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ABSTRACT

The development of advanced composite materials for thin-walled pressure vessels demands a balance between mechanical strength
and thermal insulation. In this study, a novel three-phase composite system comprising epoxy resin, silica (SiO,) micro-particles,
and glass fiber reinforcement was fabricated and characterized for potential application in high-performance thin vessel structures.
Specimens were cured at varying temperatures (60°C to 160°C) to systematically investigate the influence of curing conditions on the
structural and thermal properties. Comprehensive material characterization, including Fourier transform infrared (FTIR) spectros-
copy and x-ray diffraction (XRD) analysis, confirmed the successful integration of silica and glass fiber within the amorphous epoxy
matrix. Thermogravimetric analysis (TGA) revealed a two-stage degradation process, with maximum thermal stability observed at
120°C curing temperature. Specific heat capacity (Cp) and measurements indicated decreasing trends with increasing curing tem-
perature, enhancing thermal insulation. Mechanical testing demonstrated that hoop strength (S;;) and burst pressure (P,) improved
significantly with curing temperatures up to 140°C, following third-degree polynomial relationships. Notably, the composite cured at
120°C exhibited the highest combination of hoop strength (341.3 +6.5MPa), burst pressure (16.66 0.3 MPa), Cp (2.33J/g'K), thermal
conductivity (0.198 W/m-K) and Factor of Safety (1.39 +0.024), while maintaining superior thermal resistance. Theoretical predictions
showed strong agreement with experimental results across all evaluations. Overall, the optimized epoxy/SiO,/glass fiber composites

Abbreviations: 4, thermal conductivity; 0,, maximum principal stress; o,, minimum principal stress; oavgl, average normal stress; Thoop? hoop stress; oy, longitudinal
stress; oy, VOI'I Mlses equ1va_1ent stress; 7, ., maximum in-plane shear stress; Timax(in-plane) MaXimum in-plane shear stress; Timax(out-planey MAXiMUM .0}1t-of-plane shear
stress; CP, specific heat capacity; FOS, factor of safety; FTIR, Fourier transform infrared spectroscopy; Py, burst pressure; S;;, hoop strength; SiO,, silica; TGA,
thermogravimetric analysis; XRD, x-ray diffraction.

© 2025 John Wiley & Sons Ltd.

Polymers for Advanced Technologies, 2025; 36:€70405 1of17
https://doi.org/10.1002/pat.70405


https://doi.org/10.1002/pat.70405
mailto:
mailto:
https://orcid.org/0000-0003-4875-471X
https://orcid.org/0000-0003-2666-9741
https://orcid.org/0000-0002-7887-140X
mailto:bilal.islam@ftmc.lt
mailto:nabeel.maqsood@ftmc.lt
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpat.70405&domain=pdf&date_stamp=2025-11-04

offer a lightweight, thermally stable, and mechanically robust alternative to traditional metallic vessels, highlighting their potential

for use in chemical, oil, and pharmaceutical industries requiring durable thin-walled pressure containment solutions.

1 | Introduction

In recent years, there has been growing interest in the develop-
ment of high-performance polymer composites designed to re-
place traditional metallic materials in a wide range of industrial
applications. Among polymer matrices, epoxy resins have been
extensively explored due to their excellent mechanical proper-
ties, superior chemical resistance, low shrinkage, strong adhe-
sion, and easy processability. However, pure epoxy systems often
exhibit certain limitations, including brittleness, low impact
strength, and relatively high thermal conductivity compared to
advanced composite structures. To overcome these drawbacks,
researchers have increasingly focused on reinforcing epoxy ma-
trices with inorganic fillers and fiber reinforcements to enhance
their mechanical, thermal, and chemical properties [1, 2].

Several studies have demonstrated that the incorporation of ce-
ramic fillers, such as zirconia (Zr0,), titania (TiO,), and silica
(8i0,), into epoxy matrices leads to significant improvements
in the mechanical strength, thermal stability, and flame re-
tardancy of composites [1, 3]. Similarly, the addition of fibrous
reinforcements such as glass, carbon, or aramid fibers further
augments the structural integrity and load-bearing capabilities
of the matrix [4, 5]. Among these, glass fiber is particularly at-
tractive due to its high tensile strength, cost-effectiveness, cor-
rosion resistance, and favorable compatibility with epoxy resins.

While two-phase composites consisting of an epoxy matrix rein-
forced either with fibers or with fillers have been widely investi-
gated and are already in commercial use, three-phase composites,
integrating two distinct reinforcements (typically one fiber and
one particulate filler), have only recently gained research atten-
tion [6]. These multi-phase systems offer the advantage of syn-
ergistic property enhancements by combining the mechanical
strengthening effect of fibers with the thermal and chemical sta-
bility imparted by ceramic fillers. Silica (SiO,) has emerged as a
promising candidate for filler addition in epoxy-based systems,
due to its intrinsic properties such as low thermal conductivity,
high thermal stability, good dispersion characteristics, and excel-
lent chemical inertness [7]. The addition of silica micro-particles
not only enhances the composite's ability to withstand high op-
erating temperatures but also reduces its thermal conductivity,
making it highly suitable for applications where thermal insula-
tion is critical. Uzay [8] studied three-phase KH550 and KH570
silane-coated SiO, nanoparticles reinforced with glass fibers and
it was seen that DSC and TGA experimentations showed that sa-
linized SiO, nanoparticles provided a better curing behavior and
improved thermal stability for the composites. Recent research
highlights the impact of curing parameters on epoxy-based hy-
brid composites for structural applications. For instance, Wen
et al. demonstrated that optimizing cure temperature improves
interfacial bonding and thermal conductivity in silica-filled ep-
oxies [9]. Zheng et al. investigated cure kinetics using model-
free isoconversional methods (KAS, Flynn-Wall-Ozawa) and
reported a direct correlation between crosslink density and me-
chanical toughness [10]. Hawa et al. applied such optimization to

glass-fiber pressure pipes and reported up to 20% improvement in
burst strength at optimized curing schedules [11].

Recent work on glass-fiber/epoxy (GF/EP) laminates and pipes
has mapped circumferential properties using split-disk or re-
lated tests and shown notable environmental degradation, but
typically without systematic cure-temperature optimization
or concurrent thermal property reporting (4, Cp). Tdnase et al.
measured circumferential properties of GFRP pipes under ag-
gressive media/temperature exposure, quantifying ~21% drops
in UTS and modulus under alkaline conditions, yet did not re-
solve property optima versus cure temperature for thin-walled
pressure designs [12]. In epoxy composites, matrix thermal
conductivity is frequently reported near 0.20-0.36 W-m~1-K~!
depending on filler and processing; glass-derived particulate
additions can even reduce A relative to neat or differently filled
epoxies (0.357 to 0.229 W-m~.K~! with increasing glass particu-
late content), underscoring the sensitivity of A to microstructure
rather than fiber content alone [13]. Mechanically, recent GRE/
GFRP pipe studies emphasize aging, winding, or rubber-layer
design not cure-temperature optima and often omit paired A and
C_reporting needed for thermal management in pressure ser-
vice [14, 15]. However, few studies systematically compare me-
chanical, thermal, and chemical properties across multiple cure
temperatures for three-phase (epoxy/SiO,/glass) composites,
particularly in thin-walled pressure vessel design.

In industrial sectors such as oil and gas, pharmaceuticals, and
aerospace, thin-walled pressure vessels and pipelines are exposed
to a combination of high internal pressures and variable thermal
environments. Traditionally, these pipes and vessels were fab-
ricated from metals like steel and aluminum alloys. Although
metals offer high mechanical strength, they suffer from issues
like corrosion, heat loss due to high thermal conductivity, heavy
weight, and susceptibility to fatigue and environmental degrada-
tion [6, 16-18]. These limitations often result in increased main-
tenance costs, operational inefficiencies, and reduced service life.

