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Abstract

This study investigates the thermal properties and microhardness of epoxy/vinyl ester (EP/VE)
interpenetrating polymer networks (IPNs) containing hybrid nanofillers comprising graphene
nanosheets (GnPs) and multi-walled carbon nanotubes (MWCNTs). An equal weight ratio mixture
of two compatible resins with similar chemical structures but different curing mechanisms, namely
epoxy and vinyl ester resins, both based on bisphenol-A, was used to fabricate the IPN matrix.
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were used to evaluate
the effects of the type and amount of nanofillers based on carbon allotropes on the thermal
degradation behavior of the resulting nanocomposites. The DTG thermogram of the IPN sample
showed a single degradation peak, indicating the formation of a full interpenetrating polymer
network and high compatibility between its constituent resin components, and the absence of
detectable phase separation. Changes in TGA and DTG parameters of IPN samples containing
hybrid nanofillers, compared to those without them, indicate that these nanofillers have improved
the IPN's thermal stability. The nanocomposite containing 0.1 wt% GnPs/MWCNTs hybrid
exhibits optimal performance and the highest fire retardancy, with a limiting oxygen index (LOI)
of 20.17%. Microhardness measurements revealed that the IPN system exhibited hardness values
comparable to those of the pure epoxy resin, indicating that mechanical integrity was maintained

while also improving thermal properties.



Highlights

e Interpenetrating polymer networks combine crosslinked polymers to tailor material
characteristics.

e A hybrid of Graphene nanoplatelets (GnPs)/multi-walled carbon nanotubes (MWCNTs)
improves the thermal stability of IPNs.

e Thermal gravimetric analysis assesses the stability and compatibility of IPNs and
nanocomposites.

e IPNGCI (0.1 wt% GnP/MWCNT) exhibits high fire retardancy, with a limiting oxygen
index (LOI) of 20.17%.

e DTG thermograms indicate homogenous IPN systems with a single peak.

Keywords: Interpenetrating Polymer Network (IPN), Thermal Properties, Nanocomposites,

Degradation, Thermal Gravity Analysis (TGA)

1. Introduction

Polymer blends, such as interpenetrating polymer networks (IPNs), which combine two or more
crosslinked polymers, offer unique opportunities to customize material properties superior to those
of their components and achieve improved performance [1-3]. The Interpenetrating polymer
networks form when at least one polymer is polymerized or crosslinked in the presence of another.
This process creates an interpenetrated structure, which can improve toughness, impact resistance,
and damping properties. As a result, [IPNs are suitable as matrices for composite and vibration
control applications [4—11]. Sperling defined IPNs as systems where two or more polymers are
synthesized in a network form [12], and Utracki noted that the thickness of the network strands
can range from 10 to 1000 nm [13].

Two resins, epoxy and vinyl ester based on bisphenol A, have attracted the attention of researchers
as one of the best-known IPN systems due to their compatibility, resulting from their similar
chemical structures and different curing mechanisms. These resin mixtures have led to the creation

of materials with remarkable mechanical, thermal, and rheological behaviors [14-18]. The



properties of these resin blends are significantly affected by their morphology, whether in
continuous or dispersed form. Despite the improvements offered by epoxy and vinyl ester IPNs,
specific properties often require further enhancements, motivating the use of micro- and nanoscale
fillers to tune IPN characteristics [19-29].

Some papers have systematically investigated how filler type, dispersion, and concentration affect
the thermal stability, glass transition temperature, and conductivity of epoxy-based IPNs. Hiremath
et al. studied glass fiber reinforced epoxy-vinyl ester IPN (GEVIPN) composites [30]. With
increasing post-curing temperature, DMTA analysis results showed that the glass transition
temperature (Tg) of these GEVIPN composites increased, indicating higher crosslink density and
improved bonding between the IPN matrix and glass fibers. Optimal post-curing at 200 °C resulted
in lower loss modulus and tand peak heights, further confirming strong interfacial bonding that
affects the composite's thermal behavior and energy dissipation. Molaei et al. investigated the
structure and viscoelastic behavior of epoxy/vinyl ester IPN nanocomposites containing graphene
nanoplatelets (GnPs) and multi-walled carbon nanotubes (MWCNTSs) [31]. Their dynamic
mechanical thermal analysis (DMTA) revealed that 0.5 wt% MWCNTs yielded the highest glass
transition temperature (Tg) of 124.81°C. This result indicated enhanced thermal stiffness. Yang et
al. constructed in situ IPN structures from epoxy and vinyl ester resins and examined the effect of
octavinyl polyhedral oligomeric silsesquioxane (EPOSS) as a nanoscale dispersion on thermal and
mechanical performance [32]. They found that well-dispersed nanofiller networks can
simultaneously improve toughness and thermal properties, especially when phase separation is
avoided. Their findings stressed the importance of controlling the filler—polymer interface. Dean
et al. provided foundational insights into the cure kinetics and morphology of epoxy—vinyl ester

IPNs [33]. Through near-infrared and rheological studies, they demonstrated how fillers and the



interplay between polymer networks affect network formation and vitrification. These factors
ultimately affect the thermal and mechanical properties of IPNs. These studies demonstrate that
the type, content, and dispersion state of these nanofillers are crucial for optimizing the thermal
properties of epoxy-vinyl ester IPNs. The use of hybrid nanofillers, particularly a combination of
GnPs and MWCNTs, results in the development of multifunctional IPNs with superior thermal
properties. Combining nanofillers with different geometries can yield enhanced properties
compared to single nanofillers. For instance, Afolabi et al. and Wang et al. demonstrated that
combining carbon nanotubes with graphene nanoplatelets creates a co-supporting network in
which nanotubes bridge the gaps between graphene sheets [34-35]. Jen et al. and Yang et al.
further explored the synergistic effects of hybrid nanofillers on the electrical and
thermomechanical properties of epoxy composites [36-37].

