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Abstract: Fiber-reinforced polymer matrix composites continue to attract scientific and industrial
interest since they offer superior strength-, stiffness-, and toughness-to-weight ratios. The research
herein characterizes two sets of E-Glass/Epoxy composite skins: stressed and unstressed. The stressed
samples were previously installed in an underground power distribution vault and were exposed
to fire while the unstressed composite skins were newly fabricated and never-deployed samples.
The mechanical, morphological, and elemental composition of the samples were methodically
studied using a dynamic mechanical analyzer, a scanning electron microscope (SEM), and an x-
ray diffractometer, respectively. Sandwich composite panels consisting of E-glass/Epoxy skin and
balsa wood core were originally received, and the balsa wood was removed before any further
investigations. Skin-only specimens with dimensions of ~12.5 mm wide, ~70 mm long, and ~6 mm
thick were tested in a Dynamic Mechanical Analyzer in a dual-cantilever beam configuration at 5 Hz
and 10 Hz from room temperature to 210 ◦C. Micrographic analysis using the SEM indicated a slight
change in morphology due to the fire event but confirmed the effectiveness of the fire-retardant agents
in quickly suppressing the fire. Accompanying Fourier transform infrared and energy dispersive
X-ray spectroscopy studies corroborated the mechanical and morphological results. Finally, X-ray
diffraction showed that the fire event consumed the surface level fire-retardant and the structural
attributes of the E-Glass/Epoxy remained mainly intact. The results suggest the panels can continue
field deployment, even after short fire incident.

Keywords: glass/epoxy composite; fire-hazard; fiber-reinforced polymer composite; multiscale char-
acterization

1. Introduction and Background

The general class of composite materials offers a multitude of desirable attributes that
can be readily tuned on-demand during the design analysis phase by adjusting the type
and ratio of the constituents. Composite materials encompass a wide range of material
types, including ceramics, metals, and polymers. Polymers can be used interchangeably
as the reinforcement and the matrix phases, resulting in polymer-, ceramic-, and metal-
matrix subclasses of materials. Such broadness of choices and the ability to develop novel
subclasses based on characteristically different design requirements have motivated the
integration into a plethora of applications spanning from aerospace and automotive to
biomedical and construction industries. From a mechanical behavior perspective, the
specific strength (strength-to-weight-ratio) and specific stiffness (modulus-to-weight ratio)
are eagerly sought for many practical applications, including the positive influence on
survivability and longevity of composite-based parts, components, and structures.

Without discounting the advances in other subclasses of composite materials, fiber-
reinforced polymer matrix composite (PMCs) is the most prolific subclass of these types of
materials. PMCs consist of a reinforcement phase made of continuous or discontinuous
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fibers (e.g., carbon, glass, Kevlar®, or natural materials) and a polymer matrix (e.g., ther-
mosets, thermoplastic, or even biodegradable). Analogous to the major class of composite
materials, PMCs offer superior strength-to-weight, stiffness-to-weight, and toughness-
to-weight ratios, compared to their single-phase constituents. The construction industry,
among others, found refuge in composite materials to combat several challenges, such
as (1) installation time and cost since composite technologies could produce near-net-
shape parts [1] and (2) the deterioration of infrastructures due to its potential field life
longevity [2–5]. Infrastructures and structures are continually enduring harsh and de-
manding loading, operating, and environmental conditions that are somewhat distinctive
from other industries [6]. Due to the cost and access constraints, glass fibers are common
used in construction applications, including installation and drywall tapes, to name a few
examples. In addition, reinforcement using natural materials continues to take center stage
in scientific and engineering communities. However, most composite-based deployed
infrastructures are made using glass fibers, which exhibit remarkable strength in simple
tension but suffer under shear and bending loading scenarios [5,7,8]. Therefore, the poly-
mer matrix plays a significant role in load-bearing and non-bearing applications, protecting
the brittle glass fibers in non-axial loading scenarios against shearing stresses that may
result in catastrophic failure. Researchers, e.g., [9,10], investigated different polymer matrix
materials to encase glass fibers, noting that vinyl-ester trumps polyester in mechanical
and thermal performances. Hence, the focus of this study is on glass fiber in a modified
vinyl-ester polymer matrix. The latter was modified by adding a fire-retardant agent, given
the potential of fire in the specific application domain, as discussed next.