Composite materials, by contrast, offer significant advantages,
including a high strength-to-weight ratio, corrosion resistance,
and tailorable thermal properties, making them attractive al-
ternatives for such demanding applications [6, 19]. Previous
research has demonstrated the effectiveness of glass fiber-
reinforced epoxy (GF/EP) composites in pipe applications for
underground oil and gas transportation [20]. However, studies
focusing on the integration of both glass fiber and silica into
epoxy matrices for high-pressure, thermally stable pipe applica-
tions are extremely limited. Moreover, the effect of curing tem-
perature on the final mechanical and thermal properties of such
three-phase composites remains relatively underexplored. It is
well established that the degree of crosslinking during epoxy
curing plays a critical role in determining the composite's struc-
tural and thermal performance. Optimal curing conditions can
enhance crosslink density, thereby improving strength and sta-
bility, while excessive curing can lead to thermal degradation
and embrittlement [21, 22].
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There is no comprehensive study that systematically investigates
the mechanical and thermal characterization, including hoop
strength, burst pressure, thermal conductivity, and specific heat
capacity, of glass fiber/SiO,/epoxy three-phase composites de-
signed for thin-walled vessel applications, with a specific focus
on curing temperature optimization.

The present research study aims to fabricate and characterize
thin-walled vessel structures based on a novel three-phase com-
posite system composed of epoxy matrix, glass fiber reinforce-
ment, and silica micro-particles. A thorough experimental and
theoretical evaluation is conducted, including Fourier transform
infrared spectroscopy (FTIR), x-ray diffraction (XRD), thermo-
gravimetric analysis (TGA), hoop strength testing, burst pres-
sure measurements, thermal conductivity, and specific heat
capacity determination across a range of curing temperatures.
The final aim is to establish an optimal composite formulation
and curing regime that maximizes mechanical strength and
minimizes thermal conductivity, offering a viable alternative to
conventional metal pipes in critical industrial applications.

2 | Material and Method
2.1 | Material

A bisphenol-A based diglycidyl ether epoxy resin (DGEBA, com-
mercial grade ER-155) and a cycloaliphatic amine curing agent
(CA-155) were procured from Polymers Industries (Pvt.) Ltd.,
Gujranwala, Pakistan. The epoxy resin exhibited a viscosity of
11-14Pa-s at 25°C and a density of 1.15g/cm?3, while the curing
agent had a density of 0.95g/cm3. Both components were used
in a resin-to-hardener weight ratio of 2:1, as recommended by
the supplier. High-purity silica (SiO,) powder (99.5%, Merck
Chemicals) with an initial particle size distribution of 20-80 um
and a BET surface area of 75 m?/g was used as the particulate
filler. E-glass woven fiber mats (plain weave, areal density 165 g/
m?2, thickness 0.25mm, silane-sized for epoxy compatibility)
were sourced from Jushi Group Co. Ltd. as the fibrous reinforce-
ment. Additionally, 3-methoxypropyltrimethoxysilane (98% pu-
rity, Sigma-Aldrich) was used as a coupling agent for the surface
treatment of silica particles.

2.2 | Glass Fiber Reinforcement

E-glass fibers in the form of woven mats (plain weave) were ob-
tained from Jushi Group Co. Ltd. The mats had an areal density
of 165g/m?, a thickness of 0.25mm, and were pre-treated with
a silane-based sizing compatible with epoxy resin to promote
adhesion. For the filament winding process, continuous E-glass
rovings (2400 tex) were used. These rovings were drawn directly
from spools under controlled tension during winding to ensure
consistent fiber placement and load-bearing capability. The
E-glass fibers exhibited a tensile strength of 3.45GPa, Young's
modulus of 72GPa, and density of 2.56g/cm?3, as per supplier
specifications.

Curing was carried out in a convection oven with forced-air
circulation to maintain a uniform temperature (+2°C). The
temperature ramp rate was 3°C/min from ambient to the set

curing temperature, held for 2h. Relative humidity during cur-
ing was uncontrolled but maintained below 50% RH. After cur-
ing, samples were cooled gradually inside the oven (2°C/min)
to minimize residual stress, then demolded. All specimens were
conditioned for 24 h at 23°C+2°C and 50% + 5% RH before me-
chanical and thermal testing, in accordance with ASTM D618.

2.3 | Silica Surface Treatment

To improve interfacial bonding between silica and epoxy, the
silica particles were treated with a 1% v/v methoxysilane solu-
tion prepared in ethanol. The silica was dispersed in the solution
using an ultrasonic bath (40kHz) for 20 min to achieve uniform
suspension. The mixture was then mechanically stirred at 25°C
for 30 min to facilitate silane adsorption onto the silica surface.
Subsequently, the treated silica was oven-dried at 80°C for 1h to
remove residual solvent and complete the silanization reaction.

2.4 | Epoxy-Silica Mixture Preparation

The epoxy resin and curing agent were mixed in a 2:1 (w/w) ratio
using a mechanical overhead stirrer at 500 rpm for 10 min to en-
sure homogeneous blending. Silanized silica particles (1wt%
relative to epoxy resin) were gradually added to the mixture
while maintaining constant stirring at 500 rpm for an additional
15min. The resulting resin-silica mixture was then degassed
under vacuum at —0.09 MPa for 5min in a vacuum chamber
to remove entrapped air bubbles and prevent void formation
during curing.

2.5 | Sample Preparation

For flat composite samples, a Teflon-coated mold was used to
facilitate easy demolding and ensure a smooth surface finish.
For pipe fabrication, a steel mandrel of length 500 mm and outer
diameter 86 +0.1 mm was employed, coated with a polyvinyl al-
cohol (PVA)-based release agent to prevent adhesion. Glass fiber
mats were hand-laminated and thoroughly impregnated with
the resin-silica mixture, ensuring complete wetting of fibers
and uniform distribution of the filler.

2.6 | Filament Winding of Pipes

Filament winding was performed on a numerically controlled
(NC) filament winding machine. Fibers were wound at +90°
hoop orientation under a controlled tension, monitored via an
integrated tension control system. The mandrel was rotated at
lower revolutions per minute to synchronize with fiber payout
speed, ensuring even winding and fiber alignment. Four se-
quential layers of fiber were applied to achieve the target wall
thickness of 2.15mm.

2.7 | Curing Process

The wound and molded composites were cured using a two-
step thermal process. Pre-curing was conducted by heating the
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samples from ambient temperature to the target curing tempera-
ture (60°C, 80°C, 100°C, 120°C, 140°C, or 160°C) at a controlled
ramp rate of 2°C/min, followed by an isothermal hold for 4h
to achieve crosslinking. A subsequent post-curing step was per-
formed by maintaining the same temperature for an additional
15min to ensure complete polymerization. The samples were
then allowed to cool naturally to room temperature (approxi-
mately 25°C) under ambient conditions.

2.8 | Characterization of Epoxy-Silica Composite

Comprehensive physicochemical characterization of the fabri-
cated epoxy-silica composites was conducted to verify the suc-
cessful incorporation of silica micro-particles and to assess the
structural features of the final material.

Fourier Transform Infrared (FTIR) Spectroscopy was employed
to identify the characteristic functional groups and to confirm
the chemical interaction between the epoxy matrix and the sil-
ica filler. FTIR measurements were performed using a Paragon
500 FTIR spectrometer (PerkinElmer, USA), operating over
a spectral range of 2.5 to 25um (equivalent to 4000-400cm™!
wavenumber). Each spectrum was collected at room tempera-
ture under ambient conditions with sufficient resolution to de-
tect subtle differences in bond formation and filler dispersion
within the composite.

