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 A B S T R A C T

In recent decades, fibre-reinforced polymers (FRPs) have become a key factor to realise lightweight design, e.g., 
to safe fuel in mobility applications. As FRPs are usually combustible, flame retardants (FRs) are necessary 
to fulfil critical requirements. On the one hand, FRs can negatively affect thermo-mechanical properties of 
composites and should therefore used as little as possible. On the other hand, frequently used infusion processes 
to manufacture FRPs are no longer possible due to filtration effects, if the FRs are present as particles. 
However, novel in this study is the use of a combined prepreg and infusion process to solve both challenges 
by implementing FRs only in the most exposed plies. Simultaneously, this method enables the manufacturing 
of large parts with implemented FR particles, without compromising the lightweight potential or causing 
adhesion challenges through the use of FR gel-coats. As part of this study, tailored flame tests with adequate 
reproducibility were developed for qualitative comparisons between different configurations and the residual 
compressive strength was determined afterwards, because the structural integrity in fire scenarios is of special 
importance in mobility applications. It was found, that despite a very low global amount of ≈ 1.5 - 3 % red 
phosphorus leads to significant improvements in the residual strength compared to unmodified configurations.
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1. Introduction

In the case of fires, the protection of people is a priority. The 
structural integrity of e.g. train walls has to be maintained long enough 
to enable people to evacuate the affected zone. FRPs are increasingly 
being used to conserve resources and fuel because their high specific 
strength and stiffness make them ideal for lightweight design. e.g. in 
mobility applications. However, unlike metal materials, most FRPs 
are not inherently flame-retardant, necessitating the addition of flame 
retardants (FRs), which are often added as particles.

Resin transfer moulding (RTM) is a widely used manufacturing 
process for large composite parts with the advantage of relatively low 
tooling costs and high surface qualities [1,2]. The addition of particle 
fillers to the matrix is used to enhance or provide supplementary 
properties, e.g. flame retardancy [3,4]. The distribution of the particles 
in the laminate is usually decisive for these properties.

In infusion processes, particles with the size of tens of microns lead 
to filtration effects [5–8] with an inhomogeneous particle distribution 
or in worst case to inadequate final component [9,10]. In general, 
larger particle sizes or agglomeration as well as rising fibre-volume 
contents increase filtration effects [10].

Filtration effects can be divided in different types, where cake 
filtration and deep bed filtration are the most common phenomena [7,
11,12]. When particle sizes are larger than the available pore size, 
macroscopic cake filtration occurs where deposited particles build-up 
ahead of the fibres as soon as the dispersion enters the mould. Along 
the reinforcement length, microscopic cake filtration may appear due 
to different scales of inter and intra tow channels [9]. If particles 
dimensionally smaller than the pore channels are captured, deep bed 
filtration occurs, which not only results in particle gradients but also in 
extended infusion times [9].

In addition to the challenges with filtration effects, particles in the 
micrometre range often influence the thermo-mechanical properties. 
While the toughness can be improved due to their implementation, 
most other properties e.g. the glass-transition temperature or strength 
often decrease [13–16], as particles in this size can act as defects [17,
18], ‘disturb’ the network structure of polymers and also worsen the 
fibre-matrix bonding in FRPs [19]. Minimal use is therefore desirable 
to minimise the impact on thermo-mechanical properties.

In order to minimise the proportion of flame retardants required in 
composites, current studies often focus on combining different flame 
retardants [20–23] to exploit synergistic effects, but also on microen-
capsulations [24,25] to make flame retardants more efficient. Espe-
cially when using carbon and natural fibres, surface modifications 
for fibres [26,27] or interlayer nanofibre methods [28] are under 
investigation.

In the case of FR-particles, implementation in fire-exposed sections, 
e.g. on component surfaces, is most effective. The use of gel coats or 
coatings is one way to achieve surface flame retardancy in industrial 
practice [29]. However, the use of additional material can limit the 
potential for lightweight design [30] and is sometimes not possible due 
to restricted mounting circumstances [31]. Additionally, gelcoat-based 
methods can undergo swelling, and shape or mechanical distortion and 
their application lead to an additional interphase, which may lead to 
challenges regarding adhesion [32].