A novel application of PMCs in the construction industry is replacing aging under-
ground power distribution vaults made of reinforced concrete with vaults made of modular
composite panels constructed of glass fibers and vinyl-ester polymer matrix. The modular
composite panels facilitate an easy and quick installation resulting in reduced traffic in-
terruptions, making them practically adventurous. On the other hand, the replacement
of reinforced concrete vaults requires excavating aged structures and surrounding roads,
rerouting incoming traffic and interrupting the local community [11]. In addition to the
apparent harsh loading and operating conditions, e.g., humidity, temperature, and static
and dynamic loading, the vaults may experience fire events due to power line explosions
from arcing faults or power surges. The fire hazard, in turn, results in a localized increase
in the surface temperature of the materials, and if the fire is not quickly extinguished, the
severity of this loading condition may lead to a catastrophic failure of the vault structure
irrespective of the construction material [11–14]. In the case of composite-based vaults,
the good thermal insulation of polymers and the fusion of the matrix with fire-retardant
reagents offer clear advantages compared to the traditional reinforced concrete technology.

The discussion above alludes to two crucial and potential loading scenarios threaten-
ing the performance of the composite panels used in modular replacement of underground
power distribution vaults, namely, long-term static loading and hazardous fire events.
Recently, the dynamic properties of field-deployed E-Glass/Epoxy composite panels were
investigated and reported compared to as-fabricated panels [11]. The dynamic mechanical
properties were quantified using a dynamic mechanical analyzer given its broad capabil-
ity in elucidating the interdependence of properties of polymers and composites on the
individual or combined effect of temperature, frequency, environmental conditions [15–17]
as well as reporting several thermomechanical transitions [15,17,18]. It also allows the
characterization of bulk properties that directly affect the material performance. It was
reported that the storage modulus of the fire-exposed E-Glass/Epoxy panels was lower
than their unloaded, as-fabricated panels, while the complex modulus was shown to be
unchanged within the experimental error [11]. Most of the reported changes in the dy-
namic properties after the fire event were attributed to change in the molecular relaxation
mechanisms of the polymer matrix phase, leaving the reinforcement phase unaffected
by these operating conditions. The effectiveness of the fire-retardant properties of the
composite panels was demonstrated by mitigating the impact of fire in the absence of
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dust and oil surface contamination. Additionally, the flexural creep response of the same
composite skins was characterized and elucidated as a function of high static stress, orders
of magnitude higher than those experienced by the panels in deployment, and different
strain rates [5]. The mechanical properties of the E-Glass/Epoxy used in the production of
modular composite panels for underground vault application were found to be generally
insensitive to loading rate but resulted in permanent damage at a relatively low strain
level. Alternatively, E-Glass/Vinyl-ester PMCs were reported to be mildly sensitive to
the creep strain [5]. A major shortcoming of these previous investigations is the lack of
analytical chemistry and morphological characterizations to substantiate and corroborate
the reported results, especially in fire events.

Compared to its predecessors, the distinguishing aspect of the current study is the
multiscale investigation of composite panels previously deployed in real-life, harsh op-
erating, and environmental conditions, including a fire event stemming from a power
line explosion. The objective of the research leading to this paper was to characterize
E-Glass/Epoxy composite skins previously installed in an underground power distribution
vault after a fire incident. The mechanical, morphological, and elemental compositions of
the samples were methodically studied using a dynamic mechanical analyzer, scanning
electron microscope, and x-ray diffractometer, respectively. The novelty of the current study
lies in the comprehensive chemical analysis to supplement the mechanical characterization
to pinpoint the source of performance degradation.

2. Materials and Methods

The samples used in this experimental investigation were extracted from sandwich
composite panels consisting of E-Glass/Epoxy skin and balsa wood cores received from
Armorcast Products Company, used for refitting underground utility vaults. The panels
were manufactured using a hand layup process and cured under high pressure in a heated
hydraulic press. The sandwich panels consisted of two 6.35 mm thick skin layers made of E-
Glass/Epoxy and 140 mm thick balsa wood core. The E-Glass/Epoxy skins are quadriaxial
(0◦/45◦/90◦/−45◦) stitched E-glass fabric (VectorPly, E-QXM 3705, Phenix City, AL, USA)
soaked with an epoxy resin of brominated bisphenol A Epoxy vinyl-ester resin dissolved in
styrene (AOC, Vipel K022, Collierville, TN, USA) with the addition of Alumina Trihydrate
(R.J. Marshall Company, Southfield, MI, USA) as a fire-retardant agent.

