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ABSTRACT

The aim of this study was to evaluate the effect of short-term thermal exposure on the mechanical performance of a
hybrid composite reinforced with carbon and aramid fibres. Composite panels were manufactured using the vacuum
bagging technique and subsequently machined into specimens for puncture resistance, tensile, and three-point bending
tests. The results showed a progressive reduction in mechanical properties relative to the unexposed reference state,
indicating thermal degradation of the composite structure. The material exhibited good thermal insulation capability,
particularly when heated from the aramid side. The influence of fibre type was found to be significant: the specimens
exposed from the aramid fibre side retained higher puncture resistance and tensile performance compared to those
exposed from the carbon fibre side, suggesting greater thermal stability of aramid fibres under the tested conditions.
In contrast, bending strength showed the highest sensitivity to thermal exposure, with a substantial decrease relative to
the initial (unexposed) values. Microscopic analyses confirmed that the observed mechanical degradation was associ-
ated with matrix decomposition, delamination, and microcrack formation. The obtained results contribute to a better
understanding of the behaviour of hybrid composites under thermal loading and may support the design of structural
materials for the applications requiring both load-bearing capacity and resistance to elevated temperatures. The results
obtained are applied in the design of structural components used in the aerospace, automotive, and defense industries,
where materials are exposed to high temperatures and fire. They can also be used in the development of protective
systems, such as thermal shields and ablative coatings. Furthermore, this research supports the development of more
resilient composites for use in special-purpose vehicles and infrastructure exposed to extreme operating conditions.

Keywords: tree-point bending, static tensile, mechanical degradation, delamination.

INTRODUCTION ¢ the ablation surface, constituting the interface
between the gaseous and solid phases,
Ablation is acomplex phenomenon of heatand o the ablation layer, located between the abla-
mass transfer that leads to irreversible structural tion surface and the ablation front,
and chemical changes in a material. This phenom- o the ablation front, separating the transforma-
enon is initiated and sustained by the influx of ther-
mal energy from external sources, and its course
involves both physical transformations as well as
chemical reactions occurring within the material.

tion zone from the unaffected material,
e the virgin material, which has not yet been
exposed to thermal influence.

In the physical description of ablation, several Heating occurs at the ablation surface, where-
characteristic regions that jointly determine itspro- ~ as the principal chemical reactions take place
gression can be distinguished [1-3]: within the ablation layer. These include a wide
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range of phenomena, such as pyrolysis and chem-
ical decomposition of the material, thermochemi-
cal transformations of decomposition products in
the solid and gaseous phases, reactions between
decomposition products present in different states
of aggregation, phase transformations of compo-
nents that do not undergo decomposition, as well
as reactions occurring in the liquid phase [3-6].

To improve the effectiveness of thermal pro-
tection, polymer ablative composites are increas-
ingly used, in which conventional resins such as
epoxy or phenolic resins serve as the matrix. The
influence of matrix type and its modification on
the ablative and mechanical properties of com-
posites is the subject of intensive research con-
ducted using both numerical and experimental
methods [7-10].

An important direction of development is
also the reinforcement of composites with fibres
(e.g., aramid or carbon fibres) and the incorpora-
tion of functional additives, including nanopow-
ders and ceramic powders, aimed at improving
thermal resistance and structural stability of the
composite [11-14]. Due to operational require-
ments, additives used in ablative composites
must also meet tribological and mechanical crite-
ria. Consequently, studies are conducted on wear,
friction, and material behaviour under dynamic
conditions, as well as analyses of changes in ther-
mophysical parameters over a wide temperature
range [15-18].

Examples of effective solutions include hon-
eycomb structures reinforced with aramid fibres
and filled with phenolic foams, which exhibit
high efficiency in thermal protection applica-
tions [19-21]. Increasing interest is also focused
on the use of phase change materials (PCMs) as
additives to ablative composites. Their presence
enables temporary storage of thermal energy dur-
ing phase transformation, which may potentially
reduce material temperature and slow down deg-
radation processes [1, 13, 22].

Although the application of PCMs in the
composites intended for high-temperature opera-
tion is still relatively poorly understood, available
studies include both fabrication methods for such
materials and analyses of their thermophysical
properties and ablative behaviour [23-25].

