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Andrey Aniskevich 1 , Vladimir Špaček 2, Dalius Raškinis 3 and Gediminas Vogonis 3

1 Institute for Mechanics of Materials, University of Latvia, Jelgavas 3, LV-1004 Riga, Latvia;
sergejs.vidinejevs@lu.lv (S.V.); olegs.volodins@lu.lv (O.V.); jevgenijs.sevcenko@lu.lv (J.S.);
andrey.aniskevich@pmi.lu.lv (A.A.)

2 SYNPO, S. K. Neumanna 1316, 530 02 Pardubice, Czech Republic; vladimir.spacek@synpo.cz
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Abstract: This research aims to develop fiber-reinforced composites (FRC) with enhanced fire re-
sistance, which can be particularly useful for the transport industry (e.g., aviation, automotive,
and train production). The fire retardation was achieved through epoxy matrix modification with
hexachlorocyclotriphosphazene (HCTP). First, the fire-resistant and mechanical properties of the
epoxy matrix filled with different HCTP contents (4.8, 7.2, and 9.5 wt.%) were studied to select the
most effective HCTP content for the impregnation of FRC. Then, glass, basalt, and carbon fiber fabrics
were impregnated with epoxy filled with 7.2 wt.% of HCTP, and the fire resistance, flexural, and
interlaminar fracture properties were studied to select the most effective HCTP-modified type of
fiber reinforcement based on the test results. It was concluded that basalt fiber impregnated with
epoxy filled with HCTP could be selected as the most effective reinforcement type, allowing excellent
mechanical and flame-retardant properties.

Keywords: fiber-reinforced composites; glass fibers; basalt fibers; carbon fibers; epoxy; hexachlorocy-
clotriphosphazene; fire resistance; mechanical performance

1. Introduction

The presence of fire in a confined space containing polymeric components rich in
hydrocarbons can result in catastrophic outcomes. Therefore, it is crucial to use flame-
retardant polymers in critical applications, such as in aircraft, automobiles, and building
interior designs [1,2]. Traditional flame-retardant methods depend on adding halogens
or non-halogens like N-, P-, or metal-hydroxide-based chemicals to achieve the required
performance. However, the range of intrinsically flame-retardant polymers is relatively
small, considering other aspects such as eco-friendliness, mechanical or chemical properties,
and processing difficulties [3].

The FRC structures currently applied in the transport industry (e.g., aviation, auto-
motive, and train production) mainly use carbon and glass textiles (fabrics) impregnated
with epoxy binders. These combinations provide excellent mechanical performance and
reliability. However, since most of the polymers and natural fiber textiles are organic,
they are susceptible to a fire hazard that threatens the safety of human beings and prop-
erty [4]. Therefore, significant social and legislative pressure and interest in FRC flame
retardance exists.

Epoxies are a standard matrix in advanced structural composites. Crosslinked epoxy
matrices are combustible and can undergo self-sustaining combustion. Thus, they require
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flame retardants to ensure fire safety in the industry [5]. However, this comes mainly at the
expense of their mechanical properties. Thus, it is a challenge to find a balance between the
mechanical and fire performances of the composites [6].

For epoxy matrices, flame retardants of the reactive type or additive retardants are
most important due to the inherent flammability of epoxies [6]. Compounds containing
halogens or nitrogen and phosphorus group atoms, as well as non-halogenated flame
retardants (FRs)—e.g., metal hydroxides, such as aluminium trihydrate (ATH) and magne-
sium hydroxide (MDH)—are widely used to reduce flammability [7,8]. The commercially
available hexachlorocyclotriphosphazene (HCTP) is well known to be an effective flame
retardant for the epoxy matrix [9,10]. HCTP is an important starting material for synthesiz-
ing cyclotriphosphazene-based retardants because many different substituents (e.g., N and
P atoms in cyclic rings) can replace its active chlorine atoms via nucleophilic substitution
reactions [11]. Yang et al. [12] introduced the cyclotriphosphazene group into the epoxy
matrix and improved its flame-retardant performance (a high char yield, excellent thermal
stability, and combustion retardation).