XRD analysis was carried out to investigate the crystalline and
amorphous phases present in the composite samples. The dif-
fraction patterns were recorded using an X'Pert Pro PANalytical
diffractometer equipped with Cu Ka radiation (1=1.540624),
operating at an accelerating voltage of 40kV and a current of
30mA. Scans were performed over a 26 range from 10° to 90° at
a scan rate optimized to ensure a high signal-to-noise ratio and
accurate peak identification. The diffraction data enabled the
identification of silica-related phases and the evaluation of the
overall amorphous nature of the epoxy matrix. Both FTIR and
XRD analyses were instrumental in confirming the successful
fabrication of the three-phase composite system, ensuring effec-
tive integration of the SiO, filler without introducing undesir-
able crystalline impurities or phase separations.

2.9 | Thermal Characterization

TGA was performed to evaluate the thermal stability and deg-
radation behavior of the epoxy-silica composite specimens as
a function of temperature. The measurements were conducted
using a high-precision TGA instrument under a controlled inert
atmosphere to prevent oxidative degradation during heating.
Specimens with a mass ranging from 4 to 10mg were carefully
prepared to ensure consistency and minimize experimental
variability. Each sample was heated at a constant rate of 2°C/
min under nitrogen flow to resolve overlapping mass-loss
steps [23] and minimize the possible effect of thermal lag [24]
an approach which is very consistent with the International
Confederation for Thermal Analysis and Calorimetry (ICTAC)
recommendations and guidelines [25]. The weight loss (%) was
continuously recorded as a function of increasing temperature.
TGA analysis was performed using alumina pans, and nitrogen

purge 50mLmin~!. To minimize thermal lag and gas-diffusion
artifacts, the sample mass was standardized to 8.0+0.5mg
(flake geometry; layer <1mm), placed centrally in the pan.
Heating rates for kinetic analysis were 5°C, 10°C, and 20°C
min~!. Raw signals were corrected for baseline/buoyancy and
mass-normalized prior to derivative (DTG) computation. For
quality control, runs falling outside 6-9 mg were excluded from
kinetic fitting. The TGA curves were analyzed to determine
the distinct stages of thermal degradation, residual mass, and
thermal decomposition temperatures, providing critical insights
into the composite's thermal endurance and filler-matrix inter-
actions. The activation energy for thermal degradation was fur-
ther estimated using model-free kinetic approaches, enhancing
the understanding of thermal stability imparted by the addition
of silica micro-particles. The weight loss can be mathematically
calculated as follows [26]:

“= M

where a, W,, w,, w, are degradation constant, initial, specific
temperature, and degraded weight of the sample, respectively.
Furthermore, the activation energy (E,) can be estimated by
using TGA through the Kissinger-Akahira-Sunose (KAS) model
as follows [27, 28]:

l ﬂi =1 RA" Ea
AT n(Eag(m) " RT,, @

Ly

where 8, T, ., R, A, and g(a) are heating rate, corresponding tem-
perature, gas constant, pre-exponential constants and curing
constant function, respectively. E, can be calculated by plotting

In(B/(T;, )7 against T, on y- and x-axis effectively.

Specific heat capacity (C)) was also determined using
ASTM-E1269 by the under-mentioned relation [29]:

C =C ¢ DSXWSt
p(s) = Cp(st) X <m> 3

Cp(9) [J/(g'K)] is the specific heat capacity of test sample, Cp(st)
[J/(g-K)] shows specific heat capacity of sapphire standard, D
(mW) shows peak heat absorbed by the test specimen using dy-
namic scanning calorimetry (DSC). Moreover, D, (mW) is the
maximum heat absorbed by the sapphire standard specimen ata
given temperature. Similarly, W, and W, [mg] represent masses
of the test and sapphire standard sample.

The thermal conductivity of the samples was also determined
experimentally using ASTM E-1530. According to ASTM E-1530
a circular specimen was prepared with the diameter and thick-
ness of 50.8 £0.25 and 2.0 £0.025 mm, respectively. Afterwards,
the sample was subjected to a thermal conductivity meter (DTC-
300) which measured thermal conductivity using the following
relations [30]:

1
C= R @

9Q _ ¢ agr

dt )

40f 17

Polymers for Advanced Technologies, 2025

85UBD 17 SUOWILLOD BAERID 3|qed![dde aup Aq peusenob s/ 3PN YO 138N JOSaIN Joj ARIq1T BUIIUO /1M UO (SUORIPUOD-PUE-SWLBIALIOD" A3] 1M ARRIq 1 BUIIUO//SURU) SUORIPUOD PUB SR L 83U 885 *[5202/2T/E2] U0 ARIqIT aUIluO AB|IM 80US|0X3 818D PUB UIESH 104 3Imusu| uoeN ‘3OIN Ad S0r0L d/200T OT/10p/w0d™Ao 1M AReld iUt uo//Sduy wo.y papeojumod ‘TT ‘520 ‘T8ST660T



R=—2 "2 (6)

i=o @

CyR,A, dT, dQ/dT, dx, and A are thermal conductance, thermal
resistance, area of sample, temperature differential, heat flux
and thermal conductivity, respectively. In addition, the terms N
and R are temperature dependent fitting parameters.

3 | Theoretical Assumptions and Estimation
3.1 | Hoop Strength

The change in hoop strength with respect to curing temperature
is assumed to be a non-linear second-order relationship depen-
dent on curing temperature (T, ) which can be written math-
ematically as:

uring

o-hoop
dT,

curing

2
= ((Cl Tcuring) + CZ Tcuring + CS) (8)
Taking integration of Equation (8)

2
/dUhoop = Cl /(Tcuring) churing+ CZ/Tcurinngcuring+C3/churing

©
3 2
ko ghoop(min) (Tcuring) kl ghoop(min) (Tcuring)
o-hoop = 3 + 2
T . 3 . 2
cur(min) cur(min)
k2 o_hoop(min)
+ (m) (Tcuring) + k3 O hoop(min)
(10)
Fhoop [MPa] depicts the hoop strength, Teuring [°C] rep-

resents curing temperature, C,=(k X0, op,(ini n)/ 3(Tcur<mm))3),
CZ = (kl X O'hoop,(min)/z(’1—'<:ur(min))2)’ C3 = (kz X O'hoop,(min)/Tcur(min))’
and C4:k3><ah00p(mm> are integration constants of the relation
having units MPa/°C3, MPa/°C?, MPa/°C and MPa, respec-
tively. Additionally, k , k;, k,, and k, are unit-less coefficients.
Moreover, .., imin) and e,y miny are constant minimum hoop
strength (ahoop(min)) and minimum curing temperature Tc, .
depending on the orientation of the fiber, matrix material and
filler quantity in the analysis.

3.2 | Burst Pressure
Change in burst pressure (dP, ) With a changing curing tem-
perature (churmg) is assumed to be a 2nd order relation depen-
dent on curing temperature [see Equation (11)].