The literature reports studies on the mechani-
cal properties of advanced composites based
on carbon fibres and phthalonitrile resin, which
show significant potential for aerospace appli-
cations [26]. It has also been demonstrated that
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the degradation of carbon fibres at elevated tem-
peratures is the primary factor responsible for
the reduction in mechanical strength, which is an
important and often underestimated finding [27].
Further studies have investigated the influence
of fibre orientation and heat flux on the residual
(post-fire) load-bearing properties of CFRP lami-
nates. The aim was to achieve a better understand-
ing of material behaviour after thermal exposure,
which is crucial for assessing the suitability of
laminates with different fibre architectures in
load-bearing structures [28]. Moreover, it has
been shown that modifying CF/PN composites
by incorporating CuO nanoparticles significantly
improves their thermal resistance and mechani-
cal performance, even after exposure to very high
temperatures [29].

In light of the above, the objective of this
study was to determine the effect of short-term
flame exposure on the mechanical properties of
a hybrid composite reinforced with carbon and
aramid fibres. In particular, the study focused on
analysing changes in material strength as a func-
tion of high-temperature exposure time and heat-
ing direction (from the carbon and aramid fibre
sides). The aim of the research was also to iden-
tify the dominant mechanisms of structural deg-
radation and to evaluate the ability of a composite
to maintain mechanical integrity under short-term
thermal loading.

MATERIALS AND METHODS

The study examined a layered polymer com-
posite hybrid-reinforced with carbon and aramid
fibres, intended for structural applications under
elevated thermal loads. The selection of materi-
als was intended to replicate the configuration of
laminates used in aerospace structures, where a
combination of high stiffness, impact resistance,
and thermal resistance is required. The composite
was fabricated as a nine-layer laminate with the
following configuration:

[C/A/As (1)

where: C — carbon fabric (plain weave GG 240,
200 g/m?), A — aramid fabric (twill weave
STYLE 140 2/2, 110 g/m?).

The L285/H285 resin—hardener system
(R&G, Germany), certified for acrospace applica-
tions, was used as the matrix. It is a low-viscosity
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epoxy resin designed for structural lamination,
characterized by high fibre adhesion and dimen-
sional stability up to a glass transition temperature
(Tg) of approximately 80-90 °C. The composite
panels were manufactured using vacuum bagging
at a pressure of 0.8 bar, ensuring the elimination
of air bubbles. The composites were cured at
room temperature for 24 hours. The final thick-
ness of the panels after processing was approxi-
mately 2.0-2.6 mm. Specimens were cut from
the panels (Figure 1) using a waterjet method in
accordance with the relevant standards (Table 1).
The specimens were labelled with codes such
as R.15.W.1, where:
e R —test type (tensile),
e 15 — flame exposure time in seconds divided
by 3 for first and second batch (15 and 30) or
4 for the last batch of samples (60)
e W — carbon side (A — aramid side),
e 1 -—specimen number.

The thermal tests were conducted using a pro-
pane—butane burner (heat output of approximate-
ly 43 MJ/kg). The specimens were heated from
a distance of 35 mm for 5-15 s. The objective
was to simulate short-term fire exposure, such as
that occurring in the thermal shielding of aircraft
components or military vehicles. Temperature
measurements were performed using:

e a laser pyrometer (heated side),
e 18 K-type thermocouples (opposite side).

Following thermal exposure, mechanical tests
were carried out:
e puncture resistance — Instron CEAST 9340
drop-weight impact tester, impact energy of 5 J,
e static tensile testing — Zwick/Roell Z100 test-
ing machine,
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Table 1. Standards and dimensions of test specimens
for mechanical testing

Test type Standard Dimensions
Three-point bending | DIN EN ISO 178 80 x 10 mm
Tensile testing PN-EN ISO 6892-1 | 250 x 25 mm
Impact strength 1ISO 6603 60 x 80 mm

e three-point bending — Zwick/Roell Z5.0 test-
ing machine, support span of 50 mm.

Subsequently,  surface

performed:

e surface profilometry — FRT100,

e scanning electron microscopy (SEM) and
optical microscopy - structural degradation
analysis using an Olympus BX53M+ optical
microscope and a Hitachi TM3030Plus scan-

ning electron microscope.

analyses  were

RESULTS

The following section presents the results of
temperature measurements during exposure to a
stream of flammable gases, as well as the results
of mechanical tests performed on the specimens
after thermal degradation. The analysis focuses
on changes in mechanical properties as a function
of heating time and the surface exposed to ther-
mal loading (carbon or aramid side).

