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Abstract

Basalt fiber-reinforced polybenzoxazines (BFRP) were manufactured through

vacuum infusion using resorcinol bis (diphenyl phosphate) and poly-(m-

phenylene methylphosphonate) together with bisphenol-F and aniline based

benzoxazine. Different types and loadings of flame-retardant additives showed to

have catalysis or dilution effects in viscosity measurements. BFRPs show well-

penetrated fibers and near-zero porosity. Additive addition did not influence tensile

properties, while apparent interlaminar shear strength decreased indicating a lower

adhesion between fiber and matrix. BFRP's heat and smoke release properties

increased, though time to ignition increased and flammability behavior improved

by decreasing delamination yielding oxygen indices in between 72 and 91%.
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thermal properties

1 | INTRODUCTION

Composites, such as fiber-reinforced polymers (FRPs)
possess unique material properties regarding mechanical
performance, low density, reparability, corrosion

resistance, as well as low-manufacturing costs when com-
pared to metallic materials.[1] However, FRPs simulta-
neously impose challenges when meeting fire safety
requirements with respect to fire, smoke, and toxicity (FST)
properties.[2]
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In view of thermally stable FRPs, organic fibers can
soften, melt, or even degrade, whereas mineral fibers are
noncombustible.[3] Compared with fiber reinforcements
made from glass,[4] Kevlar,[5] or poly(p-phenylene-2,-
6-benzobisoxazole),[6] basalt fibers have attracted consider-
able interests, particularly, due to its high-service
temperature of 800�C, melting point of 1500–1700�C,
excellent fire barrier properties up to 1200�C and moderate
costs. Thus, they are often used in thermal insulation and
passive fire protection applications. Furthermore, basalt
fibers feature high-chemical stability, weather resistance,
and exhibit similar or better thermal and mechanical prop-
erties when compared to, for example, glass fibers.[7, 8]

In view of thermally stable polymeric matrices for
FRPs phenolics, polyimides, and bismaleimids have been
reported. Aside, polybenzoxazines represent a promising
class of thermosetting polymers. They present high-glass
transition temperatures (Tg), high-mechanical performance,
and chemical stability. In addition, high-dimensional accu-
racy and a low porosity can be expected in composite
manufacturing due to their by-product free polymerization
and near zero volumetric shrinkage.[9-11] However,
benzoxazines require comparably high-processing tempera-
tures during liquid monomer processing and comparably
high-polymerization temperatures in the absence of a cata-
lyst or activator during curing.[12,31]

Furthermore, polybenzoxazines show high-thermal
stability and good inherent FST properties, however,
there is a rising interest in hetero element containing
polybenzoxazines to improve their thermal stability.[13]

Different hetero elements were incorporated in
benzoxazines via monomer modification using halogen-,[14]

and phosphorous-,[15] and silicon-containing [16] reactive
compounds as well as copolymerization with epoxy[17,18] or
phenolic[19–21] systems that contain the aforementioned het-
ero elements. Despite their high-thermal stability, monomer
modification approaches impose challenges with respect to
process complexity (mostly multiple-step synthesis).[13]

This is why scientific interest arises toward the incor-
poration of heteroatoms via simply copolymerizing reac-
tive flame-retardant additives (FRA) with benzoxazine
monomers during composite manufacturing. Here, this
reactive FRA approach can be one solution to affect
benzoxazine's fire properties and processing properties in
a positive way without the need for new monomer design.

Halogenated FRAs, however, can increase smoke den-
sity, release corrosive gasses during combustion that is a
potential risk for human health, imply environmental con-
cerns, and end of life issues.[22] Thus, interest is growing
in halogen-free alternatives such as phosphorous-based
FRAs.[31] Among the phosphorous-based FRAs, resorcinol
bis(diphenyl phosphate) (RDP) and poly(m-phenylene
methylphosphonate) (PMP) possess high-phosphorous

content. Aside their fire retardant impact, RDP proved to
influence processing properties due to its low viscosity[22]

and PMP affected beneficially the polymerization of epoxy
monomers due to its reactive phenolic groups.[23,24]

Therefore, this contribution addresses FRPs with
enhanced fire behavior studying bisphenol-F based
benzoxazine (BF-a) as a matrix for basalt FRPs. The
impact of the phosphorous-based FRAs RDP and PMP on
the composite processing as well as on materials perfor-
mance and in particular the FST properties were investi-
gated. Furthermore, it aims for making benzoxazine-FRA
formulations with improved composite manufacturing
and fire properties accessible as benzoxazine's compara-
bly high-processing temperatures during liquid monomer
infusion is currently impeding market implementation.