In FRCs, the e fiber reinforcement type may also influence the composite’s flame-
retardant performance. Carbon fibers (CFs) are generally non-flammable, do not easily
ignite, and tend to resist combustion due to their high thermal stability [13]. Glass fibers
(GFs) are made from silica and other oxides, which are inherently non-combustible materi-
als. Moreover, GFs can withstand high temperatures encountered in most fire scenarios
without decomposing or burning [14]. In addition to conventional GFs and CFs, basalt
fibers (BFs) have recently become of interest in FRC design. BFs have a high strength and
modulus; low elongation at break and chemical and thermal stability (in the range of −200
to 600–800 ◦C); good thermal insulation; and resistance to most weather conditions. Ac-
cording to the material cost analysis in [15], polymers reinforced with CF are approximately
10.1 and 7.5 times more expensive than those reinforced with BF and GF, respectively.
BF’s easy processability, eco-friendliness, and economical cost make them an attractive
alternative to conventional fibers, enabling the potential development of sustainable and
lighter FRC [16–20]. Different types of fiber reinforcement (BFs and GFs) were impregnated
with commercial polymer matrices and experimentally investigated for use as novel passive
fire protection by thermal shields/panels [21]. The heat release rate and fire retardance of
thermoset matrix composites reinforced with combustible fibers (aramid and polyethylene)
or non-combustible fibers (glass and carbon) were also analyzed [22]. Additionally, basalt
fibers are an excellent choice for enhancing the fire resistance of composite materials due to
their non-combustible nature and high thermal stability [23,24].

No direct comparison for the fire-retardant properties of carbon, glass, and basalt
fiber-reinforced was found in the literature motivating developing the FRC enhanced fire-
resistant properties that maintain high mechanical performance. Therefore, developing
a technology for fire-resistant modification of a composite material without a noticeable
increase in weight while maintaining mechanical properties employed is a scientific and
technological problem for which the knowledge is not publicly available and is not yet
applied in the transportation industry.

The work was intended to improve the flame-retardant and mechanical properties of
different epoxy-based fiber-reinforced composites (FRC) through epoxy matrix modification
with hexachlorocyclotriphosphazene (HCTP). First, the fire resistance, mechanical, and
thermophysical properties of the epoxy matrix filled with different contents of HCTP
(4.8, 7.2, and 9.5 wt.%) were studied to select the most effective HCTP content for the
impregnation of FRC. Then, glass, basalt, and carbon fiber fabrics were impregnated with
epoxy filled with 7.2 wt.% of HCTP, and the fire resistance, flexural, and interlaminar
fracture properties were studied to select the most effective HCTP-modified type of fiber
reinforcement-based on the test results.
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2. Materials and Methods
2.1. Materials

The materials used to manufacture the test samples include epoxy matrix, additive,
and fiber reinforcements. The epoxy resin was Epikote LR 285 (Hexion, Columbus, OH,
USA) [25], which was mixed with a hardener Epikure LH 285 (Hexion, Columbus, OH,
USA) [26] at a resin-to-hardener ratio of 100:40 by weight. The FR-additive was a trimer of
cyclic phosphonitrile chloride or hexachlorocyclotriphosphazene (HCTP) with a chemical
formula (NPCl2)3, which was provided by SYNPO (Pardubice, Czech Republic). Four
samples were developed: pure epoxy and epoxy filled with 4.8, 7.2, and 9.5 wt.% of
HCTP. The fiber reinforcement was unidirectional basalt fiber fabric BAS UNI 350 provided
by Basaltex (Wevelgem, Belgium) with an area density of 416 g/m2 [27], aero glass 2/2
Twill (6 × 6) glass fiber fabric (Havel Composites, Přáslavice, Czech Republic) with an
area density of 390 g/m2 [28], and twill weave 2/2 (3 k), style 442 carbon fiber fabric
(Engineered Cramer Composites, Heek, Germany) with an area density of 160 g/m2 [29].
Altogether, for each material composition (pure epoxy and each of additive content), five
dumbbell-shaped samples were produced for the quasistatic tensile tests, and five were
produced for the vertical burn tests.

For the production of the epoxy matrix filled with HCTP with the epoxy matrix,
the following steps were performed: (1) add the needed amount of HCTP additive to
the pre-calculated amount of hardener LH 285 and mix manually for 5 min; (2) degas
the mixture with the additive at 0.1 atm pressure for 5 min to reduce the air bubbles in
the mixture; (3) add the needed amount of LR 285 epoxy resin to the mixture and mix
manually for 5 min. This sequence of steps eliminated a rapid acceleration of the exothermic
polymerization of the epoxy resin by admixing HCTP to the initial stoichiometric mixture of
resin and hardener. To obtain similar thickness (approx. 3 mm) and weight fraction of fiber
reinforcement, different numbers of plies were used: basalt FRC—12 layers, glass FRC—
12 layers, and carbon FRC—16 layers. The weight fraction of fiber reinforcement was 75.5%,
78.5%, and 79.3% for carbon, basalt, and glass FRC, respectively. The fiber fabrics were cut
into pieces of 320 × 200 mm, and epoxy resin was mixed with the hardener at a resin-to-
hardener ratio of 100:40 by weight. Based on the results for tensile, thermomechanical, and
vertical burn tests, the most effective content of HCTP in the epoxy matrix was 7.2 wt.%,
which was used to prepare flame-retardant/epoxy FRC samples reinforced with glass,
carbon, and basalt fibers.