Temperature distribution in the specimens
during heating

During the tests (Figures 2—4), a non-uniform
temperature distribution was observed between

Specimen three-
point bending

Specimen
tensile test

Specimen
impact strength

Figure 1. Specimens prepared for research
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Figure 2. Results of surface temperature measurements of the sample during 5 seconds of heat flux exposure
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Figure 3. Results of surface temperature measurements of the sample during 10 seconds of heat flux exposure
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Figure 4. Results of surface temperature measurements of the sample during 15 seconds of heat flux exposure

the heated surface and the opposite surface. This
behaviour results from the anisotropic nature of
the laminated composite and the differing ther-
mal conductivities of carbon and aramid fibers.
Carbon fabric exhibits significantly higher ther-
mal conductivity, whereas aramid fabric acts as a
thermal insulator.

For clarity, the results were grouped into the
following temperature ranges:
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e 600-650 °C — heat flux applied for 5 s,
e 600-650 °C — heat flux applied for 10 s,
e 800-950 °C — heat flux applied for 15 s.

Analysis of the temperature curves indicates
that the heating rate of the specimens decreases
at a surface temperature of approximately 600—
650 °C. For the specimens exposed to the heat
flux for 5 s and 10 s, this reduced heating rate
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persists until the end of the experiment, whereas
specimens exposed for 15 s exhibit a rapid tem-
perature increase, reaching up to 900-1000 °C.
This behaviour is most likely associated with
the onset of intensive thermal degradation of the
epoxy resin, which absorbs a significant portion
of the supplied energy. The specimens exposed to
the heat flux for 30 s and 60 s were completely
destroyed, preventing further testing. Therefore,
subsequent analyses were limited to the speci-
mens subjected to shorter exposure times, which
were further evaluated through mechanical test-
ing, surface profilometry, and optical microscopy
for comparative purposes.

The results of temperature measurements on
the rear surface of selected specimens are pre-
sented below. The specimen shown in Figure 5
a) was exposed to a stream of combustible gases
for 5's. Anearly linear increase in temperature up
to approximately 60 °C was recorded, while the
temperature on the flame-exposed side reached
about 750 °C. Such a significant temperature dif-
ference indicates good thermal insulation prop-
erties; however, due to the short exposure time
and a single measurement, this result is subject to
considerable uncertainty.

A similar, nearly linear temperature increase
was also observed for exposure times of 10 s and
15 s (Figure 5 b and c). For specimen U.30.W.1,
the maximum temperature reached 98 °C (approx-
imately 700 °C on the flame-exposed side), where-
as for specimen U.60.W.1 it reached 170 °C, with
about 900 °C on the flame-exposed side.

Puncture resistance test

Figure 6 presents the peak force required
to penetrate the specimens as a function of heat
exposure time and the surface to which the heat
flux was applied.

Following the test, only a slight decrease
in peak force was observed for the specimens
impacted on the aramid side after thermal expo-
sure of 5 s and 10 s (—1% and —4%, respective-
ly). This behaviour may indicate higher thermal
stability of aramid fibres. However, a significant
deterioration in properties was observed after 15
s of exposure (—36%). Despite a marked reduc-
tion in puncture resistance after 15 s of thermal
loading, it can be concluded that under short-term
exposure to high temperatures on the aramid side,
the composite largely retains its initial mechanical

a) b)
rear surface temperature speciment 5 rear surface temperature speciment 10
100 Aliabhiby 150 s (U.30.W.1)
g 80 g)
o 100
= 60 A A (0]
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time [s] time [s]
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rear surface temperature speciment 15 s
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)
&
o 200
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)
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Figure 5. Results of rear surface temperature specimen during (a) 5 seconds, (b) 10 seconds
and (c) 15 seconds of heat flux exposure
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2500 B carbon fiber B aramid fiber
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Peak force [N]
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Figure 6. Peak force during impact

performance. In contrast, different behaviour was stress is approximately 18%, whereas for 15 s
observed when the carbon layer was exposed to  exposure it reaches 34%. In contrast, the speci-
the heat flux. The results indicate a 22% decrease ~ mens heated from the carbon side show a more
in peak force after 5 s of exposure, 23% after 10~ pronounced reduction in strength, with decreases

s, and 44% after 15 s. of 27% after 5 s, 34% after 10 s, and 53% after

15 s. These results indicate a substantially greater

Static tensile test degradation of mechanical properties compared
to the specimens exposed from the aramid side.