Some of the received panels were previously exposed to harsh operating conditions,
including oil and dust contamination and fire since they were in underground vault
deployment before laboratory testing. The oil contamination is due to the cooling oil used
in power distribution electrical transformers, while the dust is associated with the outdoor
underground operating environment. The fire was associated with a power-line explosion,
causing superficial burns [11]. The conditions surrounding the fire accident were not
monitored by the utility provider given the lack of data logging capabilities in the vaults.
Nonetheless, the extracted samples provide a unique scientific opportunity to examine
the effect of real-life operating conditions on the performance of E-Glass/Epoxy PMCs.
Virgin panels were also received from the same manufacturer, newly fabricated, and have
never been exposed to any loading or operating conditions. The skin of the field-deployed
panels and of virgin (never deployed) panels were extracted by carefully grinding the
balsa wood cores. The skins were then polished using 100-grit sandpaper to eliminate any
traces of the balsa wood. Skin-only specimens with dimensions of ~12.5 mm wide, ~70 mm
long, and ~6 mm thick were extracted and tested in the Dynamic Mechanical Analyzer
(DMA, TA Instruments: Q800, New Castle, DE, USA). DMA testing was done in a dual-
cantilever beam configuration at 5 Hz and 10 Hz to measure the dynamic properties of the
E-Glass/Epoxy skin materials as a function of temperature ranging from room temperature
to 210 ◦C with temperature steps of 10 ◦C. The DMA testing protocol is discussed in detail
in [11]. It is worth noting that the core was discarded and not included in this study since
it has shown before to be indifferent to the aforementioned deployment conditions [11].
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Table 1 summarizes the sample identification scheme and the corresponding extraction
and testing conditions, which will be used throughout the article thereafter.

Table 1. Samples identification code and the corresponding testing and evaluation conditions.

Sample Label Condition

Virgin Specimens extracted from newly fabricated and never-deployed panels
Burnt Specimens extracted for previously deployed panel in a fire event
DMA Specimens (virgin or deployed) were tested in DMA from 32–210 ◦C

In addition to the mechanical testing, microscopy (SEM) and spectroscopy (XRD)
characterizations were done on the virgin and burnt skin specimens before and after
DMA testing. The X-ray diffraction (XRD) spectra were collected using a Philips XPert
XRD (Amsterdam, The Netherlands) with a copper light source with a wavelength (λ) of
0.15405 nm at operating conditions of 45 kV and 40 mA. After cleaning and positioning
each specimen individually on an amorphous glass substrate for measurement, the XRD
spectral data were obtained from 2θ = 2◦ to 70◦ at a scanning rate of 2◦ min−1 to observe
the structural changes in the E-Glass/Epoxy composite as a function of operating (virgin
vs. deployed) and testing (before and after DMA testing) conditions. The wide range was
chosen based on [19]. Additionally, scanning electron microscopy (SEM, FEI Quanta 450,
Hillsboro, OR, USA) was used to elucidate the morphological and chemical changes on
the specimens due to the aggressive operating and testing conditions. The non-conductive
composite samples were coated with 6 nm of platinum to prevent the accumulation of
electron charges on the surface before microscopy. SEM micrographs were captured at an
accelerated voltage of 30 kV under a high vacuum, where the effective focal distance was
approximately 10 mm. Simultaneously, backscattered electrons allowed the identification
of the surface chemical composition of the micrographs using energy dispersive X-ray
(EDS) analysis. The X-rays emitted as the beam of electrons interacted with the surface of
each composite panel were collected using a backscattered electron, high contrast detector.
The signals are then measured and interpreted using the Oxford INCA EDS (Abingdon,
United Kingdom) analysis software to generate an elemental mapping of the scanned area.
Finally, the samples were characterized using Attenuated Total Reflection Fourier-transform
infrared (ATR-FTIR) spectroscopy (Fisher Scientific Nicolet IS5, Waltham, MA, USA) to
elucidate the effect of fire event on the chemical structure of the polymer/fiber composite.

