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ABSTRACT

This study investigates the postfire mechanical properties of epoxy glass-fiber reinforced composites (EP GFRCs) using increas-
ing concentrations of ammonium polyphosphate (APP) and inorganic silicate (InSi) to modify the char and fire residue. A facile
chocolate bar-inspired structure was introduced for fire exposure and subsequent flexural testing of the GFRCs. The resin matrix
used here was a diglycidyl ether of bisphenol-A (DGEBA) resin, cured with dicyandiamide (DICY), and accelerated by Urone.
The microstructures of the degraded composites after three-point bending tests, were evaluated using scanning electron micros-
copy (SEM) and x-ray computed tomography (XCT) imaging. A previous study showed that increasing the APP and InSi content
significantly enhanced flame retardancy, via improved char formation under fire conditions. However, flexural properties and
fire resistance were adversely affected after fire exposure, highlighting a trade-off effect. Fiber breakage and delamination of
the composites increased upon failure with increasing APP 4+ InSi content in the composite due to unconsolidated char. The ex-
perimental values for the postfire flexural mechanics were in good agreement with the two-layer model proposed in literature.
This paper presents a preliminary basis for postfire mechanical testing of epoxy composites for use in fire-safe structures, using
a combination of standardized testing norms.

1 | Introduction strength are primarily influenced by fiber orientation, volume

fraction, and fiber-matrix adhesion, with bidirectional or woven

Epoxy (EP) resins and their corresponding glass fiber-reinforced
composites (GFRCs) have versatile applications in the construc-
tion, transport, medical, and aerospace industries due to their
excellent chemical resistance, mechanical strength, and thermal
stability [1]. EP GFRCs exhibit excellent flexural properties at
room temperature [2, 3] due to the combined contributions of
glass fibers (GFs) and the EP matrix. The EP matrix ensures effec-
tive stress transfer under bending loads. Flexural modulus and

configurations providing balanced properties. Typical flexural
moduli range from 20 to 40 GPa, while flexural strength often
exceeds 300 MPa, depending on the fiber alignment and matrix
stiffness [4]. Failure under flexural loads is governed by mech-
anisms such as matrix cracking, fiber-matrix debonding, and
delamination. Obtaining data on the postfire mechanical prop-
erties of these structures is challenging, due to a lack of available
standardized testing methods. Postfire mechanical behavior, in
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conjunction with fire resistance behavior, is essential for appli-
cations requiring structural stability after fire exposure, ensur-
ing that residual load-bearing capacity is maintained to allow
safer evacuation. While the addition of flame retardants (FRs) is
intended to improve the flame-retardant properties of EP resins,
GFs [5, 6] can be used to improve the flame retardancy via in-
creasing thermal inertness, and fire resistance simultaneously.
Thermal inertness here, refers to the material's resistance to ther-
mal degradation, expansion, or deformation under fire exposure
which is an inherent property of the glass reinforcements. Here,
the term flame retardancy is specifically used to refer to the
ability of a material to resist ignition and to slow down or pre-
vent the spread of a fire. The term fire resistance is used to refer
to the ability of a material to maintain its structural integrity
while limiting the temperature rise on the side unexposed to a
flame [7, 8]. Structural integrity refers to the material’s ability to
sustain its designed load while minimizing deformations, both
during and after fire exposure, ensuring safety and functional-
ity in fire-prone applications. The term “postfire” is used in this
study to signify events happening after fire exposure. Various
solvent-free FRs acting in the condensed and gas phase exist in
the state of the art [9, 10]. Specifically, the combination of am-
monium polyphosphate (APP) and inorganic silicate (InSi) can
be used to improve barrier and char formation via intumescence
of APP, and glassy surface residue formation via melting and
reconsolidation of InSi [11-13]. Studies on the transferability
and efficacy of FRs in GFRCs versus the resins are challenging
[9, 14, 15]. In previous studies [16, 17], we reported on the dra-
matic decrease of fire residue (char) thickness upon transferring
APP and InSi loaded at 10% w/w, 8:2 ratio, in a diglycidyl ether
of bisphenol-A (DGEBA) resin to unidirectional (UD) and bidi-
rectional (BD) GFRCs. The fire residue thickness remaining on
the composites after cone calorimeter tests was found to be only
10% that of the resins. The challenges in measuring the flexural
properties of the structures post-furnace exposure at 400°C due
to structural delamination were highlighted. A similar study by
Kim and coworkers [15] compared the heat damage on the im-
pact behavior from furnace-exposed DGEBA/flax composites
and EP/GFRCs containing melamine coated APP, at 20% w/w,
and found increased delamination of the composite structures.
Recent studies by Vetter et al. [18] utilized exposure fluxes of 50
and 500 kW/m?2, respectively, over various time intervals, to ex-
tensively characterize the decomposition mechanisms in carbon
fiber reinforced composites (CFRCs). Bibinger et al. additionally
performed tests using heat fluxes ranging from 50 to 1750 kW/m?
[19]. A three-region model was proposed for the determination
of the postfire flexural modulus of the composites based on the
area and progression of the damaged regions across the carbon
plies. Previously, Mouritz et al. [20] investigated the degrada-
tion in the mechanical properties of GFRCs containing various
matrices and reinforcements subjected to a heat flux of 50kW/
m? using cone calorimeter tests with exposure times from 15 to
240s. They proposed a two-layer model considering a charred
and unburned layer for the theoretical evaluation of the residual
postfire modulus which will be evaluated against the experimen-
tal data in this investigation. The differences to the three-layer
model (see Section 3.5) proposed by Bibinger [19, 21] will addi-
tionally be considered. The thickness of the composites studied
ranged from ~4.5 to 7.5 mm with fiber volume contents varying
from 14% to 34%. Another study conducted by Toubia, Morgan,
and Elmushyakhi [22] used cone calorimetry and subsequent

