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Abstract 
This study presents an innovative approach to enhance the thermo-mechani-
cal properties of multi-walled carbon nanotube (MWCNT) reinforced epoxy 
nanocomposites through a dual-action dispersion method. By simultaneously 
applying ultrasonic energy and shear force via an axial-flow impeller, a uni-
form distribution of MWCNTs within the epoxy matrix was achieved without 
the need for chemical modification. The impact of MWCNT loading (0.25 - 
1.0 wt%) on the thermal and mechanical behavior of the composites was sys-
tematically investigated. Dynamic mechanical analysis revealed a significant 
improvement in storage modulus, with a maximum enhancement observed at 
0.75 wt% MWCNT content. Thermogravimetric analysis demonstrated in-
creased thermal stability, confirming the efficiency of nanotube reinforce-
ment. Scanning electron microscopy of fracture surfaces validated the homo-
geneity of nanotube distribution and provided insights into fracture mechan-
ics. These findings suggest that the adopted hybrid dispersion technique is ef-
fective for fabricating high-performance polymer nanocomposites for struc-
tural applications. 
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1. Introduction 

Carbon nanotubes (CNTs), particularly multi-walled carbon nanotubes (MWCNTs), 
have garnered extensive attention since their discovery by Iijima in 1991 due to 
their extraordinary mechanical strength, electrical conductivity, and thermal sta-
bility [1]. These characteristics make MWCNTs exceptional candidates for rein-
forcing polymers, ceramics, and metals across a wide range of applications, in-
cluding aerospace, automotive, and electronics [2] [3]. 

In polymer nanocomposites, the integration of MWCNTs has been shown to 
significantly improve mechanical stiffness, toughness, and thermal performance 
[4]-[6]. However, the full potential of MWCNTs can only be realized if they are 
uniformly distributed and strongly bonded within the polymer matrix. Aggrega-
tion of nanotubes—caused by van der Waals forces and high surface energy—
often results in inhomogeneous composites with reduced or inconsistent perfor-
mance [7] [8].  

To address the issue of dispersion, researchers have explored various strategies, 
such as mechanical stirring, ultrasonication, melt blending, and chemical func-
tionalization of the nanotube surfaces [9]-[11]. While chemical functionalization 
can improve dispersibility and interfacial bonding, it may also compromise the 
intrinsic structure and properties of CNTs [12]. Thus, physical dispersion meth-
ods remain a desirable alternative for preserving nanotube integrity while achiev-
ing effective distribution. Previous studies have shown that combining ultrasoni-
cation with shear mixing can significantly improve dispersion quality [13] [14]. 
For instance, Thostenson et al. demonstrated the effectiveness of high shear ex-
trusion in dispersing CNTs in thermoplastics [15], while Guadagno et al. reported 
improvements in epoxy composites using ultrasonication [16]. Nevertheless, there 
remains a need for scalable, efficient techniques that ensure both uniform disper-
sion and enhanced interaction with the matrix. 

The enhanced thermo-mechanical properties achieved through uniform dis-
persion of MWCNTs make these nanocomposites promising candidates for struc-
tural and functional components in high-performance applications. Specifically, 
they can be applied in aerospace parts where weight-to-strength ratio is critical, 
automotive components requiring impact resistance and durability, and elec-
tronic encapsulations where thermal stability and conductivity are vital. Such ap-
plications justify the need to optimize dispersion techniques to achieve superior 
mechanical and thermal performance in the final composite. In this work, we pro-
pose a novel hybrid dispersion technique that simultaneously employs ultrasonic 
waves and mechanical shear force using an axial-flow impeller. This synergistic 
approach aims to de-agglomerate MWCNTs effectively and distribute them uni-
formly throughout an epoxy resin. The focus of this study is to investigate how 
this improved dispersion influences the thermo-mechanical properties of the re-
sulting nanocomposites, including storage modulus, glass transition temperature, 
and thermal stability. 
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2. Experimental Procedure 
2.1. Materials 

The primary components for composite fabrication included multi-walled carbon 
nanotubes (MWCNTs) produced via chemical vapor deposition (CVD), with an 
average diameter of approximately 30 nm and the length of MWCNTs is fall in 
the range of 20 to 45 µm. The cobalt oxide nano particles on alumina substrate are 
used as catalyst in growth of MWCNTs. The polymer matrix was an epoxy resin 
(Camcoat-2071 Bisphenol A based) paired with a compatible aliphatic hardener 
(HY-951 amine based), both sourced from Champion Advanced Materials Pvt. 
Ltd., India. 