3. Results and Discussion

Figure 1a shows the dynamic mechanical analyzer (DMA) results, where the ther-
momechanical spectra of the virgin and burnt samples are plotted at two characteristic
frequencies, namely, 5 Hz and 10 Hz, comparable to urban loading scenarios due to vehicu-
lar traffic. Each thermomechanical spectrum is a plot of the storage (E’) and loss (E”) moduli
as a function of temperature, ranging between 32 ◦C and 210 ◦C. The storage modulus is a
measure of the material stiffness or its resistance to deformation, while the loss modulus
quantifies the damping or energy dissipation in the composite material. The storage and
loss moduli are the components of the complex modulus of polymers. The tangent delta
(tanδ) is also plotted in the inset seen in Figure 1a. Therefore, the magnitude of the complex
modulus (E* = E’ + iE”) is also plotted in Figure 1b to demonstrate the overall effect of
deployment conditions on the dynamic mechanical behavior of E-Glass/Epoxy composite
skins. The complex modulus magnitude is plotted to capture the changes in both the
storage and the loss moduli simultaneously. The magnitude of the complex modulus is
referred to as the effective modulus. Finally, the percent difference between the effective
moduli is shown in Figure 1c, demonstrating the quantitative effect of the exposure to
power-line fire explosion.
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Figure 1. (a) Thermomechanical spectra plotting the storage and loss moduli; (b) magnitude of the effective moduli, and (c)
percent change in the magnitude of the effective moduli of virgin and burnt specimens as a function of temperature at 5 and
10 Hz.

The thermomechanical spectra shown in Figure 1a are based on the average response
of four virgin samples and five burnt samples. The spectra can be naturally divided
into three regions. First is the glassy region, below the glass transition temperature (Tg),
followed by the leathery region, where the material transitions from the glassy regime to
the third and final region, the rubbery regime. As shown in Figure 1b, the storage modulus
remains nearly constant in the glassy regime, followed by a sudden and significant drop in
the leathery regime, and subsequently approaches another constant value in the rubbery
regime. The glass transition temperature marks the thermal transition between the glassy
and leathery regimes, calculated here based on the peak of the loss modulus [11]. The glass
transition temperature (Tg) was found to be 112 ◦C for the virgin composite specimens,
shifting to 120 ◦C for the specimens extracted from the burnt panels. Due to the low range
of investigated frequencies, Tg appeared to be insensitive to the change in the testing
frequency but was shown to be a frequency-dependent property if testing was done at
a broader range [19]. A notable dip is observed in the storage moduli of the virgin and
burnt panels before Tg, which were assigned to be the beta transition (Tβ), delineating the
evolution in chain mobility due to increased thermal energy from increasing temperature.
The beta transition is a secondary-order transition, commonly present below the primary
Tg transition, where the chains in the epoxy matrix start to slide with higher degrees of
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freedom than below Tβ. In the latter condition, the chain motions are limited to bending
and stretching mechanisms [15]. The dip in Tβ is manifested in the loss modulus as a peak
proceeding the Tg peak. The dip at Tβ in the storage modulus corresponds to an increase
in the loss modulus, indicating an uptick in the energy dissipation; therefore, a change in
Tβ is related to a change in toughness [11,15]. This can be clearly seen in the plot of tanδ.
The burnt samples show a more pronounced peak in the loss-modulus at Tβ since this
transition point is associated with chain mobility due to the thermal energy, as discussed
above. It is believed that the fire event had loosened the chain and alleviated some of the
processing residual stresses and, hence, provided a high degree of mobility to the chains at
Tβ and throughout the thermomechanical spectrum. Here, Tβ was found to be insensitive
to the harsh deployment operating conditions since it remained constant at 75 ◦C for virgin
and burnt panels, suggesting the overall chemical structure of the composite remained
unaffected by the deployment conditions since the secondary thermal transitions are linked
to different activation energies based on the microstructure [15,20].

Table 2 summarizes and collates the DMA testing results, including Tg and Tβ, and
the average storage and loss moduli at the two different testing frequencies (5 Hz and
10 Hz). In the following discussion, the reported flexural storage and loss moduli in the
glassy and rubbery regimes are based on the average and standard deviation in the moduli
values below 100 ◦C and above 150 ◦C, respectively. The effect of deployment conditions
on the mechanical behavior within the leathery regime is discussed next in the context
of the difference in the effective moduli. The flexural storage modulus was measured to
be 9.06 ± 0.56 GPa and 6.99 ± 1.02 GPa for the virgin and burnt samples, respectively, at
temperatures ≤100 ◦C at 5 Hz. Within the same range of temperatures, the corresponding
loss moduli were 0.342 ± 0.182 GPa and 0.344 ± 0.188 GPa. Comparing these values at
5 Hz, the storage modulus exhibited a ~23% decrease while the loss modulus remained
nearly unchanged, indicating a reduction in deformation resistance while maintaining
toughness. The reduction in the storage modulus in the burnt samples is attributed to the
localized change in temperature during the fire event, resulting in permanent loosening
of the chains in the epoxy matrix or an increase in the amorphous phase. In the rubbery
regime (≥150 ◦C), the average storage and loss moduli were found to be 0.231 ± 0.008 GPa
and 0.013 ± 0.009 GPa, respectively, for the virgin panels and 0.172 ± 0.004 GPa and 0.006
± 0.007 GPa, respectively, for the burnt samples at 5 Hz. The reduction in the moduli in
the rubbery region for the burnt specimen confirms the increase in the amorphous phase of
the epoxy matrix.