3 2
Bo X Pburst(min) ( Tcuring) Bl X Pburst(min) (Tcuring)
dp, burst = T3 3 + T2 2

cur(min ) cur(min)
BZ X Pburst(min)
N (Tcuring) +B3Pburst(min)
Tcur(min)
13)
. o .
Py« [MPa] is the burst pressure, TCquing [°C] represents curing

temperature, and C,, C,, C,, and C, are integration constants,
further correlated with other parameters. CIZ(ﬁOXPBurst(min)/
3(Tcur(min))3)’ sz(ﬁl X PBurst(min)/Z(Tcur(min))z)’ C3:(62 X
PBurst(min)/(Tcur(min)))’ and C4:ﬁ3 X PBurst(min)' MOI‘EOV&I‘, Bo’ Bl’
B,, and B, are dimensionless coefficients. Similarly, the corre-
sponding, P and T are the minimum burst pres-

urst(min) cur(min)
sure and curing temperature.

3.3 | Factor of Safety

Variation in factor of safety (FOS) with respect to chang-
ing curing temperature is also considered to be a non-linear
second-order curing temperature-dependent polynomial. The
mathematical representation is as follows:

dFOS 2
daT = ((Cl Tcuring) +C Tcuring +Cs ) 14

curing
Taking integral on both sides of Equation (14)

dFOS 2
/dT = Cl /(Tcuring) churing+CZ/Tcurinngcuring+C3/churing

curing
1s)

Integration constants (i.e., C;, C,, C;, and C,) are further cor-
related with other parameters (e, C,=(A4/ 3(Tcur(mm))3),
C2 = (Al/z(Tcur(min))Z)’ C3 = (A 2/(Tcur(min)))’ and C4 :AS X Tcur(min))
and are substituted in Equation (15)

3 2
A Tewri A Tewri
FOS = 0 ( curlng) 4 1 ( curmg)
T3 3 T? 2
cur(min) cur(min) (16)

A 1
+ < T—2> (Tcuring) + (A3 X Tcur(min)) < m)

cur(min)

where A, A}, A,, and A, are unitless constants of the above-
mentioned relation.

3.4 | Specific Heat Capacity

Change in specific heat capacity with respect to curing tempera-
ture is assumed to be a first-order linear relationship, written as:

dc

;%l::; _ <( c, Tcuring)z 4 g + Cs ) ) —deaiple =(q Tsample + €5 ) 17)
integrating both sides: Taking integration of Equation (17)
12) Sample
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These integration constants, that is, C;, C,, and C, are further
correlated as C, =DO/2(TSample‘ (min))z, C2=D1/(T5ample, (miny- @0d
C3:D2><Cp accordingly. By substituting with co-relation, the

final expression becomes:

Da ( Tsample ) : D1
CP = Tz 2 + T | (TSample) + D2 X Cp
Sample(min )

Sample(min )
19)

3.5 | Thermal Conductivity

Variation in thermal conductivity with respect to changing
sample temperature (T ) is assumed to be linear, writ-
ten as:

Sample

Whereas,

di

= (T +C
dTSample ( 1+ Sample 2) (20)

Taking integration of Equation (20)

/dl: CI/TSampledTSample+C2/dTSample (21)

Integration constants (i.e., C, C,, and C,) are given as: C; =H,
2 o _

></,Lmin/2(TSample,(min)) ’ C2 _Hl ><lmin/(TSample,(min))’ and C3 _HZX

Anin BY substituting integration constants with their equiva-

lents, the final mathematical expression becomes:

2
Hy X Ay T, H, X Ay,
A= < 20 = > ( Sample) + < - = )(TSample) +H2 X /lmin

Sample(min ) 2 TSample(min )

22

A [W/m-K] is the thermal conductivity, Tsample [K] represents the
temperature of the sample, 4, is the minimum value of thermal
conductivity, TSample(mm) is the minimum value of sample tempera-
ture and Hy, H,, and H,, are fitting parameters of the relation.

4 | Theoretical Design Formulation

The thin vessel/pipe with an inner radius and wall thickness of
43.00 and 2.15mm, respectively, can withstand 10 MPa. Hence,
to confirm designing the vessel requires estimation of hoop
stress (o), longitudinal stress (o;), maximum in-plane shear
stress (Tmax(in-plane))’ and maximum out-of-plane shear stress
(rmax(out_plane)), which are approximately incurred by the vessel
accordingly. Hence, these parameters are approximated using
the under-mentioned equations [31]:

P,
oq = (ir> 23)

oL = <2> 4

T 25

max (in—plane)

Il
/N
g
“’|°°~:
——

Pgr
Tmax (out—plane) — <2_t) (26)

Consider a two-dimensional infinitesimal square shaped el-
ement from this pipe/vessel, as well as longitudinal and hoop
stresses applied to the element, which are equivalent to normal
stresses in the x and y axes. Furthermore, based on the two-
dimensional plane stress condition, the Mohr circle was created
using the calculated parameters (i.e., mean or nominal stress
(aavg), maximum stress Tresca criteria (z,,,), principal stresses
(o, and o,), rotation angles of principal normal stresses plane/s
(ep1 and epz), rotation angles of principal normal stresses
plane/s (6, and 6,), Tresca yield stress (o,;) and Von-Mises
stress (gy,,,,) sequentially). Mathematically, these parameters are
computed as [32]:

oyto,
O-avg = <T> (27)
o,+0,\2
01 = O-avg + Trmax (29)
0, = O'avg ~ Tmax (30)
Oy) =01~ 03 (31)

ovm = \/(61_62)2 o)+ (o) (32)

2
Op1 = 90° + 02 (33)
tan~! ( 2%y )
0. = Ox "% (34)
p2 2
04 =90°+0,, (35)
tan—l ( _(”x_gy))
0. = 27y (36)
s2 2

5 | Results and Discussion
5.1 | Theoretical Design Approximations

Theoretical stress analyses were conducted to evaluate the
mechanical loading conditions that the fabricated compos-
ite vessels would experience under internal pressure. Using
Equations (23-25), hoop stress (o};), longitudinal stress (o;),
and maximum out-of-plane shear stress (Tmax(out-plane)) were
calculated under an applied internal gauge pressure of 10 MPa.
The corresponding values were determined as 200, 100, and
100 MPa, respectively. To visualize and further analyze the
stress states, a Mohr's circle was constructed, graphically rep-
resenting the principal stresses, maximum shear stresses, and
angular orientation of stress planes. From the Mohr's circle
analysis average normal stress (o-avg) of 150.0 MPa, maximum

6of 17

Polymers for Advanced Technologies, 2025

85UBD 17 SUOWILLOD BAERID 3|qed![dde aup Aq peusenob s/ 3PN YO 138N JOSaIN Joj ARIq1T BUIIUO /1M UO (SUORIPUOD-PUE-SWLBIALIOD" A3] 1M ARRIq 1 BUIIUO//SURU) SUORIPUOD PUB SR L 83U 885 *[5202/2T/E2] U0 ARIqIT aUIluO AB|IM 80US|0X3 818D PUB UIESH 104 3Imusu| uoeN ‘3OIN Ad S0r0L d/200T OT/10p/w0d™Ao 1M AReld iUt uo//Sduy wo.y papeojumod ‘TT ‘520 ‘T8ST660T



Mohr's Circle
(a) T{200,100)
\
100 / R=1118
—
50
© 38.2,0) Oavs/
a avg
z o *
b / (261.8,0)
=50
-100
(100,-100) °
0 100 200 300
o (MPa)

FIGURE1 | (a)2D Mohr circle for infinitesimal element of vessel (b) un-rotated element (c) rotated at 0° (d) rotated to

principal stress (o;) of 261.8 MPa, minimum principal stress
(0,) of 38.2MPa and maximum in-plane shear stress (z,.)
of 111.8 MPa were extracted. These values are illustrated in
Figure 1 and are consistent with the calculations based on
Equations (27-30). Further, using Equations (31) and (32), the
maximum principal stress (o;) and the von Mises equivalent
stress (o)) were estimated as 261.8 and 244.94 MPa, respec-
tively. The rotation angles associated with the orientation of
the principal planes were also computed. Principal normal
stress plane angles (ep1 and GPZ) of 58.238° and —31.717°, re-
spectively, and maximum shear stress plane angles (6, and
6,,) of 103.283° and 13.283° respectively were computed.
These angular measurements indicate the orientations at
which the vessel material experiences either maximum nor-
mal stresses or maximum shear stresses under operational
loading conditions. Importantly, this theoretical analysis
highlights a critical design criterion: the o, of the composite
material must exceed the o, under the given loading con-
ditions to prevent structural failure. Ensuring that o, >0y,
provides a sufficient safety margin against yielding or cata-
strophic rupture, particularly in pressure vessel applications
where multi-axial stresses are predominant.