Figure 7 shows the values of the breaking Figure 8 presents a comparison of the per-

stresses for each series of specimens, illustrating  centage elongation at break of the specimens.
the differences in strength depending on time and While the specimens exposed to heat on the ara-
the side of the heat flux. mid side show no significant change in elonga-
The results indicate that increasing tempera- tion, those exposed on the carbon side exhibit a
ture reduces tensile strength, particularly for spec- noticeable decrease. This behaviour indicates a
imens heated from the carbon side. This effect is  reduction in ductility and an increased tendency
associated with degradation of the epoxy matrix  for carbon fibres to fail more rapidly under ele-
and loss of adhesion at the fibre—matrix interface. ~ vated temperatures.
The specimens exposed to heat from the aramid
side exhibit a significantly smaller reduction in
tensile strength compared to those heated from
the carbon side. For short exposure times (5 s During the three-point bending test, the maxi-
and 10 s), the average decrease in ultimate tensile  mum flexural stress was determined (Figure 9).

Three-point bending test

700 B carbonfiber & aramid fiber

386,35

Tensile strength [MPa]

L

"l

0 =
5s.

o
(7]

N
o

Figure 7. Summary of average values of tensile strength
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A progressive degradation of mechanical properties
was observed with increasing heating time. How-
ever, the layered structure of the laminate allowed it
to maintain its load-bearing capacity and relatively
high flexural strength only after tests lasting 5 or 10
seconds of exposure to heat. In the 15-second test,
the flexural strength decreased by nearly 90%.

Microscopic analysis and structural damage

Microscopic examination of the damaged
specimens confirmed the presence of:
e interlaminar delamination,
fibre-matrix debonding in the aramid layers,
microcracks in the matrix,
porosity on the heated surface,
localised charring of the structure.

Analysis of the results presented in Figures 10
and 11 indicates that the exposure to high temper-
atures leads to convex deformation reaching up

B carbonfiber

450 4226

m

to approximately 2 mm. This effect is most likely
caused by local overheating and degradation of
the matrix, accompanied by gas evolution, which
promotes delamination and the formation of voids
between the composite layers. A notable observa-
tion is the significant increase in surface rough-
ness, associated with exposure of the outer car-
bon reinforcement layer and visible indentations
across the entire sample surface. These indenta-
tions result from the weave architecture of the
carbon fabric, forming in the regions between the
rovings. Figures 12 and 13 present the same spec-
imen after the puncture resistance test. No visible
changes in the analysed surface were observed
compared to the results shown in Figures 9-10.
This behaviour can be attributed to complete deg-
radation of the matrix bonding the outer reinforc-
ing layers, leaving primarily a carbon fibre struc-
ture, which, due to its elastic response, returns to
its original shape after impact. It should be noted
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Figure 9. Comparative graph of ultimate bending stresses
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Figure 10. Three-dimensional map of the surface of the specimen U.60.W.1 topography on the side exposed to
the heat flux
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Figure 11. Profile of the sample surface height on the side exposed to the heat flux for specimen U.60.W.1

that, as a result of matrix degradation, the outer
layers and likely also the second layer lose their
original load-bearing capacity, thereby transfer-
ring the impact load to the underlying layers.

The profilometry results of the surface oppo-
site to the heat-exposed side (Figures 14-15) indi-
cate that the drop-weight impact had a significant
effect on the surface geometry.

A distinct bulge, measuring approximately
0.4-0.6 mm, was observed on the scanned surface.
This feature indicates the presence of microcracks
and suggests a loss of structural continuity in the
material. Figure 16 shows fractured carbon fibres
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resulting from the flexural test. Detached fragments
of the reinforcing phase are clearly visible, indicat-
ing advanced structural damage of the composite.

Figure 17 illustrates the onset of cracking
in the aramid fibres. The marked regions likely
represent local stress concentrations that act as
initiation sites for crack propagation. Detached
fragments of aramid fibres and individual mate-
rial particles are also visible, indicating ongoing
degradation of the composite.

Figure 18 illustrates matrix degradation and
the associated formation of gas bubbles. This pro-
cess leads to exposure of the reinforcing phase and
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heat flux following the puncture resistance test
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Figure 13. Profile of the surface of the specimen U.60.W.1 height on the side exposed to the heat flux after the
puncture resistance test

a significant reduction in the mechanical proper-
ties of the material. Figure 19 shows cracks in the
carbon fibre roving induced by high-temperature
exposure. The presented region was not affected
by the mechanical tests; rather, it illustrates the
effect of thermal loading on the microstructure of
the carbon fibre reinforcement layer.