In this paper, we examine the incorporation of multi-walled carbon nanotubes and graphene
nanoplatelets and their effects on the thermal properties of vinyl ester/epoxy IPN thermosets.
These nanofillers are examined both individually and as hybrid systems. This study aims to
compare their effects on the thermal degradation behavior of IPN-based nanocomposites. The aim
is to identify optimal content and combinations for enhanced thermal properties. The IPN system
considered in this study consists of a mixture of epoxy resin with bisphenol-A structure cured with
methyl tetrahydrophthalic anhydride (MTHPA) and vinyl ester resin with bisphenol-A structure
initiated with methyl ethyl ketone peroxide (MEKP) in a mass ratio of 1:1. In this study, the effect
of the type and content of nanofillers based on carbon allotropes on the results of
thermogravimetric analysis (TGA) and microhardness test is investigated. It characterizes the
dispersion and arrangement of nanofillers within the matrix using scanning electron microscopy

(SEM).



2. Experimental

2.1. Materials

A bisphenol-A diglycidyl type epoxy resin (EP) (Epon 828 with epoxide equivalent weight of 170—
210 g/eqv) was obtained from Hexion Specialty Chemicals, Inc. (150 East Board Street,
Columbus, Ohio, 43215, USA) and used as received. Methyl tetrahydrophthalic anhydride
(MTHPA) and 1-methylimidazole (Mi), used as a curative and an accelerator, respectively, were
obtained from Huntsman Advanced Materials GmbH (Klybeckstrasse 2004057, Basel,
Switzerland) for curing the EP resin. For EP/MTHPA, the EP/curing agent ratio was set at 1/0.92,
and 2 phr of Mi was used. The vinyl ester resin (VE) was bisphenol-A type (Swancor 901; styrene
content: 45 wt.%), a product of Swancor Co., Ltd. (no. 9 Industry South 6 Road, Nantou City
54066, Taiwan), and was provided for this study. For the VE (vinyl ester resin) curing reaction, 2
phr Methyl ethyl ketone peroxide (Butanox LPT-IN) (Nouryon HQ, Haaksbergweg 88, De
Oliphant Building, Floor 14 and 15, 1101 BZ, Amsterdam, The Netherlands) was consumed. For
all samples, the ratio of EP/VE was considered to be constant (1:1). NC7000 MWCNTSs was
supplied by Belgium Nanocyl SA (Rue de I'Essor, 4 B-5060, Sambreville, Belgium) with an
average length of 1.5 um, an average diameter of 9.5 nm, a Brunauer—-Emmett-Teller (BET)
surface area of 250-300 m?/g, and a purity of 90% were used as the nanofiller without further
purification. The GnPs used in this study, with the trade name of xGnP® Graphene Nanoplatelets-
Grade C, was obtained from XG Sciences Inc. (101 Grand Oak Drive, Lansing, MI 48911, USA).
The GnPs diameter is about two um, and its thickness is a few nanometers. The purities of GnPs
are higher than 99.5%, and their BET surface area is 500 m?/g. Afcona 4701, as a dispersing agent,
was supplied by Afcona Polymers Co., Ltd. (21 Jalan Anggerik Mokara, 31/47 Kota Kemuning

40460 Shah Alam, Selangor, Malaysia). Isopropyl alcohol, used as the solvent, was purchased



from Merck (Frankfurter Str. 250, 64293 Darmstadt, Germany) and was used as received without
further purification.

2.2. Sample preparation

2.2.1. IPN and Nanocomposite samples preparation

Firstly, the resin blends were prepared by physically combining epoxy and vinyl ester resins. The
ratio of each resin system was maintained at the typical level as in the IPN (50:50). Next, MEKP
and MTHPA were added, respectively, and the solution was homogenized using a homogenizer.
As a final point, Mi was added as an EP accelerator, and the resin mixture was poured into a
beaker, degassed under vacuum, and then poured into open silicone molds. The curing regime for
the produced sample (3 mm in length, 3 mm in width, and 1 mm in thickness) was as follows: 80
°C for 4 hours and 120 °C for 2 hours.