Based on conventional composite manufacturing methods like infu-
sion and prepreg/autoclave processes, methods have been developed to 
combine the advantages of both processes. Prepregs (pre-impregnated 
fibres) are generally used to achieve high mechanical performance, 
while infusion methods are e.g. cost-efficient. The Combined Prepreg 
and Infusion Technology (CPI) is generally used for highly stressed 
components that are large and have complex geometries. Prepregs are 
used for geometrically simple areas exposed to high mechanical loads, 
while complex structures such as stringers or frames are manufactured 
using infusion processes (e.g. RTM). Both parts are combined in the 
same curing cycle, which increases integration and cost efficiency. 
2 
However, the interface quality between prepreg and infusion part is 
relevant for the mechanical performance of the component [33–35].

To evaluate the residual strength after different damage types, the 
mechanical properties of damaged specimens are compared to the ini-
tial, undamaged state. For FRPs, most studies investigate the influence 
of low-velocity impacts, e.g., with the standardised compression after 
impact test (CAI, ASTM D7137) [36,37]. The determination of residual 
strength after flame tests is reported primarily for metals and (steel) 
concrete, especially due to their use in the construction sector [38,39]. 
Some studies also address the residual strength of composites after 
flame treatment. Yang et al. [40] and Vieille et al. [41] investigated 
the tensile strength properties remaining after a fire and concluded that 
the flame-retardant additive not only delays the thermal degradation of 
carbon fibre-reinforced PEKK laminates, but also contributed efficiently 
to maintaining the structural integrity of the composites, and that the 
residual tensile strength after quasi-isothermal pyrolysis in an inert 
environment decreases linearly with increasing pyrolysis degree for 
carbon fibre-reinforced phthalonitrile composites. Sorathia et al. [42] 
analysed the residual flexural strength during and after fire exposure. 
Residual compressive strengths were evaluated after lightning strike 
scenarios by Millen et al. [43] and Wang et al. [44]. It was found, that 
mechanical damage to the individual plies, due to the combined effects 
of mechanical and thermal strains during the strike had a significant 
effect on the residual strength.

This study is based on the promising results on heterogeneous flame-
retardant wet layups published in [45]. In this work, it was shown that 
a minimal global flame retardant content is sufficient to improve the 
flame retardant properties of GFRPs as long as they are present on the 
surface of the composite.

The aim of this study is to examine the feasibility of a CPI method 
to enable the transfer to automated and industrially suitable manufac-
turing for FRPs with FR particle-loaded resins. When FRs are located 
directly within the composite, gelcoats or coatings can fulfil additional 
functionalities in combination with a CPI-process (e.g., resistance to 
hydrolysis or UV radiation), extending the service life of the respective 
component. Flame tests with a minimum of measuring equipment will 
be presented for qualitative comparison. The residual strength of the 
flame-treated composites is tested to investigate the structural integrity 
which is relevant in many applications in the event of a fire.

2. Materials and methods

2.1. Materials

The DGEBA Resin 827 (EPIKOTE® 827, Westlake, Houston, USA) is 
mixed stochiometrically with the amine curing agent 137H (EPIKURE®
RIMH 137, Westlake, Houston, USA). RP (Red Phosphorus, Exolit RP 
607, Clariant, Muttenz, Suisse) is added as a flame retardant. Com-
posites were manufactured using biaxial E-glass-fibre fabrics (610 gsm, 
SAERTEX GmbH & Co. KG, Saerbeck, Germay). A 30 g/m2 non-woven 
(NW, R&G Faserverbundwerkstoffe GmbH, Waldenbuch, Germany) was 
partly added on the surfaces.

2.2. Manufacturing

Fig.  1 displays the manufactured and investigated quasiisotropic 
[±45◦, 90◦, 0◦, ±45◦, 90◦, 0◦]s laminates, partially containing NWs 
on the surface. The investigated configurations and share of RP in the 
matrix were determined based on UL94 tests of RP-modified epoxy 
without fibre-reinforcement as well as on the results of preliminary 
studies using wet-layups published in [45].