52 | FTIR

FTIR Spectroscopy was conducted to analyze the chemical
structure of the fabricated epoxy-silica composites and confirm
the successful incorporation and interaction of silica, epoxy
resin, and curing agents. The spectral measurements were ob-
tained in the wavenumber range of 4000-400cm™!, capturing
the full vibrational fingerprint region relevant to both organic
and inorganic constituents. Composite samples cured at differ-
ent temperatures 60°C, 80°C, 100°C, 120°C, 140°C, and 160°C
were examined. Their corresponding FTIR spectra are pre-
sented in Figure 2a-f, illustrating consistent trends and peak
shifts associated with functional group interactions across the

Original: o, = 100, 0, = 200, Ty, = 100 MPa

Principal, 6, =58.3°, 01 =261.8, 0, = 38.2

Alt. sign: T,y = — 100 MPa

Max shear, 6s = 103.3°, Tmax=111.8

(d) / (e) \

‘max (© TOtated to o;.

curing temperature range. A prominent broad absorption band
observed between 3200 and 3600cm™ corresponds to the O—H
stretching vibrations of hydroxyl groups, which are commonly
associated with the moisture content or unreacted hydroxyl
groups in the epoxy network. Strong O—H peaks centered be-
tween 3546 and 3561cm™! were present in all samples, indi-
cating retained hydroxyl functionality throughout the matrix.
The presence of amine groups (R—NH,*) was confirmed by
absorption bands in the range of 2122-2131cm™, arising from
the curing agent's contribution. These observations are consis-
tent with prior findings, such as those reported by Nikolic et al.
[33], where similar absorption bands were linked to amine cross-
linkers in epoxy systems.

Key peaks between 1086 and 1093cm™! were attributed to the
Si—O—Si asymmetric stretching vibrations, signifying the
successful incorporation of silica particles into the matrix.
Additionally, bands observed in the 971-984cm™! range corre-
spond to Si—O—C or Si—O—Glass interactions, confirming the
embedded glass fiber reinforcement in the composite structure.
The characteristic epoxide ring vibrations were identified in
the range of 933-939cm™!, which are indicative of unreacted
or partially reacted epoxide groups within the resin. The pres-
ence of N—H bending vibrations from the amine curing agent
was observed at 551-559cm™!, further validating the expected
chemical network formation. These spectral assignments are in
agreement with previous literature. For instance, Mamalis et al.
[34] documented O—H and epoxide bands in the 3200-3600 cm ™
and 933-939cm™! regions, respectively, while Fernandesa et al.
[35] also confirmed Si—O and Si—Glass bands between 971 and
1093cm™1.

The summary of key FTIR peak positions for all specimens
across the curing temperatures is provided in Table 1, support-
ing the consistency of the chemical structure and the successful
integration of all three composite phases (epoxy, silica, and glass
fiber).

Polymers for Advanced Technologies, 2025
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5.3 | XRD Analysis

XRD analysis was conducted to investigate the crystallinity
and phase composition of the epoxy-silica composite sam-
ples cured at different temperatures. The XRD patterns cor-
responding to curing temperatures of 60°C, 80°C, 100°C,
120°C, 140°C, and 160°C are shown in Figure 3a-f. The dif-
fraction patterns for all samples exhibited a characteristic

broad diffuse hump between 10° and 20° (26), indicative of
a predominantly amorphous structure. This broad halo is
typical for polymeric materials such as epoxy resins, where
the lack of long-range order results in the absence of sharp
Bragg diffraction peaks. The observation of such an amor-
phous profile across all curing temperatures suggests that the
crosslinked epoxy matrix maintained its non-crystalline char-
acter, even after filler addition and thermal curing. Notably,
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FIGURE2 | FTIR analysis of samples at curing temperatures of (a) 60°C (b) 80°C (c) 100°C (d) 120°C (e) 140°C and (f) 160°C.
TABLE1 | Specimen peaks at various curing temperatures in wavenumber (cm ™).
Temperature OH RNH3 Silica Cc—0—C Glass fiber Epoxide
60°C 3546 2122 1088 1043 973 935
80°C 3547 2125 1089 1043 972 936
100°C 3550 2127 1091 1043 971 937
120°C 3561 2131 1093 1045 977 939
140°C 3551 2129 1092 1043 974 938
160°C 3547 2128 1086 1043 984 933
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FIGURE 3 | XRD spectra of samples cured at (a) 60°C (b) 80°C (c) 100°C (d) 120°C (e) 140°C, and (f) 160°C.

no significant crystalline peaks attributable to the silica mi-
croparticles or glass fibers were observed within the scanned
range. This can be attributed to several factors: the relatively
low concentration and fine dispersion of silica fillers within
the matrix, the inherently amorphous nature of the epoxy,
and the possible overlap or masking of weak crystalline sig-
nals by the dominant amorphous background. Furthermore,
the XRD spectra for neat epoxy, silica powder, and glass fiber-
reinforced composites at various curing temperatures showed
no substantial differences, reinforcing the conclusion that the
composite's microstructure remained largely amorphous irre-
spective of curing temperature. These results are consistent
with prior studies which also reported the predominance of
amorphous features in silica-filled epoxy composites [36-38].
XRD patterns for all curing temperatures display a broad halo
centered near 26 =22°-25° characteristic of the amorphous
epoxy matrix and E-glass fibers. The absence of sharp crys-
talline peaks from SiO, is expected because the silica used is
amorphous (fumed silica), which exhibits only diffuse scat-
tering. Moreover, the strong amorphous background of the
epoxy matrix masks any low-intensity short-range ordering
from the silica network. Similar patterns have been reported
for silica-epoxy and E-glass/epoxy systems, where only a sin-
gle amorphous halo is observed even at silica contents up to
15-20wt%. This confirms that the composite microstructure
remains amorphous after curing, with no undesired crystal-
lization induced by thermal treatment up to 160°C. The XRD
analysis confirms that the incorporation of silica particles
and glass fibers did not induce any significant crystallization
or phase separation within the composite, which is desirable
for maintaining uniform mechanical and thermal behavior
throughout the material.

