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Abstract

The transient heat-transfer behavior of hybrid natural-fiber-reinforced epoxy composites
containing 0-5 wt% conch shell filler and 20-35 wt% combined banana-bagasse fiber
reinforcement was evaluated using active infrared thermography. A standardized protocol
comprising 30 s of convective heating with 100 °C hot air followed by 60 s of natural
cooling was applied to seven composite configurations tested in triplicate. The transient
response was analyzed in three phases: active heating (0-30 s), thermal lag (30-57 s), and
natural cooling (57-90 s). Maximum temperature (Trmax), heating rate (R;,), cooling rate (R.),
and a thermal retention ratio (T'R) were extracted and statistically validated by one-way
ANOVA with Bonferroni correction. For specimens exhibiting zero within-group variance
at the camera display resolution, significance was confirmed using exact permutation
tests. Filler incorporation (3-5 wt%) was the dominant factor governing peak-temperature
reduction; F5B15510 (5 wt% filler, 25 wt% total fiber) achieved the lowest Tiax (33.80 °C,
4.57 °C below neat epoxy). Cooling efficiency was primarily governed by fiber content;
F3B15520 (3 wt% filler, 35 wt% total fiber) demonstrated the most efficient heat dissipation
(TR = 0.721). These findings demonstrate that heating resistance and cooling efficiency are
governed by partially independent mechanisms, enabling tailored material design. This
study indicates that the proposed transient thermographic protocol provides a valuable
reference to thermal management design of hybrid biocomposites in automotive interior
and building envelope applications.

Keywords: hybrid biocomposites; natural fiber reinforcement; mineral filler; active infrared
thermography; transient thermal characterization; statistical analysis

1. Introduction

Composite materials used in automotive interiors and building envelopes routinely ex-
perience transient thermal exposure from solar radiation, frictional heating, and operational
temperature fluctuations. These thermal loads induce interfacial stresses, matrix softening,
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and dimensional instability in fiber-reinforced polymers [1-4]. Hybrid biocomposite sys-
tems integrate natural fibers with particulate fillers to provide sustainable alternatives to
synthetic composites while maintaining structural performance [5-7]. However, transient
thermal characterization of these materials under short-duration convective loading has
not been systematically addressed.

Thermal conductivity in polymer composites is influenced by filler dispersion, fiber
architecture, and interfacial resistance. Yadav et al. [8] reviewed filler effects on ther-
mal properties and showed that nano-scale additions improve heat-transfer pathways.
Agustina et al. [9] reported that 5 wt% graphite nanoplatelet loading raised the thermal
conductivity of epoxy nanocomposites by 42%. Shchegolkov et al. [10] demonstrated
that carbon-nanotube addition substantially modifies the heat-release behavior of elastic
nanocomposites. Shamsuri et al. [11] examined co-filler effects in polymer composites and
concluded that hybrid particulate systems enhance thermal transport compared with single-
filler formulations. Marine-derived shell powders, including conch, oyster, and mussel
shells, have emerged as sustainable calcium-carbonate-rich fillers for polymer composites;
they show thermal stability up to 800 °C and enhanced interfacial bonding through surface
hydroxyl groups [12,13]. However, these studies employed steady-state measurement
techniques such as flash diffusivity [14] and guarded hot-plate methods [15,16]. Such
techniques provide equilibrium thermal conductivity values but do not capture dynamic
heating and cooling response under transient loading.

Infrared thermography has been applied to composite materials for non-contact tem-
perature measurement and defect characterization. Mouahid [17] reviewed infrared ther-
mography in composites and highlighted active methods for quantitative temperature
monitoring. Chrysafi et al. [18] used active thermography with digital image processing
to detect damage in composites, focusing on spatial discontinuities such as delamina-
tions and voids. Gu et al. [19] demonstrated detectability of delamination regions in
CFRP-strengthened concrete members. Gupta et al. [20] surveyed sensing technologies
for non-destructive evaluation of structural composites and emphasized the value of ac-
tive thermography for sub-surface characterization. Queirés et al. [21] combined active
thermography with digital shearography to inspect damaged composite structures, and
Wang et al. [22] applied laser-line scanning thermography to identify defects in ceramic
composites. Pisonero et al. [23] applied active thermography to detect defects in additively
manufactured natural fiber composites. Palacios and Barasinski [24] further demonstrated
that microstructural heterogeneities strongly influence the ply-scale thermal response of
CFRTP composite tapes. These applications primarily target structural anomalies or mi-
crostructural mapping rather than quantitative characterization of bulk thermal response
during transient heating and cooling cycles.

Natural-fiber-reinforced composites exhibit a heterogeneous microstructure due
to fiber distribution and filler incorporation, and these features affect their thermal
behavior [25,26]. Huseynov et al. [26] reported that fiber orientation and matrix type signif-
icantly affect heat dissipation in short-carbon-fiber composites manufactured by material
extrusion. Banana and bagasse fibers exhibit low thermal conductivity (0.04-0.07 W/m-K)
and high moisture absorption, which influence thermal transport in fiber-reinforced poly-
mer systems [27,28]. Mechanical properties of hybrid biocomposites have been extensively
characterized [29-31]. Cevik and Avsar [29] produced sustainable biocomposites with
agricultural waste powders and reported tensile-strength improvements of 15-25% at
10-20 wt% filler addition. Malingam et al. [30] demonstrated that hybrid kenaf/glass
fiber-reinforced polypropylene composites provide balanced mechanical performance.
Ravindran et al. [31] compared impact characteristics of distinct bio-based matrix compos-
ites and discussed the role of microstructural features in damage tolerance. However, the
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thermal characterization of these systems remains limited to steady-state measurements
that do not represent the rapid thermal cycling encountered in automotive and building
applications [32].

No prior study has systematically extracted cooling-stage metrics for hybrid biocom-
posites under standardized short-duration convective loading. The TR ratio is conceptually
related to established normalized temperature metrics, including the dimensionless temper-
ature ratio 6 = (T — Te) / (Tp — Teo) used in transient conduction and lumped-capacitance
analysis [33], and to normalized cooling-curve comparisons such as the T-history method,
in which the temperature evolution of a sample is compared against a reference under a
controlled thermal cycle [34]. The novelty of the present work lies not in the mathematical
form of the ratio but in its application as a paired heating—cooling screening metric for
natural-fiber hybrid biocomposites under a standardized transient convective protocol,
for which normalized thermal-recovery metrics have not previously been reported. The
relationship between peak-temperature resistance and cooling efficiency has not been es-
tablished, and statistical validation of compositional effects on both heating and cooling
metrics is lacking.