flushing of the samples with liquid N, to extinguish the flame
after cone exposure corresponding to the freeze—-thaw cycles in
a marine environment. Other studies utilized different types of
thermoplastic [23-27] or thermosetting matrices using various
types of reinforcements, with FRs [28-31], and without FRs [32]
to report on the postradiation or postfire mechanics of compos-
ites either via theoretical models [33], or experimentally [22].
The use of a cone calorimeter for fire exposure requires an initial
spark time and the composite surface already experiences a heat
flux of 30-50kW/m? before ignition. Interrupting or quenching
the samples during a measurement is challenging for the oper-
ator and might cause thermal damage to the cone heater. Here,
we consider a fuel burner in a room atmosphere similar to the
method by Mouritz et al. [34]. In this study, a facile chocolate-
bar inspired structure is used for fire exposure, focusing on the
postfire behavior of EP GFRCs modified with APP and InSi. The
APP and InSi in the ratio of 8:2 are thus added in increasing
proportions by weight (10%, 30%, and 50%) in a DGEBA resin
cured with dicyandiamide (DICY) accelerated by Urone [35, 36].
Composites with a fixed thickness of ~4.3+0.2mm with a fiber
volume fraction of ~55% are studied for correlations with pro-
cessing parameters [37], flame retardancy, fire resistance, and
postfire mechanics. The postfire flexural behavior is evaluated
in the context of the morphological properties of the fire residues
using scanning electron microscopy (SEM) and x-ray computed
tomography (XCT) imaging. Flexural properties were selected
as the focus of this study because they represent a combination
of tensile, compressive, and shear behaviors, which are critical
under bending loads commonly experienced by structural com-
ponents in real-world applications. Flexural testing provides
a measure of fire-induced degradation, capturing effects such
as matrix cracking, fiber-matrix debonding, and delamination.
This study is thus aimed at developing a potential preliminary
basis for the postfire flexural testing of composites, and conse-
quently, testing composites for use in fire-safe structures. This
is implemented using facile chocolate bar-inspired structures to
study the effect of increasing APP/InSi content on the postfire
mechanics of the GFRCs.

2 | Experimental Section
2.1 | Materials and Methods
2.1.1 | Resin and Composite Production

The FR resin system based on DGEBA resin (DER 331-Olin
Epoxy) DICY (DYHARD 100S Alzchem)+ Urone (DYHARD
UR400-Alzchem) in the ratio 100:6.5:1 is prepared using the de-
tails explained in previous studies [16, 37]. The same studies pro-
vide detailed processing data on the FR processing in the resin
and the resulting dynamics upon transfer to the composites. The
final fiber volume content in the composites after curing, was
maintained at ~57% + 5%. The APP (FR CROS 484-Budenheim)
used in combination with InSi (Flamtard V100-William Blythe)
was maintained in the ratio of 8:2 in the resin at loadings of 10%,
30%, and 50% w/w. The BD GFs used (fibers G600BD-1300/
Saertex GmbH) had an overall aerial weight of 600g/m?, and
comparable aerial weights of the fibers in the 0° and 90° direc-
tions. For this study, specimens for prefire mechanical testing,
post-furnace mechanical testing, fire resistance, and postfire
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mechanical testing were sourced from separate batches to en-
sure independent evaluations. Each batch was prepared under
identical processing conditions as reported previously [16, 37] to
minimize variability due to manufacturing. The replicate tests
within each condition were conducted on specimens cut from a
single production batch.

2.1.2 | Sample Preparation Method for Postfire
Mechanical Testing of Composites

In this study, we introduce an adapted sample preparation
method for composite laminate specimens, inspired by the
functional segmental division that allows easy separation from
initially joined and packaged structures found in commercial
chocolate bars as shown in Figure 1.

The rationale behind this technique is to significantly reduce
the influence of edge effects from fire exposure on sample bars
required for three-point bending tests. Specifically, this refers
to the influence of sample thickness on thermal damage. Such
samples experience higher matrix decomposition at the exposed

edges [38] making the effect of thickness increasingly signifi-
cant in fire exposure damage, and thus in lowering mechan-
ical performance. The alternative is to use a flat plate for fire
exposure and subsequently separate the burned composite into
individual bars for flexural testing. However, this poses two ad-
ditional challenges. First, the edges of the individual bars which
will eventually be separated from the plate would experience
lower thermal damage from direct fire exposure, and higher
damage due to conduction effects from the front face of the sam-
ple. Separating the sample bars from an intact plate after fire ex-
posure subjects the sample to additional sawing stresses which
results in further sample damage before mechanical testing that
is difficult to quantify. These high sawing stresses result in sig-
nificant damage to the samples causing additional delamination
and fiber breakage making them less viable for flexural testing.

A laminate with a uniform thickness of 4mm was initially di-
mensioned into a square shape measuring 100mm on each
side. Prior to mechanical testing, each specimen was subjected
to a partial cutting process using a diamond edged saw blade
cooled with a water spray. This process was guided by the pro-
tocols detailed in Section 2.1.4 for the three-point bending test.

100 R
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Side View

Separated samples for
three-point bending tests
using
ISO 14125

Partially cut sample exposed
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on the cut side to the flame
according to 14 CFR 25.856
Appendix F Part VII; 2003

FIGURE 1 | Schematic representation of the segmented composites before fire exposure and separation for flexural tests and the bench-scale

setup.
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The cutting was executed in such a manner that ~0.15mm of
the laminate remained intact on one face, effectively leaving a
thin, uncut layer that connects the sections. After creating the
partial cuts, the specimen’s partially cut side was exposed to a
controlled fire to simulate realistic conditions of flame spread as
described in Section 2.1.5. The fire exposure was performed on
the cut side rather than the uncut side to ensure partial burning
of the edges, while complete delamination due to edge burning
is prevented by the ~0.15mm left uncut. It was observed visu-
ally, that the regions left uncut sustained nearly no fire dam-
age. The combined thickness of the grooves make up ~3%-5%
of the whole composite length. They are not part of the finally
separated structures and are primarily used to introduce edge
burning while allowing ease of cutting. However, the potential
limitations of the inclusion of these grooves are elaborated in
Section 3.7. The fire exposure was conducted in a well-ventilated
and controlled environment to prevent excessive smoke inhala-
tion and potential exposure to hazardous combustion products.
Additionally, flame spread was observed closely, and safety pro-
tocols for handling any unforeseen fire hazards were strictly
followed. To further ensure the safety of all personnel involved
in the fire exposure and subsequent testing, appropriate safety
equipment was used. This included the use of protective glasses,
masks, and lab coats to safeguard against potential heat expo-
sure, smoke inhalation, and any other risks associated with the
fire testing environment.

After the fire exposures, the specimens were fully separated
from the main body of the composite plates by careful saw-
ing. Minimum additional delamination occurred during the
sawing process. Each separated specimen was subjected to
three-point bending tests with the load applied such that it first
encounters the burned surface of the material.

