperature. 

The specimens of the material are to be tested in the form 

of a disc placed between two brass discs, as shown in Fig. 3. 

The thermal conductivity of the composite samples was 

determined, expressed by Eq. (2). 

𝑘 =
𝑚𝐶𝑝

 
ⅆ𝑇
ⅆ𝑡

(𝑇1 − 𝑇2)𝐴
 (2) 

Where m is the mass of the brass disk in kg, Cp is the brass 

disk specific heat capacity J/kg.K, dT/dt rate of temperature 

change over time K/s. T1 and T2 are the temperature differences 

between the two discs. 

 

Fig. 3 The laboratory setup of Lee’s apparatus. 

3.2.2. Differential scanning calorimetry (DSC)  

Differential Scanning Calorimetry (DSC) is a thermal 

analysis technique in which the difference in heat flow 

between a sample and a reference is measured as a function of 

temperature [19]. In this study, DSC was used to evaluate the 

thermal behavior of epoxy–Al₂O₃ composites with varying 

amounts of filler, and determine the glass transition 

temperature (Tg) of the composite samples (Tg). The analysis 

was conducted on three samples (0%, 40%, and 60 wt.% 

Al₂O₃) using a Shimadzu DSC-60 instrument, as shown in Fig. 

4, in accordance with ASTM D3418 [20] and ISO 11357 

standards. About 5–10 mg of the composite powder was sealed 

in high-purity metal DSC pans. Measurements were performed 

under a nitrogen atmosphere at a heating rate of 10 °C/min 

over a temperature range of 25–350 °C. 

 

 

DSC PAN 

Fig. 4 DSC testing device. 

4. Results and discussion  

4.1. XRD result 

The obtained XRD patterns are shown in Figs. 5, and 6. 
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Fig. 5 XRD pattern of pure epoxy specimen. 

 

Fig. 6 XRD pattern of 60 wt.% Al2O3 specimens. 

As reported by Khan et al. [21], the XRD pattern of the 

pure epoxy specimen was explained by a broad diffuse halo 

with no distinct diffraction peaks, refer to the amorphous 

nature of the epoxy resin due to the absence of long-range 

crystalline order and the random arrangement of polymer 

chains. In contrast, the epoxy–alumina composite exhibits 

several sharp and well-defined diffraction peaks across the 

scanned 2θ range. These peaks are attributed to the crystalline 

structure of alumina AI2O3, confirming the successful 

incorporation of alumina particles into the epoxy matrix. The 

high alumina content 60 wt.% dominates the diffraction 

response of the composite, as reflected by the high intensity 

and sharpness of the observed peaks. Furthermore, the XRD 

results confirm the phase purity of the AI2O3 filler, as no 

additional or unexpected peaks were detected. The absence of 

peak shifting or the phases indicates that no chemical reaction 

occurred between the epoxy matrix and the alumina particles 

during processing. This suggests that the composite system is 

primarily a physical mixture, with alumina particles well-

dispersed within the polymer matrix. 

4.2. Thermal test results 

4.2.1. Thermal conductivity  

The thermal conductivity values of Epoxy-Alumina 

composites are presented in Table 3 and Fig. 7. 

Table 3. Epoxy-Alumina composites thermal conductivity results. 

Sample 

no. Composite composition Thermal conductivity (K) 

W⁄m.K 

1 100% epoxy 0.154 

2 90% Epoxy, 10% Alumina 0.293 

3 80% Epoxy, 20% Alumina 0.402 

4 60% Epoxy, 40% Alumina 0.731 

5 50% Epoxy, 50% Alumina 1.043 

6 40% Epoxy, 60% Alumina 1.274 

 

 

Fig. 7 The thermal conductivity of the six specimens of epoxy–Al₂O₃ 

composites. 

The results show a pronounced increase in thermal 

conductivity with increasing alumina loading. The thermal 

conductivity of the pure epoxy is relatively low (≈ 0.15 

W/m.K), which is attributed to the complex morphology of 

polymer chains and the limited phonon transport within the 

amorphous matrix. In general, the thermal conductivity of 

particulate-filled composites is governed by the filler–matrix 

coupling, interfacial thermal resistance, as well as the 

concentration and geometric characteristics of the fillers [22]. 