Resin transfer moulding (RTM) with 1 bar of vacuum during and 
2 bar pressure after infusion is used for unmodified configurations. A 
closed aluminium mould with dimensions of 600 mm 𝑥 300 mm 𝑥 4 mm 
is used. The process includes curing for 8 h at 50 °C in a heat press 
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Fig. 1. Schematic illustrations of investigated heterogeneously modified laminates. (Thick line: Biaxial glass-fibre fabric; thin line: NW; blue: unmodified; light 
red: 6 wt. % RP; dark red: 12 wt. % RP. All modified plies are pre-impregnated and pre-cured. Unmodified plies are infused in their dry state, except plies marked 
with *.).
Fig. 2. Incompletely infused plate due to the filtration effect during the RTM process with RP-loaded resin (left), wet lay-up of the modified layers (centre) and 
combined prepreg and infusion process to avoid filtration effects (right).
and post-curing for 16 h at 80 °C in a convection oven UF 450plus
(Memmert GmbH & Co. KG, Büchenbach, Germany).

Due to an occurring filtration effect mentioned in Section 1, it is not 
possible to manufacture panels with RP-loaded epoxy resin (see Fig. 
2). This is why this study uses a CPI-method to manufacture GFRPs 
containing heterogeneous distributed RP. Before the RTM process with 
unmodified epoxy resin, modified plies are impregnated by hand and 
pre-cured as illustrated in Fig.  2.

Based on thermokinetic methods, the author investigated the curing 
behaviour of the used resin system in [46]. The procedure and an exper-
imental validation using FT-IR and DSC measurements are described in 
detail in [46]. From these investigations and the results of preliminary 
studies published in [45], a pre-curing time of the modified layers of 
90 min at 50 °C could be determined, which corresponds to a pre-curing 
of ≈ 45 %. In order to investigate any potential influence of pre-curing 
independent of additional particle loading, an unmodified plate was 
also pre-impregnated and pre-cured with pure resin.

2.3. Reproducibility, traceability and specimen preparation

Two plates are manufactured for each configuration to ensure re-
producibility. For tracability and comparability, test specimens are 
uniformly extracted and labelled. A F45 circular saw (Altendorf GmbH 
& Co. KG Maschinenbau, Minden, Germany) with diamond saw blade is 
used for edging the plates. A CNC-saw Brillant 265 (ATM Qness GmbH, 
Mammelzen, Germany) with a diamond saw blade and water cooling 
is utilised to cut the test specimens according to the resp. standards.

2.4. Tailored flame tests

In order to assess the fire behaviour of composite materials, a 
variety of standardised tests can be carried out. As realistic room fire 
tests are very expensive, the fire behaviour of smaller specimens can 
be tested under controlled conditions on lab-scale. The influencing 
parameters of specimen geometry, ignition source, oxygen supply and 
heat yield can be specified, allowing different materials to be com-
pared, classified and certified. Frequently used and simple tests can be 
performed according to UL 94 (Underwriters Laboratories, Northbrook, 
3 
Illinois, USA), where samples are flamed twice for 10 s with a defined 
bunsen burner flame, e.g., in a vertical flame test. After each flame 
treatment, the after-flame time is noted and the dripping of the material 
is analysed, allowing different classifications of the material as a result.

However, as FRPs are usually only exposed to potential flames 
on the surface and not over their cross-section, horizontal tests are 
more realistic for mobility applications. For standardised horizontal 
tests, such as cone calorimetry, special equipment is necessary, e.g., to 
capture the heat release rates. However, the tailored flame tests, that 
are performed in this study, focus on qualitative comparisons between 
the manufactured configurations with minimal equipment and have 
been developed based on various flame tests, as described in [45]. 
In short, the time-to-ignition (tti) and the mass loss of the sample 
are determined as usual in cone calorimetry. The sample is clamped 
horizontally over a Bunsen burner and a metal mould is used as a 
holder, which itself is non-combustible and corrosion-resistant, as de-
scribed in the "Aircraft Materials Fire Test Handbook". Other standards, 
such as ASTM F776 according to DOT/FAA/AR-00/12 and DIN EN 
60695-11-10, also provide methods for analysing horizontally tested 
test specimens, whereby different fire lengths are examined.