A bench-scale testing apparatus as described in [39-41] was uti-
lized to expose the composites to a controlled flame. The spec-
imens are clamped at the top and the bottom of the apparatus
and guided along the side edges. The clamps and guides exposed
to fire were equipped with an integrated water-cooling system
to prevent unintended thermal expansion. The test samples, as
described in Section 2.1.2, were exposed to a heat flux of 30 kW/
m? for 3min, and additionally, 50kW/m? for time intervals of 1,
3, and 5min, respectively. Based on the extent of damage after
fire exposure of burned samples (or the spread of the degraded
surface), a heat flux of 50kW/m? at 5min was chosen for the ex-
posure of the samples used for postfire mechanical testing. The
samples were burned at 30 kW/m? for 3 min were tested postfire
to compare the flexural properties at lower fire exposure condi-
tions. The burner was immediately removed after the exposure
time was reached, and all samples experienced only a minimal
afterglow time of ~5s. After exposure to these conditions, the
sample was extracted for detailed examination using SEM and
for mechanical evaluation via three-point bending tests. The
bottom of the sample holder covers ~2mm of the sample length
from flame exposure which prevents complete delamination in
the event of eventual edge burning effects. The samples were
labeled according to their relative positions on the segmented
composite from the center. “R” for the segments on the right
side; designated as R1 and R2, “L” for the sample segments on
the left side; designated as L1 and L2, and finally “M” for the
sample segments in the middle; designated as M1 and M2.

2.1.3 | Furnace Exposure of Samples

The samples were prepared according to the details in
Section 2.1.2 and placed individually in a muffler furnace oven
placed in a fume hood with the uncut sides of the samples in
contact with the oven base. The furnace was preheated to a tem-
perature of 400°C at a temperature gradient of 4°C/min before
the samples were placed inside. The temperature for the fur-
nace exposure was chosen based on the possibility of exposing
the samples for at least 1 min ensuring sufficient damage to
the samples without complete delamination or burn-off of the
resin. Initial tests were conducted for this purpose beginning at
a temperature of 200°C, with steps of 50°C. Lower temperatures
(200°C-350°C) were found to confer surface damage without
penetrating the bulk of the sample. Higher exposure tempera-
tures (450°C-700°C) presented challenges with obtaining intact
samples for testing and greatly increased smoke output which
risked damage to the fume hood. The samples were left inside
for 1, 2, and 3min before removal from the furnace. They were
allowed to cool down to room temperature before separation of
the samples from the overall structure and further testing.

2.1.4 | Three-Point Bending Tests of Resins
and Composites

For the analysis of the flexural behavior of the resins, six speci-
mens with dimensions 80 mm X 10 mm X 4 mm were tested using
a three-point bending apparatus. The machine was set up accord-
ing to ISO 178 using a crosshead speed of 2mm/min on a Zwick
Roell Z020 originally from Zwick Roell GmbH & Co. KG (Ulm,
Germany). The capacity of the load cell used was 20kN. The
composite samples were similarly analyzed using the DIN EN
ISO 14125 standard with dimensions of 100 mm X 15 mm X 4 mm.
The load was applied in a transverse direction to the fibers in the
0° direction of the 0°/90° BD composites. The samples subjected
to the flame were tested with the exposed (burned) side up.

2.1.5 | Fire Resistance Tests

The fire resistance test was based on procedures from previous
studies on carbon-fiber sandwich panels and carbon-reinforced
polymer composites [40, 41]. An initial cold test at room tempera-
ture determined the ultimate failure load for the composite with-
out FRs E100:GF-BD (78.8kN), from which 10% (7.8 kN/20bar)
was used for the fire resistance test. The test involved applying a
static compression load horizontally at 10% of the cold test fail-
ure load. Specimens (120 mm X 120 mm X 4 mm) were exposed to
fire vertically with controlled conditions: heat flux of 180kW/
m?, temperature of 1000°C, propane gas flow of 15L/min, and
a 30.5cm burner-sample distance. The setup included water-
cooled clamps and sides to prevent thermal expansion, with
heat flux and temperature calibrated by a Vatell Thermogage
TG1000-1. Temperature at the unexposed surface of the speci-
mens was measured using a type K thermocouple. A hydraulic
machine applied the compressive load, monitored by the TRACE
DAQ software. When compression failure was detected, the load
was released, and the burner was reset. All test parameters were
kept constant for all trials. Additionally, temperature to failure
and time to failure of all the samples were measured.
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2.1.6 | Dynamic Mechanical Thermal Analysis (DMTA)

DMTA was conducted on a Gabo Eplexor 500N in torsional mode.
Measurements were performed across a temperature range from
25°C to 180°C (ramp of 3K/min) on specimens with dimensions of
50mm x 10mm X 2mm. The glass transition temperature (T,) was
identified by determining the peak of the loss factor (tan §). Each
sample type underwent testing with three specimens.

2.1.7 | Postfire Sample Morphology

The burned surfaces of the composite samples containing vary-
ing amounts of FRs, exposed at 50kW/m? for various expo-
sure times were analyzed using a Zeiss Gemini 1530 Scanning
Electron Microscope from Carl Zeiss AG. The sample surfaces
were sputtered using platinum up to a thickness of 5nm. An
acceleration voltage of 3kV was used. The samples exposed at
30kW/m? for 3min showed highly inconsistent decomposition
across their surfaces, and thus were not analyzed for their mi-
crostructure since it was difficult to obtain a representative sam-
ple. This is directly linked to the diameter of the flame used for
the exposure which is linked to the heat flux applied to the sam-
ple. A higher flux implies a higher flame spread onto the sam-
ple surface. For the samples exposed at 50kW/m? for 5min, a
representative sample was taken from the center of the exposed
structure where the impact of the flame was the strongest.

2.1.8 | XCT

A Diondo d2 MAX Cabrio double-tube CT system from Diondo
GmbH, Hattingen, Germany, was used for XCT. The x-ray
source was a 240kV microfocus x-ray tube XWT-240-SE from
X-Ray WorX GmbH, Germany. The detector is an amorphous
silicon detector panel NDT1717M2/IL with 3000 X 3000 pixels.
The CT images were taken in the centre part of the approxi-
mately 4-mm-thick sample after exposure to fire and flexural
test. The set x-ray energy was 80kV at a current of 250 uA. The
image resolution was 7 um?® and the images were analyzed using

(a)

E90InSi2APP8:GF-BD -

E90InSi2APP8:GF-BD —
Imin 3 min

VG Studio MAX software, version 2023.1 from Volume Graphics
GmbH (Heidelberg, Germany). XCT imaging was done using an
x-ray source with a 240kV microfocus x-ray tube XWT-240-SE
from X-Ray WorX GmbH, Germany. Approximately 4 mm of the
center part of the samples postfire exposure and post-flexural
testing were imaged. X-rays were converted into visible light via
a scintillation layer using a 3000-pixel X 3000-pixel amorphous
silicon detector panel NDT1717M2/IL. The images were evalu-
ated using VG Studio MAX 2023.1 from Volume Graphics GmbH
(Heidelberg, Germany). The image resolution was 30 um?.

3 | Results and Discussion
3.1 | Determination of Exposure Time at 50 kW/m?