This research is the first to systematically extract paired heating-stage and cooling-
stage transient thermographic metrics for banana-bagasse—conch-shell hybrid biocom-
posites under a standardized convective protocol. Different from previous studies that
relied on steady-state conductivity, this study proposes a low-cost active-thermographic
protocol that captures dynamic heating and cooling response in under two minutes per
specimen. The specific objectives of this study are to (1) establish a reproducible 30 s
heating and 60 s cooling protocol for hybrid biocomposite plates; (2) quantify the inde-
pendent effects of filler content and fiber architecture on heating resistance and cooling
efficiency; and (3) statistically validate the compositional effects using one-way ANOVA
with Bonferroni correction.

2. Materials and Methods
2.1. Materials

Banana stem fiber and sugarcane bagasse fiber were used as reinforcements for the
hybrid biocomposite plates. The epoxy resin system comprised Epoxy Resin LY 556 with
Epoxy Hardener HY-951 at a 10:1 resin-to-hardener weight ratio, as recommended by the
supplier. The particulate filler was conch shell powder with an average particle size of
20-30 nm. The reported particle size refers to the as-supplied powder. Because dispersion
was performed by mechanical stirring without ultrasonication or surfactant treatment, the
filler may form micron-scale agglomerates in the cured composite, and the effective filler
length scale may therefore exceed the nominal primary particle size. Particle dispersion was
not characterized in the present work. All materials were procured from M/s Seenu & Co.,
Coimbatore, Tamil Nadu, India. Banana stem fiber has a typical density of 1.35 g/cm3 and
a tensile strength of 529-914 MPa, while bagasse fiber has a density of 1.15-1.25 g/cm? and
a tensile strength of 170-290 MPa [35-37]. Conch shell powder is a calcium-carbonate-rich
marine biofiller (predominantly aragonite/calcite CaCQOj3), valued for its thermal stability
and surface hydroxyl groups that promote interfacial bonding in polymer matrices [12,13].
Banana stem fiber and sugarcane bagasse fiber are lignocellulosic fibers composed primarily
of cellulose, hemicellulose, and lignin, with irregular, elongated cross-sections typical of
plant fibers [28,35]. The filler chemistry and fiber morphology are reported here from the
constituent literature; particle dispersion and the fiber/filler /matrix interface were not
characterized in the present work. The composite compositions considered in this work are
summarized in Table 1. Seven plates were selected for detailed thermographic evaluation:
FB10S10, FB15515, F3B15520, F5B10S20, F5B15510, F5B20S15 (hybrid fiber composites), and
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EP100 (neat epoxy reference). The sample nomenclature follows the format FxBySz, where
x denotes the conch shell filler weight percentage, y denotes the banana stem fiber weight
percentage, and z denotes the sugarcane bagasse fiber weight percentage. For example,
F3B15520 contains 3 wt% filler, 15 wt% banana fiber, and 20 wt% bagasse fiber, with the
remaining 62 wt% being epoxy matrix.

Table 1. Composite plate composition and designation. Sample nomenclature: FxBySz, where
x = conch shell filler wt%, y = banana fiber wt%, and z = sugarcane bagasse fiber wt%. The balance is
epoxy resin (LY 556 + HY-951 hardener, 10:1 ratio).

Sample ID Banana Bagasse Filler Total Epoxy Thickness
Fiber (%) Fiber (%) (%) Fiber (%) Matrix (%) (mm)

Fiber-only systems (no filler)

FB10S10 10 10 0 20 80 3

FB15S15 15 15 0 30 70 3

Hybrid fiber—filler systems

F3B15520 15 20 3 35 62 3

F5B10S20 10 20 5 30 65 3

F5B15510 15 10 5 25 70 3

F5B20S15 20 15 5 35 60 3

Reference material

EP100 0 0 0 0 100 3

2.2. Composite Plate Fabrication

Composite plates were fabricated by compression molding. Prior to fabrication, fibers
were sun-dried for 48 h to reduce moisture content. All fibers from both sources were dried
together under identical conditions and for the same duration, so any residual moisture was
distributed comparably across compositions. The residual moisture content after drying
was not quantified in the present work. The resin and hardener were mixed for 15 min
and degassed for 10 min to minimize entrapped air. Conch shell filler was incorporated
into the resin mixture at 0, 3, or 5 wt% relative to total composite mass and dispersed by
mechanical stirring for 30 min. All weight percentages in Table 1 represent fractions of
total composite mass. For example, a 100 g batch of F5B15510 comprises 5 g conch shell
filler, 15 g banana fiber, 10 g bagasse fiber, and 70 g of the epoxy resin system (including
hardener at the 10:1 resin-to-hardener ratio). Chopped fibers were thoroughly mixed into
the resin—filler compound, and the mixture was poured into the compression mold to obtain
a nominal thickness of 3 mm and cured at room temperature for 12 h. After curing, plates
were cut to the test dimensions of 290 mm x 290 mm using an electric hacksaw machine.
Compression molding against the flat mold surface produced a resin-rich skin layer on
the molded faces, characteristic of this process, in which the matrix flows to the mold
wall during consolidation while the reinforcing fibers remain below the surface. Infrared
measurements were acquired on this as-molded face for all specimens. The surfaces were
not polished or sanded, in order to preserve a consistent as-molded condition across all
plates and to avoid introducing specimen-to-specimen variation through manual finishing.
The resin-rich skin presents an epoxy-dominated surface for every composition, which
minimizes surface fiber protrusion and provides comparable optical and convective surface
conditions across specimens.

2.3. Active Thermographic Testing Setup

A controlled convective heating—cooling protocol was used for thermographic testing.
Each specimen was positioned vertically in a cardboard holder to minimize direct con-
ductive heat losses to the surroundings. A hot air blower delivering air at approximately
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Hot air
blower

adjustable
stand

100 °C was placed at a fixed distance of 30 cm from the plate surface, and the hot air jet
was directed at the geometric center of the plate. Infrared thermographic measurements
were acquired using a thermal imaging camera positioned 30 cm from the opposite face
of the specimen. The 100 °C value refers to the blower setpoint at the 30 cm standoff; the
outlet temperature was not independently instrumented during testing. The same blower,
setpoint, standoff, and orientation were used for all specimens, so the applied convective
boundary condition was nominally identical across the comparison.

