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ARTICLE INFO ABSTRACT

Keywords: In fire-critical sectors like transportation and construction, flame-retardant composite systems must adhere to
Fire behavior stringent safety standards. However, their long-term fire performance is often unexplored, as most studies assess
Thermal shock

fire behavior only in the as-received state, neglecting potential degradation due to environmental exposures.
This study addresses this gap by examining the effects of thermo-oxidative aging and thermal shock testing on
glass fiber reinforced composites, comparing both neat and flame-retardant modified version using aluminum
diethyl phosphinate (AlPi). An initial assessment was carried out to identify the optimum concentration of
AlPi and the impact of glass-fiber reinforcement on the fire behavior. Thermo-oxidative aging at 200 °C for
1000 h showed only slight effects. The maximum average rate of heat emission (MARHE) and effective heat of
combustion (EHC) decreased, suggesting enhanced gas-phase flame inhibition and increased char stability.
Visual inspections confirmed more stable char layers and reduced delamination in aged, flame-retardant
composites. In contrast, thermal shock testing led to significant mechanical degradation, evidenced by up to
a 30% reduction in interlaminar shear strength. This degradation is attributed to microcrack formation from
internal stresses. Fire performance also deteriorated, with increases in MARHE and total smoke production
(TSP) indicating more complete combustion.

Thermo-oxidative aging
GFRP
Cone calorimetry

1. Introduction Troitzsch elaborated in his recent review the impact of aging on the
fire performance of polymers and coatings [2]. Furthermore, Vahabi

Various industries such as transportation, electronics, and construc- et al. conducted a review with a particular focus on thermoplastic
tion demand materials that prevent or mitigate fire hazards and delay materials [3]. Under thermo-oxidative aging conditions, for long-fiber
ignition. This is especially important for polymers, whose organic com- reinforced composite systems only thermoplastics based on polybuty-
position makes them mostly inherently flammable. Therefore, many lene terephthalate (PBT) [4], polypropylene (PP) [5-8] or polyamide
polymers are modified with flame retardants to reduce flammability. (PA6) [9,10] are mentioned. In these publications, regardless of the

These flame-retardant materials must meet various national and inter-
national fire safety standards, such as FAR25.853 for aircraft interior,
EN45545-2 for railway applications, EN13501-1 for building materials
and UL764A for electronics including the well-established UL94 test,
before entering the market [1]. These standards focus on resistance to
ignition, flame spread, heat emission and the release of toxic smoke.
However, fire behavior is typically tested only for virgin, unaged
materials. As materials degrade over time due to environmental ex-
posure, (e.g. temperature, UV radiation, humidity) their properties
change. In many publications investigating various polymers (modi-
fied with flame-retardants), deterioration of the material is often only
assessed in terms of thermo-mechanical and optical properties. Al-
though the literature on the effects of different aging conditions on
fire properties is limited, two reviews are focussing on this topic.

polymer, the Limiting oxygen index (LOI) increased due to aging.
This was attributed to the carbonization of the thermoplastics and
surface migration effects of the flame retardants, which contributed
to the observed improvement in LOIL For heat release, the results
vary significantly depending on the polymer and the flame retardant
used. For long glass fiber-reinforced polypropylene with an intumescent
flame retardant, the total heat release increased at 140 °C after 50 days
of aging, from 103 to 127 MJ/m? [5]. In contrast, another study on
long glass fiber-reinforced polypropylene reported a drastic decrease
in total heat release under the same aging conditions, from 85.3 to 9.5
MJ/m? [7]. Unfortunately, no further explanation was given.
Thermoset resins, another class of polymers used in the aforemen-
tioned applications, have received less attention regarding the effect of
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aging on their fire performance. Their widespread adoption is driven by
excellent specific mechanical properties, which make them well suited
for lightweight transportation applications. In addition, they provide
durability and corrosion resistance for construction purposes, as well as
good thermal resistance, making them suitable for electronic housings
and encapsulation. Phenolic resins are here an example which tradi-
tionally have been used due to their inherently good flame-retardant
properties, which often require little to no additional flame retardants.
However, several drawbacks such as relatively low mechanical perfor-
mance, processing difficulties and health risks related to formaldehyde
emissions, have raised concerns about phenolic resins. As a result, there
is a growing trend towards using alternative systems, such as polyester
or epoxy resins, that are modified with flame retardants.

The halogenated flame retardant 2,2’,6,6-Tetrabromo-4,4’-
isopropylidenediphenol (TBBPA) has often been used in epoxy and
polyester resins. TBBPA is one of the few halogenated flame retar-
dants still on the market, as it is covalently built into the polymer
network, which prevents migration and subsequent environmental
contamination [11,12]. However, due to increasing restrictions and
bans (e.g., REACH regulation, Stockholm convention) and growing
environmental concerns, a shift towards alternative, halogen-free flame
retardants is becoming increasingly evident. Prominent alternatives
include organic flame retardants (phosphorus- or nitrogen-based) as
well as inorganic options, such as aluminum hydroxide (ATH) or
zinc-based compounds.

These flame retardants also demonstrate better thermo-oxidative
stability compared to halogenated flame retardants, which tend to
cause greater degradation of the resin matrix. However, for certain
phosphorus- and nitrogen-based flame retardants, hydrolytic degrada-
tion can be more pronounced and should be taken into considera-
tion [13,14].