54 | TGA

TGA was performed on all composite specimens cured at
different temperatures to assess their thermal degradation
behavior and stability. The TGA profiles for the samples are
depicted in Figure 4. The thermal degradation of the compos-
ites occurred in two distinct stages: First degradation stage
(50°C-350°C) which corresponds primarily to the decompo-
sition of low-molecular-weight species, residual unreacted
monomers, absorbed moisture, and the initial breakdown of
organic matrix chains. The percentage of weight loss during
this stage varied across different curing temperatures, in-
dicating the influence of curing conditions on the degree of
polymerization and thermal resistance (Table 2). Second deg-
radation stage (350°C-600°C) which is associated with the
degradation of the crosslinked epoxy network and the fur-
ther breakdown of the composite's structural framework. The
onset of significant mass loss at higher temperatures reflects
the composite's ability to resist thermal degradation until ele-
vated thermal stresses are imposed. Among all the specimens,
the composite cured at 120°C exhibited the highest thermal
stability, with the greatest residual mass after both degrada-
tion stages. This suggests that 120°C represents an optimum
curing temperature for achieving maximum crosslink density
and enhanced thermal durability in the epoxy-silica compos-
ite system. Additionally, theoretical calculations of degrada-
tion kinetics showed close agreement with the experimental
TGA results, thereby validating the assumed degradation
models [39, 40]. The 160°C specimen exhibits a low char yield
(1.14%), consistent with extensive volatilization of organic ma-
trix; however, char yield alone is not a direct indicator of sta-
bility in thermoset epoxies. Based on T, T and E, (KAS),

max’
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FIGURE 4 | Specimen weight loss at various curing temperatures
(60°C-160°C) by TGA analysis.

TABLE 2 | Specimen peaks at various curing temperature.

% weight of
% weight of specimen

specimen remaining
Specimen remaining at second
curing at initial degradation
temperature degradation stage stage
(°C) (50°C-350°C) (350°C-600°C)
60°C 58.40 5.22
80°C 53.19 6.28
100°C 71.11 6.40
120°C 75.81 10.17
140°C 75.90 10.80
160°C 79.09 1.14

the 120°C-140°C cures display the most favorable thermal
resistance, while 120°C offers the best thermal-mechani-
cal balance observed in this study. It was observed that the
composites cured at higher temperatures generally exhibited
higher activation energies, implying that greater thermal en-
ergy input is required to initiate degradation for better-cured
samples, further confirming their superior thermal resistance
(Refer to Table 2).

5.5 | Specific Heat Capacity

The specific heat capacity (Cp) of the epoxy-silica composite
specimens was determined experimentally in accordance with
ASTM E-1269 using DSC. The Cp values were plotted as a func-
tion of specimen temperature to evaluate the thermal energy
absorption characteristics of composites cured at different tem-
peratures, as shown in Figure 5. The analysis revealed a clear
trend that c, values decreased with increasing curing tempera-
ture. This behavior indicates that composites cured at higher

1.3

12 F

11F

1.0

Cp(J/g.K)

09

0.7 .— .
280 300 320 340 360 380 400 420 440 460 480 500
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FIGURE 5 | ¢, experimental and theoretical computations with
changing curing temperature (60°C-160°C).

temperatures possess lower heat retention capacity compared
to those cured at lower temperatures. From a physical perspec-
tive, the enhanced crosslink density achieved at elevated cur-
ing temperatures reduces the segmental mobility of polymer
chains, leading to decreased ability to store thermal energy
within the matrix structure. This reduction in Cp implies that
composites prepared at higher curing temperatures will absorb
and retain less heat, which is particularly advantageous for
applications involving pressure vessels and pipelines. Lower
heat retention correlates with reduced internal heat buildup,
minimized thermal expansion, and better thermal shock re-
sistance, thereby improving operational safety and stability
under fluctuating thermal environments. Among all samples,
the specimen cured at 120°C demonstrated an optimal balance
of mechanical and thermal properties, including favorable spe-
cific heat capacity characteristics. Therefore, 120°C is identi-
fied as the optimum curing temperature for manufacturing
thin-walled vessels and pipes using this three-phase composite
system. Furthermore, the theoretical predictions of C based
on numerical models showed strong agreement with the ex-
perimental data, validating the reliability of the underlying
thermophysical assumptions and experimental methodologies
employed in this study.

Curve fitting of Equation (19) was performed on the experi-
mental C,, values. The curve fitting based on Equation (19) on
experimentally available data is validated by ANNOVA analy-
sis which validates that theoretical estimations were 95% sig-
nificant, that is, p <0.05 for all the curing temperatures. This
further implies that derived Relation (19) can fully estimate
the c, with high significance, that is, more than 95% accu-
racy (Table 3). Moreover, C, estimated for all the curing tem-
peratures, that is, 60°C to 160°C are accurately predicted by
Equation (19). Besides, the individual parametric analysis was
also performed based on type-III partial ANNOVA for each
term of the Equation (19), that is, p values for linear, quadratic
and combination block (linear and quadratic) are all less than
0.05 accordingly (as clearly evident in Table 4) which even-
tually means the estimated values of Cp are determined with
higher confidence.
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5.6 | Thermal Conductivity

The thermal conductivity (1) of the epoxy-silica composite spec-
imens was experimentally measured in accordance with ASTM
E-1530 using a guarded heat flow meter. 1 of polymer-based
composites is dominated by phonon (lattice vibration) transport,
since electron conduction is negligible. Using the mathematical
concept of kinetic theory:

1
A= gcvvphononl (37)

where C, is the volumetric heat capacity, Vhonon is the aver-
age phonon group velocity, and [ is the phonon mean free path

(MFP). Atomic-scale disorder in the form of randomly cross-
linked epoxy chains, silica particle-matrix interface mismatch,
and voids strongly reduces [ by introducing elastic scattering
sites. Each scattering event interrupts phonon propagation,
lowering net energy transport. In contrast, crosslink density
enhanced when curing was performed on 120°C generates to-
pological disorder (random orientation and misfit at interfaces),
maximizing phonon scattering and leading to the observed rel-
atively lower 1. Beyond 120°C, network densification and stress
relaxation slightly improve interfacial continuity, effectively
increasing | and partially restoring A. This explains why 1 de-
creases initially with disorder, then further reduces A4 probably
due to more ordered and tightly cross-linked. Moreover, at 160°C
the heat transport shifts towards diffusion rather than phonon

TABLE3 | ANOVA analysis for curve fitting of Equation (19) on experimental data for estimating C .

Curing temperature (°C) Regression DOF Sum of squares Mean square Fvalue P

60 Model 2 0.05521 0.0276 4637.5 <0.05
Error 7 4.17Xx1073 5.95%x1076
Total 9 0.05525

80 Model 2 0.05057 0.02529 2590.256 <0.05
Error 7 6.83%x107° 9.76x107°
Total 9 0.05064

100 Model 2 0.0449 0.02245 2736.806 <0.05
Error 7 5.74%x1073 8.20x1076
Total 9 0.04496

120 Model 2 0.04044 0.02022 2956.37 <0.05
Error 7 4.79%1073 6.84x107°
Total 9 0.04049

140 Model 2 0.04301 0.02151 1991.247 <0.05
Error 7 7.56%x107° 1.08%x10~°
Total 9 0.04309

160 Model 2 0.0394 0.0197 3514.122 <0.05
Error 7 3.92x107° 5.61x1076
Total 9 0.03944

TABLE 4 | Type-III partial F ANOVA analysis for Equation (19) on experimental data to find the significance of individual parameters, that is,

interaction in combination or block (linear + quadratic), intercept, respective slopes of linear and quadratic or 2nd order term.