To prepare nanocomposite samples, solution method was used [38-39]. The dispersing agent
Afcona 4701 was used to improve dispersion and stability. The dispersing agent was added to the
isopropyl alcohol during the manufacturing process. The mixture was then stirred for 30 minutes
using a mechanical stirrer. The nano-fillers, including GnPs and MWCNTs, were individually
added to the prepared solution. The obtained mixture was agitated with a mechanical stirrer for 10
minutes and then subjected to ultrasonication for 30 minutes in an ice/water bath to achieve
uniform dispersion and distribution of the nanoparticles in the isopropyl alcohol solution.
Afterward, EP resin was added to the mixture and heated to 80°C while agitating until the isopropyl
alcohol evaporated. Next, VE resin was added to the mixture and agitated for 30 minutes in an
ice/water bath. Finally, curing agents were added to the mixture, and the mixture was agitated for
15 minutes with a mechanical stirrer. Further details on nanofiller concentrations and sample

coding are provided in Table 1. The prepared nanocomposite materials were cast into open silicone



molds, degassed under vacuum, and cured. The curing regime for the produced samples (3 mm in

length, 3 mm in width, and 1 mm in thickness) was as follows: 80 °C for 4 hours, followed by 120

°C for 2 hours. For DSC scanning, the EP and VE samples, as well as the 50:50 EP: VE mixture

(by weight, corresponding to the IPN sample), were prepared by mixing with their respective

curatives.

NO. Sample

1 IPN

2 IPNGO1
3 IPNGI1

4 IPNG5

5 IPNCO1
6 IPNCI1

7 IPNC5

EP

25.832

25.827

25.781

25.574

25.827

25.781

25.574

2.3. Characterization

Resin systems

MTHPA

23.845

23.840

23.797

23.607

23.840

23.797

23.607

Mi

0.323

0.323

0.322

0.319

0.323

0.322

0.319

VE

49.018

49.008

48.920

48.528

49.008

48.920

48.528

MEKP MWCNTs

0.982

0.982

0.980

0.972

0.982

0.980

0.972

Table 1. The sample compositions are given by weight percentage.

Nanofillers

0.01

0.1

0.5

GnPs

0.01

0.1

0.5

Dispersing

agent

Afcona 4701

0.01

0.1

0.5

0.01

0.1

0.5

Thermogravimetric analyses were performed using a differential thermal thermogravimetric

apparatus (Diamond TG/DTA SII thermogravimetric analyzer, manufactured by PerkinElmer Inc.,

USA) over the temperature range of 30—600°C under a N> atmosphere to exclude complexities

originating from oxidation reactions. The thermal degradation of the samples after curing was



evaluated using a non-isothermal method at a heating rate of 10 °C/min. Differential scanning
calorimetry (DSC) was used to study the curing behavior of the samples. This study was carried
out using a NETZSCH DSC 214 instrument operating over the temperature range of -20 °C to 300
°C, with a heating rate of 10 °C/min under a dry nitrogen flow.

Thermoanalytical tests were carried out using approximately 12 = 1 mg of specimens encapsulated
in standard pans. Scanning electron microscopy (SEM, LEO 1455VP instrument, manufactured
by LEO Electron Microscopy Ltd., Cambridge, UK; equipped with an Everhart-Thornley
secondary electron detector) was utilized to evaluate the morphology of the nanocomposites (15
KV). The specimens were prepared for SEM by coating a layer of gold on their surface fractures.
Micro-hardness was measured using a micro-hardness tester (HMV2; Hardness Test Machine;
Hardness Ark-600, Mitutoyo Co., Kawasaki, Japan). Vickers hardness measurements HV0.1 were
performed using an indentation load of 0.9807 N for 10 seconds. For micro-hardness testing, ten
observations were taken for each nanocomposite sample. The average values have been reported
in the results.

3. Results and Discussion

3.1. IPN Formation

The IPN systems studied in this work comprise two resins with different curing mechanisms. It
includes two independent curing reactions in the formation of IPNs, including epoxy resin (EP)
and vinyl ester resin (VE), the step polymerization of EP with Methyltetrahydrophthalic Anhydride
(MTHPA) as curing agent and 1-Methyl imidazole (Mi) as an accelerator, and the chain
polymerization of VE initiated by MEKP as the initiator. Therefore, it is predictable to expect that
we have encountered a multi-step curing mechanism. Our previous study 40 explored the

interpenetration process of EP-MTHPA-Mi and VE-MEKP, as well as the interactions between



the components of epoxy and vinyl ester resin systems in IPN. Due to their different curing
reactions, the EP-MTHPA-Mi/VE-MEKP systems are expected to exhibit sequential reactions,
leading to sequential IPN formation. To study the thermal curing behavior of the epoxy (EP-
MTHPA-Mi) and the vinyl ester (VE-MEKP), as well as their IPN (EP-MTHPA-Mi/VE-MEKP;
50/50 by weight), the curing process was investigated by DSC (see Figure 1). The DSC
thermograms of the VE-MEKP system, the EP-MTHPA-Mi system, and the IPN system are shown
in Figures 1a, 1b, and 1c, respectively. According to the DSC thermogram of the IPN system in
Figure 1c, we observe a complex profile for its curing reaction, with a shoulder on the high-
temperature side of the main exothermic peak. This shoulder indicates overlapping curing
reactions between the two resin systems. The appearance of this shoulder, rather than entirely

separate peaks, suggests that the epoxy and vinyl ester curing reactions occur in a sequential but

overlapping manner during IPN formation.
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Figure 1. DSC thermograms of the VE-MEKP (a), the EP-MTHPA-Mi (b), and the IPN (c) systems.