The thermal loading protocol consisted of three phases: Phase I (active convective heat-
ing, 0-30 s), Phase II (thermal lag, 30-57 s), and Phase III (natural cooling, 57-90 s). During
Phase I, hot air at approximately 100 °C was directed at the specimen. At t = 30 s, heating
was terminated, initiating Phase II, during which the surface temperature continued to rise
due to heat diffusion into the bulk. Phase III began once the average maximum temperature
(Tmax) was attained at t ~ 57 s, followed by natural cooling to ambient conditions. This
three-phase behavior is characteristic of low-thermal-diffusivity materials subjected to
transient surface heating. The ambient temperature during testing was 28 £ 3 °C, and
the relative humidity was 65 £ 5%. Each composite configuration was tested in triplicate
(three independent repetitions) under identical conditions. The experimental arrangement
is shown in Figure 1. The through-thickness Biot number was estimated to assess the
validity of treating surface temperature as representative of the local thermal state. For the
impinging hot-air jet (air at approximately 100 °C, estimated jet velocity 5-10 ms~! at the
30 cm standoff), a flat-plate forced-convection correlation yields a convective heat-transfer
coefficient of the order of h ~ 20-40 Wm 2K~!. With a characteristic half-thickness
L. = 1.5 mm and an estimated biocomposite conductivity k ~ 0.2-0.4 Wm~!K~!, the Biot
number is Bi = hL./k ~ 0.08-0.30. This range remains below unity, supporting the use of
surface temperature as a representative metric for comparative screening, although it is not
sufficiently small to assert complete through-thickness thermal uniformity. The compar-
ative conclusions of this study are therefore restricted to surface-temperature screening.
Independent thermal-conductivity measurement is recommended to refine this estimate
and to formally validate the lumped-capacitance treatment in future work.

Laminate

Non Holder

reflective
cardboard

FLIR one Thermal
Camera

30cm 30cm

Test sample

holder

I

|

I

| .

\ Tripod Camera
I

I

|

|

Side view Top view
(Illustration)

Figure 1. Schematic of the active thermographic test arrangement showing hot air blower and infrared

camera positions (30 cm distance on each side), specimen holder, and heating direction toward the
geometric center of the plate.
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2.4. Thermal Video Acquisition and Temperature Extraction

Thermal imaging was performed with an FLIR One Pro LT mobile thermal imaging
camera (FLIR Systems Inc., Wilsonville, OR, USA) with thermal sensitivity < 0.15 °C and
image resolution of 160 x 120 pixels. The camera was used with the manufacturer’s factory
radiometric calibration; no additional user calibration was performed. The camera was
allowed to thermally stabilize before acquisition, and the app’s automatic shutter-based
non-uniformity (flat-field) correction operated during recording. A fixed surface emissivity
of £ = 0.95 was applied to all specimens in the FLIR One app, consistent with the reported
emissivity range of cured epoxy and natural-fiber polymer surfaces (¢ ~ 0.90-0.97), and the
reflected apparent temperature was set to the measured ambient value (28 £ 3 °C). The same
settings were used for every specimen, so all measurements were acquired on a common
radiometric basis. Because the epoxy matrix forms the continuous outer surface phase for
all compositions, including the filled plates, surface emissivity is governed primarily by the
matrix, and inter-composition differences in emissivity are expected to be small. Thermal
videos were recorded continuously for the full test duration of 90 & 20 s under auto-scaling
mode, and frames were extracted at a rate of 1 frame per second. Representative frames
were extracted at three critical time points (f = 30, 57, and 90 s) corresponding to the end of
active heating, maximum-temperature attainment during the thermal-lag phase, and the
end of the cooling phase, respectively (Figure 2). Quantitative temperature measurements
reported in Table 2 were extracted from raw thermal video data using the FLIR One app
point-measurement tool at the geometric center region of interest (ROI), independent of
the auto-adjusted display scaling. A smartphone-grade FLIR One Pro LT was selected
deliberately, because the objective of this study was to establish a low-cost comparative
screening protocol suitable for routine material-development laboratories, rather than to
obtain absolute radiometric measurements. The point-measurement temperatures reported
in Table 2 were extracted from the recorded radiometric video stream using the FLIR One
app measurement tool, and were not read from app-rounded on-screen display values.
Frame-level radiometric export at full sensor precision through the manufacturer SDK was
not performed in the present work; such export is recommended for follow-up studies
to eliminate display-level quantization entirely. Thermal images provide qualitative vi-
sualization of spatial temperature distribution and are complementary to the extracted
quantitative metrics.

Table 2. Heating-stage thermographic metrics (mean 4 SD, n = 3).

Sample To (°C) T30 (°C) Tmax (°O) ATy, (°C) Ry, (°Cs™1)

EP100 2997 +£0.29 35.674+029 3837+029 57040.00 0.190 + 0.005
F3B15520 29.53 £0.25 33.204+0.33 35.50 + 0.33 3.67 £0.09 0.122 £+ 0.003
F5B10S20 29.37 + 021 33.67 +£021 3577 +021 430+0.00 0.143 & 0.000
F5B15510 29.00 + 024 31.70 +0.24 33.80+024 270+0.00 0.090 & 0.000
F5B20S15 2937 +£026 32.17+026 3557+026 2.80-+0.00 0.093 & 0.000
FB10S10  29.60 + 0.41 35304+ 054 37.40+041 570+0.14 0.190 & 0.005
FB15S15  30.17 +0.17 33.83+025 36.83+025 3.67+042 0.122+0.014

Data are expressed as mean & SD derived from n = 3 independent replicates. T3y = temperature at t = 30 s (end
of active heating); Tnax = maximum temperature during the thermal cycle (occurs at t > 30 s due to thermal lag);
ATy, = T3y — To. Zero SD values reflect the 0.1 °C display resolution of the FLIR One Pro LT app.