In general, studies on the effects of aging on fire performance of
thermoset resins remain limited. Most existing research has focused on
thermoset-based fire-resistant coatings applied to steel substrates [15—
18]. Jimenez et al. investigated an epoxy-based intumescent coating
using a custom-built furnace test with a 35 kW burner [15]. The
temperature rise during propane burner immersion on the back of the
coated steel plate was measured. They compared the unaged resin with
the aged resin (exposed to 80 °C and 70% relative humidity for 2
months), where no noticeable effect was observed between the samples.

To the best knowledge of the authors, the only study investigat-
ing the influence of thermo-oxidative aging on the fire resistance of
thermoset composites via cone calorimetry was conducted by Sandinge
et al. [19] They examined basalt fiber-reinforced phenolic resin sys-
tems, aging them at 90 °C for up to four weeks. Here, the peak
heat release rate (PHRR) increased by 12%, total heat release (THR)
increased by 44%, and total smoke production (TSP) increased by 34%
while the time to ignition remained around 38 s, independent of aging.
However, the details of the underlying mechanism remain unclear.

In addition to thermo-oxidative aging, rapid and extreme temper-
ature fluctuations, also known as thermal shock, pose another sig-
nificant challenge to composite materials. Typical areas where ma-
terials are exposed to thermal shock include, for example, aviation
(engine components, brakes, and landing gear [20]), space (re-entry
into the atmosphere [21]), and electronics (rapid power changes [22,
23]). Thermo-shock induces high internal stresses at the fiber-matrix
interface due to the mismatch in coefficients of thermal expansion
(CTE) between the resin and the fibers, which can lead to microcracks
and delamination [24-26]. The internal stress can be calculated by Eq.
(1):

o _EnVi By (a; — a,) AT
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where o, is the stress generated in the matrix, E, and E, are the
moduli of matrix and fiber, «,, and a, are the coefficients of thermal
expansion for matrix and fiber, V,, and V, are the specific volume
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content and AT is the temperature change [27,28]. Although there
are various investigations on the influence of thermal shock on the
mechanical properties of composites [29-31] no research addressing
the influence on fire performance could be found.

Therefore, the aim of this study is to investigate the influence of
thermo-oxidative aging and thermal shock on an epoxy-based glass-
fiber-reinforced polymer (GFRP) composite system. Initially, the ef-
fects of the AlPi flame retardant and glass fiber reinforcement on fire
performance were examined. Following aging at 200 °C for 1000 h
and thermal shock testing over 100 cycles, the impact of composite
degradation on mechanical properties and fire performance using cone
calorimetry was evaluated.

2. Material & methods

The multifunctional semi-solid Novolac epoxy resin Epiclon HP-7250
(DIC Corporation, Tokyo, Japan) with an epoxy equivalent weight
(EEW) of 162 was used. Due to its high aromaticity and a function-
ality of > 3.5, high glass transition temperatures up to 330 °C can
be achieved. The resin has previously been investigated as a ma-
trix material for composite components and extrusion-based additive
manufacturing, particularly for high-temperature applications [32,33].

As curing agent, micronized 4,4-diaminodiphenyl sulfone (4,4-DDS)
Technicure K-10 provided by Acci Speciality Materials (Linden, NJ,
USA) with a particle size of D5y=10 pm was used. The amine hydrogen
equivalent weight (AHEW) of the curing agent is 62 resulting in an
mixing ratio of 100:38.

As flame retardant, aluminum diethyl phosphinate AlPi distributed
by Clariant AG (Muttenz, Switzerland) under the brand name Exolit
OP935 with a particle size of D5o=10 pm was used. Due to its high
phosphorus content of 23 wt%, the flame retardant provides effective
flame retardancy even at relatively low filler loadings. In combination
with its fine particle size, the flame retardant is particularly suitable
for composite applications and has also been utilized in the production
of printed circuit board substrates [34,35]. Furthermore, phosphinate
salts are not very susceptible to aging and hydrolysis, have a high
temperature stability and maintain the fire performance even after
prolonged water immersion [2]. In this study, concentration of AlPi was
varied up to 20% by weight.

Fig. 1 shows the chemical structure of the used resin system and
flame retardant.

Resin, curing agent, and, in the case of the modified system, flame
retardant AlPi were homogenized at 120 °C for 20 min using a vacuum
dissolver VMA Getzmann Dispermat (Reichshof, Germany). The result-
ing mixture was poured into preheated vertical molds at 120°C, and
the curing cycle was carried out in a convection oven Memmert ULE
400. It consisted of the following steps: 1h at 120°C, 3h at 180°C
and an additional post-curing step for 2h at 250°C all with heating
rates of 3 K/min. The cooling to room temperature took additional
8h at a cooling rate of 1 K/min. The curing cycle was designed and
monitored using differential scanning calorimetry (DSC) measurements
of the cured samples. Since no residual enthalpy was detected up to
350 °C, the samples were considered fully cured.

For the composite specimen, prepregs were first manufactured. For
this purpose, the resin was mixed with the curing agent and the addi-
tives, and then homogenized as previously described. With the prepreg
impregnation unit EHA Composite Machinery the aero-grade fiberglass
weave 8HS fabric 7781 (Porcher Industries Germany GmbH, Erbach,
Germany) with an areal weight of 296 g/m? was impregnated. The
calendar temperature was set to 80 °C aiming for a target prepreg areal
weight of 440 g/m2. The prepregs were subsequently cut, and eight
plies were stacked in a [0/45/—45/90]s layup, resulting in a laminate
thickness of 2 mm. Curing was performed under autoclave conditions at
6 bar, following the same curing cycle used for the neat resin samples.
A fiber volume content of 50 vol.% was determined using density
measurements (based on DIN EN ISO 1183) and thermogravimetric
analysis (TGA), heating the samples in air up to 800 °C to fully pyrolyze
the resin, leaving only the glass fibers.
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4,4-Diaminodiphenyl sulfone

Aluminium diethyl phosphinate

Fig. 1. Chemical structure of the components used in this study to formulate
the resin systems.