Although completely homogenous damage to the samples cannot
be guaranteed in a fire, the extent to which the sample is damaged
can be controlled by adjusting exposure time [42]. The composites
in this study could not be exposed for more than 6-7 min without
delamination. Figure 2 shows the top surface and microstructures
(Figure 3) of the BD GFRCs with 8% APP and 2% InSi content in
the DGEBA +DICY + Urone resin after fire exposure at 50kW/
m? at three different exposure times. After 1 min of flame expo-
sure the surface exhibits nearly no signs of thermal decomposition
apart from discoloration and minor char formation along the edges
of the sample sections at the center (Figure 2a). The correspond-
ing SEM image shows signs of initial thermal decomposition with
some fiber-matrix debonding visible (Figure 3a). Microcracks and
minor voids are visible, indicating the onset of thermal decompo-
sition of the matrix.

After 3min of exposure, significant surface damage is evident,
especially in the top half of the sample uncovered by the clamps,
with a noticeable increase in the charred area (Figure 2b). The
central region of the composite shows intense blackening com-
pared to the edges, indicating deeper thermal penetration and
decomposition of the matrix material. The microstructure in
Figure 3b shows increased matrix decomposition, with larger
voids and cracks permeating the surface.

E90InSi2APP8:GF-BD -
Smin

FIGURE2 | Comparison of the surface structures of the sample surfaces after fire exposure at different times at a fixed heat flux of 50kW/m?.
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10 (®)
E90InSi2APP8:GF-BD - E90InSi2APP8:GF-BD — E90InSi2APP8:GF-BD -
1min 3 min Smin

FIGURE3 | Comparison of the microstructures of the sample surfaces after fire exposure at different times at a fixed heat flux of 50kW/m?.

The char residue is more prominent than after 1 min of exposure,
indicating an advanced progression of pyrolysis. After 5min of
exposure the composite surface is extensively charred and black-
ened, which can be attributed to the carbonaceous char of the
resin matrix [43] as well as the char formation by the APP [44]
(Figure 2c). The integrity of the surface is severely deteriorated,
with visible delamination at the top edges, and extensive for-
mation of char residue across the entire surface. The exception
to this is a ~2cm section of the sample at the bottom which is
covered by the sample holder during fire exposure. This section
of the sample is not in contact with the load during the three-
point bending tests and is at the edge of the sample holder during
mechanical tests. Thus, the effect of this unburned section is
negligible. The SEM image depicts a severely compromised mi-
crostructure after prolonged exposure to the flame (Figure 3c)
(see Supporting Information for top view images of the samples).
The surface is covered with a thick layer of char, and large voids
and cracks dominate the microstructure, indicating extensive
thermal decomposition and loss of material integrity through
a combination of increasing thermal and thermomechanical
stresses. The presence of APP in the composite promotes the for-
mation of a protective char layer with increasing exposure times
to the flame. Prolonged exposure to 50kW/m? for 5min allows
sufficient decomposition to evaluate the thermal stability and
structural integrity of the composite materials. Notably, the use
of lower heat fluxes significantly raises the ignition time of GFs,
further impacting the start of the thermal decomposition process
[42]. This duration enables the assessment of how the material
can maintain its mechanical properties postfire without complete
delamination. In the absence of FRs in E100:GF-BD, significant
thermal decomposition, characterized by fiber-matrix debonding
and extensive matrix cracking is visible (Figure 4a). The char
layer formation is minimal, and the underlying fibers are ex-
posed, indicating insufficient FR action. E90InSi2APP8:GF-BD
shows improved char formation compared to E100:GF-BD
(Figure 4b). The matrix retains better integrity, and fewer fibers
are exposed. The increased char layer acts as a thermal barrier,
improving the flame retardancy of the composite. At 30% FRs,
E70InSi6APP24:GF-BD shows a substantial loose char layer that
covers the fibers, significantly reducing the exposure of the un-
derlying material (Figure 4c). Fewer samples show signs of ma-
trix cracking and debonding, with an increase in porous char.

Further increasing the FR content to 50% in
E50InSil0APP40:GF-BD shows that extensive char formation
is evident, which completely covers the fibers (Figure 4d). The
thick, cohesive char layer indicates the effectiveness of high
APP +InSi content in enhancing FR action. These observations
are in-line with the quantified modes of action of the FRs from
cone calorimeter studies in the composite structures previously
reported by the authors [36]. The progressive damage repre-
sented in these images, correspond with observations in the state
of the art describing matrix decomposition, and char formation
due to the APP, in addition to fiber-matrix interface, leading to
matrix softening, cracking, debonding, void formation, and even-
tual structural failure [44, 45].

3.2 | Prefire Mechanics of the Resins Versus
Composites and Postfire Mechanics of Composites

Figure 5 displays the flexural modulus of the composites are ex-
pectedly eight times higher than that of the resins due to the
high fiber volume content at ~55% (or ~75% by weight) which
is in agreement with data reported in literature [45]. As shown
in, the flexural modulus and flexural strength of the compos-
ites are strongly negatively correlated with increasing combined
APP +1InSi content with r values of —0.96 and -1, respectively.
The flexural strength of the resins is strongly negatively cor-
related with increasing FR content with an r value of —0.88,
however, the flexural modulus is strongly positively correlated
with an r value of 4+0.94. This can be explained by the decreas-
ing flexural strain with increasing FR content with an r value
of —0.974. In the resins, the addition of the APP and InSi as
solvent-free fillers, introduces points of stress concentration and
potential defects, which weaken the material and reduce its abil-
ity to withstand flexural loads (Table 1).

The high cross-linking density of pure EP materials compro-
mises their toughness and impact resistance, leading to an
inherent brittle structure, susceptible to crack initiation and
propagation [46]. The FR additives disrupt the resin matrix con-
tinuity and reduce the effective load bearing area. Despite the
decrease in strength, the decrease in flexural modulus of neat
resins can be attributed to the fillers making the resin matrix
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FIGURE4 | Comparison of the microstructures of the composites containing varying amounts of APP +InSi at a fixed heat flux of 50kW/m? for

5min.

more rigid. The rigid particles restrict the deformation of the
matrix, leading to a higher modulus [47, 48].

In contrast, the flexural modulus of composites decreases with
increasing FR content since the presence of fillers can lead to
detrimental effects in the composites. These effects include inter-
ference with fiber-matrix bonding reducing the efficiency of load
transfer, as well as agglomeration and voids within the inter and
intratow regions of the composite with increasing FR additive
content. This is supported by the SEM data previously reported
by the authors and in findings in literature [46, 48-54]. Notably,
Rajaei, Wang, and Bhattacharyya [55] and Riahipour et al. [49]
reported a similar decline in the mechanical strength of the res-
ins and composites due to APP which was improved using addi-
tional fillers such as talc and silica.