2.2. Composite Fabrication Procedure 

A predetermined amount of MWCNTs (ranging from 0.25 to 1.0 wt%) was first 
dispersed into the epoxy resin with the aid of 10% acetone to temporarily reduce 
viscosity and assist in preliminary mixing. This mixture underwent manual stir-
ring with a glass rod to pre-disperse the nanotubes. 

Subsequently, a hybrid dispersion process was employed. The MWCNT-epoxy-
acetone mixture was treated using a dual-action technique: ultrasonic energy was 
applied using a titanium alloy (Ti-6Al-4V) probe (13 mm diameter) operating at 
20 kHz and 750 W, while simultaneously agitating the mixture using an axial-flow 
impeller (Mixture volume-50 ml, Impeller blade angle-45˚, Diameter of impeller-
2.5 cm). The probe was positioned outside the primary vortex zone to enhance 
cavitation and disrupt MWCNT clusters through repeated sonic pulses. The im-
peller, rotating at 400 rpm, ensured effective flow dynamics and shear force 
throughout the 50 mL batch. The sonication amplitude was set at 60% with inter-
mittent pulsing (10 s on/10 s off) for a duration of 30 minutes. To maintain ther-
mal stability during dispersion, the beaker was externally cooled, limiting the tem-
perature rise to 45 ˚C. 

After processing, the acetone was allowed to evaporate completely. The hardener 
(10 wt% of total epoxy weight) was then thoroughly blended into the MWCNT-
epoxy mixture. The resultant formulation was degassed under vacuum to elimi-
nate entrapped air bubbles and poured into silicone rubber molds to shape the 
samples. Curing was performed in a hot air oven at 50˚C for 12 hours. 

2.3. Dynamic Mechanical Analysis (DMA) 

Thermo-mechanical behavior was analyzed using a PerkinElmer DMA 8000 sys-
tem configured in single cantilever bending mode. Tests were conducted in the 
temperature range of 35˚C to 160˚C, with a controlled heating rate of 2˚C/min 
and a constant frequency of 1 Hz, following ASTM D4065 guidelines. The sample 
dimensions were approximately 9.2 mm × 7.5 mm × 2.5 mm. 

2.4. Thermogravimetric Analysis (TGA) 

Thermal stability was assessed using a STA-204 F1 instrument from Netzsch. Ran-
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dom fragments from cured composite samples were heated from room tempera-
ture to 550˚C at a rate of 10˚C/min under nitrogen flow. Alumina served as the 
reference material. 

2.5. Morphological Characterization 

To evaluate the dispersion of MWCNTs and the fracture surface features, field 
emission scanning electron microscopy (FESEM) was performed on gold-coated 
tensile fracture samples. An accelerating voltage of 15 kV was applied during im-
aging. 

3. Results and Discussion 
3.1. Thermo-Mechanical Behavior 

The dynamic mechanical performance of the MWCNT-reinforced epoxy compo-
sites was evaluated to determine the influence of nanotube content and dispersion 
quality on stiffness and thermal transitions. As shown in Figure 1, the storage 
modulus (E') of the nanocomposites exhibited a noticeable increase with increas-
ing MWCNT content up to 0.75 wt%, beyond which the modulus slightly de-
clined. At 35˚C, a 0.75 wt% loading led to an approximately 35% improvement in 
modulus compared to the neat epoxy, suggesting efficient stress transfer through 
a well-dispersed nanotube network. 

 

 
Figure 1. Storage modulus (E′) as a function of temperature for neat epoxy and MWCNT/epoxy nanocomposites. A significant 
increase in modulus is observed up to 0.75 wt% MWCNT loading, indicating improved stiffness due to enhanced dispersion and 
interaction. 

https://doi.org/10.4236/ojapps.2025.157137


A. Singh et al. 
 

 

DOI: 10.4236/ojapps.2025.157137 2095 Open Journal of Applied Sciences 
 

The reduction in modulus at 1.0 wt% MWCNT may be attributed to the onset 
of nanotube aggregation, which disrupts the continuous polymer network and di-
minishes reinforcement efficiency. Similar non-linear trends in modulus with in-
creasing filler content have been reported in earlier studies [17] [18]. 

The glass transition temperature (Tg), as determined from the peak of the tan 
δ curves (Figure 2), also shifted to higher values with increasing nanotube con-
tent. Neat epoxy showed a Tg of approximately 78 ˚C, which rose to nearly 88˚C 
for the 0.75 wt% MWCNT composite. This increase is indicative of restricted seg-
mental mobility in the polymer chains due to strong interfacial interactions with 
dispersed MWCNTs [19]-[24]. The drop in Tg at 1.0 wt% reinforces the hypoth-
esis of poor dispersion and weaker interfacial adhesion at higher loadings. 