2 | EXPERIMENTAL

2.1 | Materials

Neat bisphenol-F and aniline-based benzoxazine (BF-a)
(Araldite MT 35700) were provided by Huntsman Advanced
Materials GmbH (Basel, Switzerland). ICL-Industrial Produc-
tions (Amsterdam, Netherlands) supplied phosphorous-based
FRAs resorcinol bis(diphenyl phosphate) RDP (Fyrolflex
RDP), and poly(m-phenylene methylphosphonate) PMP
(Fyrol PMP). Basaltex (Wevelgem, Belgium) provided two
types of basalt fiber fabric with a weight per unit area of
220 g/m2 (twill 2/2) and 350 g/m2 (atlas). Table 1 depicts
some relevant material specifications.

2.2 | Methods

2.2.1 | One-step infusion FRP
manufacturing

All studied neat and FRA containing basalt fiber-
reinforced polybenzoxazines (BFRP) were manufactured
according to the following procedure:

Matrix preparation: The monomer BF-a, RDP, and
PMP were placed in separate vessels, and heated to
140�C in a convection oven (Heraeus Kelvitron T Hanau,
Germany). Appropriate amounts of molten FRAs were
added to a BF-a containing vessel, and mixed and
degassed in an automated mixing and degassing system
(Thinky mixer ARV-930) using the following parameters:
rotational velocity of 14,000 rpm, vacuum of 0.5 kPa, and
a degassing time of 4 min. The matrix formulations were
immediately transferred into a convection oven (Vötsch
VTL 100/150 from Vötsch Industrietechnik GmbH) to
start the vacuum infusion.
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FRP lay-up: desired numbers of layers (15 or 26, respec-
tively) of basalt fiber fabric (0/90) were laid up in a 0�-
configuration with dimensions of 300 × 300 mm2 on an
aluminum plate. The plies were sealed in a double vacuum
bag setup. After evacuating the vacuum infusion setup
using a vacuum pump (Vacuubrand MZ 2D NT Pump), the
setup was preheated to 140�C in a convection oven (Vötsch
VTL 100/150 from Vötsch Industrietechnik GmbH).

Vacuum infusion: The vacuum infusion was started
by opening and stopped by closing the inlet valve after all
reinforcement layers were completely wetted and the
infusion front had reached the end of the setup. The cur-
ing profile in the convection oven consisted of: (i) from
140 to 170�C in 15 min, (ii) keep at 170�C for 3 h,
(iii) heat to 180�C in 15 min, (iv) keep at 180�C for 2 h,
(v) heat to 200�C in 15 min, (vi) keep at 200�C for 4 h,
and (vii) cool to room temperature in the convection
oven before remolding. As vacuum infusion and curing
are performed in a single step, this procedure will be
referred to as one-step-vacuum infusion.

Sample preparation for viscosity measurement:
Approximately 50 g portions of the monomer mixtures
were melted and mixed as described and degassed at
140�C at reduced pressure (p = 1 mbar) for 15 min in a
vacuum oven.

2.2.2 | Material characterization

Viscosity measurements were conducted at a constant
temperature of 140�C and frequency of 25 s−1 using a
25 mm parallel plate Discovery HR-2 hybrid rheometer
from TA Instruments.

Thermomechanical properties were determined by
dynamic mechanical analysis (DMA) in single cantilever
bending mode with a frequency of 1 Hz, a temperature
range from 0 to 250�C and a heating rate of 2�C/min
using DMA Q800 from TA Instruments. Both tests were
performed in single determination. Tensile testing of
polymeric specimens was performed according to DIN
EN ISO 527-2 type 5A (specimen thickness of 2 mm)