3.3 | Post-Furnace Mechanics of the Composites

Figure 6 shows the changes in flexural strength, strain at failure,
and flexural modulus of GFRCs with increasing (APP+ InSi)
content after furnace exposure. The flexural strength of the BD
composites decreases significantly after exposure to furnace
conditions for 1 and 2min, across all the composites tested. For
the sample E100, a significant reduction in flexural strength is

observed, dropping from approximately 800 MPa pre-furnace to
below ~600 and ~ 500 MPa after 1 and 2min of furnace exposure,
respectively. Similar trends are seen in E90InSi2APP8:GF-BD
and E70InSi6APP2:GF-BD, though the rate of decrease is less
severe compared to E50InSil0APP40:GF-BD. E100:GF-BD ex-
hibits a marked decrease in strain, highlighting the embrittle-
ment of the composite after thermal exposure. All the composite
samples exhibit similar reductions in strain. This suggests that
the higher InSi content contributes to significant embrittlement
making it more prone to failure under stress. For all samples,
flexural failure occurred in conjunction with matrix cracking,
with fine cracks visible on the underside of the samples where
the applied load was the highest. Localized buckling of the fi-
bers due to compression was observed. Complete breakage of
the samples was not observed, despite significant deformation.
The flexural modulus of the composites displays a varied re-
sponse to furnace exposure.

For E100:GF-BD, the flexural modulus decreases significantly,
indicating a reduction in stiffness due to thermal effects.
E90InSi2APP8:GF-BD follows a similar trend, though with a
noticeable reduction after 2min compared to initial exposure.
In contrast, E70InSi6APP24:GF-BD shows a less noticeable re-
duction in the flexural modulus post-furnace exposure compared
to the other BD composites, suggesting some degree of thermal
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FIGURES5 | Comparison of the impact of increasing FR content on the flexural properties of the resins and composites.

TABLE1 | Flexural properties of the resins and composites at room temperature.

% w/w APP
Resin formulation in resin Exs™ (GPa)  ER" (GPa) o-ifSi“ (MPa)  o}T(MPa) s;eSi“ ex’
E100 0 3.6x£0.2 24.4+0.3 108.1 8 769.5+78 3.6x0.2 3.6x0.3
E90InSi2APP8 8 3.3+0.2 22.1+£0.6 121.3+9 670.2+28 3.6+0.2 3.3+0.1
E70InSi6 APP24 24 4.5+0.1 17.6 +£0.4 99.1+15 442.5+31 2.6+0.5 2.8+0.3
E50InSi10APP40 40 6.5+0.1 4.5+04 71.4+10 233.2+13 1.2+0.2 1.5+0.03

stability imparted by the FR content. In E50InSi10APP40:GF-BD,
the modulus shows a marked increase, indicating that while flex-
ural strength and strain suffer, the stiffness is less affected by the
thermal exposure. This increase in modulus is attributed to the
FRs that are distributed extensively across the composite struc-
ture [37], which balance out some of the thermal decomposition
effects. The observed reduction in flexural strength and strain
at failure across all composites post-furnace exposure can be at-
tributed to the decomposition of the EP matrix. Exposure to high
temperatures as expected, would lead to the pyrolysis of the EP
chains, resulting in a loss of mechanical integrity [56]. The intro-
duction of APP as an FR and InSi as an additive, while beneficial
for flame retardancy, worsens the degradation of the mechani-
cal properties due to loose char formation, leading to significant
reductions in mechanical performance. The higher FR content

in E50InSil10APP40:GF-BD corresponds with a substantial de-
crease in both flexural strength and strain at failure, indicating
significant embrittlement [57]. This suggests that while the FRs
may contribute to thermal stability and increase rigidity, they
cause embrittlement due to the higher InSi (glass) content in this
composite. A proposed schematic of this concept is given in the
Supporting Information. The FR content negatively impacts the
composite's ability to withstand mechanical stress and causes
faster failure. A crucial factor to consider here is the matrix-fiber
interaction which degrades due to the high thermal stress, com-
promising load transfer [20]. At 3min of furnace exposure, the
samples were already breakable by hand and could not with-
stand the sawing stresses required for sample preparation. The
use of direct flame contact described in Section 3.4 compared to
the furnace exposures, represents a more intense condition with
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FIGURE 6 | Post-furnace flexural modulus (a) strength (b), and strain (c) after varying furnace exposure times at 400°C and APP + InSi content.

combined convective and radiative heating. However, composite
materials may experience radiant heating from nearby burning
objects (in the presence of oxygen), which produces a more mod-
erate and sustained thermal load. This produces differing resi-
dues with oxidising char as evidenced by the differences in the
reported post-furnace and postfire flexural behaviors.

3.4 | Postfire Mechanics of the Composites

Figure 7 and Tables 2-4 show the changes in flexural strength,
strain at failure, and flexural modulus of GFRCs with increasing
(APP +1InSi) content after fire exposure at 30kW/m? for 3min
and 50kW/m? for 5min.

The flexural modulus of the composites shows a distinct re-
sponse to fire exposure, as compared to furnace exposure
(r=-0.90). For E100:GF-BD, the modulus decreases signifi-
cantly with increasing heat flux and exposure time, highlighting
the thermal decomposition of the composite structure under fire
conditions. This trend is consistent with E90InSi2APP8:GF-BD
and E70InSi6APP24:GF-BD, where higher heat fluxes and lon-
ger exposure times lead to significantly lower flexural moduli.
E50InSi10APP40:GF-BD exhibits a relatively stable modulus at
lower heat fluxes, but a sharp decline is observed at 50kW/m?

after 5min, indicating the onset of significant fire damage. This
behavior contrasts with the furnace exposure, where the mod-
ulus of E50InSi10APP40:GF-BD increased, suggesting that the
fire exposure impacts the composite more severely as shown in
Figure 4. The flexural strength similarly declines with increasing
heat flux and exposure time across all samples.