Furthermore, the tan δ peak height decreased with MWCNT addition, pointing 
to increased material stiffness and energy dissipation capacity—features favorable 
for applications involving vibration damping [20] [23]. 

To assess the degree of interfacial bonding quantitatively, an interaction param-
eter (B) was calculated using the equation proposed by Ziegel and Romanov [21]. 
The highest B value corresponded to the 0.75 wt% sample, confirming optimal 
filler-matrix compatibility at this concentration. 

 

 
Figure 2. Variation of tan δ with temperature for different MWCNT loadings in epoxy matrix. The peak shift towards higher tem-
peratures and the reduction in peak height signify increased glass transition temperature and material stiffness with MWCNT rein-
forcement. 

3.2. Thermal Stability 

The thermal stability of the composites was examined via thermogravimetric anal-
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ysis. As illustrated in Figure 3, the onset of degradation, defined at 5% and 10% 
weight loss, shifted to higher temperatures as the MWCNT content increased. For 
example, at 0.75 wt% loading, the degradation temperature rose by nearly 15˚C 
compared to neat epoxy. 

This improvement is ascribed to the barrier effect of MWCNTs, which inhibit 
the escape of volatile degradation products and delay thermal decomposition [25]. 
Moreover, the nanotubes may act as radical scavengers, suppressing the propaga-
tion of degradation reactions [24] [26]. The thermal behavior observed in this 
study aligns well with prior findings on carbon nanomaterial-reinforced polymers 
[27]. 

 

 
Figure 3. Thermogravimetric analysis (TGA) curves for neat epoxy and MWCNT/epoxy composites. The degradation temperatures 
increase with MWCNT addition up to 0.75 wt%, indicating enhanced thermal stability. 

3.3. Fracture Surface Morphology 

Field emission scanning electron microscopy (FESEM) images of the fracture sur-
faces (Figure 4) further confirmed the effect of dispersion on composite behavior. 
Neat epoxy exhibited smooth, river-like fracture patterns, characteristic of brittle 
failure. In contrast, the composites displayed rougher, more tortuous surfaces in-
dicative of enhanced energy dissipation during fracture. 

At 0.75 wt% MWCNTs, the fracture surface was densely populated with pulled-
out nanotubes and deflected crack paths, implying strong matrix-filler interac-
tion. At 1.0 wt%, however, visible clusters of MWCNTs were detected, acting as 
flaws that weaken the composite, consistent with the observed drop in mechanical 
performance. 
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Figure 4. FESEM images of fracture surfaces: (a) neat epoxy, showing smooth and brittle 
fracture surface; (b) 0.75 wt%, displaying dense nanotube dispersion and rough fracture; 
(c) 1.00 wt%, where clustering of MWCNTs begins to appear, indicating reduced disper-
sion quality. 

 
Such morphological features corroborate the mechanical and thermal trends 

and are in agreement with literature reporting that uniform nanotube dispersion 
contributes to increased fracture resistance [28] [29]. 

4. Conclusions 

In this study, a dual-action dispersion technique employing ultrasonic waves and 
axial-flow shear mixing was successfully utilized to achieve homogeneous distri-
bution of multi-walled carbon nanotubes (MWCNTs) within an epoxy matrix. 
The integration of this novel hybrid method demonstrated clear improvements in 
the thermo-mechanical performance of the resulting nanocomposites. 

Dynamic mechanical analysis revealed that the storage modulus and glass tran-
sition temperature increased notably with MWCNT loading, peaking at 0.75 wt%, 
indicating enhanced stiffness and restricted molecular mobility due to strong in-
terfacial bonding. Thermal stability, as assessed by TGA, also improved with in-
creasing MWCNT content up to 0.75 wt%, owing to the barrier and radical-scav-
enging effects of well-dispersed nanotubes. 

However, exceeding the 0.75 wt% threshold led to diminishing returns or slight 
reductions in all measured properties, attributed to the formation of MWCNT 
clusters that act as defects within the polymer matrix. FESEM observations of frac-
ture surfaces corroborated these findings by visually confirming the transition 
from uniform dispersion to visible aggregation at higher nanotube loadings. 

Overall, the findings suggest that the hybrid dispersion method is a highly ef-
fective, scalable approach for enhancing the mechanical and thermal characteris-
tics of epoxy nanocomposites. The optimal MWCNT loading identified in this 
work (0.75 wt%) provides a benchmark for developing high-performance struc-
tural materials in aerospace, automotive, and advanced engineering applications. 
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