Specifically, the 40 mm flame of a bunsen burner (0,7 kW, methane 
gas, technical grade) is applied centred at a distance of 35 mm to 
the surface of 100 mm x 150 mm specimens with 4 mm thickness for 
180 s resp. 300 s. Four specimen are flamed for each configuration and 
length of flame treatment. A horizontally aligned steel frame is used 
to avoid edge effects due to a spreading flame. Temperature measure-
ments are conducted every 5 s at three positions (1. flamed surface 
aside from the flame at the edge, 2. middle of opposite side and 3. 
steel frame) using Type K thermoelements (TC Mess- und Regeltechnik 
GmbH, Mönchengladbach, Germany). The flame tests are performed 
in a HVFAA Horizontal Vertical Flame Chamber (Atlas Material Testing 
Technology, Mount Prospect, Illinois, USA). Videos are recorded during 
the tests. Herewith, the time-to-ignition and after-flame time is anal-
ysed for every specimen. Furthermore, mass loss is tracked. The set-up 
is visible in the supplementary information.
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2.5. Mechanical characterisation

2.5.1. Three-point bending tests
Three-point bending (3PB) tests are performed based on DIN EN ISO 

14125 on a universal testing machine Allroundline Z10 (Zwick Roell, 
Ulm, Germany) with 3 mm/min. The investigated 3PB-specimens have 
a geometry of 120 mm 𝑥 15 mm and a test length of 80 mm, while 
the supports have a diameter of 10 mm. For each configuration, ten 
specimens are tested with the pre-cured part on the tensile side as well 
as on the compression side.

2.5.2. Compression tests
Compression tests are conducted according to DIN EN ISO 14126 

on a Allroundline Z400 (Zwick Roell, Ulm, Germany). The specimens 
have geometries of 140 mm 𝑥 10 mm 𝑥 4 mm. According to the 4th 
Euler buckling case, the free test length is calculated to 10 mm. For 
a combined load introduction according to ASTM D6641. Therefore, 
± 45°C-GFRP tabs are applied with UHU PLUS Endfest 300 (Uhu Hold-
ing GmbH, Bühl,Germany) at 60 °C. Ten specimen were tested per 
configuration.

2.5.3. Residual strength
A compression after impact (CAI) setup (ASTM D7137) is used 

to investigate the residual strength of flamed specimens on a All-
roundline Z400 (Zwick Roell, Ulm, Germany) with 1.25 mm/min. To 
exclude the influence of the particle modification on the mechanical 
properties, the residual strength was standardised to the compressive 
strength of unflamed specimens of the corresponding configuration (see 
Section 2.5.2). Sampling and loading positions are displayed in the 
supplementary information.

2.6. Microscopic examination

A digital microscope of type VHX-6000 (Keyence Corporation, Os-
aka, Japan) is used for optical examination in several parts of this 
study. For quality control of manufacturing, parts of the plates for 
several configurations were embedded in KEM 15 plus (ATM Qness 
GmbH, Mammelzen, Germany) and polished with a polishing machine 
of type Saphir 550 (ATM Qness GmbH, Mammelzen, Germany) prior to 
microscopy. Additional, microscopic fracture analysis after mechanical 
testing is conducted. Furthermore, specimens after flame-treatment 
were partially cut in the middle to examine their cross-sections. ImageJ
was used to process and analyse these images.

Scanning electron microscopy (SEM) images were acquired with a 
SUPRA 55VP (Zeiss, Germany) using secondary electron (SE) detection 
with an accelerating voltage of 3 kV. Samples were cut with a CNC-saw 
and vaporised with gold for 30 s at 40 mA with a BALTEC SCD 050 
SPUTTER (BALTIC Präparation e.K., Germany), creating an electrically 
conductive layer of a few nanometres thickness on the surface.

2.7. Quality control

Densities are measured with a precision scale AT261 DeltaRange
equipped with a density determination kit (Mettler Toledo, Columbus, 
Ohio, USA), following Archimedes’ principle for eight samples per 
configuration. Firstly, the mass of the specimen is weighed in air, 
followed by a measurement in ethanol. The difference between the two 
values corresponds to the buoyancy. Formula (1) is used to determine 
the density of the composite 𝜌𝑐 , with A: weight in air, B: weight in 
ethanol and 𝜌0: density of ethanol (at 21 °C: 0.78849 g∕cm3). 

𝜌𝑐 =
𝐴

𝐴 − 𝐵
⋅ 𝜌0 (1)

Fibre Volume ratios 𝑉𝑓  are analysed based on ASTM D792-86 at 
600 °C in a muffle furnance (Heraeus Deutschland GmbH & Co. KG, 
Hanau, Germany) for eight samples per configuration. 𝑉  is calculated 
𝑓
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Table 1
Densities and fibre-volume ratios for all investigated configurations.