Teyr DOFy MSg SSg R? Flinear Piinear  Fouaa  Pguaa Folock(intquad)  Plock
60°C 7 595%x107%  4.16x107° 0.9992 9195.4545 <0.05 79.545 <0.05 4637.5 <0.05
80°C 7 9.76x107° 6.83x107° 0.9986 5167.3968 <0.05 13.115 <0.05 2590.256098 <0.05
100°C 7 1.74x107° 0.00012 0.9973 2595.0074 <0.05 17.326 <0.05 1306.167079 <0.05
120°C 7 5.22%x107° 0.00036 0.9913 786.36914 <0.05 19.873 <0.05 403.121319 <0.05
140°C 7 1.08x107° 7.56x107° 0.9982 3945.3907 <0.05 37.104 <0.05 1991.247495 <0.05
160°C 7 5.60x107° 3.92x107>  0.9990 7005.4054 <0.05 22.837 <0.05 3514.121622 <0.05
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propagation and as a consequence, minimum value of 1 was
recorded [41]. Lower A value of 160°C cured specimen are pos-
sibly due to combinatory effect of SiO, agglomeration accompa-
nied with premature curing. The results, presented in Figure 6,
were also compared with theoretical predictions derived from
the thermal conductivity model suggested in this research. The
experimental data reveal a general trend of increasing thermal
conductivity with increasing curing temperature. This behav-
ior can be attributed to the stabilization of the polymer net-
work at higher curing temperatures, which results in enhanced
continuity of the molecular chains and more efficient phonon
transport. As crosslinking becomes more complete, the num-
ber of scattering centers (voids, unreacted groups, chain ends)
decreases, thus facilitating thermal conduction through the
matrix. Interestingly, while thermal conductivity rises with ex-
ternally supplied temperature overall, the composite cured at
120°C exhibited the relatively lower 4 value based on balanced
or overall comparison/s. This suggests that at 120°C, a balanced
crosslinking density is achieved sufficiently to ensure structural
integrity while still maintaining a degree of atomistic disorder
and interface scattering that effectively reduces heat transfer.
This reduced thermal conductivity is particularly desirable for
thin-walled pressure vessels and pipe applications, where ther-
mal insulation is critical to minimize heat loss, prevent thermal
fatigue, and maintain internal fluid temperatures. The observed
trend is consistent with the concept that beyond a certain cur-
ing threshold, increased polymer ordering may also hinder heat
flow possibly due to premature resin absorbing heat to possibly
fully cure eventually reducing heat transfer. Furthermore, the
theoretical A values obtained using second-order polynomial
models, that is, Equation (22) showed a strong correlation with
experimental results, confirming the accuracy and predictive
capability of the thermal model derived and curve fitted. Based
on the overall findings, 120°C is once again validated as the
optimum curing temperature not only for mechanical perfor-
mance but also for achieving competitive thermal conductivity,
making the composite highly suitable for demanding thermal
environments.

In the case of A, curve fitting of Equation (22) was performed on the
experimental A values. The curve fitting based on Equation (22)
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FIGURE 6 | Experimental and theoretical calculations of thermal
conductivity at various curing temperatures.

on experimentally available data is validated by the outcome of
ANNOVA analysis which implies that theoretical approximations
were highly significant, that is, p<0.05 or 95% credible (after ap-
plying to all the curing temperatures, that is, 60°C-160°C) as over-
all relationship (Table 5). This further depicts that Equation (22)
can overall predict A for all the samples prepared at various curing
temperatures with higher significance level or confidence inter-
val, that is, more than 95% accurately (As evidenced in Figure 6
and Table 5). Furthermore, the individual parametric analysis was
also performed based on type-III partial p-test for each term of the
Equation (22), that is, p values for linear, quadratic and combina-
tion block (linear and quadratic) are all less than 0.05 accordingly
(Table 6). Hence, the interaction is highly desirable between input
and out parameter/s.

5.7 | Hoop Strength

The hoop strength (Sy;) of the fabricated composite specimens
was evaluated both experimentally and theoretically across a
range of curing temperatures from 60°C to 160°C. The experi-
mental determination was carried out in accordance with ASTM
D2290 [42], which provides standardized methodology for split-
disk testing of filament-wound composite rings. The measured
hoop strength values for specimens cured at 60°C, 80°C, 100°C,
120°C, 140°C, and 160°C were found to be 296.7+5.2MPa,
315.6+5.7MPa, 326.0+6.2MPa, 341.3+6.5MPa, 343.8£6.9MPa,
and 260.1 £4.2MPa, respectively, as shown in Figure 7. A clear
trend of increasing hoop strength with increasing curing tem-
perature was observed from 60°C to 140°C. This improvement
is attributed to enhanced molecular crosslinking and polymer
chain alignment, which together improve the structural integrity
and load-bearing capacity of the matrix. Additionally, controlled
thermal curing promotes interfacial adhesion between the epoxy
matrix, silica filler, and glass fibers, further contributing to the
material's resistance to circumferential stresses. However, at
160°C, a noticeable decrease in hoop strength was observed. This
decline is likely due to thermal over-curing, which can result in
microstructural degradation, such as resin embrittlement, resid-
ual stress buildup, and the formation of micro-voids or cracks.
Excessive heat may also break down the chemical bonds within
the polymer network, ultimately reducing the mechanical per-
formance of the composite. Based on both experimental mea-
surements and the corresponding theoretical predictions, the
composite cured at 120°C demonstrated the most favorable hoop
strength, striking a balance between crosslink density and mate-
rial toughness. The decrease in mechanical properties at 160°C is
attributed to over-curing, which induces excessive crosslinking
and reduces the free volume of the epoxy matrix. This phenome-
non leads to matrix brittleness and early crack initiation. Similar
behavior has been reported for epoxy composites cured at ele-
vated temperatures [43]. This finding reinforces the conclusion
that 120°C is the optimal curing temperature for maximizing
mechanical strength in thin-walled composite vessels subjected
to internal pressure.

The outcome, that is, Sy, is fully supported by the type-III partial
p ANNOVA analysis which validates that each interaction and
parameters is significant in this analysis, that is, Piinear Pquad’

Peubic @0d Py, are less than 0.05 accordingly (Table 7).
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TABLE 5 | ANOVA analysis for curve fitting of Equation (22) on experimental data for approximating 1.

Curing temperature (°C) Regression DOF Sum of squares Mean square Fvalue P

60°C Model 2 0.00301 0.00151 456.3503 <0.05
Error 7 2.31x1073 3.30x107°
Total 9 0.00304

80°C Model 2 0.00302 0.00151 843.4535 <0.05
Error 7 1.25x 1073 1.79%x107°
Total 9 0.00303

100°C Model 2 0.00339 0.0017 448.0516 <0.05
Error 7 2.65%x107° 3.79x107°
Total 9 0.00342

120°C Model 2 0.00378 0.00189 525.0532 <0.05
Error 7 2.52x107° 3.60x107°
Total 9 0.00381

140°C Model 2 0.00386 0.00193 671.1763 <0.05
Error 7 2.02x107° 2.88%x107°
Total 9 0.00388

160°C Model 2 0.00417 0.00208 745.2124 <0.05
Error 7 1.96x 107> 2.80%x107°
Total 9 0.00419

TABLE 6 | Type-III partial F-FANNOVA analysis for Equation (22) on experimental data to find the significance of individual parameters, that is,
interaction in combination or block (linear + quadratic), intercept, respective slopes of linear and quadratic or 2nd order term validation.

Teyr DOFy MSg SSg R? linear Piinear Fouaa Pruad  Folock(lintquad)  Phlock
60°C 7 3.30x10°° 2.31x107° 0.9924 856.1625 <0.05 56.5381 <0.05 456.3503 <0.05
80°C 7 1.79%x107° 1.25x1073 0.9959 1589.151 <0.05 97.7563 <0.05 843.4535 <0.05
100°C 7 3.79% 107 2.65%107°  0.9922 831.2588 <0.05 64.8445 <0.05 448.0516 <0.05
120°C 7 3.60%x107° 2.52x107° 0.9934 968.4916 <0.05 81.6148 <0.05 525.0532 <0.05
140°C 7 2.88x107° 2.01x107° 0.9948 1239.184 <0.05 103.1684 <0.05 671.1763 <0.05
160°C 7 2.79x1076 1.95%107° 0.9953 1370.996 <0.05 119.429 <0.05 745.2124 <0.05

5.8 | Burst Pressure

Burst pressure in Equation (37) [44] was measured theoretically
by the following relationship:

Pyd+1)
W= (38)
where Sy, P,, d, and ¢ are hoop strength, burst pressure, thick-
ness and inner diameter of pipe/tube, respectively. The com-
puted P, values for specimens cured at 60°C, 80°C, 100°C, 120°C,
140°C, and 160°C were 15.21+0.27MPa, 16.19+0.29MPa,
16.71+0.32MPa, 17.50+0.33MPa, 17.63+0.35MPa, and
13.34+0.20MPa, respectively, as illustrated in Figure 8.