The total heat of polymerization provides additional evidence of resin interaction during curing.
According to the thermograms of the curing reactions, the IPN system shows the actual heat
released (251.8 J/g), which is higher than the amount calculated from the weight-average of the
individual components (257.8 % 0.50 + 216 % 0.50 = 236.9 J/g). This increase in heat release of
approximately 15 J/g indicates additional chemical interactions between the epoxy and vinyl ester
networks during simultaneous curing. These interactions include some reactions between the two

polymer systems, contributing to the formation of a true interpenetrating network structure [40]

SEM images of the fracture surfaces of the EP-MTHPA-Mi/VE-MEKP IPN (50/50, by weight)
samples after curing at 500 kx magnification have been evaluated to investigate the formation of

an interpenetrating polymer network comprising epoxy and vinyl ester resins.

Figure 2. The fracture surface SEM micrograph of the EP-MTHPA-Mi/VE-MEKP IPN sample,

highlighting structural features at increasing scales up to 50x.

As shown in Figure 2, the microstructure has a biphasic, co-continuous pattern with interconnected
domains and granular, ribbon-like shapes. This complex structure, visible at both the micro- and
nanoscales, is very different from the smooth, uniform structure of pure epoxy resins [15] and from
the separate, nodular microgel structure observed in unmodified vinyl ester [15, 41]. The presence
of these non-spherical, connected domains is a known sign of IPN formation in polymer blends

[42].



3.2. Thermogravimetric Analysis (TGA) results

Thermogravimetric analysis was performed on unfilled and filled samples of EP-MTHPA-Mi, VE-
MEKP, and their IPN systems. The filled samples, analyzed as nanocomposites, contained
different weight percentages (0.01, 0.1, and 0.5) of GnPs and MWCNTs, either individually or in
a 1:1 mixture. This analysis assessed component compatibility, confirmed the formation of IPN
structures, and determined the thermal stability of the systems.

Figure 3 illustrates the TGA and DTG curves for all analyzed samples, with corresponding thermal
degradation data presented in Table 2. All [IPN-based samples exhibit similar degradation behavior

patterns within the studied temperature range.
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Figure 3. TGA (top) and DTG (bottom) curves for the samples.



Table 2. Thermal degradation data of the samples.

by DTG thermograms S g by TGA thermograms
alflp ¢ The temperature at the degradation of
No. Sample Tonset Tpeak Tendset Welght
SAUC ) O
°O) 5% 10% 20% 50% 80%

1 IPNGCO1 0.758 | 481.76 | 401.14 | 284.71 2.067 205.23 | 282.97 | 349.74 | 391.49 | 421.58

2 IPNGC1 0.780 | 478.71 | 416.87 | 320.03 3.688 286.46 | 351.04 | 382.01 | 411.74 | 433.16

3 IPNGC5 0.683 | 469.87 | 409.06 | 310.59 1.852 204.45 | 261.15 | 352.8 | 399.52 | 427.84

4 IPNGO1 0.772 | 474.12 | 416.78 317.75 5.137 222.01 | 288.24 | 370.92 | 408.29 | 430.81

5 IPNG1 0.779 | 478.99 | 409.44 | 298.459 1.960 210.71 306.5 | 365.96 | 401.84 | 426.76

6 IPNGS5 0.747 | 48299 | 414.87 | 32520 1.616 227.37 | 269.61 | 372.81 | 407.43 | 429.12

7 IPNCO1 0.793 | 487.06 | 414.78 300.93 4.189 237.22 | 323.19 | 374.65 | 407.97 | 430.83

8 IPNC1 0.784 | 486.78 | 417.58 308.37 5.000 229.77 | 319.27 | 376.26 | 409.69 | 431.97

9 IPNC5 0.708 | 485.87 | 410.24 | 304.10 5.951 197.81 | 246.62 | 349.32 | 400.03 | 428.48

10 VE 0.857 | 487.74 | 41422 | 315.26 3.512 27495 | 35598 | 379.21 | 405.35 | 427.25
11 EP 0.763 | 477.55 | 406.04 | 310.99 1.589 199.73 | 242.75 | 348.12 | 395.25 | 418.01
12 IPN 0.792 | 485.46 | 412.22 314.70 1.657 248.26 | 323.89 | 37245 | 404.8 | 42634

3.2.1. Comparative Analysis of Base Systems

By comparing the TGA thermograms of epoxy resin, vinyl ester, and IPN systems, we can see
distinct patterns in their thermal degradation processes (see Figure 4). Weight loss temperature
differences between VE and EP samples are most pronounced at lower degradation percentages:
75.22°C and 113.23°C at 5% and 10% weight loss, respectively. These differences decrease

significantly at higher degradation levels, converging to approximately 9-10°C at 50% and 80%



weight loss. The IPN system consistently exhibits intermediate thermal behavior, with weight-loss
temperatures falling between those of the individual EP and VE systems at all degradation

percentages. At 80% weight loss, the IPN reaches 426.34°C, which is between the EP (418.01°C)

and VE (427.25°C) values.
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Figure 4. Weight-loss temperatures for IPN, EP, and VE Samples.