Cone calorimetry

Fire behavior was evaluated using an iCone cone calorimeter (Fire
Testing Technology Ltd., East Grinstead, UK). The tests were conducted
in accordance with DIN ISO 5660. Sample size is 100 mm x 100 mm
with a thickness of 3 mm for resin systems and thickness of 2 mm
for composite systems. The samples were wrapped in an aluminum
foil pocket and placed in a metal frame sample holder, which exposed
88.4 cm? of the sample surface. Insulation in the form of rock wool
was placed beneath the specimen and additionally used to press the
specimen against the upper part of the metal frame holder. The samples
were irradiated at a distance of 25 mm with a heat flux of 35 kW/m?.
These parameters were chosen based on the conditions specified for
testing interior aircraft materials to fulfill the requirements of the
aviation standard FAR 25.853.

To ensure reproducible results, the end of the measurement was
defined as the point at which the heat release rate stabilized, but not
earlier than 60 s after flameout. Each resin and composite system was
measured at least two times.

Mechanical testing

Apparent interlaminar shear strength of the GFRP was determined
according to standard DIN EN 2377. The dimensions of the test speci-
mens are 20 x 10 x 2 mm?>. The span was set for each specimen to be
five times the specimens thickness.

The interlaminar shear strength is calculated by

Fm
figs =075 - d )

where F,, is the maximum compressive force, B is the specimen width,
and d is the specimen thickness. At least five specimen for each data
set were tested.
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Flexural properties were carried out in accordance with DIN ISO
14125 standard. The dimensions for the GFRP specimens were set at
60 x 15 x2 mm?> with a support span of 40 mm. Testing was conducted
using a zwickiLine Z2.5 universal testing machine (ZwickRoell GmbH
& Co. KG, Ulm, Germany).

Glass transition temperatures T, of the resin and composite systems
before and after thermo-oxidative aging and thermal shock tests were
measured according to DIN EN ISO 6721-1. A rheometer RDA III
(Rheometric Scientific) was used for the measurements with a heat
ramp of 3 K/min, frequency of 1 Hz and strain of 0.1% and sample
size of 50x10x2 mm?>. T, was taken as the peak of the loss factor peak
tan(é).

Aging experiments

Thermo-oxidative aging was carried out in a standard convection
oven (Memmert UF500) for 1000 h at 200 °C on composite systems and
the weight loss recorded. The aging temperature was selected based on
a previous study, in which 200 °C was determined as a temperature
that balances significant thermo-oxidative aging effects without caus-
ing excessive deterioration of overall performance [36]. Furthermore,
150-180 °C, sometimes extended to 200 °C for advanced systems, is
commonly considered the upper temperature limit for various epoxy
resin systems [37,38].

In addition, thermal shock test were carried out. Thermal shock was
selected as it is more severe than standard thermal cycling, resulting in
increased stresses on the material. A two-chamber system was used,
allowing the samples to be automatically transferred between the hot
and cold zones. The Weiss ShockEvent T60/V2 from Weiss Technik
GmbH (Reiskirchen, Germany) was utilized for this purpose. The hot
chamber was set to 200 °C, and the cold chamber was set to —50 °C.
The temperature range was selected based on assumed worst-case
scenario for aviation parts, with outdoor temperatures of —50 °C at
ground level or at high altitude rapidly rising to 200 °C, for example
in components located close to the engine. Furthermore, the maximum
temperature was selected based on literature values, where thermal
shock testing is typically conducted at 60%-90% of the glass transition
temperature [39,40]. The initial T, of the resin system in this study is
around 320 °C, therefore, 200 °C was selected in alignment with the
temperature chosen for continuous thermo-oxidative aging. A total of
100 cycles were carried out. According to DIN EN 60068-2, 15 min
are allotted for temperature equalization during chamber switching,
with an additional 15 min to ensure the specimens reach the target
temperature. This results in a total duration of 60 min per cycle, which
is equivalent to 250 h in total.

Micro X-ray computed tomography (u-CT)

Selected ILSS specimens were scanned via u-CT to check the in-
fluence of thermal shock on microcrack and delamination formation.
All scans were performed on the micro-CT system phoenix v|tome|x s
240/180 research edition from Baker Hughes Digital Solutions GmbH
(software phoenix datos|x 2 acquisition 2.5.1). Scanning parameters
were 50 kV voltage, 250 pA current, 1000 ms time, generating 1800
images with a voxel size 12.5 pm. The reconstructed volumes were
processed using the manufacturer’s software (phoenix datos|x 2 re-
construction v2.5.1). The threshold separating the material from the
background was set to 0.12 + 0.01 absorption coefficient. The 3D im-
ages were created were subsequently generated using Volume Graphics
VGStudio Max, and volume-related parameters were extracted from
these datasets.
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Table 1
Characteristic parameters by cone calorimetry for neat and AlPi-modified resin systems.
System TTIL PHHR MARHE EHC TSP Residual mass FRI
s kW/m? kW /m? MJ/m? m? % /
Neat resin 103 £ 1 857 + 8 236 + 5 19.3 + 0.0 153 + 0.3 347 + 2.3 -
5% AlPi 98 +1 444 + 1 136 + 4 15.7 + 0.6 17.2 + 2 44.0 + 2.8 2.6
10% AlPi 107 + 4 392 + 45 128 + 5 15.6 + 0.1 20.1 = 1.9 46.0 + 6.7 3.1
20% AlPi 105 + 3 399 + 25 132 + 5 16.4 + 0.3 18.0 + 1.0 48.8 + 1.9 3.0
1000 _ 250 -
— Neat resin Neat resin
857 + 47 +5% AlPi +5% AlPi
+10% AIPi +10% AIPi
8004 +20% AIPi 200 41— +20% AIPi
T Av. MARHE
600 150 -
\ 444 51