An increasing trend in burst pressure was observed as the cur-
ing temperature was raised from 60°C to 140°C. This enhance-
ment is primarily attributed to improved crosslinking density,
matrix consolidation, and enhanced fiber-matrix interfacial
bonding achieved through elevated thermal activation. The
increased matrix rigidity and adhesion contribute to the com-
posite’s ability to resist hoop stresses and internal pressure loads
without failure. The specimen cured at 120°C demonstrated
optimal burst pressure performance, closely followed by the
one cured at 140°C. However, a decline in burst pressure was
observed for the specimen cured at 160°C, which is consistent
with previously observed reductions in hoop strength. This deg-
radation is likely due to thermal over-curing, which can cause
excessive crosslinking, resin embrittlement, or the development
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FIGURE 7 | Experimental and theoretically calculated hoop
strength at various curing temperatures.

TABLE7 | Type-III ANOVA partial p analysis based on 3 replications
per curing temperature and considering a=0.05 to investigate the
significance of each parameter.
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FIGURE 8 | Experimental and theoretically determined burst pres-
sure with increasing curing temperature.

TABLE 8 | Type-III ANOVA partial p analysis based on three
replications per curing temperature and considering a=0.05 to
investigate the significance of each parameter.

Description Corresponding value Description Corresponding value
N 18.00 N 18
DOF 14.00 DOF 14
SS 1000.34 SS, 3.218637
MS, 71.45 MS, 0.229903
R? 0.94 R? 0.920333
linear 33.16 lincar 25.42809
Plinear <0.05 Dlincar <0.05
Fyadratic 149.87 Fyadratic 121.1671
Pguadratic <0.05 Pquadratic <0.05
F i 47.73 F,hic 37.17845
Peubic <0.05 Peubic <0.05
F\ o (lin+quad+cubic) 67.15 Fjocking quad--cubio) 53.91034
Priock <0.05 Polock <0.05

of microscopic defects such as voids and microcracks [11]. These
defects weaken the overall structural integrity of the compos-
ite, making it more susceptible to pressure-induced failure.
Therefore, both the trend of increasing burst pressure with cur-
ing temperature and its subsequent decline at excessive heat
exposure reinforce the conclusion that 120°C represents the
optimal curing condition for maximizing pressure-handling ca-
pacity in the fabricated epoxy-silica-glass fiber composite pipes.
Analysis of variance (ANOVA) reveals that results predicted by
third degree polynomial estimated results with more than 95%
confidence and accuracy (as shown in Table 8). In other words,
the p value is 1.26 x 1078 which is much lower than 0.05. This
ultimately shows that interaction is highly significant, that is,

the difference in values of pipes fabricated at each curing tem-
perature is substantially different.

The outcome is fully supported by the type-I1I partial p ANNOVA
analysis which validates that each interaction and parameters
(T,,, and P,) is significant in this analysis, that is, p; ., .. Pguad:

cur
Peubic @Nd Py, are less than 0.05 accordingly (Table 8).

5.9 | Factor of Safety

The FOS for the composite vessels was theoretically estimated
by taking the ratio of the experimentally determined hoop
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FIGUREY9 | FOSbasedonexperimental and theoretical calculations.

strength (S};) to the von Mises equivalent stress (oy,,.), as de-
scribed previously. The FOS values for the specimens cured at
60°C, 80°C, 100°C, 120°C, 140°C, and 160°C were calculated as
1.21+£0.02, 1.29+0.021, 1.34£0.023, 1.39+0.024, 1.40+0.025,
and 1.06 +0.027, respectively, as presented in Figure 9.

A progressive increase in FOS was observed as the curing
temperature was elevated from 60°C to 120°C. This trend cor-
relates with the simultaneous improvements in hoop strength,
burst pressure, and material crosslinking observed across the
same temperature range. The maximum FOS was achieved at
120°C, indicating that composites cured at this temperature
offer the highest margin of safety against mechanical failure
under internal pressure loading. Beyond the optimal curing
temperature, at 160°C, a significant drop in FOS was re-
corded. This reduction is attributed to premature degradation
of the polymer network, likely caused by over-curing effects,
microvoid formation, and loss of structural cohesion. Such
thermal overexposure compromises the mechanical proper-
ties and, consequently, reduces the material’s ability to sustain
loads safely. Thus, based on the FOS analysis, it can be con-
cluded that 120°C represents the optimal curing temperature,
providing the highest safety factor and ensuring reliable and
robust performance for thin-walled vessel applications under
pressure.

6 | Conclusions

Based on the comprehensive experimental and theoretical anal-
ysis involving material characterization, pipe fabrication, and
mechanical and thermal performance evaluation, the following
key conclusions can be drawn:

1. FTIR spectroscopy confirmed the successful chemical inte-
gration of SiO, micro-particles and glass fiber reinforcements
within the epoxy matrix, forming a robust three-phase com-
posite structure. Similarly, XRD analysis exhibited a pre-
dominantly amorphous pattern across all samples, with no
significant crystalline peaks detected, further validating the
effective fabrication and homogeneous distribution of con-
stituents within the composite system.

2. The S;; exhibited significant improvements of 6.37%, 10.0%,
15.0%, and 15.1% at curing temperatures of 80°C, 100°C,
120°C, and 140°C, respectively, relative to the baseline
60°C specimen. This trend is attributed to enhanced mo-
lecular disorder and controlled defect formation within the
polymer matrix, consistent with a third-degree polynomial
relationship. Similarly, P, demonstrated a corresponding
increase of 6.35%, 10.00%, 15.05%, and 15.5% with rising
curing temperatures up to 140°C, reflecting improved ma-
trix consolidation and fiber-matrix adhesion. Both S;; and
P, trends are strongly correlated with the thermal curing
behavior, affirming the critical role of curing temperature
in mechanical performance optimization.

3. A decreased steadily with curing temperature, dropping
by 1.5%-17% at 300K for cures between 80°C and 160°C.
This decline reflects increased phonon scattering from
atomic-scale disorder and limited crosslink densification
near the optimal cure. Second-order polynomial regres-
sion of Equation (22) provided an excellent fit to the DTC
experimental data confirming the predictive reliability of
the derived model. C_ exhibited a similar downward trend,
decreasing by 3%-22% over the same temperature range.
The concurrent reduction in 1 and Cp indicates improved
thermal insulation and reduced heat capacity. This concur-
rent reduction in C; and A highlights the improved thermal
insulation characteristics of the composites.

4. The calculated FOS for all specimens was significantly
higher than the corresponding oy,,,., demonstrating that the
fabricated vessels can reliably withstand internal pressures
around 100MPa without risk of structural failure. These
findings further suggest that the developed epoxy/SiO,/glass
fiber composites offer a viable and advantageous alternative
to traditional metallic vessels, owing to their higher strength-
to-weight ratios and enhanced thermal stability.
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