At low filler concentrations, no continuous inter-filler 

networks are formed; therefore, the enhancement in thermal 

conductivity is limited. With the incorporation of alumina 

particles, the thermal conductivity increases progressively, 

reaching approximately 1.25 W/m.K at 60 wt.% AI2O3. This 

significant improvement can be attributed to the intrinsically 

high thermal conductivity of alumina and the formation of 

continuous heat-conduction pathways within the composite at 

higher filler loadings. Where, in greater filler loadings, the 

interparticle distance reduces, increasing particle interaction 

and lowering thermal resistance across the epoxy-alumina 

interface [23]. 

The observed trend is consistent with previous studies 

reported in the literature, as it was reported in the work of Zhou 

et al. [24], confirming the effectiveness of ceramic fillers in 

enhancing the thermal transport properties of polymer-based 

composites. 

4.2.2. Differential scanning calorimetry result 

 The results appear an increase in the glass transition 

temperature (Tg) with increasing alumina content, as 

summarized in Table 4 and Fig. 8. 
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Table 4. Epoxy-Alumina composites DSC results. 

Sample no. Composite composition Tg (℃) 

1 100% Epoxy 80.76 

2 60% Epoxy, 40% Alumina 95.07 

3 40% Epoxy, 60% Alumina 120.82 

 

 

Fig. 8 DSC thermograms for glass transition temperature (Tg). 

Three characteristic temperatures can be identified from 

the DSC curves: the onset, midpoint, and end temperatures. In 

this study, the midpoint temperature is taken as the glass 

transition temperature (Tg).  

The curve we obtained shows that the pure epoxy exhibits 

the lowest (Tg) value, and this is because the glass transition 

temperature (Tg) is closely related to the cross-linking density 

of the polymer network due to the non-uniform cross-linking 

within the epoxy matrix [25]. While there was a systematic 

increase in (Tg) with increasing alumina content exhibit its 

highest values for 40 wt.% and 60 wt.% AI2O3, This behavior 

can be attributed to the restriction of polymer chain mobility 

caused by the rigid alumina particles and the enhanced 

interfacial interactions between the filler and epoxy matrix 

[26], since the stiff alumina particles limit the movement of 

epoxy molecular chains and decrease the free volume [8], 

which makes the glass transition require more energy to occur. 

The limited mobility of matrix chain segments, the 

development of a rigid interphase at the filler–matrix interface, 

and changes in the local crosslink density close to the 

dispersed particles represent a few of the mechanisms that 

explain the beneficial effect of alumina on the Tg of epoxy 

composites [26]. Strong connections between the AI2O3 

particles and the epoxy network have been linked to the 

increase in Tg seen at larger alumina loadings [25]. These 

contacts reduce the segmental mobility of the chains, raising 

the glass transition temperature [8]. The addition of alumina 

enhances the epoxy matrix's heat stability and fortifies the 

polymer network. 

5. Conclusions  

This study examined the effect of Alumina particles on 

epoxy composites subjected to tests of thermal conductivity 

and DSC, the following conclusions were drawn: 

The present study successfully fabricated epoxy/AI2O3 

composites with filler contents ranging from 10 to 60 % by 

volume, demonstrating that alumina particles were physically 

bonded within the epoxy matrix without strong interfacial 

interaction. A relatively homogeneous microstructure was 

achieved at low to moderate filler loadings, whereas higher 

alumina contents led to noticeable particle agglomeration. 

Structural analysis using XRD confirmed the amorphous 

nature of pure epoxy, while the composites exhibited distinct 

crystalline peaks corresponding to alumina, with the 60 vol.% 

sample showing dominant and sharp peaks that indicate the 

effective incorporation and prevalence of the ceramic phase. 

Thermally, the addition of alumina significantly enhanced the 

thermal conductivity, reaching a maximum value of 1.274 

W⁄m.K at 60 vol.% due to the formation of continuous heat 

conduction pathways facilitated by the high intrinsic 

conductivity of alumina. Furthermore, DSC analysis revealed 

a progressive increase in the glass transition temperature (Tg) 

with increasing filler content, achieving a maximum 

improvement of 49.6% at 60 vol.% alumina, which reflects 

restricted polymer chain mobility. Overall, the results 

highlight that alumina loading plays a critical role in tailoring 

the thermal performance of epoxy composites; however, an 

optimal filler content must be carefully selected to balance 

improved stiffness and thermal conductivity against potential 

drawbacks such as particle agglomeration and reduced 

toughness. 
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