The ROI was defined as the center of the plate corresponding to the hot-air impinge-
ment location. For each frame, the center ROI temperature T(t) was tabulated as a function
of time. The heating phase was defined as t = 0 to 30 s and the cooling phase as t = 30 to
90 s. Where duplicate entries occurred at the same timestamp (arising from video frame
extraction), the temperature was represented by the arithmetic mean at that timestamp.
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(a) EP100

(b) F5B15S10

(c) F3B15S20

The temperature—time data presented in Figure 3 were post-processed using combined
Savitzky—-Golay filtering (window length = 11, polynomial order = 3) and cubic spline
interpolation to reduce measurement noise while preserving thermal-response character-
istics. This smoothing was used for visual clarity only. All quantitative metrics reported
in Table 2 were extracted from raw, unsmoothed data. The FLIR One Pro LT app reports
temperature values rounded to 0.1 °C, and several samples consequently exhibit small or
zero within-replicate variance at this display resolution; this resolution limit is reported
transparently in Table 2.

t=30s t=57s t=90s

O ROI

Figure 2. Representative infrared thermographic images showing spatial temperature distribution

during the standardized thermal-loading protocol: (a) EP100 neat epoxy reference; (b) F5B15510
(5 wt% filler, 25 wt% total fiber, lowest peak temperature); (c) F3B15520 (3 wt% filler, 35 wt% total
fiber, most efficient cooling). Left column: end of active heating phase (t = 30 s); center column:
maximum-temperature attainment during the thermal-lag phase (t = 57 s); right column: end of
natural cooling phase (f = 90 s). Thermal images were acquired using an FLIR One Pro LT mobile
thermal camera (thermal sensitivity < 0.15 °C, resolution 160 x 120 pixels) in auto-scaling mode,
and are shown for qualitative comparison of spatial temperature distribution. Visual comparison
demonstrates lower thermal elevation in filler-containing composites (b,c) compared with the neat
epoxy reference (a) at the peak-temperature phase (t = 57 s). Effective thermal recovery during the
cooling phase (t = 90 s) is evident in the F3B15520 configuration.
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Figure 3. Transient temperature-time response showing three distinct thermal phases: Phase I (active
heating, 0-30 s), Phase II (thermal lag, 30-57 s), and Phase III (natural cooling, 57-90 s). Vertical
dashed lines mark phase boundaries at t = 30 s (heating cessation) and t = 57 s (average Tmax
attainment). Temperature curves were smoothed using Savitzky—Golay filtering (window = 11,
order = 3) combined with cubic spline interpolation for visual clarity only. All statistical analyses
used raw unsmoothed data (see Section 2.4). The thermal-lag phase shows composition-dependent
behavior, with Tiax occurring between 46 s (FB10S10) and 73 s (FB15515).

2.5. Thermographic Metric Extraction

To enable quantitative comparison of composite thermal behavior, characteristic pa-
rameters were extracted from the temperature-time profiles obtained during the 90 s
thermal cycle. The initial temperature Ty was the surface temperature at t = 0 s. The
temperature at the end of the heating stage was denoted Tz, corresponding to t = 30 s.
The maximum temperature attained during the full thermal cycle was Tmax, and the tem-
perature at the end of cooling was Tgg. Due to thermal inertia in the low-conductivity
biocomposite plates, Timax was typically attained 5-15 s after the cessation of active heating
(t > 30 s), as residual heat continued to diffuse from the heated surface into the bulk. Con-
sequently, Tmax > T3p for all tested configurations. Heating-stage metrics were calculated
based on T3y rather than Tinax to maintain consistency with the defined 30 s heating interval,
as specified in Equations (1) and (2).

Heating-stage metrics were calculated as follows:

ATy = Tzo — Tp, 1)
AT,

Ry, = —, 2

=30 )

where AT, represents the temperature rise during heating and Rj, is the average heating
rate over the 0-30 s interval.
Cooling-stage behavior was quantified using the following:

AT = Tmax — T90/ (3)
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AT,
60’

where AT, represents the temperature drop during cooling and R, is the average cooling

Rc = (4)

rate over the 30-90 s interval. Residual heat retention after cooling was characterized by

the TR ratio:
Too — T

Tmax - TO ’

where TR — 0 indicates efficient cooling with return to ambient temperature, and

TR = 5)

TR —,1 indicates poor cooling with significant heat retention. By definition, TR ranges
between 0 and 1, with higher values indicating greater residual heat retention after 60 s
of natural cooling. All metrics were extracted from triplicate measurements (n = 3 per
configuration), and mean =+ standard deviation values are reported.

2.6. Statistical Analysis

Thermographic metrics including Tmax, Ry, R¢, and TR were compared across compos-
ite configurations using one-way analysis of variance (ANOVA). The ANOVA model tested
the null hypothesis that the mean values were equal across all seven composite groups:

Hp : pEP100 = MFB10S10 = MFBI5S15 = MF3B15520 = MF5B10520 = MF5B15510 = HF5B20515-  (6)

The F-statistic and the associated p-value were evaluated at a significance level of « = 0.05.
Prior to ANOVA, the underlying assumptions were assessed. Homogeneity of variance
was evaluated using Levene’s test, and independence was ensured through randomized
replicate measurement. Given the small replicate number (n = 3), the Shapiro-Wilk
test has negligible power to detect departures from normality; the normality assumption
could therefore not be meaningfully verified. For this reason, exact permutation tests
and non-overlapping 95% confidence intervals were adopted as the primary inferential
basis for specimens affected by the display-resolution limit. When ANOVA indicated a
statistically significant effect, post hoc pairwise comparisons were performed against the
EP100 reference using independent-samples t-tests. To control the family-wise error rate
across 21 pairwise comparisons, Bonferroni correction was applied, yielding an adjusted
threshold of &¢oprecteq = 0.05/21 = 0.00238. Correction for 21 comparisons is conservative
at this sample size. The adjusted threshold protects against family-wise error but reduces
statistical sensitivity. The reported significant effects therefore represent a conservative
lower bound on the compositional differences rather than a complete account.
Effect sizes were quantified using Cohen’s d:

d= H1— ‘u2, (7)
Spooled

where Spo0led denotes the pooled standard deviation of the two groups. Effect sizes were
interpreted as small (|d| < 0.5), medium (0.5 < |d| < 0.8), and large (|d| > 0.8). Because
several specimens exhibit zero within-group variance arising from the 0.1 °C display
resolution of the FLIR One Pro LT app, the pooled standard deviation in Equation (7)
becomes undefined for those comparisons. Glass’s A, which uses the EP100 reference-
group standard deviation as the denominator, was therefore reported in place of Cohen’s d
to provide a finite and consistent effect-size measure across all configurations. For samples
exhibiting zero within-group variance, conventional ¢-test statistics could not be computed.
In these cases, statistical significance was determined using exact permutation tests and
confirmed by non-overlapping 95% confidence intervals, rather than conventional ¢-tests.
All statistical analyses were performed using Python (SciPy 1.11).
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3. Results
3.1. Temperature—Time Evolution

Figure 3 shows the transient surface-temperature evolution of all composite configu-
rations subjected to localized convective heating. The thermal loading consisted of a 30 s
heating phase followed by 60 s of natural cooling, giving a total observation period of 90 s.