400 +

200

Heat Release Rate HRR / (kW/m?)

T T
0 100 200 300 400
Time /s

100

Average Rate of Heat Emission / (kW/m?)
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1

l

T T
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Time /s

o

Fig. 2. Heat release rate HRR with PHRR(left) and average rate of heat emission with MARHE in dependence of AlPi content (right).

3. Results and discussion
Influence of flame retardant concentration

The AlPi content was systematically varied with selected concentra-
tions of 5, 10 and 20% by weight and cone calorimetry measurements
were carried out. The results of the most significant flame retardancy
characteristic values, like time to ignition (TTI), peak heat release rate
(PHHR), maximum average heat release rate (MARHE), effective heat
of combustion (EHC), total smoke production (TSP), residual mass and
flame retardancy index (FRI) are summarized in Table 1. The TTI
stays rather constant around 100 s without significant impact of AlPi
addition. This can be explained by the fact that the time to ignition
primarily depends on the irradiated surface area relative to the overall
volume, which is the same for all samples, as well as the thermal
conductivity of the material. Both factors are considered not to be
significantly influenced by the addition of AlPi.

Fig. 2 (left) shows the heat release over time. The peak heat release
rate is significantly reduced by 48% with an addition of 5 wt% AIPi.
Increasing the AIPi content from 5 wt% to 10 wt% yields only a
marginal additional reduction of approximately 10% in PHHR.

The pHRR of the sample with 20 wt% AlPi falls within the error
range of the results obtained with 10 wt% AlPi, indicating that the
flame retardant’s efficiency is limited and that increasing the loading to
20 wt% does not lead to further improvement. Similar limitations for
AlPi in epoxy-based resin systems were reported recently [41]. All HRR
curves of the AlPi-modified systems initially show a slight shoulder
around 110 s before the fully developed fire occurs. Only a minor
shoulder can be seen in the neat resin system, as the fire development
is not inhibited. In addition, the time at which the pHRR is reached
shifts to later points as the AlPi content increases, with 140 s for the
neat resin, 150 s for 5 wt% AlPi, and a maximum of 175 s for 10 wt%
AlPi content.

MARHE, depicted in Fig. 2, is a critical parameter that indicates how
quickly and to what extent a material releases heat in the event of a fire.
MARHE is influenced by TTI, PHRR, THR, and peak type and considers
the average and cumulative effect of heat release in the combustion
process therefore it reflects the general heat release performance. This

means that not only the absolute HRR value plays an important role,
but also the shape of the HRR curve. Fig. 2, right shows the ARHE
curves and average MARHE values of the investigated resin systems.
The later the PHRR occurs, the lower the ARHE [42]. The neat resin
exhibits a MARHE of 236 kW/m? at an irradiance of 35 kW/m?. This
value is significantly lower than that of comparable resin systems. For
example, a Novolac epoxy resin system (D.E.N. 438 with 4,4’-DDS)
exhibited a MARHE of 326 kW/m?, which is 38% higher [43]. This
improved performance can be attributed to the high aromaticity of
Epiclon HP-7250, which promotes increased char formation (residual
mass under N, at 800 °C: 34.7% vs. 28% for D.E.N./4,4’-DDS). The
resulting higher char yield acts as an effective thermal barrier, reducing
further decomposition and heat release. Adding 10 wt% AIPi achieves
the best MARHE value of 128kW/m? after approximately 285 s. This
corresponds to nearly a 50% reduction compared to the neat resin. The
trend of the MARHE values corresponds to the time at which PHRR is
reached. Similar to PHHR, a further addition of AlPi does not lead to
improved MARHE.

The effective heat of combustion (EHC) is defined as the total heat
evolved (THE) divided by the total mass loss (TML), representing the
heat released per unit mass lost in the cone calorimeter. EHC is com-
monly used to evaluate the efficiency of a flame retardant, particularly
in terms of flame inhibition and gas-phase activity. Thereby, a lower
EHC indicates more effective gas-phase activity. EHC is drastically
reduced by more than 20% by adding 5 wt% AIPi in comparison to
neat resin. Further adding AlPi and hence increasing the phosphorus
content leads to no improvement and with 20 wt% rather to a reverse
effect of reduced efficiency as was shown by Rabe et al. [44] Here, the
ability to release phosphorous radicals into gas-phase is restricted and
cannot contribute to further gas-phase activity during burning due to
charring effects that inhibit its action.