2.2. Methods
2.2.1. Tensile Tests of the Epoxy Filled with HCTP

The tensile tests were performed according to [30] using a Zwick 2.5 testing machine
(Zwick Roell Group, Ulm, Germany) with a 2 mm/min crosshead speed at room temper-
ature until failure. Tensile strength was defined as the maximum stress achieved in the
specimen, and elastic modulus was calculated from the slope of a secant line between 0.05
and 0.25% strain on a stress–strain plot. Five dumbbell-shaped samples per material type
were used, and the values provided corresponded to their arithmetic mean value.

2.2.2. Vertical Burn Tests of the Epoxy and Epoxy-Based FRC Filled with HCTP

The tests were performed according to [31] using test samples of 3 × 13 × 125 mm
and a gas burner. Five test samples per material type were used, and the values provided
corresponded to their arithmetic mean value. The burner was positioned under the test
sample at an angle of 45◦ because the molten material was dripping down the epoxy
samples. The flame was applied to the test sample at a distance of 10 mm from the burner
with a flame height of 20 mm. The flame was applied to the test sample for 10 s and then
removed. The after-flame time was recorded and analyzed.



J. Compos. Sci. 2024, 8, 290 4 of 12

2.2.3. Three-Point Bending Tests of FRC

The mechanical properties of all FRC samples were tested in three-point bending
according to [32]. A support span of 70 mm and a strain rate of 1.5 mm/min were chosen
and applied to the test samples using the Zwick 2.5 machine (Zwick Roell Group, Ulm,
Germany). From the stress–strain curves, the elastic modulus, flexural strength, and
maximal strain were evaluated by a standard procedure described in detail in [33,34].

2.2.4. Interlaminar Fracture Toughness Tests of FRC

The test method applied in the current work meets the basic standard ASTM D5528
requirements [35]. The thickness of the samples was measured with a micrometer of preci-
sion of 0.001 mm and the width with a caliper of precision of 0.01 mm. The measurements
were carried out in three places along the length of the expected crack growth (the average
value is taken as the result). The crack length was measured on one side of the specimen.

DCB samples (as shown in Figure 1) were clamped and centered in the grips of the
testing machine. The free part of the specimen was controlled to maintain a horizontal
position. The loading was carried out with constant speed control. All samples were tested
using a Zwick universal testing machine with a load cell of 2.5 kN at a constant crosshead
speed of 2 mm/min. The load and the grips’ displacement were automatically recorded
during the test. The crack propagation was estimated by observing the crack propagation
and marking the specific points with an interval of 1 mm for the first 10 points and 2 mm
for the following 10 points in the Zwick built-in program for the interlaminar fracture
toughness tests. Thus, 20 data points were obtained for each test and used in calculating
the interlaminar fracture toughness for all FRCs, as described in [36].
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Figure 1. DCB samples of BFRC for Mode I interlaminar fracture toughness with the indication of
test loading scheme and delamination propagation.

3. Results
3.1. Tensile Properties

The dumbbell-shaped samples produced for the tensile tests are shown in Figure 2a.
The samples were produced using silicone molds and were polished to get flat surfaces,
which initially were slightly curved due to the polymerization shrinkage. The representative
stress–strain curves of the epoxy and epoxy filled with different additive content are
shown in Figure 2b. The additive led to material brittleness, significantly decreasing their
deformability and tensile strength. Thus, despite the seemingly uniform distribution over
the resin, the by-product (ammonium salt) of the HCTP dispersion procedure did not
ensure uniform intercalation of the precipitate particles in the polymer matrix, leading to
decreased mechanical properties.
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Figure 2. (a) Dumbbell-shaped samples and (b) representative stress–strain curves of the epoxy filled
with 0, 4.8, 7.2, and 9.5 wt.% of HCTP.