Configuration Density Fibre-volume ratio  
 in g∕cm3 in %  

 Without NW 1.819 ± 0.004 45.2 ± 0.4  

 With NW 1.825 ± 0.007 45.8 ± 0.4  

 *pre-cured 1.822 ± 0.008 45.5 ± 0.5  

 1∕8 6% RP 1.821 ± 0.010 45.3 ± 0.8  

 1∕8 12% RP 1.824 ± 0.007 45.7 ± 0.6  

 1∕4 12% RP 1.829 ± 0.006 46.1 ± 0.4  

as displayed in (2), where 𝑣𝑓  is the volume of the fibres and 𝑣𝑐 the 
volume of the composite. According to data sheet information, the fibre 
density is 𝜌𝑓 = 2.62 g∕cm3. The mass of the fibres (𝑚𝑓 ) corresponds 
to the mass of the residuum after calcination and 𝑚𝑐∕𝜌𝑐 is taken from 
density measurements. 

𝑉𝑓 =
𝑣𝑓
𝑣𝑐

=

𝑚𝑓
𝜌𝑓
𝑚𝑐
𝜌𝑐

(2)

3. Results and discussion

3.1. Quality control of manufacturing

Filtration effects could be avoided by using the CPI method. As 
Fig.  3 exemplary shows, the RP particles remain in the desired plies, 
which can be detected by the red colour of the entire layers due to 
the red particles. Individual RP particles can be seen in Fig.  3 in 
white, as the particles scatter the light of the microscope. According 
to manufacturers’ specifications, the median particle distribution is 
D50 ≈ 24 μm. Larger particles in the range of approx. 50 μm are mainly 
present between the fibre layers and infiltrate the fibre bundles less 
frequently (see SEM image in the supplementary information). Due to 
the production of the prepregs via wet lay-up by hand, some pores are 
present in the prepreg layers. Porosity increased by a factor of ≈ 2.4, 
determined via analysis of digital microscopy images, as displayed in 
the supplementary information.

Densities and fibre-volume ratios are displayed in Table  1. The 
standard deviations within each configuration are very low, which 
indicates good reproducibility. The cured epoxy resin has a density 
of 1.16 g∕cm3, the glass-fibres 2.62 g∕cm3 and RP 2.2 g∕cm3. This 
explains the slightly higher density for the configuration with the 
highest particle loading and the lowest density without NW. Compared 
to the non-pre-cured, unmodified configuration, a slightly decreased 
density is observed in the pre-cured, non-modified configuration, due 
to the increased porosity occurring in hand-laminated pre-cured plies, 
but changes are within the standard deviations. Due to the closed RTM-
mould with predetermined thickness of 4 mm, fibre-volume ratios are 
≈ 45 % for all lay-ups. As expected, fibre-volume ratios are the lowest 
without NW. Hence, the manufacturing quality is adequate for the 
following investigations.
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Fig. 3. Exemplary microscopic evaluation of CPI-process.
Fig. 4. Bending strengths for all configurations with the pre-cured side under tensile as well as under compressive load.
3.2. Impacts of CPI-process and particle loading on the bending strength

Fig.  4 displays the bending strengths for all investigated lay-ups. The 
plates manufactured with standard RTM-process are shown in blue. The 
NW reduces the bending strength due to a different fibre distribution 
over the cross-section resulting in a shifted Steiner term.

Within the lay-ups containing NWs, no difference exceeding the 
standard deviation could be found. In general, it is visible, that the 
bending strength measured with the pre-cured side under tensile load is 
slightly lower. Because this is the case for the unmodified but pre-cured 
configuration too, the decrease is supposed to be due to the occur-
ring pores (see Section 3.1) rather than because of the implemented 
particles.

No further damage induced by the modified layers (e.g., delamina-
tions during bending) were observed during the whole study.

3.3. Flame tests

The relative mass loss due to the flame treatment is shown in Fig.  5. 
The unmodified configuration without NW exhibits the greatest mass 
losses. The use of the NW already reduces mass losses. The matrix 
content is comparatively high in the NW, so more carbon is present, 
which can carbonise and form a char at the surface which acts as 
barrier against required components for flame maintenance like heat 
and oxygen.

The modification of the NW and 1/8 of the load-bearing plies with 
6 wt. % RP only reduces the mass loss by a further small proportion. It is 
noticeable that the mass loss increases almost linearly with the flaming 
5 
time, whereby the two configurations modified with 12 wt. % show less 
mass loss after 180 s, which may be an indicator of a desired delay. 
Another positive aspect is that the standard deviation is relatively low, 
ensuring that the flame test provides reproducible results.