As anticipated, the incorporation of AIPi promotes flame inhibition,
resulting in more incomplete combustion and consequently higher total
smoke production (TSP). Total smoke production (TSP) reaching a
maximum with of 20.1 m? with 10 wt% AIPi, an increase of 32%
compared to the neat resin. This change from predominant gas-phase
activity at 5 wt% to condensed-phase activity at 10 and 20 wt% can be
seen in the surfaces of the cone specimen after testing, visible in Fig.
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¥5% AIPi "

+20% AlPi

Fig. 3. Surface of resin system specimens with varying amounts of AlPi after
cone calorimetry tests.

3. The neat resin shows a porous structure with bubbles and cracks
indicating unstable char formation. With increasing AlPi content, a
more stabilized char layer forms, shielding the epoxy resin from heat
and preventing the outgassing of combustible gases. This leads to a
delayed PHRR and an increased residual yield, from 34.7% for the
neat resin to 48.8% for the system with 20 wt% AlPi. Compared to
that, the system with 10 wt% AlPi exhibits the lowest EHC value and
a high char yield, indicating a good balance between gas-phase and
condensed-phase activity.

Besides MARHE, another parameter for rating the general effective-
ness compared to the neat resin is the flame retardance index (FRI) [45,
46]. FRI is defined as the product of total heat release (THR) and pHRR,
divided by TTI (Eq. (3)). According to Vahabi, an FRI below 1 indicates
poor flame-retardant performance, between 1 and 10 indicates good
performance, and above 10 indicates excellent performance [47].

(THR - PHRRy
TT1 /ref ( 3)

PHRR
(THR - =50)

FRI =

Adding 5% AlPi results in an FRI of 2.6, while increasing the loading
to 10% improves the FRI to 3.1. However, adding 20% shows no further
improvement, as already observed for MARHE and EHC.

The relative efficiencies of the amount of AlPi for PHRR, MARHE
and TSP are summarized in Fig. 4. A clear reduction in relative effi-
ciency is visible with increasing AlPi content. These results illustrate
that, starting from 5 wt%, further addition of AlPi beyond 10 wt%,
hardly improves the results. At 20 wt% AIPi, for each percent of
AlPi a mere reduction of 2% of PHHR and MARHE is visible. There-
fore, apart from processability issues from increased viscosity, further
addition of the flame retardant offers no significant gain in flame-
retardant efficiency. Hence, a loading of 10 wt% AIPi was selected for
composite manufacturing as it provides an optimal balance between
flame-retardant performance and processability on the neat resin level.

Influence of glass-fiber reinforcement
In Fig. 5 the influence of the glass fiber reinforcement on the

heat release is compared to the neat resin systems. The neat GFRP
system shows the typical HRR curve of a highly flammable material,
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Fig. 5. Heat release rate over time for the investigated resin and composite
systems.

with a sharp increase after ignition followed by a rapid decrease as
the material is consumed. In contrast, the AlPi-additivated system is
characterized by an initial rise in heat release rate, followed by a
plateau. This behavior is attributed to the formation of a char layer,
which protects the underlying material and prolongs heat release at
significantly lower levels.

The fiber reinforcement leads to a reduction of approximately 62%
in PHRR for both the neat and flame-retardant GFRP systems compared
to the corresponding resin systems. However, considering that the fiber
content is around 70 wt%, this reduction is primarily due to mass
replacement with non-combustible glass fibers and actually indicates
a deterioration in the fire behavior of the resin matrix itself. This
phenomenon is well-known in the literature [48-50], as the fibers
act as capillary pathways, known as the “wick effect”, for flammable
gases, leading to faster ignition. In the case of the GFRP systems,
ignition occurred approximately 20 s earlier compared to the resin
systems. Furthermore, since E-glass fibers have a higher thermal con-
ductivity (~1.0-1.3 W/m K) [51] compared to the resin system (~0.2
W/m K) [52], they facilitate better heat transmission to the underlying
material during cone calorimetry measurements. The fire properties
measured via cone calorimetry of the GFRP systems are summarized in
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Fig. 6. Comparison of MARHE of neat resin and experimental and theoretical
value based on glass fiber content.

Table 2. The heat release rates of the resin and GFRP systems, shown
in Fig. 5 and normalized to the resin content, are presented in the
Supporting Information (S4), highlighting the deteriorated behavior of
the GFRP system. The corresponding absolute and normalized mass
loss rates for both systems are also provided. For MARHE, a similar
reduction of 65% is observed between the neat resin and neat GFRP.
For the AlPi-modified resin, a decrease of 59% is observed introducing
glass fiber reinforcement. The slightly lower reduction in the AlPi-
modified systems can be attributed to the diminished efficiency of
AlPi in the presence of glass fibers. Assuming a purely linear effect of
the reinforcement at a weight content of 70%, a theoretical MARHE
value can be calculated. The comparison between experimental and
theoretical values is shown in Fig. 6. For the neat GFRP system, the
measured value is 18% higher, and for the GFRP + 10% AlPi system,
the measured value is 29% higher than the theoretical value. This
shows the deteriorating effect of glass fiber reinforcement on MARHE
of the neat resin and the flame retardant resin system. This can be
linked to suppressed gas-phase activity and increased, but less efficient,
condensed-phase activity of AlPi.

The EHC of the neat GFRP system (19.5 kJ/m?) is very similar to
the neat resin system with 19.3 kJ/ m? indicating that the glass fibers
do not support gas phase activity by flame inhibition or fuel dilution in
gas phase. For the AlPi-modified systems, the EHC increases again by
introducing glass fibers from 15.6 kJ/m? to 18 kJ/m?. This result proves
again suppressed gas-phase activity of AlPi in the composite system.