The cross-sectional view of the specimen
(Figure 20) reveals delamination of the compos-
ite induced by high-temperature exposure and
bending stresses generated during testing. The
resulting interlaminar voids significantly affect
the static strength of the material, particularly its
flexural strength.

Experimental results demonstrate that short-
term exposure to a stream of hot gases leads to
significant changes in the mechanical proper-
ties of the hybrid composites reinforced with
carbon and aramid fibres. A clear relationship
was observed between the degree of degrada-
tion, heating time, and the side of the specimen
exposed to thermal loading.

The observed damage can be attributed to the
interaction of the following mechanisms:

e Joss of adhesion at the fibre—matrix interface,
e formation of microcracks in the epoxy matrix
due to thermal stresses,
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the puncture resistance test

903.653 pm

Topagraphy [um]

800

600

400

200

0

MO

i i
o 2 4 8 10
Distance [mm]
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e charring of surface layers as a result of resin
pyrolysis,

interlaminar delamination induced by temper-
ature gradients,

local loss of continuity of aramid fibres at ele-
vated temperatures (>450 °C).

These microstructural defects lead to a pro-
gressive reduction in stiffness and load-bearing
capacity of the laminate structures.

The use of a hybrid carbon—aramid composite
has a significant effect on the resistance to thermal
degradation of the material. Carbon fibres provide
high stiffness and strength, whereas aramid fibres
act as energy absorbers and thermal barriers.
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The results clearly indicate that:

the specimens heated from the aramid side
retain higher mechanical properties,
degradation propagates more slowly through
the thickness,

aramid fabrics limit delamination by enhanc-
ing stress wave damping.

These findings confirm that hybrid systems
enable optimisation of the trade-off between stiff-
ness and impact-thermal resistance.

All mechanical properties deteriorate with
increasing exposure time to high temperatures.
The most pronounced reduction was observed in
impact tests, which is attributed to degradation of
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0868 2025/05/28 09:28 HMUD13.5 x50 2mm
Figure 16. Specimen Z.60.W.2, SEM—EDX method, SE detection mode, 50x magnification

0872 2025/05/28 10:49 HMUD14.8 x3.0k 30 um
Figure 17. Specimen Z.60.A.3, SEM-EDX method, SE detection mode, magnification x3000

0874 2025/05/28 11:30 HMUD13.8 x200 500 um
Figure 18. Specimen Z.60.A.3, SEM-EDX method, SE detection mode, magnification x200
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Figure 19. Specimen Z.60.W.3, magnification x5, cracks in the aramid fibres

Figure 20. Cross-section of specimen Z.60.W.3, magnification x5, delamination of the composite

the matrix structure while the reinforcing fibres
remain largely intact. In tensile testing, the domi-
nant mechanisms include interlaminar delamina-
tion and interfacial slippage.

The results of this study are of significant
importance for the design of structural compo-
nents exposed to flame or high-temperature envi-
ronments, such as:

e hallistic shields for military vehicles,

e engine  compartments in  aerospace
applications,

e protective panels in unmanned aerial vehicle

(UAV) systems,

e hull structures of patrol boats,
e ammunition storage and protection containers.

From a structural safety perspective, the find-
ings indicate that the greatest risk of loss of load-
bearing capacity occurs under bending and impact
loading following thermal exposure. The results
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highlight the necessity of incorporating protective
layers and ablative barriers in composites intended
for operation under extreme conditions.

CONCLUSIONS

The exposure to high temperatures causes
a rapid decline in the mechanical properties of
composites, which becomes apparent after just a
few seconds and worsens over time. Greater deg-
radation is observed when heating from the car-
bon fibre side rather than the aramid fibre side.
Flexural strength and impact strength are the most
sensitive, indicating a predominance of inter-
laminar damage; in the case of flexural strength,
the decrease reaches ~90%. The use of hybrid
carbon-aramid reinforcement improves thermal
resistance due to the thermal barrier effect of the
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aramid fibres. Degradation includes charring,

microcracks, loss of adhesion, and delamination.

Future research include:

e implementation of sacrificial protective layers,

e investigation of degradation under thermal
fatigue conditions,

e application of dynamic mechanical analy-
sis (DMA) and thermogravimetric analysis
(TGA) to evaluate matrix behaviour,

e numerical modelling of thermomechanical
degradation processes.
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