The flexural strain at failure shows varied responses among
the samples. E100:GF-BD and E90InSi2APP8:GF-BD display
a substantial reduction in strain with increased heat flux and
time, indicating increasing brittleness under fire conditions. For
E50InSi10APP40:GF-BD and E70InSi6APP24:GF-BD, the flex-
ural strain remains relatively stable at lower heat fluxes but rises
sharply at the highest flux, pointing toward sudden flexible be-
havior. This differs from furnace exposure, where strain decreased
more consistently across all samples, reflecting the more controlled
environment of furnace testing and the difference in residue. The
trends observed reflect those observed in other studies in literature.
However, here the heat flux and time of exposure used are slightly
higher than the limits tested in the state of the art (see Supporting
Information). Despite the significant degradation in flexural prop-
erties, the high fiber volume content present in the composites re-
sults in the measured residual flexural modulus postfire exposure
at 50kW/m? for 5min ranging from 0.2 to 3.13 GPa. This is ~2%-
5% higher than that of the EP/GF composites reported in literature
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FIGURE 7 | Postfire flexural modulus (a) strength (b), and strain (c) after varying fire exposure parameters and APP +InSi content.
TABLE 2 | Prefire flexural properties of the composites.
Composite % w/w APP in resin EIET (GPa) o-FRT (MPa) eFRT
E100:GF-BD 0 24.3+0.3 769.5+78 3.6+0.3
E90InSi2APP8:GF-BD 8 22.1+£0.6 670.2+28.5 3.3+0.1
E70InSi6 APP24:GF-BD 24 17.6 £0.4 442.5+31.3 2.8+£0.3
E50InSi10APP40:GF-BD 40 4.5+0.4 233.2+0.43 1.5+0.3

despite the increased heat flux used for the fire exposure [28, 58].
The normalised values of the flexural properties are reported in.
Eff”3 decreases the most for E70InSi6APP24:GF-BD although the
absolute value is higher than that of E50InSi10APP40:GF-BD.
However, 6;0’3 decreases similarly for all the samples containing
FRs. The trend in the normalized values of E;O’S and €2 matches

F
that of the absolute values. However, for 0-15;0’5 the normalized

values are similar for all the composites reflecting a correlation
between prefire and postfire strength.

Considering the SEM images in Figure 4, it is evident that the
looseness of the char further degrades the resin-matrix interface
leading to a decrease in the postfire flexural properties. The deg-
radation in the postfire flexural properties overpower the action
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TABLE 3 |

Postfire flexural properties of the composites at two different exposure parameters. Variability in the sample properties based on

relative distances from the center of the flame are reported in the Supporting Information (G).

Fire exposure heat

flux/time 30kW/m?, 3min 50kW/m?2, 5min

. % w/w APP 30,3 30,3 30,3 0,5 50,5 50,5
Composite in resin E, (GPa) oL (MPa) €p E; (GPa) oy (MPa) €p
E100:GF-BD 0 13.6£5.8 159.3 £215 1.2+1.1 31£1.1 13.6x4.4 0.7x0.5
E90InSi2APP8:GF-BD 8 11.6+3.1 47.7+91 2.9+0.7 1.5+0.8 56=+1 0.4+0.1
E70InSi6 APP24:GF-BD 24 5.6£5.6 49.4+73 1.6x+0.7 0.2+0.1 4.8+0.5 3.3+£0.7
E50InSi10APP40:GF-BD 40 23+2.6 21.4+10.6 1.4+04 0.1+0.2 3514 3.6x1.1

TABLE 4 | Normalized postfire flexural properties of the composites at different exposure parameters.

Composite 30kW/m?, 3min 50kW/m?, 5min

. 30,3 30,3 303 0,5 50,5 50,5
Normalized value (%) % w/w APP in resin E, oL €, E‘:, oL €p
E100:GF-BD 0 56 21 33 13 2 19
E90InSi2APP8:GF-BD 8 52 7 88 7 1 12
E70InSi6 APP24:GF-BD 24 32 11 57 1 1 118
E50InSil0APP40:GF-BD 40 51 9 93 2 2 240

of the FRs, despite higher loadings of APP+InSi resulting in
higher char and protective layer mechanisms on the surface of
the composites during cone calorimeter tests [37]. This highlights
a parallel in the behavior of EP GFRCs by Bibinger, Eibl, and
Gudladt, where the carbon fibers undergo a loss in mechanical
performance caused by thermal degradation [21]. Very high stan-
dard deviations are observed in the data for moderate flux/time
of exposure (30 kW/m? for 3min; Table 3). Thus, within the scope
of this study, it was only possible to obtain a range of values for
the postfire mechanics since the composites are extensively de-
graded. This variability aligns with Bibinger, Eibl, and Gudladt's
[19] observations that, as the degree of degradation varies across
different layers of the composite, particularly, in regions exposed
to nonuniform heat flux, the mechanical response can differ sig-
nificantly within the same sample. Higher localized temperatures
lead to rapid degradation, which disproportionately affects the
structural integrity of both CFRPs and GFRPs. Fire exposure com-
bines convection, radiation, and potentially direct flame contact
with pressure from the gas flow causing higher localized tempera-
tures and rapid decomposition. This contrasts with the primarily
convective heat transfer in a controlled environment in furnace
exposure with higher oxidative decomposition. Furnace expo-
sure is thus more uniform, though less intense compared to the
fluctuating and often highly localized temperatures in a fire (for a
comparison of the sample surfaces see Supporting Information).
Hence, although furnace exposure yields more homogenously de-
graded samples with low standard deviation in the post-furnace
mechanical data, fire exposed samples yield more severely, yet
less homogenously degraded samples for the evaluation of ex-
treme fire conditions. It is vital to consider that, unlike a con-
trolled setup such as the cone calorimeter, fire may not result in
homogenous sample burning which can cause a varied postfire
mechanical response depending on the initial proximity to the
flame. Consequently, within the scope of this study, the postfire

mechanical behaviors of the composites are better represented
as a range of values. The stress-strain curves for the samples ex-
posed at 50kW/m? for 5min were additionally evaluated for flex-
ural modulus using a linear fit in the strain region of 0.1%-0.3%
followed by evaluating the tangent (see Supporting Information).

3.5 | Comparison With the Two-Layer
and Three-Layer Model

The experimental values of the postfire mechanics obtained
from fire exposure of the samples at 50kW/m? for 5min were
compared against calculated values of the postfire flexural mod-
ulus based on the two-layer model proposed by Mouritz [20].
The values of the postfire flexural modulus are reported directly
from the software (E}*°) and analyzed via the secant method

( Eg"“—secam)—see Supporting Information D(a)). Additionally,

the flexural stiffness (E}')‘i’t‘ is reported calculated accord-
ing to the tangent method (see Supporting Information D(b)).
According to the model, the postfire flexural modulus E}*™ is
calculated using the following equation:

EPOst _ (4(d_dn)3 + 4(dn _dc)3> RT

: = B M

where EET is the flexural modulus at room temperature, d is the
thickness of the sample in mm, d, is the thickness of the char
layer in mm, d, is the neutral axis of the beam that is calculated
by the equation:

ERTd? — d?(ERT - E,)

= @
2EX"d + 2E.d, — 2EX"d,

n
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where E|_ is the flexural modulus of the char layer, which accord-
ing to the model is 0. The model assumes that the thickness of
the burned and unburned regions are distinct, that there is no
interfacial region where partial decomposition occurs, and that
the char layer makes no contribution to the final flexural mod-
ulus of the composite. The char layer thickness d, is difficult to
determine visually in the case of the composites used in this
study. Hence, the expansion of the composites fire exposure was
assumed to be attributed primarily to char/protective residue for-
mation. Thus, the estimated char thickness d; was determined as
the difference in the thickness of the samples before and after
fire exposure as:

dc = dposrt - dO (3)
where d, is the average thickness of the composite before fire
exposure and d, is the postfire thickness of the composite in
mm. The calculated values EX**" are significantly higher than
the expected experimental results (Figure 8).