The resulting stress–strain curves were used to evaluate and compare the elastic
modulus, tensile strength, and maximal deformation for all materials tested. The elastic
modulus of the samples tested is shown in Figure 3, revealing that the results obtained for
the samples having different HCTP content were very close (3.5 ± 0.1 GPa). Nevertheless,
the results for the tensile strength and maximal deformation provided in Figure 3 revealed
a significant reduction caused by the additive, resulting in almost twice the lower results
for the tensile strength and almost threefold reduction for the maximal deformation of the
epoxy with all contents of the additive studied.
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According to these results, manual mixing resulting in the presence of sedimented
additive particles led to a decrease in the strength and maximal deformation. There-
fore, it could be concluded that the resulting lower mechanical performance of the epoxy
composite was possibly due to the sedimentation of by-products that accomplished the
modification of the epoxy resin by HCTP. A similar reduction in the tensile properties
of the epoxy filled with phosphorus flame-retardant additive (diethyl (hydroxymethyl)
phosphonate) was revealed, which was attributed to significantly reduced crosslinking
density followed by the decrease in the glass transition temperature [37]. Additionally, a
decrease in the mechanical properties due to the addition of flame retardants to the poly-
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mer can be a consequence of their poor compatibility, which can be improved by chemical
modification (e.g., functionalization or grafting) and surface treatment of flame retardants,
using compatibilizers to reduce the interfacial tension and improve adhesion or optimizing
processing conditions [38,39].

3.2. Vertical Burn Tests for the Epoxy and Epoxy-Based FRCs

The flame was applied to the test samples for 10 s and removed. The after-flame time
t1 was recorded and is provided in Figure 4a. For the FRC samples, after the after-flame
finishing, the flame was applied to the test specimen again for 10 s and then removed. The
after-flame time t2 of this final stage was recorded and is provided in Figure 4b. Figure 4c
demonstrates the samples of glass/epoxy FRC and glass FRC impregnated with the epoxy
filled with 7.2 wt.% of HCTP after vertical burn tests.
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Figure 4. After-flame time for the epoxy and epoxy filled with HCTP (a), after flame time for the neat
and HCTP-modified (7.2 wt.% in the epoxy matrix) glass (G and G7), basalt (B and B7) and carbon
(C and C7) FRC samples (b), and glass/epoxy FRC samples (left), and glass FRC impregnated with
epoxy filled with 7.2 wt.% of HCTP samples after vertical burning tests (c).

According to Figure 4a, adding HCTP has positively influenced the after-flame time.
It should be noted that the epoxy samples were entirely burned during this after-flame
period. In contrast, the epoxy samples containing HCTP had a flame that stopped after the
after-flame period, keeping the total length of material samples around 6–9 cm. The higher
the amount of HCTP, the more negligible the after-flame time was. Therefore, based on
the results obtained, it can be concluded that the filler content of 9.5 wt.% was the most
effective for improving the fire-resistant properties.

A comparison of the burning time of various composites (Figure 4b) allowed to
conclude that the after-flame times t1 and t of FRC samples containing 7.2 wt.% of HCTP
were significantly smaller than that of the corresponding ordinary FRCs. The second
after-flame times t2 values, except for carbon FRC, demonstrated the same trend. At the
same time, the ordinary FRC demonstrated t1 > t2 when the flammable FRC matrix mostly
burned out already during t1. Accordingly, at the second stage, there was nothing left to
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burn. In any case, the flame-retardant properties were significantly improved by adding
7.2 wt.% HCTP to the epoxy matrix of all three types of FRC, which was obvious.

The photos of the samples for glass/epoxy FRC and glass FRC impregnated with the
epoxy filled with 7.2 wt.% of HCTP after vertical burning tests given in Figure 4 provide an
illustrative positive result of adding HCTP. Similar photos were also taken for basalt and
carbon FRC, but since they are dark in color, the consequence of the burning process is not
as obvious for them as for glass FRC. Therefore, the flame-retardant properties analysis
showed that basalt and glass FRCs had better results than carbon FRC, for which after-flame
time was characterized by similar values, revealing significant improvement. Additionally,
comparing surface flame propagation for basalt and glass FRC panels demonstrated better
results for basalt FRC panels maintaining structural integrity after applying flame [21].
However, when exposed to the same radiant heat flux, the BF composite heated up more
rapidly and reached higher temperatures than the GF laminate due to its higher thermal
emissivity [23].