3.2.2. Early-Stage Weight Loss Characteristics

By evaluating the TGA thermogram of the cured EP-MTHPA-Mi resin system, a weight loss in
the temperature range of 150 to 300 °C can be observed, which can be attributed to the removal of
I-methylimidazole (boiling point: 198 °C) used as a catalyst. This weight loss was absent in the
cured VE-MEKP resin system at this temperature range and was less pronounced in the cured IPN
system than in the cured epoxy system. These observations justify the temperature differences in

the weight loss of 5% and 10% for these three cured resin systems.



3.3. DTG Analysis

DTG thermograms for pure IPN systems, epoxy resin (EP-MTHPA-Mi), and vinyl ester resin (VE-
MEKP), along with the corresponding thermal stability metrics extracted from the DTG
thermograms, namely, the Specific area under the DTG curve (SAUC) and the TG index (TGI),
are presented in Fig. 5a and b. The DTG thermograms for all three resin systems exhibit single-
peak behavior. The observation of identical thermal degradation behavior in the IPN compared to

its resin components separately indicates the successful formation of the IPN without any

detectable phase separation.

a) - VE

+EP = IPN
600

400

-

DTG (uG/MIN)
g

llumlumlnuuuluu i,

0 100 200 300 0 500 600
TEMPERATURE (°C)
b) . [N SAUC——TGI
1.0 - T M T T
0.8 - -0.14
0.6 E
g £
< Z
) —_
0.4 - Loz 2
0.2 4
0.0 0.7[92 0A8]57 0.1163 0.10
IPN

VE EP

Figure 5. DTG curves (a), the specific area under the DTG curve, and the TG index (b) for IPN, EP, and
VE Samples.




3.3.1. Thermal Degradation Characteristics
Three resin systems, including epoxy and vinyl ester, and their IPN exhibit different degradation
temperature ranges and therefore distinct thermal behaviors:
e EP system: 310.99-477.55°C (ATq = 166.56°C, peak at 406.04°C)
e VE system: 315.26-487.74°C (ATq = 172.48°C, peak at 411.04°C)
e IPN system: 314.70-485.46°C (ATq = 170.76°C, peak at 412.22°C)
The IPN exhibits intermediate thermal behavior between its constituent polymers, with
degradation characteristics that are closer to those of the VE system.
3.3.2. Thermal Stability Assessment
Two parameters were used to quantify thermal stability and degradation kinetics:

Specific area under the DTG curve (SAUC) is calculated using the following equation [43, 44]:
AS
SAUC = —
w

AS represents the area under the DTG curve, and o is the initial sample weight. A larger area
indicates better thermal stability within the degradation temperature range. The SAUC values
indicate thermal stability ranking: VE (0.857) > IPN (0.792) > EP (0.763). The IPN shows 3.66%
lower thermal stability than EP but 10.97% higher than VE.

TG index (TGI), another parameter derived from the DTG thermogram, measures the degradation

rate of the samples and is calculated using the following equation [43, 44]:

TGl = [dt —nax

[d—w] is the maximum degradation rate based on the DTG curve. The TGI values follow the
max

order: VE (0.1379) > IPN (0.1308) > EP (0.1222) min', indicating that the IPN exhibits an



intermediate degradation rate between its components. The appearance of single-peak DTG
thermograms across all nanocomposite systems confirms that nanofillers did not disrupt the
formation of a homogeneous IPN structure. SAUC and TGI thermal stability measurements
confirm that, upon forming an IPN, the thermal properties of the separate resin systems are well
combined, resulting in a balanced performance between the constituent resin structures.

3.4. Effect of Nanoparticle Content and Type on Thermal Properties

The thermal behavior of IPN-based nanocomposites containing graphene nanoplatelets (GnPs),
multi-walled carbon nanotubes (MWCNTs), and their 1:1 hybrid mixture (GnP/MWCNT) at 0.01,
0.1, and 0.5 wt% loadings was evaluated. Table 3 provides the complete sample coding system

and nanoparticle content for all IPN-based nanocomposites.

Table 3. Coding and nanoparticle content of IPN-based nanocomposites.

o il Nanoparticles Type and ratio of nanoparticles

% wt. MWCNTs GnPs

1 IPN 0 0 0

2 IPNGCO1 0.01 0.005 0.005

3 IPNGCl1 0.1 0.05 0.05

4 IPNGCS5 0.5 0.25 0.25

5 IPNGO1 0.01 0 0.01

6 IPNG1 0.1 0 0.1

7 IPNGS 0.5 0 0.5

8 IPNCO1 0.01 0.01 0

9 IPNCI1 0.1 0.1 0




10 IPNCS 0.5 0.5 0

All nanocomposite systems exhibit single-peak DTG thermograms, confirming the maintenance

of a homogeneous IPN structure regardless of the nanofiller type or concentration.