Table 2. Summary of the properties extracted from dynamic mechanical analyzer (DMA) testing.

Property Virgin Burnt

Tg 112 ◦C 120 ◦C

Tβ 75 ◦C 75 ◦C

Testing Freq. 5 Hz 10 Hz 5 Hz 10 Hz

E’ (≤100 ◦C), GPa 9.062 ± 0.564 9.171 ± 0.504 6.992 ± 1.016 7.135 ± 0.935
E” (≤100 ◦C), GPa 0.342 ± 0.182 0.340 ± 0.170 0.344 ± 0.188 0.340 ± 0.179
E’ (≥150 ◦C), GPa 0.231 ± 0.008 0.233 ± 0.009 0.172 ± 0.004 0.174 ± 0.004
E” (≥150 ◦C), GPa 0.013 ± 0.009 0.016 ± 0.012 0.006 ± 0.007 0.009 ± 0.012

The moduli result for the virgin and burnt specimens at 10 Hz are also listed in Table 2,
showing an increase in the average moduli. For example, the average storage modulus
in the glassy region for virgin samples increased to 9.17 ± 0.50 GPa when tested at 10 Hz,
compared to 9.06 ± 0.56 GPa at 5 Hz. For the burnt sample, the storage modulus changed
from 6.99± 1.02 GPa at 5 Hz to 7.13± 0.93 GPa at 10 Hz. Similar behavior was also reported
for the loss modulus. The slight uptick in the moduli as a function of testing frequency is
consistent with the expected response of the polymer matrix, where an increase in frequency
corresponds to the domination of the elastic, solid-like behavior [15]. Moreover, the rubbery
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modulus of the burnt samples was lower than the virgin, suggesting a disruption to the
network structure, as discussed before about the increase in the amorphous nature of the
epoxy matrix. A closing note is warranted at this point concerning the apparent jump
(“overshoot”) in the storage modulus of the virgin specimens, regardless of the testing
frequency. Menard postulated that this hump in the storage modulus before the onset of
the leathery regime (i.e., the drop at Tg) corresponds to relief of residual stresses from the
processing method [15]. As discussed above, the panels were fabricated using hand layup
and hot press processes, inducing high residual stresses, and limiting the chain mobility
below Tg. As the temperature increases during the DMA testing, the chain mobility
increases to allow the chains to move to a lower energy state and, in turn, releasing the
residual stresses. Thus, the localized increase in the temperature during the fire event and
the subsequent free convection cooling resulted in the annealing of the deployed panels,
relieving the residual stresses, and eliminating the pre-Tg hump. Notably, the fire-induced
annealing process reduced the dynamic mechanical properties in the glassy and rubbery
regimes, as discussed above.

The difference in the magnitude of the effective moduli (|E*|virgin − |E*|burnt) was
calculated for each dataset collected at different testing frequencies and plotted in Figure
1c based on |E* | =

√
(E’2 + E”2), where the effective modulus (|E* |) is a function of

both the storage (E’) and loss (E”) moduli. Excluding the leathery regime, 100 ◦C < T <
150 ◦C, the change in the effective modulus was 24± 5% on average, with the moduli of the
specimens extracted from the burnt samples lagging from their virgin counterparts. This
is in good agreement with the results discussed above and consistent with our previous
investigations of the same composite panels [11]. There was a significant difference between
the virgin and burnt samples in the leathery regime, reaching up to an 80% difference.
The dichotomy of the moduli in the leathery regime favored the burnt specimens over
their virgin counterparts, such that the moduli of the latter was consistently inferior to the
former between 120 and 140 ◦C. That is to say, the fire-induced annealing of the composite
skins was believed to result in an apparent plasticization of the polymer matrix, hence,
increasing the effective modulus of the burnt samples within the leathery regime. Such
behavior is also consistent with attributes of thermosets, such as intolerance to heating due
to the interlocking of the chains, as will be shown later in the FTIR spectra.