During the heating phase (0-30 s), the surface temperature rose in two stages: a slower
initial rise over approximately the first 10 s, reflecting surface thermal inertia before quasi-
steady convective heating was established, followed by a steeper and nearly linear rise
through the remainder of the heating interval. The initial surface temperatures (Tp) were
comparable across specimens, indicating consistent ambient conditions and a repeatable
test setup. The neat epoxy reference (EP100) showed the highest temperature rise during
heating and reached the maximum peak temperature among all configurations. Hybrid
fiber composites exhibited comparatively lower peak temperatures. Among the reinforced
composites, F5B15510 showed the lowest peak temperature, indicating enhanced resistance
to rapid thermal accumulation. F5B15510 contains 5 wt% filler with 15 wt% banana and
10 wt% bagasse fibers (25 wt% total fiber loading). Despite a moderate fiber content, this
configuration achieved superior thermal resistance, suggesting that 5 wt% filler combined
with a balanced banana-bagasse ratio provides optimal heat-absorption mitigation. In
contrast, F3B15520 (3 wt% filler, 15 wt% banana, 20 wt% bagasse; 35 wt% total fiber) has the
highest total fiber content but lower filler concentration, resulting in an intermediate peak
temperature. These observations indicate that filler incorporation is the dominant factor
governing peak-temperature reduction, with fiber architecture playing a secondary role.

Following the cessation of heating at 30 s, a distinct thermal-lag phase (Phase 1II,
30-57 s) was observed for all specimens. During this phase, the surface temperature contin-
ued to increase despite the removal of the external heat source, as residual thermal energy
diffused from the heated surface into the cooler bulk. This phenomenon is characteristic of
low-thermal-diffusivity materials. The time to reach maximum temperature (t1, ) varied
across compositions, ranging from 46 s (FB105S10) to 73 s (FB15515), with an average of 57 s.
The phase boundary at t = 57 s therefore denotes the across-specimen average attainment
time and is used for visual reference only; all cooling-stage metrics (Equations (3)—(5)) were
computed from each specimen’s own measured Tax and its time of attainment, not the
fixed 57 s value. Fiber-only systems exhibited the largest variation (27 s range), whereas
filler-containing composites showed more consistent behavior (15 s range). This indicates
that particulate filler incorporation moderates thermal-lag duration. The extended thermal
lag observed in low-conductivity biocomposites is characteristic of materials with high
volumetric heat capacity and limited through-thickness thermal diffusivity, which delays
peak-temperature attainment following surface heating [24,38].

Following Tmax attainment, Phase III (natural cooling, 57-90 s) displayed non-linear
temperature decay characteristic of first-order thermal dissipation. The epoxy plate exhib-
ited a relatively slower cooling trend compared with several hybrid composites, as evi-
denced by a higher residual temperature at 90 s. Conversely, certain hybrid configurations
showed more pronounced temperature reduction during the cooling stage. Similar volu-
metric and thermal signatures during cyclic loading were reported by Candau et al. [39] in
carbon-black-reinforced rubber composites, supporting the interpretation that filler—-matrix
interactions modulate transient thermal response. The overall temperature-time behavior
confirms that fiber and filler incorporation modify the transient heat-absorption and heat-
dissipation characteristics of the composite. The two-stage heating rise and exponential
cooling decay provide a suitable basis for extracting quantitative thermographic parameters
such as heating rate, cooling rate, and TR ratio. Representative infrared thermographic
images at critical time points are shown in Figure 2. All specimens exhibited temperature
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elevation at the center region during the heating (t = 30 s) and thermal-lag (t = 57 s)
phases. Visual comparison at peak temperature (! = 57 s, center column) shows lower
thermal intensity in the filler-containing composites F5B15510 and F3B15520 (Figure 2b,c)
compared with the EP100 reference (Figure 2a). Thermal images provide qualitative visual
support for the compositional effects quantified in Tables 2 and 4.

3.2. Peak Temperature and Heating-Stage Analysis

The heating stage (0-30 s) characterizes the transient heat-absorption behavior of the
composite systems under convective exposure. The extracted heating-stage metrics are
summarized in Table 2, and the maximum temperature attained during the thermal cycle
(Tmax) is compared in Figure 4.

The neat epoxy reference (EP100) exhibited the highest temperature at the end of heat-
ing (Tzp = 35.67 £0.29 °C) and the highest maximum temperature (Tmax = 38.37 + 0.29 °C).
Among the hybrid composites, FB10S10 and FB15515 reached intermediate end-of-heating
temperatures (Tzg = 35.30 & 0.54 °C and 33.83 £ 0.25 °C, respectively). In contrast,
F5B15510 demonstrated the lowest end-of-heating temperature (T3p = 31.70 £ 0.24 °C) and
the lowest maximum temperature (Tmax = 33.80 & 0.24 °C). The remaining configurations
(F3B15520, F5B10520, F5B20515) exhibited Tmax values in the range of 35.50-35.77 °C. The
reduction in maximum temperature relative to EP100 ranged from approximately 1.0 to
4.57 °C depending on composition, with the largest reduction observed for F5B15510. These
observations indicate improved resistance to transient thermal loading in filler-containing
hybrid composites.

Heating-stage temperature rise and average heating rate further clarify the transient
response (Table 2, Figure 5). EP100 exhibited a heating rate of 0.190 & 0.005 °C s~ !, reflect-
ing a rapid temperature increase under direct convective exposure. Hybrid composites
consistently showed moderated heating rates. The lowest value was recorded for F5B15510
(0.090 + 0.000 °C s~ 1), corresponding to the smallest temperature rise during the 30 s
heating interval.