Regarding total smoke production, a reduction of approximately
70% was observed, from 15.3 to 4.5 m?, upon the introduction of fiber
reinforcement into the neat system. This reduction corresponds directly
to the fiber content by weight. Interestingly, in the system GFRP+10%
AlPi, an even greater reduction of 78% was achieved. Starting from
a higher value of 20.1 m?, due to more incomplete combustion, the
introduction of glass fibers reduced total smoke production to 4.3 m2.
This suggests that glass fibers together with AlIPi can counteract the
increased smoke production typically caused by incomplete combus-
tion, acting as an efficient smoke suppressant. As described in the
literature, the AlPi residue, namely AIPO,, effectively binds the char
and fibers together, promoting the formation of a shielding layer that
blocks further burning and smoke production [53,54].

Lastly, glass-fiber reinforcement leads to an FRI of 11.9 compared
to the neat resin. For the resin with 10% AlPi, glass-fiber reinforce-
ment almost doubled the FRI from 3.1 to 6.0. Nevertheless, it again
shows that the introduction of fiber reinforcement results in a rela-
tive deterioration of flame-retardant properties of the modified resin
system.
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Influence of thermo-oxidative aging on the GFRP system

After thermo-oxidative aging at 200 °C for 1000 h a weight loss
of approximately 2% was observed for the GFRP systems. This is
consistent with a previous aging study on the same systems, which
focused on weight loss and lifetime predictions and reported weight
losses of approximately 3% [36]. However, that study employed a
higher surface-to-volume ratio (SVR) of 1.8, compared to the SVR of
1.04 for the cone specimens used here. With a higher SVR, more surface
area is exposed to oxidation, generally leading to increased weight loss.
Thermo-oxidative aging results in oxidation and subsequent embrittle-
ment of the matrix, chain scission, and degradation of the crosslinked
resin network [55]. After aging, oxidation effects at the surface were
assessed using fluorescence microscopy (see Supporting Information
S1). Here, the build-up of an oxidized layer of several hundred pm is
visible.

Network degradation was furthermore evaluated by measuring the
glass transition temperature (7,) using Dynamic Mechanical Analy-
sis (DMA) (see Supporting Information S2). For the GFRP systems
studied here, a decrease in T, from 317 °C to 292 °C (decrease of
8%) was observed. Furthermore, the effect of aging on the flexural
properties was investigated and is shown in Fig. 7. Due to oxidation,
the flexural moduli increased by 8% for both systems. The flexural
strength decreased for the neat GFRP by about 8% and 23% for the
AlPi-modified GFRP. Here, it seems that thermo-oxidative aging of the
additivated system enhances stress concentration on the AlPi particles
lowering further the flexural strength. The dominant failure mode was
identified as tensile failure, characterized by pronounced cracks on
the bottom surface. No change in the failure mechanism was observed
due to thermo-oxidative aging compared to the unaged specimens.
Elongation at break was reduced by around 12% for both systems due
to oxidation based on reduced chain mobility and more brittle resin
systems. In summary, influence of the thermo-oxidative aging on the
thermo-mechanical properties is rather low with no drastic drop visible.

The results of the subsequent cone calorimetry tests are summarized
and compared with the unaged specimens in Table 2. For the GFRP
systems, it is noteworthy that TTI was not affected by aging in neither
the neat nor the modified GFRP. Due to aging, network degradation
normally leads to faster ignition because of earlier softening. How-
ever, the formation of an oxidized surface layer initially impedes heat
transfer, delaying ignition. Since the influence of aging conditions on
network degradation is considered rather low, evidenced by only a
minor drop in T, and the oxidation layer might counterbalance these
effects, the TTI remains constant. The minor reduction in total smoke
production of the aged specimens can be attributed to weight loss and,
consequently, a lower amount of burnable organic content.

For the neat GFRP system, a slight decrease of approximately 5% in
the effective heat of combustion (EHC) is observed. With an increase in
residual mass of around 2%, indicating more incomplete combustion,
the reduction in EHC can be attributed to improved charring perfor-
mance of the aged neat GFRP. This effect is likely due to oxidation of
the composite and the formation of an oxidized surface layer, which
helps stabilize the char. Notably, EHC decreases by 9% for aged AlPi-
additivated system, which is nearly twice the reduction observed in the
aged neat GFRP system. Since the residual yield increases by only 1.7%,
similar to that of the neat GFRP, it appears that aging enhances both
gas-phase flame inhibition and char formation.

PHRR remains unchanged for the neat GFRP system, whereas a 6%
increase in PHRR is observed for the FR-modified GFRP. Despite this
increase, the FR-modified system shows an 8% reduction in MARHE
throughout flaming combustion. The changes due to thermo-oxidative
aging on the heat release are shown in Fig. 8.

Consistent with the trends observed for the individual flame-
retardant parameters, thermo-oxidative aging resulted in an FRI of 0.76
for the neat GFRP, reflecting a slight deterioration in flame-retardant
performance relative to the unaged material. In contrast, the GFRP
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Fig. 7. Flexural Properties of the GFRP systems before and after 1000 h at
200 °C in air atmosphere.
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Fig. 8. Heat release rate over time for the GFRP systems before and after
thermo-oxidative aging for 1000 h at 200 °C.

containing 10% AlPi exhibited a modest improvement, reaching an FRI
of 1.6 following thermo-oxidative aging.
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BEE

S ——

Fig. 9. Top and side view of neat GFRP (a-c) and GFRP+10% AlPi (d-f) of
unaged (a, d) thermo-oxidative aged (b, e) and thermal shock-tested (c, f) cone
calorimetry specimen after burning.