Based on measurements made of the sample char thickness
on the surface, the char layer penetrates beyond the surface
into ~Imm of the composite. Hence, this was modified in
Equation (3) and represented as dé’ . These values are summa-
rized in Table 5. The two-layer model does not consider the con-
tribution of the flexural modulus of the interface between the
burned and unburned layers which become increasingly signifi-
cant with decreasing thicknesses of the samples (see microscopic
view of sample edges in Supporting Information). However, it
appears that the current approach used to estimate E2™* based
on d!’ is successful in estimating the postfire flexural behavior of
the composites in the expected range reported previously in the
literature.

Figure 9 depicts a side view of XCT scans, highlighting the
morphological changes induced by fire exposure on the GFRCs
using a heat flux of 50kW/m? for 5min. The imaging was per-
formed on samples after the three point bending tests. Notably,

........... -&3- Three-layer model

the samples exposed at 50kW/m? for 5min were already par-
tially delaminated at the top half due to higher intensity of the
fire exposure (Figure 9 and Table 5).

Similar to the flexural tests at room temperature, complete break-
age upon failure was not observed for any of the samples despite
significant deformation and cracking. However, all samples
showed fiber breakage, interfacial debonding as well as com-
pression buckling on the sample sections closes to the applied
load with the extent of fiber debonding increasing with increased
APP +InSi content (Figure 9). The image of E100:GF-BD shows
considerable voids and areas of delamination, indicating signif-
icant decomposition due to fire exposure. The EP cured with
DICY + UR400 as a matrix fails to effectively protect the GFs
under the applied heat flux. In the sample E9OAPP8InSi2:GF-BD,
the structure appears more compact with fewer voids. The GFs
remain distinct, though there is evidence of reduced resin vol-
ume, suggesting that the inclusion of additives improves the
thermal stability of the resin matrix to some extent, conferring
protective effects. In the sample E70APP24InSi6:GF-BD, the
structure shows even fewer pores with better adhesion between
the remaining matrix and the fibers. The formed char layer cov-
ers significant parts of the resin-fiber interface. This moderate
inclusion of APP +InSi significantly improves the fire retardant
properties of the composite, maintaining better cohesion be-
tween the fibers and the resin despite introducing flexibility from
the loose char thus reducing the overall stiffness. This is indi-
cated in the increased strain at failure for this composite, as well
as for ESOAPP40InSi10:GF-BD. To estimate the residual flexural
modulus using the three-layer model proposed by Bibinger et al.,
the following equation is used:

Epostj . p p p

Fres res rlII 11l rl
—_— =(—.a +|—.aq )+ —as) @
g (Gren) + (Bon) + (Grer)

where % is the normalized residual strength, p., p,p and
p,; are the percentages of regions rlIII, rII, and rl, respectively.
D, is the total area, which is 100% in this case. a,; represents
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FIGURE 8 | Comparison of measured (fire exposure of 50kW/m? for 5min) reported experimentally from the data in the Zwick software and

by the secant method, flexural stiffness by the tangent method, and calculated postfire flexural modulus from the two-layer model and three-layer

model.
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E70InSi6APP24:GF-BD exposed at 50 kW/m?

Imin 3 mins 5 mins

50 kW/m2, 5 mins

1mm 1 mm

E100:GF-BD E90InSi2APP8:GF-BD E70InSi6APP24:GF-BD  E50InSi10APP40:GF-BD

FIGURE 9 | Three point bending testing of burned samples at various exposure times (top) and cross-section of composite specimens after fire
exposure and flexural testing with 30% and 50% APP +InSi FR content measured via XCT (bottom) (see Supporting Information for further surface
and edge images).

TABLE 5 | Calculated char thicknesses and corresponding theoretical postfire flexural moduli.

% w/w APP dé Egost_l El;ost_l Eﬁost_secant
Composite in resin (mm) (GPa) d! (mm) (GPa) Eqe (GPa) (GPa)
E100:GF-BD 0 1.80 6.4 2.80 2.11 5.5+£0.9 1.6+1
E90InSi2APP8:GF-BD 8 2.07 4.0 3.07 1.34 27+1.1 0.3+0.8
E70InSi6 APP24:GF-BD 24 2.19 3.7 3.19 1.22 0.6+0.4 0.1+0.1
E50InSi10APP40:GF-BD 40 2.39 3.1 3.69 0.67 0.7+0.1 0.03£0.2

undamaged material that contributes fully to the strength. a, area analysis in the ImageJ analysis software (see Supporting
is between 0 and 1 and represents partially damaged material Information). The comparison between the three-region model
which contributes partially to the strength. a,; is set to 0 and and the two-layer model reveals both strengths and limitations
represents severely degraded material which does not contrib- in each approach. The three-region model is particularly valu-
ute to the strength. The various regions are estimated using able when analysing composites with distinct damage gradients.
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This is seen in the case of carbon fiber composites, where the
matrix and fiber interactions are more varied across the damage
spectrum at lower exposure times. The difficulty in differentiat-
ing the rlII (partially damaged) region, suggests that the three-
region model evaluated by greyscale analysis is challenging.
Moreover, the high contrast between the damaged regions and
the GFs in the XCT images makes RGB mapping difficult. GFs,
unlike carbon fibers, do not form a protective carbonaceous char
that can shield the underlying material from further decompo-
sition. Instead, they maintain their structure but fail to provide
significant postfire mechanical support once the surrounding
matrix has degraded [59]. This difference is crucial as it suggests
that the protective effects seen in CFRPs may not fully translate
to GFRCs, leading to different postfire performance outcomes.
Thus, the three-layer model seems to be reduced to a two-layer
model in the current scenario, where the damage distribution is
more binary due to the nature of the fibers and matrix. However,
the two-layer model more closely matches the experimental data
when an interface thickness of ~1 mm is considered, indicating
that a three-region model with a different approach to estimating
the partially damaged regions may be appropriate here. Machine
learning approaches or statistical analysis can more accurately
determine the contribution of various components within the
GFRCs to the overall residual modulus.