Figure 2 is a collage of SEM micrographs of the exposed surface of the virgin spec-
imen (Figure 2a), virgin specimen after DMA testing (Figure 2b), oil-contaminated area
of the burnt specimen after DMA testing (Figure 2c), and a contamination-free area of
the same burnt specimen also after DMA testing (Figure 2d). Before embarking on the
SEM results, two clarifying notes are due. First, an emphasis is given to comparing the
surface morphology after the DMA testing to delineate the effect of the gradual increase in
temperature due to the flexural testing protocol in the DMA and a sudden, localized rise in
temperature corresponding to the fire-event in deployment on the morphology. Second,
two adjacent areas on the surface of the burnt specimen were observed under the SEM
to substantiate the localized effect of the power explosion fire-event on the performance
of these composite panels in field deployment, whereas the micrograph in Figure 2c was
taken a few millimeters away from Figure 2d, showing a vastly different morphology.
The morphology of the micrograph in Figure 2d is characteristically analogous to the
micrograph in Figure 2b, where the former is of the burnt specimen while the latter is of
the virgin specimen, both acquired after DMA testing. The SEM micrograph of the virgin
and untested specimen, Figure 2a, explicates the rough morphology of the surface due
to the curing using the heated press. Figure 2a also demonstrates the intermixing of the
continuous and chopped fibers on the surface; the latter appear to have been added to the
epoxy matrix during manufacturing as an additional reinforcement. Figure 2b shows an
SEM micrograph of one of the DMA tested virgin specimen, subjected to a gradual increase
in temperature up to 210 ◦C. Figure 2b reveals the continuous fibers extending across the
surface and comparatively smoother morphology than the micrograph in Figure 2a. The
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morphology change is associated with the increase in temperature and the corresponding
relief of process-induced stresses.
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Figure 2. Collage of SEM micrographs of (a) virgin E-Glass/Epoxy skin surface; (b) the surface
of a virgin sample after DMA testing, and (c,d) surface of deployed specimens after DMA testing.
(Micrograph c is for portion of the sample with oil contamination while micrograph d is from the
same sample but from region that was contamination-free).

The micrographs in Figure 2c,d explicate the combined effect of the power line explo-
sion fire-event and gradual increase in temperature during DMA testing on the surface mor-
phology. Here, one area (Figure 2c) exhibited notable oil contamination during deployment,
resulting in visually noticeable burn marks on the surface. In contrast, a contamination-free
area of the same sample (Figure 2d) is characteristically similar to the micrograph in Figure
2b of the virgin sample. The micrograph in Figure 2c depicts a higher presence of chopped
fibers and absence of continuous fibers, which may have receded into the skin due to the
significant, localized increase in temperature during the fire event before the activation of
the fire-retardant agent that extinguished the fire and limited further potential damage.
Notably, the covered underground vault also limited the supply of oxygen and helped in
the quick extinction of the fire due to the power line explosion. Figure 2c also portrays some
of the bubbles due to the oil-contamination burst because of the increase in temperature
while other bubbles in the same vicinity remained intact, signifying the limited lingering
time of the fire event. On the other hand, Figure 2d shows a residue of the fire-retardant
agent added during the manufacturing process, which was believed to help suppress the
spread of the fire and limit its effect to small regions. The manufacturing voids shown
in Figure 2d were observed before using optical microscopy as reported in [11], due to
the entrapped air bubble and the volatiles that escaped during the manufacturing process
from the epoxy curing. The sharpness of the void edges demonstrates the limited effect
of the fire since the edges resemble the character of the as-manufactured panels. Notably,
these voids were also present in the virgin panels and, hence, their association with the
matrix curing process. Lastly, Figure 2d shows the continuous fibers extending across
the surface similar to the virgin samples, indicating that the fire event did not result in
excessive sagging of the matrix and prevented fiber fracture. The continuity of the fiber
and lack of evidence of delamination or interface issues corroborate the results from our
previous studies [11].
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Figure 3 shows the EDS results, corresponding to specific areas from the SEM mi-
crographs shown in Figure 2, respectively, ascertaining the elemental composition of the
different composite specimens studied herein. A compilation of the elemental composition
of each specimen is included in Appendix A. At the onset of this section, it is important to
note that the EDS results are used qualitatively to delineate the effect of the fire event while
providing supporting evidence to the results from other methods. Evident from the EDS
compositional spectra shown in Figure 3 and listed in Table A1 is the amorphous nature of
the composite samples given the broad diversity of reported chemical elements, including
aluminum, bromine, and silicon, to name a few. Generally, each spectrum, irrespective of
the specimen conditions, contained all expected elements based on the constituents used in
the fabrication of the composites, as discussed in the previous section. The EDS spectra
reported here are also in excellent agreement with those reported in [21–23]. Since alumina
trihydrate was added as a fire-retardant agent, the appearance of aluminum and oxygen
traces in the EDS spectra is justified. It is important to note that despite the exposure of the
burnt samples to the fire event, aluminum persisted in their corresponding EDS spectra,
corroborating the previous conclusion that the fire was quickly extinguished. Similarly,
bromine, used as a fire-retardant agent formulated into the epoxy resin, in all the spectra
shown in Figure 3, adds additional evidence to the short lifetime of the fire event, reducing
the damage potential, as discussed before. It is worth noting that the existence of aluminum
and bromine even in the burnt specimen with oil-contamination after DMA testing at high
temperature indicates the suitability of these composite panels for extended deployment
since the fire-retardant reagents are at comparable levels as their counterparts, which were
unexposed to the fire-event. The EDS characterization was performed over multiple regions
on the samples, and the results were in good accordance with those reported herein.
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The EDS spectra also revealed additional elemental compositions in all the investigated
sample conditions, including C, Na, Mg, Si, and Ca. The average weight percentages of
some of these elements exhibited a substantial (in some cases) change, as quantitatively
reported in Table A1. For example, the weight percentage of carbon increased from 50.63
± 9.00% in the virgin specimen after DMA testing to 62.13 ± 2.17% in the burnt specimens
with oil contamination. An increase in the carbon is expected due to the exposure to the fire
event, where locations with oil-contamination reporting higher percentage of carbon than
elsewhere (see Table A1). The weight percentage of silicon also changed slightly from 5.9
± 3.81% in the virgin specimen to 3.76 ± 1.02% and 4.31 ± 0.46% for the burnt specimen,
indicating that the glass fibers may have experienced orientation change during the fire
event due to the localized increase in temperature. The change in glass fiber orientation
has been postulated above by assuming the receding of the fibers into the matrix given
the relatively high temperature during the fire [24]. Hence, the EDS results confirm the
potential change in orientation, corroborating with the mechanical data. In all, the study
of the EDS spectra and the SEM micrographs show that the operating conditions did
not significantly dismember the elemental structure of the composite panels; hence, their
deployment may be extended given no other damages incurred that may compromise the
structural integrity of the panels [5,25].