3.4.1. Content-Dependent Thermal Performance

Hybrid GnP/MWCNT Systems (IPNGC Series):

The temperatures corresponding to weight loss at different degradation levels for samples IPN,
IPNGCO1, IPNGCI1, and IPNGCS5 are shown in Figure 6. Optimal performance occurs at 0.1 wt%
loading (IPNGC1), which shows superior weight-loss temperatures across all degradation
percentages compared to both lower (IPNGCO01) and higher (IPNGCS5) concentrations. The
IPNGCI1 system exhibits enhanced thermal stability, with a degradation range of 158.68°C and a
maximum degradation rate at 416.87°C. At 0.01 and 0.5 wt% loadings, thermal performance
decreases below that of the pure IPN, suggesting concentration-dependent optimization effects:
insufficient nanofiller loading fails to form effective thermal barriers. In contrast, excessive

loading may lead to agglomeration.
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Figure 6. Weight-loss temperatures at different percentages of GnPs/MWCNTs for IPN, IPNGCO1,
IPNGC1, and IPNGCS Samples.

Individual Nanofiller Systems:

e GnP systems (IPNG series) required >0.5 wt% to match IPN thermal stability, with
IPNGO1 and IPNGS outperforming IPNG1 by more than 20% in terms of degradation.
Figure 7 shows the weight-loss temperatures at various degradation levels for IPN,
IPNGO1, IPNGI, and IPNGS.

o MWCNT systems (IPNC series) maintained consistent thermal performance across 0.01—
0.5 wt%, with negligible differences in onset temperature at high degradation levels. Figure
8 shows the weight-loss temperatures at various degradation levels for IPN, IPNCO1,

IPNC1, and IPNCS.
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Figure 7. Weight-loss temperatures at different percentages of GnPs for IPN, IPNGO1, IPNG1, and
IPNGS5 Samples.
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Figure 8. Weight-loss temperatures at different percentages of MWCNTSs for IPN, IPNCO1, IPNC1, and
IPNCS5 Samples.

3.4.2. Nanoparticle Type-Dependent Thermal Behavior

Low nanofiller content (0.01 wt%):




The IPN system containing a hybrid mixture of two nanofillers (IPNGCO01) showed the widest
degradation range (197.05°C) while exhibiting the lowest onset temperature for degradation. This
is while IPN systems containing individual nanofillers at this level exhibited a higher degradation
onset temperature and a narrower degradation temperature range.

Optimal nanofiller content (0.1 wt%):

At this nanofiller content, the IPN system containing a hybrid mixture of two nanofillers (IPNGC1)
exhibited the highest weight-loss temperature across all degradation percentages, providing strong
evidence of synergistic effects between GnPs and MWCNTs. The SAUC values for all three
nanocomposites, IPNG1, IPNCI1, and IPNGC1, are almost identical, indicating similar overall
thermal stability.

Maximum nanofiller content (0.5 wt%):

At this nanofiller level, the IPN system containing only GnPs (IPNGS5) presented the highest
thermal stability with the lowest SAUC and the highest degradation onset temperature. These
observations indicate that, at this nanofiller level, the planar geometry of GnPs provides better

performance than combining GnPs and MWCNTs.

3.4.3. Thermal Stability Metrics Analysis

SAUC (Specific Area Under the DTG Curve): The lower the value of this parameter, the higher

the thermal stability of the sample. The ranking varies based on the content of nanofillers:
e 0.01 wt%: IPNGCO01 > IPNCO01 > IPNGO1
e 0.1 wt%: IPNGCI1 = IPNCI1 = IPNG1

e 0.5 wt%: IPNGS > IPNGC5 > IPNCS5



TGI (TG Index): This index measures the rate of thermal degradation; a lower value indicates a

slower rate. The trend of this index mostly follows SAUC patterns and confirms the thermal

stability ranking. Figure 9 presents the SAUC and TGI values for all samples across 3 parts.
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Figure 9. The specific areas under the DTG curves and the TG indices for (1st part) IPN, IPNGCO01,
IPNGCI, and IPNGCS5; (2nd part) IPN, IPNGO1, IPNG1, and IPNGS5; and (3rd part) IPN, IPNCO1,
IPNC1, and IPNCS.

The evaluation of dispersion states in nanocomposite samples has been reported in our previous
works 20, 31, and 40. The results of scanning electron microscopy (SEM) and dynamic mechanical
thermal analysis (DMTA) in our research showed that incorporating only GnPs at 0.1 wt% or
above led to some nanoparticle agglomeration, whereas incorporating only MWCNTs at 0.5 wt%
or above led to clustering.

The simultaneous incorporation of MWCNTs and GnPs improved dispersion, resulting in a more
uniform distribution and preventing nanoparticle agglomeration. In nanocomposites containing a
mixture of these two nanofillers, MWCNTs formed an effective network, preventing the clustering

of GnPs, resulting in uniform and stable dispersion and distribution. This led to improvements in



the nanocomposites' properties. In general, the most effective nanofiller network was obtained at
an optimal loading of 0.1 wt% from the hybrid system of GnPs and MWCNTs, resulting in better

thermal performance in the IPN-based nanocomposite samples.
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Scheme 1. Dispersion behavior in GnPs and MWCNTs-filled IPN nanocomposites, showing
agglomeration and clustering in single-filler systems and synergistic, uniform nanofiller distribution in the
hybrid system at optimal 0.1 wt% loading.