3.6 | Correlations Between FR Content
and Material Properties

Table 6 shows a correlation matrix for various critical parameters
including FR content, pHRR, T, , and temperature at failure. The
increasing APP + InSi content is strongly positively correlated with
an improvement in flame retardancy of the composite via a de-
crease in the pHRR values (r=—0.96). Simultaneously, the postfire
flexural modulus starkly decreases with FR content (r=-—0.90).
This trade-off in the influence of the APP+InSi on improving
flame retardancy, while degrading the mechanical properties of
the composites is important to consider when using char-promoters
to improve FR behavior. The capability of increasing gas-phase
action over condensed phase action via flame inhibitors, syner-
gists, and the effect of the same on the postfire mechanics of the
composites will be evaluated in a future study. Since APP +1InSi is
additively incorporated into the resin matrix before transfer to the
composites which are dominated by the presence of the GFs, the
T, is moderately correlated with FR content, with a value of 0.65.
This is reflected similarly with almost no correlation between T,
and the postfire flexural modulus of the composites with r=—0.30.
The temperatures at failure during the fire resistance test (Table 7)
which is indicative of the fire resistance property of the compos-
ites, are strongly correlated with their postfire flexural moduli

showing that flame retardancy and fire resistance are separate
material properties.

3.7 | Future Investigations to Improve Postfire
Testing and Analysis

Although the segmented samples are cut with the highest pre-
cision possible, certain improvements to the current method
are possible. For weaker or thinner composite structures than
those presented in the study, the grooves could lead to prema-
ture delamination or breakage during or after fire exposure, com-
plicating postfire mechanical testing. Since the groove depth is
~3.8mm on average, ensuring that segments remain intact for
meaningful postfire testing can be challenging at higher fire
intensities. Pyrolysis gases may escape laterally through the
grooves, altering the char formation mechanism compared to a
continuous sample. This can affect the thermal and mechanical
behavior of the char layer. However, since the char layer has no
contribution to the overall flexural properties, these gases are
unlikely to affect the final properties. Nevertheless, the quanti-
fication of the release of these gases will be considered in the
future. Due to the impact of sawing stresses resulting in damage
after fire exposure, a comparison of the proposed method with
flat-plate samples was not possible within the scope of this in-
vestigation. The transferability of the lab-scale exposure method
to larger structures has not been addressed here. Both aspects
can be considered for future investigations. Other exposure
methods such as cone calorimetry can be considered, keeping in
mind the impact to the test apparatus and the safety of the op-
erator from smoke exposure. Batch-to-batch variability resulting
from specimens derived from different production batches has
not been reported here. Although consistent processing condi-
tions suggest that batch-to-batch effects could be minimal, this
will be addressed in future studies. Despite nonlinearities in
the flexural behavior of the composites postfire (see Supporting
Information), the neutral axes of the bars have been calculated
here neglecting these nonlinearities. Although the experimental
values and calculated values are in close agreement, in future
work, we propose incorporating nonlinear modeling techniques,
such as finite element analysis or multilayer approaches, to ac-
count for progressive material degradation. Additionally, experi-
mental methods like digital image correlation could be employed
to track the neutral axis position dynamically during loading.
Finally, deformation-controlled testing was not employed here
due to the high variability in degraded composites after fire expo-
sure. However, this could enhance the understanding of postfire
behavior and can be considered in future investigations. Within
this study, compliance with ISO 14125 norms was maintained
to build a foundation for future postfire investigations. However,

TABLE 7 | Temperature at failure measured via fire resistance tests and T, of the composites via DMA.

Composite % w/w APP in resin Temperature at failure (°C) T, (°C)
E100:GF-BD 0 75+£17 156+6
E90InSi2APP8:GF-BD 8 75+3 154+1
E70InSi6 APP24:GF-BD 24 34+0.1 147+6
E50InSil10APP40:GF-BD 40 20£2 1809
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the absolute flexural modulus values still have inherent uncer-
tainty due to load cell precision. Different load cells with of 1
or 5kN load with typical precisions of +0.2% full-scale output,
would offer an accuracy of +2 or+ 10N, respectively and could
be considered in future studies. Similarly, varying the crosshead
speed will also be considered to improve accuracy in reporting
postfire flexural properties.

4 | Conclusion

In this investigation, a DGEBA resin, cured with DICY and ac-
celerated by Urone was filled with APP FRs and InSi additives
at 10%, 30%, and 50% by weight before transfer to GFRCs using
prepregs. The GFRCs with a fiber volume content of ~55% were
prepared into a facile chocolate-bar inspired structure for fire ex-
posure. A heat flux of 50kW/m? and an exposure time of 5min
were selected for postfire flexural testing, based on visual obser-
vations of flame spread across the composite surface. Predictably,
the flexural moduli of the composite declined from a range of
5-24 GPa at RT to ~0.1-3 GPa after fire exposure. The prefire flex-
ural strengths of the composites was the strongest indicator of
their postfire flexural moduli with an r value of 0.90. In previous
work, increasing APP and InSi content was found to enhance
char formation, barrier properties, and lower flammability in the
composites based on cone calorimetry data. Thus, the formation
of loose, unconsolidated char, causes a trade-off effect between
fire performance and pre-, in-fire, and postfire mechanics in
the composites. The experimental data was compared to calcu-
lated values of the postfire flexural modulus via a two-layer and
three-region model. A modified two-layer model with an addi-
tional interface thickness was found to be more predictive of the
postfire flexural modulus in the composites used here due to the
undetectability of a partially damaged region in the XCT images
necessary within the three-region model. The simplicity of the
fire exposure and test method proposed here, can be used as a
preliminary basis for the development of a best practice in post-
fire testing standards. Appropriate safety considerations for the
operator during the exposure of the samples were implemented
against heat exposure, smoke inhalation, and other risks. In fu-
ture studies, composites with synergistic FRs will be investigated
to determine the reproducibility of the proposed exposure and
test method for different fire residues. The ISO 14125 norm was
used in this investigation to understand the flexural behavior of
the materials. The results of these tests provide a basis for po-
tential industrial applications in cabin interior and compartment
materials that retain load-bearing capacity after fire exposure in
construction, aerospace, automotive, and railway applications.
These include cladding, partition walls, load-bearing beams in
electric vehicle battery enclosures and fire-resistant panels for
interiors and heavy vehicles. Postfire flexural stress and modulus
reflect the load-bearing capacity of components subjected to lat-
eral forces or uneven loads, and resistance to thermal softening,
matrix degradation, and fiber-matrix delamination—common
failure mechanisms in fire. While flexural testing remains simple
and practical for assessing mechanical performance under fire
conditions, additional tests (e.g., tensile or shear) may provide
a more comprehensive understanding of postfire mechanical
behavior. Future investigations could focus on experimental
models or simulations to deepen the understanding of these
relationships.
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