The chemical degradation of the epoxy matrix was also investigated using FTIR
spectroscopy. Figure 4 plots the transmission of infrared light through virgin and burnt
specimens. The spectra in Figure 4 are in good agreement with those reported before in
the literature of similar composite material [26,27]. Most of the peaks found in the virgin
sample were also present in the burnt samples except for a strong peak at 1010 cm−1 and
a moderate peak at 1720 cm−1, corresponding to the ester carboxyl group. Additionally,
a few small peaks from 3620 to 3500 and from 795 to 740 cm−1, corresponding to the
Al(Al)OH bonds of the flame retardant, were absent in the burnt specimen, but present in
the virgin samples [28,29] The FTIR spectra reveals loss of the flame retardant and some
chemical degradation of the vinyl ester due to combustion. Any cleavage of the ester
backbone polymer is a likely contributor to the mechanical softening observed in Figure 1.
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Finally, the characteristics of the glass fibers in the epoxy resin matrix were further
analyzed using X-ray diffraction. Figure 5 is a plot of the XRD spectra of the same four
composite skins samples studied above. There is an additional (010) alumina trihydrate
peak at 2θ = 18.4◦, which was truncated since it has a much higher intensity than the
existing peak; hence, its inclusion would have dwarfed the remaining peaks. The broad
underlying peak centered around 2θ≈ 20◦ is characteristic of the E-Glass/Epoxy composite
and is in good agreement with other XRD analyses reported in the literature [30–33]. This
broad peak indicates the uniform distribution of the glass fibers within the epoxy matrix
and highlights the amorphous nature of the composite [21,30]. Generally, all the major
sharp peaks in the virgin specimen are due to the Gibbsite phase of the fire-retardant
agent, alumina trihydrate [34]. Contrary to the EDS results, the peaks associated with
alumina trihydrate disappeared from the burnt specimen XRD spectra irrespective of the
presence or absence of oil contamination, suggesting the fire may have consumed the
surface-level fire-retardant agent. The discrepancy in the results is associated with the
difference in the penetration depth of the XRD and EDS approaches. Nonetheless, E-Glass
fibers and the epoxy matrix structure appear to be mostly unaffected by the fire event since
the amorphous peak persisted in all of the XRD spectra, further substantiating the results
discussed above.
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4. Conclusions