An apparent synergistic effect is observed at this nanofiller weight percentage. In this system, the
presence of plate-shaped GnPs leads to the formation of strong thermal barriers, while tubular
MWCNTs form a stable network via m-m interactions (see Scheme 1). The result of these
synergistic effects is an improvement in properties compared to samples containing only one
nanofiller. Both samples containing 0.01 and 0.5 wt% of the nanofiller mixture show somewhat
improved thermal stability. This fair improvement demonstrates that careful adjustment of
nanofiller concentration is crucial to achieve sufficient improvement in thermal stability while

preventing excessive aggregation. On the other hand, depending on the type of nanofiller, the



optimal concentration for improving the performance of the nanocomposite system varies: for
GnPs nanofiller, the greatest effect is observed at higher loadings, whereas for MWCNTs
nanofiller, performance remains relatively constant over the studied range. These observations
emphasize the need to tailor the nanofiller type and content in epoxy/vinyl ester IPN
nanocomposites to achieve optimal performance.

3.5. Effect of Nanoparticles on Fire Retardancy

Limiting oxygen index (LOI) values were estimated from TGA residue yields (CY) using the

empirical relation, according to Van Krevelen's equation [45]:

LOI=17.5+0.4CY
Table 4 lists the residue ash percentages (mean + standard deviation, n = 3) and the corresponding
LOI estimates. It should be noted that this calculation provides only an approximate measure of
flame retardancy. The original correlation was developed for bulk polymers and does not account
for differences in char morphology or the influence of nanofiller dispersion on gas-phase
combustion processes. Moreover, the LOI values derived from TGA residues are subject to
uncertainty from both the residual mass measurement (with a typical instrument precision of +0.2

wt%) and the empirical nature of the formula, which may introduce an additional £0.5% error.

Table 4. Residue ash content and LOI of the samples.

Sample Residue ash (%) LOI (%)
IPN 1.382 18.05
EP 1.477 18.09
VE 1.609 18.14

IPNCO1 4.326 19.23




IPNC1 4.747 19.29

IPNCS 5.735 19.79
IPNGO1 2.698 18.58
IPNG1 4.371 19.25
IPNGS 6.415 20.07
IPNGCO01 3.674 18.97
IPNGC1 6.676 20.17
IPNGCS 5.841 19.84

As shown in Table 4, sample IPNGC1 (0.1 wt% GnP/MWCNT hybrid) showed the highest ash
weight percentage (6.68 + 0.03) and an estimated LOI of 20.17 + 0.54, due to its superior char-
formation capacity. Samples IPNG5 and IPNGCS5, which contain 0.5 wt% GnPs and 0.5 wt%
GnPs/MWCNTs mixture, respectively, are followed closely. The ash weight percentage and
estimated LOI in sample IPNGS are 6.42 + 0.04 and 20.07 £+ 0.53%, respectively, and in sample
IPNGCS, they are 5.84 + 0.02 and 19.84 + 0.51%, respectively. Meanwhile, the epoxy, vinyl ester
and unfilled IPN samples show higher ash weight percentage (1.38-1.61 + 0.02) and estimated
LOI values (18.05 + 0.47-18.14 £ 0.47%). The optimal performance at 0.1 wt% loading of
GnPs/MWCNTs mixture could be due to the char-barrier synergistic mechanisms, where the
optimal arrangement of GnP nanoplaletts in the nanocomposite creates a tortuous diffusion path,
while the MWCNT nanotubes contribute to the reinforcement of the char structure. At higher

weight percentages, the formation of partial aggregation of GnPs could disrupt the structural



integrity of the formed char, leading to a slight increase in the estimated LOI. To validate these
observations, direct LOI measurements and microscale combustion calorimetry are under
investigation and will be reported in future work. These studies will quantify the influence of char

structure and nanofiller dispersion on the actual flame behavior.

3.6. Microhardness test results

The microhardness test results for pure IPN (IPN), epoxy resin cured with MTHPA in the presence
of 1-methylimidazole (EP), and vinyl ester resin cured with MEKP (VE) are presented.
Additionally, the results for the nanocomposites based on this IPN, which contain three different
weight percentages of 0.01, 0.1, and 0.5 GnPs and MWCNTs individually, as well as a one-to-one
mixture of these two nanoparticles, were obtained using a standardized microhardness testing
method, which can be found in Supporting Information Table 1s

Table 1s. Microhardness test results of the samples.
Vickers microhardness

No. Sample HV (kgf/mm?) Image
1 IPNGCO1 234
2 IPNGCl1 22.4
3 IPNGCS 22.1
4 IPNGO1 22.4
5 IPNG1 22.9
6 IPNGS5 25.6
7 IPNCO1 23.2

8 IPNCI1 23.2




9 IPNCS5 23.2

10 VE 9.8
11 EP 24.8
12 IPN 23.5

Figure 10 illustrates the microhardness values, which indicate the material's resistance to
indentation or penetration, and the effective cross-link density (vc), for the pure IPN (IPN), the
cured epoxy resin (EP), and the cured vinyl ester resin (VE). The effective cross-link density (vc)
of the samples was determined as detailed in our earlier report [31].