3.3. Flexural Properties of Neat and HCTP-Modified FRCs

The representative stress–strain curves for all neat and HCTP-modified glass, basalt,
and carbon FRC samples are provided in Figure 5. Rather significant data scattering was
obtained, which is typical for FRC mechanical testing. Still, all results from five samples for
each material composition were considered to evaluate average flexural strength, elastic
modulus, and strain at the flexural strength to show their actual distribution.
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According to Figure 5, a positive effect of adding HCTP was observed for all materials
except a slight reduction for basalt FRC. The length of the axes for all graphs was kept the
same for comparative purposes. Notably, the addition of 7.2 wt.% to the epoxy matrix,
which was used for the impregnation of FRCs, improved the mechanical performance for
all FRCs, meaning that it had both the reinforcement effect and no existence of the defects,
which may potentially be introduced during the manufacturing process.

The results for the flexural strength, elastic modulus, and strain at the flexural strength
obtained for all FRC systems are summarized in Figure 6. According to the results provided
in Figure 6a, the effect of HCTP on the flexural strength of glass, carbon, and basalt FRCs
was 37%, −12%, and 30%, respectively. Moreover, adding HCTP to glass, basalt, and carbon
FRCs led to a relative change of the elastic modulus of these composites by 14%, −17%, and
105%, respectively (see Figure 6b). Lastly, the strain at the flexural strength of glass, basalt,
and carbon FRC changed by −0.2%, 0.1%, and −1.0%, respectively, due to the addition of
HCTP (Figure 6c).
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Figure 6. The flexural strength (a), elastic modulus (b), and strain at the flexural strength (c) for the
neat and HCTP-modified (7.2 wt.% in the epoxy matrix) glass (G and G7), basalt (B and B7) and
carbon (C and C7) FRC samples.

Analyzing the most effective flexural properties of tested FRC requires a complex
approach. The effect of HCTP addition decreased basalt FRC’s flexural strength and
elastic modulus. Nevertheless, these characteristics are higher than those for the glass
FRC after adding HCTP. For the carbon FRC, the flexural strength and elastic modulus are
the highest when adding HCTP, but the strain at the flexural strength was significantly
reduced. Therefore, the most effective composite reinforcement should be selected by
considering the rest of the properties (flame resistance and interlaminar fracture toughness).
The flexural and interlaminar fracture properties of CFRP due to the addition of flame
retardant (a phosphorus-containing reactive amine, TEDAP) was reported, which was
explained by the higher polarity of the flame-retardant component, which does not match
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the sizing of the reinforcing fiber designed for unmodified epoxy resin [40]. Therefore, for
composite materials in aircraft applications, it is usually crucial to find a balance between
fire resistance and mechanical properties [41].

3.4. Mode I Interlaminar Fracture Toughness Tests of the Neat and HCTP-Modified FRCs

To estimate Mode I interlaminar fracture toughness, the modified beam theory Equa-
tion (1) was used to correct for the rotation at the delamination front by treating the DCB as
if it contained slightly longer delamination, a + ∆ where ∆ may be determined experimen-
tally by generating a least-squares plot of the cube root of compliance, C1/3, as a function
of delamination length:

GI =
3Pδ

2b(a+|∆|) (1)

where P is the load, δ is the load point displacement, b is the specimen width, and a is the
delamination length of the specimen.

The representative load-crack opening displacement (COD) curves obtained for glass,
basalt, and carbon FRCs impregnated with the neat and HCTP-modified epoxy are provided
in Figure 7. A rather significant deviation among the data could be observed, which is
typical for such tests.
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The critical loads Pc in load–COD curves of the above laminates are summarized in
Figure 8a. The results for the fracture toughness evaluated by Equation (1) for all FRCs
impregnated with the neat and HCTP-modified epoxy are shown in Figure 8b. According
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to the results provided in Figure 8a, the effect of HCTP on the critical load of glass, carbon,
and basalt FRCs was 38, 27, and 57%, respectively. Moreover, adding HCTP to glass,
basalt, and carbon FRCs led to relative changes in the interlaminar fracture toughness
of these composites by 8, 8, and 66%, respectively (see Figure 8b). It should be noted
that adding HCTP improved the interlaminar properties of all FRCs studied, which can
be explained by the matrix toughening and improved fiber–matrix interface, leading to
enhanced mechanical performance and reliability in various applications.

J. Compos. Sci. 2024, 8, x FOR PEER REVIEW 10 of 12 
 

 

impregnated with the neat and HCTP-modified epoxy are shown in Figure 8b. According 
to the results provided in Figure 8a, the effect of HCTP on the critical load of glass, carbon, 
and basalt FRCs was 38, 27, and 57%, respectively. Moreover, adding HCTP to glass, bas-
alt, and carbon FRCs led to relative changes in the interlaminar fracture toughness of these 
composites by 8, 8, and 66%, respectively (see Figure 8b). It should be noted that adding 
HCTP improved the interlaminar properties of all FRCs studied, which can be explained 
by the matrix toughening and improved fiber–matrix interface, leading to enhanced me-
chanical performance and reliability in various applications. 