Table  2 sums up the time-to-ignition and after-flame times after 
180 s resp. 300 s flame treatment for different configurations. The 
trends are in line with the mass losses displayed in Fig.  5. The NW 
already delays the time to ignition (tti), while the after-flame times for 
both flame treatments were shortened. With 12 wt. % RP, significant 
improvements in tti were observed and further reductions in afterburn-
ing times, although the global RP content is still very low. By modifying 
the NW and 1/8 of the load-bearing layers with 6 wt. %, the analysed 
parameters, like the mass loss in Fig.  5, fall between the unmodified 
and the 12 wt. % modified values. One exception is the after-flame time 
after 300 s, which has already been reduced to a very low level. This 
may be due to the fact that a large part of the available matrix has 
already been carbonised over the entire cross-section and no further 
carbon source is available, causing the flame to fade. The unmodified 
test specimens also show lower afterburning times after 300 s than 
after 180 s, while the 12 wt. % modified lay-ups each show similar 
afterburning times in the range of 20 s. The supplementary information 
visualises the 180 s flame test, showing the significant improvement of 
the partial modified compared to the unmodified configuration.

The discussed trends are predominantly beyond the standard devi-
ations of the investigated parameters (see Table  2). While the standard 
deviations of the unmodified configurations show higher deviations, 
e.g., in their after-flame times after 180 s flame treatment, the configu-
ration with the highest degree of modification (1∕4 12% RP) shows very 
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Fig. 5. Relative mass loss in % for different lay-ups and 180 s as well as 300 s of flame treatment.
Table 2
Time-to-ignition and after-flame times after 180 s resp. 300 s flame treatment for n = 4 specimens of different configurations.

Configuration Time-to-ignition after-flame time after-flame time  
 in s in s (180 s flame) in s (300 s flame) 

 Without NW 14.6 ± 1.2 55.0 ± 17.1 27.5 ± 4.0  

 With NW 16.0 ± 2.8 50.0 ± 16.1 30.3 ± 2.9  

 1∕8 6% RP 20.4 ± 2.4 32.5 ± 2.5 18.0 ± 5.4  

 1∕8 12% RP 24.6 ± 10.1 23.0 ± 6.8 22.3 ± 4.9  

 1∕4 12% RP 37.3 ± 2.5 20.3 ± 2.9 18.7 ± 0.5  
repeatable results in their time-to-ignition and after-flame times. De-
spite the simplicity of the tests and the complexity of fire development 
processes, the tailored flame tests can be classified as representative 
and reproducible.

In Fig.  6 cross sections after flame treatment are shown which 
confirm, that the whole cross-section is affected for the unmodified and 
6 wt. % configurations. The higher mass loss for unmodified specimens 
(Fig.  5) is due to a broader affected area without RP.

Fig.  6 (right) shows the affected areas of test specimens from the 
flamed and unflamed side. The modification with FR leads to a typical 
reaction of the RP with O2 and H2O from the air on the flamed 
side to condensed phosphoric acid at approx. 300 °C, which forms a 
protective layer (see Fig.  6, bottom right). The unflamed side is already 
damaged for unmodified specimens after 180 s of flame exposure, 
while the modified configuration under consideration shows a brown 
discolouration in a limited area due to the heat exposure. The fibres are 
still intact, which can also be seen in the cross-sections in Fig.  6 (left).
6 
In Fig.  7, the temperature progression over time is displayed for the 
flamed surface aside from the flame. It can be seen, that the measured 
temperature decreases with increasing amount of RP. As described, the 
char which is build with RP slows down the heat transfer, resulting 
in lower temperatures at the edge of the specimen. Consequently, the 
area with critical high temperatures for matrix degradation decrease 
with the use of RP.

3.4. Residual compressive strength after flame tests

Fig.  8 shows the residual strength of the different lay-ups stan-
dardised to their compressive strength (see Table  A.1, Appendix). To 
exclude influences from manufacturing, the unmodified specimen are 
also manufactured via CPI-method.