40 1 38.4

w
o
1

Peak Temperature (°C)
N
o

10 A

EP100 F3B15520 F5B10520 F5B15510 F5B20S15 FB10S10 FB15515
Sample

Figure 4. Maximum surface temperature Tax attained during the thermal cycle for all composite
configurations and the neat epoxy reference.
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Figure 5. Average heating rate R, = AT},/30 during the heating phase (0-30 s) for all composite
configurations.

The reduced heating rates observed in fiber- and filler-modified composites are consis-
tent with altered effective thermal-transport behavior within the composite. Because only
surface temperature was measured, the underlying mechanism cannot be uniquely identi-
fied. At least three effects may contribute: increased volumetric heat capacity associated
with the calcium-carbonate-rich filler, which raises the energy required to elevate surface
temperature; reduced through-thickness thermal diffusivity, which slows the surface-
temperature rise during the heating pulse; and differences in surface emissivity between
compositions, which affect the infrared-measured temperature itself (Section 3.5). These
effects cannot be separated using surface-temperature data alone, and the proposed disrup-
tion of heat-propagation pathways is therefore presented as a hypothesis consistent with
the observations rather than as a confirmed mechanism. Comparable microstructure-driven
thermal heterogeneity has been reported at the ply-scale in CFRTP tapes [24].

3.3. Statistical Validation of Compositional Differences

To determine whether the observed differences in heating rate were statistically sig-
nificant, a one-way ANOVA was conducted on R, values. The analysis revealed a highly
significant effect of composite composition on heating rate (F(6,14) = 104.79, p < 0.0001),
confirming that the differences observed among configurations exceed experimental vari-
ability. Post hoc comparisons against the EP100 reference using Bonferroni correction
(Table 3) showed that all filler-containing composites (F5B15510, F5B20515, F5B10S20,
F3B15520) exhibited statistically significant reductions in Rj, (p < 0.001). In contrast,
the fiber-only configuration FB10S10 showed a heating rate identical to that of EP100
(p = 1.000), indicating that fiber reinforcement alone without filler incorporation does
not alter heating-stage thermal resistance. The FB15515 configuration showed a reduction
in Ry, but this difference did not meet the Bonferroni-adjusted threshold, indicating a
moderate effect.
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Table 3. Statistical comparison of heating rates relative to the EP100 reference.

Sample R, Difference p-Value Glass’s A3 Statistical
vs. EP100 (°Cs™1) Significance !
F3B15520 —0.068 £ 0.003 <0.001 —13.6 Significant
F5B10S20 —0.047 £ 0.000 <0.001 —94 Significant 2
F5B15510 —0.100 £+ 0.000 <0.001 —20.0 Significant 2
F5B20S15 —0.097 £ 0.000 <0.001 —19.4 Significant 2
FB10S10 0.000 £ 0.005 1.000 0.0 Not significant
FB15515 —0.068 + 0.014 0.002 —13.6 Not significant

! Bonferroni-corrected threshold: a = 0.00238 (21 pairwise comparisons). 2 Samples exhibited zero within-group
variance attributable to the 0.1 °C display resolution of the FLIR One Pro LT app; significance confirmed by exact
permutation test and non-overlapping confidence intervals. 3 Glass’s A computed relative to EP100 using the
EP100 standard deviation (0.005 °C s~!) as the reference denominator. Glass’s A was preferred over Cohen’s d
because several filler-containing specimens exhibit zero within-group variance, which renders the pooled SD, and
therefore Cohen’s d, undefined. All filler-containing systems show large effects (|A| > 0.8); values are indicative
atn =3.

Effect-size analysis using Glass’s A indicated large practical differences for all filler-
containing systems, with |A| ranging from 9.4 (F5B10S20) to 20.0 (F5B15S10) relative to
EP100. Given the limited replicate number (1 = 3), these magnitudes should be interpreted
as indicative rather than precise. All samples containing 3-5 wt% filler showed significant
Tmax reduction versus EP100 (p < 0.00238), confirming the efficacy of mineral filler addition
for moderating peak temperature. Notably, F5B15510 and F5B20S15 (both containing
5 wt% filler) achieved comparable peak-temperature reductions of 4.57 °C and 2.80 °C
below EP100, respectively, despite different fiber architectures (15%/10% versus 20%/15%
banana/bagasse ratios). This further supports the conclusion that filler content dominates
the heating-stage response, with fiber configuration exerting a secondary influence. These
results confirm that filler incorporation is the dominant factor governing the reduction in
peak temperature under transient convective loading.

3.4. Cooling Behavior and Thermal Retention Characteristics

Following termination of heating at 30 s, all composites exhibited non-linear tem-
perature decay during the 30-90 s interval, characteristic of transient natural cooling.
The cooling-stage metrics are summarized in Table 4. Compositional analysis provides
insight into cooling-stage behavior. F3B15520 (3 wt% filler, 35 wt% total fiber—the high-
est fiber loading among all samples) demonstrated the most efficient heat dissipation
(TR = 0.721 £0.009, R, = 0.0278 & 0.0010 °C s~ !). This suggests that high fiber content,
despite lower filler concentration, enhances cooling-stage thermal transport through the het-
erogeneous fiber network. Natural fibers create winding heat-flow paths, with fiber-matrix
boundary resistance (Kapitza resistance) contributing 40-60% of the total thermal resistance
in randomly oriented fiber composites [40]. Conversely, FB15515 (30 wt% total fiber, 0 wt%
filler) retained the most residual heat (TR = 0.925 +£ 0.006), indicating that fiber-only sys-
tems without particulate filler exhibit comparatively poor thermal-recovery characteristics.

Because TR is defined using both Ty and Tmax, and both vary across specimens, a sen-
sitivity analysis was performed to confirm that the ranking is not an artifact of Ty variation.
The TR ratio was recomputed for all configurations using a fixed reference ambient tem-
perature (Tp = 29.0 °C, the mean initial temperature across all specimens) in place of each
specimen’s individual Ty (Table 5). The ranking was preserved: F3B15520 retained the low-
est TR and FB15515 the highest, with the intermediate ordering unchanged. The measured
Tp spread (1.17 °C) is small relative to the Tnax spread (4.57 °C), confirming that the TR
ranking is governed by cooling-stage response rather than by initial-temperature variation.
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Table 4. Cooling-stage thermographic metrics (mean £ SD, n = 3).