In Fig. 9, the front and side view of the unaged and aged specimen
after cone testing are depicted. It can be observed that thermo-oxidative
aging led to a more charred surface for both GFRP systems. This is
especially evident when comparing the neat unaged GFRP system,
where the remaining glass fibers are clearly visible, with the neat aged
GFRP system, which shows more pronounced char residue.

Furthermore, in the FR GFRP system, the decomposition of AlPi in
the gas phase during burning leads to higher swelling and delamination
of the composites. This behavior is significantly reduced in the aged
FR GFRP system, as oxidation appears to increase the delamination
resistance between the plies.

Influence of thermal shock on the GFRP system

The influence of thermal shock testing on the flexural properties is
presented in Supporting Information S3. The modulus increased only
slightly, by 2% in the neat GFRP and 6% in the FR-modified GFRP
system, while the flexural strength decreased by approximately 10%
in both systems. The smaller increase in modulus after thermo-shock
tests, compared to thermo-oxidative aging, can be attributed to the
significantly shorter exposure time (50 h) at 200 °C. The impact of
thermal shock, which appears to occur more on the macroscopic than
on the molecular level, is further supported by the T, measurements
after thermal shock testing. Only a minor decrease in 7, was observed,
from 317 °C to 310 °C in the FR GFRP and to 305 °C in the neat GFRP,
indicating that the resin network remains largely unchanged.
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Table 2

Characteristic flame retardancy values of the GFRP composite systems before and after thermo-oxidative aging and thermal shock testing.
System TTI PHHR MARHE EHC TSP Residual mass FRI

s kW/m? kW /m? MJ/m? m? % -

Neat GFRP 85 + 2 326 + 25 82 +1 195 + 0.1 45+ 0 81.0 + 0.5 11.9¢
Aged Neat GFRP 83 +2 330 + 14 80 + 0.1 18.8 + 0.4 44+ 0.4 83.1 + 0.5 0.76
Thermal Shock Neat GFRP 87 £ 5 453 + 37 104 + 3.6 19.8 + 0.1 6.6 + 0.1 751+ 0 0.38
GFRP + 10% AIPi 88 +8 152 + 13 53 +3 18.0 + 0.2 4.3 + 0.5 84.9 + 0.6 6.0%
Aged GFRP + 10% AlPi 0 +1 162 + 4 49 +1 16.2 + 0.5 400 86.6 + 0.1 1.6
Thermal Shock GFRP+ 10% AIPi 85 +1 240 + 13 754 + 1.2 16.8 + 0.3 6.9 + 0.1 79.6 + 0 0.62

2 Compared to neat resin and resin+10% AlPi.

IS
[

N
o
1

—
—

w
a
1
—
—

w
o
1

N
o
1
[—
—t—

Interlaminar Shear Strength ILSS / MPa

20
15
10
5 -

O T T T T

Q 5 &
X 9 N
& \%“OQQQ §* RS
szb ((\{b & @'b o\
~ & & Q" & N
¥ & & x
& &
&

Fig. 10. Interlaminar shear strength of the GFRP systems before and after 100
cycles thermal shock testing.

Since flexural properties are in general strongly influenced by the
surface condition of the specimen, oxidation has a greater impact
on flexural performance compared to thermo-shock testing. However,
thermal shock induces high internal stresses at the fiber-matrix in-
terface leading to microcracks and delamination between plies. The
effect of this internal stress during thermo-shock testing and stress
relief via generating microcracks and delamination was measured via
interlaminar shear testing (ILSS), a sensitive method for fiber-matrix
bond quality and deterioration of interface properties [56-59]. Here,
ILSS testing serves as an indirect method for microcrack formation as
these are occurring on a pm length scale which is difficult to evaluate.
The result can be seen in Fig. 10.

A drastic decrease in interlaminar shear strength is observed, with
a 20% loss in the neat GFRP and a 30% loss in the GFRP with 10%
AlPi after thermal shock testing. Using Eq. (1) and assuming a CTE
of 5 pm/m K for the glass fiber and 50 pm/m K for the resin system,
a temperature difference AT of 200 K and a modulus of ~ 72 GPa
for E-glass fiber and 3.5 GPa for the epoxy resin, an internal stress
of ~ 30 MPa in the resin matrix is generated. Although this is only
a theoretical and highly localized internal stress, it highlights the stress
induced by thermal shock in comparison with the measured shear
strength. These drastic drops indicate severe formation of microcracks
within the laminates due to thermal shock. In one of the few studies
comparing thermal shock and thermo-oxidative aging of a carbon fiber-
reinforced epoxy system under similar conditions for thermo-oxidative
aging (150 °C for 600 h) and thermal shock testing (500 cycles between

—50 °C and 180 °C), a significantly higher number of microcracks was
observed in the thermally cycled specimen [60].