  
(a) (b) 

Figure 8. The critical load (a) and interlaminar fracture toughness (b) for the neat and HCTP-modi-
fied (7.2 wt.% in the epoxy matrix) glass (G and G7), basalt (B and B7), and carbon (C and C7) FRC 
samples. 

In this case, selecting the most optimal fiber reinforcement for HCTP-modified com-
posites is difficult. According to Figure 8, basalt and carbon FRC demonstrate excellent 
mechanical properties and can be chosen for applications requiring specific fire-retardant 
and mechanical properties. 

4. Conclusions 
The results of tensile tests showed that the mechanical properties (tensile strength 

and maximal deformation) significantly decreased with adding HCTP. At the same time, 
the elastic modulus was almost the same. 

The after-flame time was significantly reduced at 9.5 wt.% of HCTP. The epoxy sam-
ples were entirely burned during this after-flame period, while the epoxy samples con-
taining HCTP had a flame that stopped after the after-flame period, keeping the total 
length of material samples around 6–9 cm. 

The most effective HCTP content, estimated based on tensile and fire-resistant prop-
erties tested, was 7.2 wt.% and was used to impregnate FRCs. By comparison of all HCTP-
modified FRC (glass, basalt, and carbon), carbon FRC demonstrated the highest mechan-
ical properties for the flexural and interlaminar fracture toughness tests. Nevertheless, 
basalt FRC was close to carbon FRC with approx. 20–30% lower mechanical characteristics 
for the case of HCTP-modified composites. The lowest mechanical properties were ob-
tained for glass FRC. The effect of HCTP addition on the flame-retardant properties of 
basalt and glass FRCs was higher than that of carbon FRC. 

The test results proved that basalt FRC with HCTP modification is a valuable alter-
native to composites with conventional fiber reinforcement, allowing excellent mechanical 
and flame-retardant properties. 

Author Contributions: Conceptualization, T.G.-K.; methodology, T.G.-K. and S.V.; validation, 
T.G-.K., S.V. and A.A.; formal analysis, T.G.-K., J.S., O.V. and S.V.; investigation, T.G.-K., S.V., O.V. 
and J.S.; resources, A.A., V.Š., D.R. and G.V.; data curation, T.G.-K., S.V., O.V. and J.S.; writing—
original draft preparation, T.G.-K., S.V., V.Š. and A.A.; writing—review and editing, T.G.-K., S.V. 

Figure 8. The critical load (a) and interlaminar fracture toughness (b) for the neat and HCTP-modified
(7.2 wt.% in the epoxy matrix) glass (G and G7), basalt (B and B7), and carbon (C and C7) FRC samples.

In this case, selecting the most optimal fiber reinforcement for HCTP-modified com-
posites is difficult. According to Figure 8, basalt and carbon FRC demonstrate excellent
mechanical properties and can be chosen for applications requiring specific fire-retardant
and mechanical properties.

4. Conclusions

The results of tensile tests showed that the mechanical properties (tensile strength and
maximal deformation) significantly decreased with adding HCTP. At the same time, the
elastic modulus was almost the same.

The after-flame time was significantly reduced at 9.5 wt.% of HCTP. The epoxy samples
were entirely burned during this after-flame period, while the epoxy samples containing
HCTP had a flame that stopped after the after-flame period, keeping the total length of
material samples around 6–9 cm.

The most effective HCTP content, estimated based on tensile and fire-resistant prop-
erties tested, was 7.2 wt.% and was used to impregnate FRCs. By comparison of all
HCTP-modified FRC (glass, basalt, and carbon), carbon FRC demonstrated the highest me-
chanical properties for the flexural and interlaminar fracture toughness tests. Nevertheless,
basalt FRC was close to carbon FRC with approx. 20–30% lower mechanical characteris-
tics for the case of HCTP-modified composites. The lowest mechanical properties were
obtained for glass FRC. The effect of HCTP addition on the flame-retardant properties of
basalt and glass FRCs was higher than that of carbon FRC.

The test results proved that basalt FRC with HCTP modification is a valuable alterna-
tive to composites with conventional fiber reinforcement, allowing excellent mechanical
and flame-retardant properties.
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