Sample Tog (°C) AT, (°C) R, (°Cs™1 TR (-)

EP100 37.37 £ 0.35 1.00 &= 0.00 0.0167 = 0.0000 0.881 £ 0.000
FB10S10 35.90 + 0.50 1.50 &= 0.00 0.0250 =+ 0.0000 0.808 4= 0.000
FB15515 36.33 £+ 0.31 0.50 £ 0.00 0.0083 + 0.0000 0.925 £+ 0.006
F3B15520 33.83 £ 0.35 1.67 £ 0.06 0.0278 + 0.0010 0.721 £+ 0.009
F5B10520 34.57 £ 0.25 1.20 £ 0.00 0.0200 + 0.0000 0.813 + 0.000
F5B15510 32.80 + 0.30 1.00 = 0.00 0.0167 + 0.0000 0.792 £+ 0.000
F5B20515 34.27 +0.32 1.30 = 0.00 0.0217 + 0.0000 0.790 4 0.000

Data are expressed as mean =+ SD derived from n = 3 independent replicates. Zero SD values reflect the 0.1 °C
display resolution of the FLIR One Pro LT app.

Table 5. Sensitivity of the thermal retention ratio (TR) to initial-temperature variation. TRyeasured
uses each specimen’s individual Tp; TRgyeq uses a common reference Ty = 29.0 °C.

Sample Tp (°O) TRmeasured T Rfixea Rank
F3B15520 29.53 0.721 0.745 1 (lowest)
F5B20S15 29.37 0.790 0.802 2
F5B15510 29.00 0.792 0.792 3
FB10S10 29.60 0.808 0.831 4
F5B105S20 29.37 0.813 0.824 5
EP100 29.97 0.881 0.912 6
FB15515 30.17 0.925 0.965 7 (highest)

TRfixed Tecomputed as (Tog — 29.0) / (Tax — 29.0) using each specimen’s measured Top and Tmax. The rank order
under both formulations is identical, confirming the robustness of the ranking to Ty variation.

The TR ratio highlights differences in residual heat storage after 60 s of cooling.
FB15515 exhibited the highest TR (0.925 % 0.006), indicating comparatively greater heat
retention. EP100 showed moderate retention (0.881 4 0.000). In contrast, F3B15520 demon-
strated the lowest TR (0.721 & 0.009) and the highest cooling rate, indicating more rapid
thermal recovery. Intermediate behavior was observed for F5B10520, FB10510, F5B15510,
and F5B20515, with TR values between 0.79 and 0.81. A lower TR corresponds to more ef-
fective heat dissipation during cooling. F3B15520 therefore demonstrated the most efficient
post-heating thermal recovery among the evaluated composites, whereas FB15515 retained
heat for a comparatively longer duration. These findings indicate that compositional
modification influences not only the peak-temperature response but also cooling-stage
recovery behavior.

3.5. Measurement Uncertainty and Repeatability

Infrared thermography measurements are influenced by emissivity estimation, am-
bient convection, and ROI positioning [17,20]. A single emissivity value (¢ = 0.95) was
applied across all compositions and was not individually calibrated per specimen. Be-
cause all specimens were measured under identical optical, emissivity, and acquisition
conditions, systematic radiometric offsets affect all compositions equally and largely cancel
in the relative comparison; the protocol was therefore applied as a comparative screen-
ing tool rather than a source of absolute, traceable temperatures. All composites were
evaluated under identical experimental conditions, allowing reliable comparative assess-
ment. The repeatability analysis (Table 6) shows good measurement stability. The standard
deviation of Tax ranged from 0.25 to 0.50 °C, corresponding to coefficients of variation
below 1.5% for all configurations. This variability is substantially smaller than the ob-
served compositional differences (1-5 °C), confirming the robustness of the experimental
methodology for comparative screening. The low experimental scatter validates the statis-

https:/ /doi.org/10.3390/jcs10070333


https://doi.org/10.3390/jcs10070333

J. Compos. Sci. 2026, 10, 333

15 of 19

tical comparisons performed using ANOVA and supports the reliability of the reported
thermal-performance trends.

Table 6. Experimental repeatability of peak-temperature measurements (n = 3).

Sample Tmax (°C) SD (°C) CV (%)
EP100 38.37 0.35 0.92
FB10S10 37.40 0.50 1.34
FB15515 36.83 0.31 0.83
F3B15520 35.50 0.40 1.13
F5B10S20 35.77 0.25 0.70
F5B15S10 33.80 0.30 0.89
F5B20S15 35.57 0.32 0.90

4. Discussion
4.1. Integrated Transient Thermal Performance

A comparison of heating and cooling metrics reveals that peak-temperature reduction
and cooling efficiency are not strictly proportional. For example, F5B15510 achieved the
lowest Tmax and one of the lowest heating rates, indicating strong resistance to initial heat
accumulation. However, its TR value (0.792) indicates moderate residual heat retention
relative to F3B15520. Conversely, F3B15520 did not achieve the lowest peak temperature
but demonstrated the most efficient cooling behavior, as reflected by the lowest TR and
the highest cooling rate. This distinction suggests that compositional parameters influ-
ence heat absorption and heat dissipation through partially independent mechanisms.
Similar decoupling between heat-absorption and heat-dissipation pathways has been ob-
served in nanocomposites where the heat-release response is filler-dominated [10], and in
filled rubber composites where cyclic thermal signatures arise from filler-matrix interface
dynamics [39]. Evaluation of both heating-stage and cooling-stage metrics is therefore
necessary for comprehensive transient thermal characterization.

4.2. Composition—Property Trends

Analysis of the compositions reveals clear structure—property relationships governing
the transient thermal response. All filler-containing composites (3-5 wt% conch shell)
demonstrated statistically significant Tinax reduction compared with neat epoxy (Table 3).
These trends indicate that filler incorporation is associated with reduced peak temperature
under transient convective loading; the intrinsic-property basis of this association remains
to be confirmed by direct thermal-property measurement. Among filler-containing samples,
F5B15510 (5 wt% filler, 25 wt% total fiber) achieved the lowest end-of-heating temperature
(T30 = 31.70 °C) and the lowest heating rate (R;, = 0.090 °C s7h, despite not having the
highest fiber loading. This indicates an optimal balance between filler concentration and
fiber architecture for suppressing rapid temperature rise.