For deeper analysis on the influence of thermal shock on the GFRP
system, u-CT tomography measurements of the flame-retardant GFRP
system before and after thermal shock were carried out. Side view of
the specimen and the pore distribution is shown in Fig. 11. The unaged
GFRP + 10% AIPi has an initial total porosity of 2.4% with pores in
the range of 5-10 mm?. These pores can be linked to entrapped air
during the manufacturing process of the GFRP composites. Considering
the use of the highly viscous resin and woven fabric reinforcement,
this porosity value reflects good processing conditions and is adequate
for many applications, in which a maximum void content of 3% is
commonly cited [61]. After thermal shock cycling, the total porosity
increases almost by a factor of 4 to 9.3%. Here, it is visible that
pore density as well as pore size increases with a typical pore size
around 30-40 mm?. This increase is due to delamination tendencies
connecting pores existing prior thermal shock and newly generated
pores. Furthermore, as shown in Fig. 11 (middle), thermal shock led to
a vast increase in small pores in the range below 0.1 mm? and especially
below 0.02 mm?>. These pores likely originate from microcracks that
develop along the matrix—fiber interface during thermal shock cycling.

The results of the fire performance of neat and FR GFRP systems
after 100 cycles of thermal shock are summarized in Table 2. In
contrast to thermo-oxidative aging, more pronounced deterioration of
the flame-retardant properties is observed after thermal shock tests.
The PHRR increased by 39% for the neat GFRP and by 58% for the
AlPi-modified GFRP system. The MARHE increased similarly, by 27%
for the neat GFRP, and 42% for the AlPi-modified GFRP system. The
ARHE progression and the average MARHE of the thermal-shocked
GFRP systems in comparison with the unaged GFRP systems are shown
in Fig. 12. After thermal shock test aging, the overall indicator FRI
shows a diminished flame retardancy performance, with a value of
0.38 for the neat GFRP and a slightly higher value of 0.62 for the
GFRP containing 10%. Furthermore, a 6% reduction in residual mass
coincides with smoke production increases of 46% in neat GFRP and
60% in the AlPi-modified GFRP.

The previously explained observations in the u-CT measurements,
ranging from microcrack formation to initial ply delamination can
explain the overall deterioration in fire performance observed after
thermal shock, in contrast to the comparatively minor impact on fire
properties seen with thermo-oxidative aging. Cracks in the composite,
especially on the interface, allow oxygen to penetrate more easily
during combustion, resulting in a more sustained and accelerated burn-
ing process. Additionally, combustible gases can escape more readily
through the damaged material, as the absence of a continuous oxidized
surface layer no longer restricts their release. Thermal shock also
reduces delamination resistance, making it easier for plies to separate
during heat exposure. This, in turn, exposes underlying virgin material
and increases the surface area exposed to fire, contributing to higher
heat release. These effects, leading to more complete combustion, ulti-
mately result in a lower residual yield after burning. Swelling and more
advanced delamination are visible in the cone calorimetry specimen
after thermal shock, as shown in Fig. 9.
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4. Conclusion & outlook

In this work, the influence of environmental degradation, specifi-
cally elevated temperature of 200 °C and thermal shock tests, on the
fire performance of a high-T, epoxy-based GFRP system was investi-
gated for the first time. To this end, the fire behavior of the samples
was assessed using a cone calorimeter, both before and after thermo-
oxidative aging and thermal shock testing respectively. Additionally,
changes in mechanical properties, specifically flexural and interlaminar
shear strength, were evaluated.

After 1000 h of thermo-oxidative aging at 200 °C, the flexural
properties did not change significantly. A small increase in the mod-
ulus was observed due to oxidation and embrittlement, while flexural
strength decreased by approximately 10%. The flame-retardant prop-
erties indicate that the fire performance of the samples can be well-
preserved, or even enhanced, after thermo-oxidative aging. Specifically,
both MARHE and EHC decreased, suggesting improved gas-phase flame
inhibition and increased char stability. These findings were supported
by enhanced charring and reduced delamination, particularly in the
flame-retardant GFRP system.

Thermal shock tests (100 cycles between —50 °C and 200 °C)
showed minor impact on the flexural properties but strong reduction of
up to 30% in interlaminar shear strength. The degradation is attributed

to microcrack formation caused by internal stresses resulting from dif-
ferences in moduli and thermal expansion coefficients between the fiber
and the matrix. y-CT measurements of the GFRP + 10%AIPi system
showed a drastic increase in total porosity both in small and medium
sized pore range. Fire performance also deteriorated, with increased
PHRR, MARHE, and smoke production by up to 60%, indicating more
complete combustion, likely facilitated by the microstructural damage.
This was further evidenced by a substantially lower residual yield after
cone calorimetry.

The study demonstrated that aging has a clear impact on the long-
term reaction-to-fire properties and should therefore be taken into
account in every material development process. Based on these pre-
liminary findings, further research is recommended to evaluate deeper
the relationship between microcrack evolution and void content on
the fire performance. In-situ coupling of cone calorimeter fire tests
with GC-MS and FT-IR gas analysis can provide detailed insights into
the impact of thermo-oxidative degradation on the composition of
evolved gases and the chemical interactions occurring during com-
bustion. Furthermore, different fiber lay-ups or other additives like
tougheners or commonly used flame retardants for epoxy resins can
be investigated, such as aluminum trihydrate (ATH) or 9,10-dihydro-9-
oxa-10-phosphaphenanthrene-10-oxide (DOPO).

In summary, thermo-oxidative aging may enhance certain aspects of
fire performance; however, thermal shock presents a more serious risk
to the structural and fire safety of flame-retardant epoxy composites.
These findings highlight the importance of considering both aging
mechanisms in the design and evaluation of materials intended for
fire-critical applications.
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