The residual strength of the specimens modified with 6 wt. % RP 
is on the same low level as for unmodified specimen. This observation 
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Fig. 6. Top left: Cross-sections of relevant configurations after flame tests. Influenced plies are marked. Top right: Flamed and opposite surfaces of specimens 
after 180 s flame treatment. Bottom left: Blank NW without RP modification. Bottom right: NW with char of condensed phosphoric acid.

Fig. 7. Temperature of sensor on the flamed side during 180 s flame test for different lay-ups.

Composites Part A 200 (2026) 109339 
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Fig. 8. Compressive strength retention of n = 3 specimens after flame tests and specimens after testing.
is in line with the affected plies shown in Fig.  6, where for both lay-
ups similar levels of damage are visible. The modification of 1∕8 of the 
load bearing plies with 12 wt.% RP significantly improves the residual 
strength after 180 s of flame treatment while after 300 s of fire load, 
the compressive strength drops to the low values of the first discussed 
configurations.

The residual compressive strength of the composites containing 
12 wt. % RP is up to 54 % higher after 180 s flame tests compared 
to the non- and low-modified composites, while the highest modifica-
tion grade (1∕4 12 %) also increased the residual strength after 300 s 
flame treatment by about 40 %. These results highlight the significant 
improvement due to the local modification.

The differences in the residual compressive strengths of the different 
configurations fall outside the standard deviations and are therefore 
reproducible for several specimens (n = 3). As the compressive strength 
retention is highly influenced by the sample destruction by the flame 
treatment (see cross-sections in Fig.  6), the standard deviation for the 
compressive strength retention is slightly higher for specimens, where 
the standard deviations in Table  2, e.g., after-flame times, were higher 
too.

As the pictures in Fig.  6 show, the char which is build during 
flame test with RP-modification cracks under compressive load and 
unembedded fibres become visible underneath, wherein load transfer 
is limited resulting in lower compressive strengths. A micrograph of 
a char crack is displayed in the supplementary information, showing, 
that the cracks occur in the condensed phosphoric acid char in the NW 
(also see Fig.  6). Accordingly, this char layer initially bears minimal 
loads compared to the blank NW without RP modification, where no 
cracks occur. However, compared to the fibres with intact matrix, this 
is only expected to be a very small proportion.

The proportion of plies with degraded matrix is accordingly decisive 
for the residual strength. Of course, the ≈ 30 % residual compressive 
strength determined in this study is generally not sufficient for further 
operation. However, in contrast to e.g. impact damages [47], fires are 
easily noticable and components are replaced after the fire. Neverthe-
less, an improved residual strength increases the probability of being 
able to evacuate in the event of a fire.
8 
The test setup for determining the residual strength is therefore 
suitable for making qualitative comparisons between the examined 
configurations for uniform flame treatments. It reveals significant im-
provements with only small global amounts of RP when concentrated 
at the fire loaded surface. However, the number of modified plies has 
to be adjusted for specific applications to fulfil all requirements to pass 
demanded large-scale tests.

4. Conclusions

The combination of RTM and prepregs with FR particles enables 
an industrially feasible production method with low total FR content 
(≈ 1.5 - 3 % RP) and improves flame retardancy and residual strength. 
In addition, reduced FR contents not only save material, but also 
minimise negative effects such as reduced mechanical properties.

The presented approach provides clear results for evaluating flame 
retardancy and residual strength using minimal equipment. The de-
veloped screening method allows qualitative comparisons to be made 
between different laminates and acts as a supplement to the more 
complex, standardised test methods.

In industrial use, flame-retardant modified prepregs can be posi-
tioned in RTM moulds in an automated manner, allowing the man-
ufacturing of large parts, e.g., train walls, in infusion processes, but 
implementing the flame retardancy directly in the load-bearing plies. 
Therefore, this method can contribute to reducing weight in mobility 
applications by saving the weight of flame retardant gel-coats or coat-
ings, respectively allowing additional functionalities using gel-coats. 
For certification in industrial applications, the number of modified plies 
has to be adjusted to pass the respective standards.
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Appendix A

See Table  A.1
Table A.1
Compressive strengths of relevant configurations.

Configuration Compressive strength 
 in MPa  

 *pre-cured 390.09 ± 11.95  

 1∕8 6% RP 379.84 ± 13.22  

 1∕8 12% RP 400.94 ± 22.93  

 1∕4 12% RP 422.96 ± 15.52  

Appendix B. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.compositesa.2025.109339.
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