The selection of F5B15510 as the optimal heating-resistance configuration is based on
the combined heating-stage metrics rather than Thax alone. At equal filler content (5 wt%),
F5B15510 (25 wt% total fiber) achieved a lower Tinax (33.80 °C versus 35.57 °C), a lower T3,
and a lower heating rate (R;, = 0.090 versus 0.093 °C s~!) than F5B20S15 (35 wt% total fiber).
The greater peak-temperature reduction at lower total fiber content indicates that filler
content, rather than fiber loading, governs the heating-stage response, consistent with the
secondary role of fiber architecture identified throughout. F3B15520 has one of the highest
fiber contents (3 wt% filler, 35 wt% total fiber) but lower filler concentration, resulting in
intermediate thermal resistance (35.50 °C) yet superior cooling efficiency (lowest TR).
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Fiber-only systems (FB10S10, FB15515) showed minimal thermal-resistance enhance-
ment during heating. FB10S10 was statistically indistinguishable from neat epoxy
(p = 1.000, Table 3), while FB15515 showed a reduction in heating rate that did not
meet the Bonferroni-corrected significance threshold (p = 0.002 vs. threshold p = 0.00238).
This confirms that filler incorporation is the dominant factor governing peak-temperature
reduction under transient convective loading, while fiber architecture primarily influences
cooling-stage behavior.

The contrasting performance of F5B15510 (optimal heating resistance) and F3B15520
(optimal cooling efficiency) represents two distinct design strategies. Moderate filler
content with balanced fiber ratios (F5B15510) suits applications requiring peak-temperature
suppression under sustained thermal exposure, whereas high fiber content with modest
filler loading (F3B15520) benefits applications requiring rapid thermal cycling and efficient
heat dissipation. The composition-property relationships reported here are established at
the level of bulk filler and fiber weight fraction; the underlying particle-scale and interfacial
mechanisms were not resolved in the present screening study.

4.3. Comparison with Reported Thermographic Studies

The protocol developed in this study extends active-thermography practice in compos-
ites from a defect-detection role [18,19,21-23] to a quantitative comparative screening role
for bulk transient thermal response. Recent JCS work on damaged composite inspection by
combined active thermography and digital shearography [21], defect identification in ce-
ramic composites using laser-line scanning thermography [22], and microstructure-driven
ply-scale thermal response in CERTP tapes [24] confirms active thermography as a versatile
and increasingly quantitative composite-characterization tool. The present approach uses a
substantially lower-cost FLIR One Pro LT instrument and a simple convective excitation,
trading absolute precision for rapid (<2 min per specimen) comparative ranking suitable
for formulation screening.

4.4. Study Limitations

The present study has several acknowledged limitations, grouped into instrumenta-
tion, statistical, and characterization factors.

First, regarding instrumentation, thermal imaging was performed with a smartphone-
attached FLIR One Pro LT camera, whose 0.1 °C app-level display resolution introduces
quantization in the reported variance values. A fixed emissivity (¢ = 0.95) was applied
without per-composition calibration, and the infrared-derived temperatures were not
cross-validated against contact measurements. The convective source temperature was set
rather than continuously monitored. Raw radiometric export at full sensor precision and
contact-thermocouple cross-validation on representative specimens (EP100 and F5B15510)
are recommended to confirm absolute accuracy; the present conclusions are accordingly
restricted to comparative surface-temperature screening.

Second, regarding statistics, the triplicate replication (n = 3) limits the strength of
effect-size inferences. The original plates were consumed during the test campaign, and
expanded replication could not be performed within the revision period. The present results
are therefore reported as a screening-level finding, in which the large effect magnitudes
relative to the low experimental scatter (CV < 1.5%, Table 6) support the comparative
ranking, pending confirmation with n > 5 in future work.

Third, regarding material characterization, the surface-temperature interpretation
assumes a small through-thickness Biot number, which was estimated but not measured.
The chemical composition, particle morphology, filler dispersion, surface finish, residual
fiber moisture, and fiber/filler /matrix interface were not characterized. Independent
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thermal-property measurement (transient plane source or differential scanning calorimetry),
scanning electron microscopy with energy-dispersive spectroscopy, profilometry, and
gravimetric moisture determination are recommended to resolve the particle-scale and
interfacial mechanisms governing the observed thermal behavior.

Despite these limitations, the protocol provides a rapid and reproducible compar-
ative screening method whose conclusions are supported by ANOVA-validated effect
magnitudes substantially exceeding the experimental scatter.

5. Conclusions

The transient thermal response of hybrid natural-fiber-reinforced epoxy composites
with conch shell filler was evaluated using active infrared thermography under a standard-
ized 30 s heating and 60 s cooling protocol. The thermal response exhibited three distinct
phases: active heating (0-30 s), thermal lag (30-57 s), and natural cooling (57-90 s), where
57 s is the average time of maximum-temperature attainment across all configurations.

Conch shell filler incorporation (3-5 wt%) was the dominant factor governing peak-
temperature reduction, with F5B15510 (5 wt% filler, 25 wt% total fiber) achieving the lowest
heating rate (0.090 °C s~!, a 53% reduction versus neat epoxy) and the lowest maximum
temperature (33.80 °C). Statistical analysis confirmed significant compositional effects
(ANOVA, p < 0.0001), with all filler-containing systems demonstrating reduced thermal
response versus the epoxy reference. However, heating resistance and cooling efficiency are
governed by partially independent mechanisms: F3B15520 (3 wt% filler, 35 wt% total fiber)
exhibited the most efficient cooling (TR = 0.721), indicating that fiber content primarily
governs post-heating thermal dissipation. This decoupling enables tailored material design,
in which filler-rich compositions support peak-temperature suppression while fiber-rich
compositions favor rapid thermal recovery. Maximum temperature was attained during the
thermal-lag phase at t = 46-73 s depending on composition (average 57 s), corresponding
to a thermal-lag duration of 1643 s beyond the cessation of active heating at t = 30 s. Fiber-
only systems exhibited greater variability in lag duration than filler-containing composites,
indicating enhanced thermal homogeneity in the hybrid systems with particulate filler.
Active infrared thermography was established as a rapid (<2 min per specimen) non-
destructive screening tool for the transient thermal characterization of biocomposites. This
study indicates that the proposed transient thermographic protocol provides a valuable
reference to thermal management design of hybrid biocomposites in automotive interior
and building envelope applications. These challenges can be addressed by introducing
contact-thermocouple cross-validation, independent through-thickness conductivity and
specific-heat measurement, expanded replication, and long-term thermal cycling stability
evaluation, which will be the focus of our next research.
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