The results of multiscale characterization of E-Glass/Epoxy composite panels were
reported herein. In doing so, the dynamic mechanical properties, surface morphology, and
elemental compositions of previously deployed panels in a fire incident and as-fabricated
panels were measured and compared. Deployed samples exhibited a ~23% decrease of
the storage modulus (in the glassy regime at ≤100 ◦C), while the loss modulus remained
nearly unchanged when tested at 5 Hz. This reduction is attributed to the localized
increase in temperature during the fire event, resulting in permanent loosening of the
epoxy matrix chains or an increase in the amorphous phase. These mechanical results
were found to be consistent at different testing frequencies as well as in the rubbery regime
at temperatures ≥150 ◦C. SEM micrographs and associated EDS spectra explicate the
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morphology of the surface due to the fabrication processes, deployment conditions, and
the effect of DMA testing. The results exemplify the effectiveness of the fire-retardant agent
additives in quickly extinguishing the fire, given the persistent presence of bromine and
aluminum in the EDS spectra on burnt samples. The EDS results also showed an increase in
carbon content on burnt samples with oil contamination. The chemical structural analysis
using XRD confirmed the amorphous nature of the composite and the activation of the
fire-retardant agent during the fire incident. In summary, the operating conditions did
not significantly compromise the mechanical integrity of the E-Glass/Epoxy composite,
thus, demonstrating the viability of an extended deployable lifetime of the fire-exposed
composite panels. Future research will focus on the combined effect of humidity (due to
the heavy raining seasons), long-term static loading, and significant change in temperature
on these composite panels’ long-term performance.
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Appendix A

Table A1. Elemental Compositions extracted from the EDS spectra of virgin and deployed E-Glass/Epoxy composite samples.

Element
Weight % Atomic %

Virgin-DMA Burnt-No-Oil Burnt-Oil Virgin-DMA Burnt-No-Oil Burnt-Oil

C K 50.63 ± 9 46.99 ± 7.97 62.13 ± 2.17 65.21 ± 9.53 62.14 ± 7.8 72.7 ± 1.6
O K 27.27 ± 5.21 29.14 ± 5.79 26.12 ± 1.09 26.56 ± 5.77 29.23 ± 6.84 22.96 ± 1.23

Na K 0.22 ± 0.19 0.38 ± 0.14 0.16 ± 0.14 0.15 ± 0.13 0.27 ± 0.11 0.09 ± 0.08
Mg K 0.11 ± 0.19 - - 0.07 ± 0.13 - -
Al K 3.1 ± 2.69 1.68 ± 0.3 1.75 ± 0.23 1.81 ± 1.57 0.99 ± 0.14 0.92 ± 0.14
Si K 5.9 ± 3.81 3.76 ± 1.02 4.31 ± 0.46 3.31 ± 2.21 2.12 ± 0.48 2.16 ± 0.26
S K - 0.25 ± 0.12 - - 0.12 ± 0.06 -
Cl K 0.16 ± 0.02 0.28 ± 0.06 0.15 ± 0.03 0.07 ± 0.01 0.13 ± 0.03 0.06 ± 0.01
K K 0.11 ± 0.09 0.15 ± 0.05 0.08 ± 0.07 0.04 ± 0.04 0.06 ± 0.02 0.03 ± 0.03
Ca K 2.62 ± 1.78 7.75 ± 2.68 1.36 ± 0.19 1.03 ± 0.72 3.11 ± 1.17 0.48 ± 0.07
Ti K 0.32 ± 0.1 0.5 ± 0.18 0.13 ± 0.02 0.1 ± 0.02 0.17 ± 0.06 0.04 ± 0.01
Fe K 0.06 ± 0.1 0.5 ± 0.19 0.36 ± 0.09 0.02 ± 0.03 0.14 ± 0.06 0.09 ± 0.02
Cu K - 0.21 ± 0.18 0.19 ± 0.09 - 0.05 ± 0.05 0.04 ± 0.02
Br K 7.66 ± 4.06 6.51 ± 1.06 1.94 ± 0.46 1.47 ± 0.74 1.3 ± 0.23 0.34 ± 0.09
Pt L 1.83 ± 0.36 1.9 ± 0.07 1.33 ± 0.15 0.14 ± 0.03 0.16 ± 0.02 0.1 ± 0.01
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