According to the results, the lowest microhardness value is observed for the vinyl ester resin
system (9.8 HV), and the highest is observed for the epoxy system (24.8 HV). These values
suggest that the epoxy system is significantly harder than the vinyl ester system. When these two
resin systems are combined in equal proportions and cured, the resulting IPN system exhibits a
microhardness close to that of the epoxy system (23.5 HV), indicating that the IPN system has a

hardness similar to that of the epoxy system.
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Figure 10. The microhardness and the effective cross-link density for IPN, EP, and VE.
Considering the increase of 0.7752 mmol/cm?® in v of EP compared to VE [31], the changes in
the microhardness of the epoxy and vinyl ester systems seem reasonable. This trend in the IPN,
due to the synergistic effects of these two resin networks, does not show a proportional relationship
with its ve amount compared to the two resin systems. Despite the differences of 0.4806 and 0.2946
mmol/cm® between the vc of IPN and the values related to EP and VE [31], respectively, the
microhardness of IPN is very close to that of the epoxy system.

3.7. The microhardness of the nanocomposites
Figure 11 illustrates a crucial aspect of our research: the microhardness levels of the
nanocomposites. These levels are based on the EP/VE IPN system, which includes three different

weight percentages of 0.01, 0.1, and 0.5 of GnPs and MWCNTs individually and a mixture of

GnPs/MWCNTs.
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Figure 11. The microhardness and the effective cross-link density for the nanocomposite samples.

Based on Figure 11 and Table 1s, our comprehensive analysis reveals that the microhardness
values of the cured nanocomposite samples, except for the IPNGS5 sample, do not differ
significantly. The IPNG5 sample, with the highest microhardness, suggests that a higher GnP
content could be a contributing factor. The correlation between the microhardness of these
nanocomposites and their effective cross-link density (vc) shows no direct dependence, suggesting
that hardness is governed by both network architecture and nanofiller morphology rather than cure
density alone [46].

Figure 12 presents the microhardness values alongside the temperature of the DTG peak extremum
[Tp(DTG)] for the various samples analyzed. The vinyl ester sample exhibits the lowest
microhardness, while the epoxy sample shows the lowest Tp(DTG). In contrast, the pure IPN
sample composed of vinyl ester and epoxy depicts significant enhancements in microhardness and

Tp values compared to the individual resin samples. These improvements highlight the synergistic



effects of combining vinyl ester and epoxy resins, as well as the formation of an IPN morphology,
which contributes to the mechanical and thermal resistance of the samples. Furthermore, the
incorporation of 0.01 and 0.1 wt% of a 1:1 combination of MWCNTs and GnPs into the IPN
nanocomposites, designated as IPNCGO1 and IPNCGI, respectively, leads to an increase in

Tp(DTG) without adversely affecting the microhardness of these two samples compared to the

pure IPN.
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Figure 12. The microhardness values and the temperature of the DTG peak extremum [Tp (DTG)] for the
samples.

Finally, the data presented in Figure 12 underscores the significant impact of resin composition
and nanofiller on the mechanical and thermal properties of the nanocomposites. The significant
enhancements in microhardness and thermal stability observed in the interpenetrating polymer
network samples, particularly with the incorporation of multi-walled carbon nanotubes and

graphene nanoplatelets, support the hypothesis that synergistic interactions among these materials



can lead to superior performance. These results indicate the potential to optimize nanocomposite
materials by selecting material combinations to achieve optimal mechanical and thermal
properties, creating a novel approach for advanced engineering and materials science applications.
4. Conclusion

This study demonstrates how the thermal properties of epoxy/vinyl ester IPN systems are enhanced
through hybrid nanofillers. The research highlights the synergistic effects of combining GnPs and
MWCNTs within the IPN matrix. It has been observed that [IPN-based samples displayed similar
degradation patterns. DTG thermograms of the EP/VE-based IPN showed a single peak, indicating
a homogeneous system. This homogeneity is attributed to the compatibility between the epoxy and
vinyl ester resins, facilitating the formation of a single-phase IPN. IPNGC1 (0.1 wt%
GnP/MWCNT) exhibited the highest fire retardancy, with a limiting oxygen index (LOI) of 20.17
%. The microhardness of the IPN system was measured at 23.5 HV, which is close to that of the
epoxy system (24.8 HV). Thermal stability was evaluated using the specific area under the DTG
curve (SAUC), and the TG index (TGI) quantifies the sample's degradation rate within the
temperature range of degradation. The study also explores how varying the type and content of
nanoparticles impacts the thermal behavior of the resulting nanocomposites. TGA and DTG
analyses evaluated thermal stability, degradation rates, and fire retardancy. The results indicate
that incorporating hybrid nanofillers significantly influences the thermal stability and degradation
patterns of the IPN. These findings emphasize the potential for optimizing nanocomposite
materials by carefully selecting material combinations to enhance mechanical and thermal
properties. The synergistic interactions observed in the IPN samples, particularly with multi-
walled carbon nanotubes and graphene nanoplatelets, suggest the potential to achieve superior

performance characteristics for advanced engineering and materials science applications.
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