using a Zwick 50 kN testing machine with a testing speed
of 0.5 mm/min. For BFRP specimens, tensile testing
according to DIN EN ISO 527-4 (specimen type 3 and a
testing speed of 2 mm/min) was performed on a Zwick
100 kN testing machine with specimen dimensions of
4 × 250 × 25 mm3. Interlaminar shear strength (ILSS)
testing was conducted on a RetroLine 100 kN testing
machine from Zwick/Roell according to DIN EN ISO
14130 utilizing following parameters: (i) specimen
dimensions of 4 × 40 × 20 mm3, (ii) a testing speed of
1 mm/min, and (iii) a span of 18 mm. Mechanical tests
were performed in five-fold determination. Scanning
electron microscopy (SEM) images were obtained by a
JSM-7600F FEG-SEM from JEOL with a resolution of
2 nm at 2 kV and under high vacuum. The samples were
coated with a 4 nm thick platina/palladium layer depos-
ited via sputtering to avoid electrical charging. The densi-
ties of the fiber-reinforced composites were determined
according to EN ISO 1183-1, and the fiber volume con-
tent measurements were performed in triplicates follow-
ing ASTM D3171-15. Limiting oxygen index (LOI) testing
was performed in accordance to EN ISO 4589-2 (type IV,
specimen dimensions of 100 × 10 × 4 mm3) using an oxy-
gen index instrumentation from Fire Testing Technology.
In addition, UL-94 vertical burning (UL94) according to
DIN EN 60695–11-10 (specimen dimension of 125 × 13 ×
4 mm3) was used to investigate the flammability behavior
in small flame tests in five-fold determination. Reaction-
to-fire testing was conducted according to EN 45545–2
for materials in railway application, which includes
requirements on heat release and production of smoke
and toxic gasses. Cone calorimeter tests were performed
in triplicates on a cone calorimeter from Fire Testing
Technology according to ISO 5660-1 by exposing horizon-
tally mounted 4 mm thick test specimens to thermal radi-
ation with a heat flux of 50 kW/m2 for a test duration of
20 min. Smoke chamber tests with horizontally mounted
4 mm thick test specimens were performed in triplicates
with a smoke chamber from Fire Testing Technology in
accordance with EN ISO 5659-2 (irradiance level of
50 kW/m2, testing without pilot flame, and a test

TABLE 1 Material specifications

Material

Melting point Density P contentb Viscosity

(�C) (g/cm3) (wt%) (pa s)

BF-a 60–80 1.2 / 1–7 at 100�C

RDP −12a 1.3 10.7 0.1 at 55�C

PMP 50–60 1.3 17.5 2.2 at 120�C

Abbreviations: BF-a, benzoxazine; PMP, poly(m-phenylene methylphosphonate); RDP, resorcinol bis
(diphenyl phosphate).
apour point.
bphosphorous content.
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duration of 10 minutes). Additional Fourier transform
infrared spectrometer (FTIR) (Thermo Scientific Antaris
IGS analyzer) from Nicolet was used to analyze smoke
toxicity as stipulated in EN 45545–2, Annex C.

3 | RESULTS AND DISCUSSION

3.1 | FRA content-dependent
benzoxazine processing properties

In a vacuum infusion process for FRPs, initial monomer
viscosity (νinitial) and the time window to reach maximal
processing viscosity (tmax) represent crucial processing
factors as they influence monomer flow velocity and wet-
ting characteristics. Typically, lower viscosity resins are
used in infusion-related FRP manufacturing processes to
allow easier permeation, whereas 0.5 Pa s were suggested
as the maximum viscosity.[25] Therefore, the effect of the
FRAs RDP and PMP as type and loading of phosphorous-
based FRAs on the BF-a viscosity profile was taken into
consideration for the manufacturing of BFRPs by deter-
mining the viscosity of neat BF-a and BF-a containing
10 and 20 wt% RDP as well as 3 and 10 wt% PMP, respec-
tively. Viscosity-time curves at a constant temperature of
140�C are depicted in Figure 1 and Table 2 summarizes
νinitial and tmax.

BF-a exhibits a νinitial of 180 mPa s and a processing
time at 0.5 Pa s (tmax) of 60 min. The addition of the
phosphorous-based FRA RDP affects the time-viscosity
profile of the monomer formulations by decreasing νinitial
to 130 mPa s and increasing tmax to 82 min, which is
amplified with a higher RDP loading to 80 mPa s and
tmax > 120 min. In contrast to RDP, 10 wt% PMP in BF-a
increased νinitial to 410 mPa�s coupled with a decreased
tmax to 4 min. Basically, the following opposing effects
upon FRA addition into BF-a were found: (i) RDP
decreases νinitial and increases tmax, whereas (ii) PMP
increases νinitial and decreases tmax. Due to its low vis-
cosity at room temperature, RDP acts as a diluent and
affects beneficially BF-a's viscosity and processing time.
This is in agreement with RDP's effects described for
other thermosets.[22] The decreased tmax of PMP con-
taining BF-a mixtures is most likely due to an initiating
effect on BF-a's polymerization driven by PMP's reactive
hydroxyl end-groups lowering the polymerization tem-
perature and by this restricting the processing time until
viscosity increase due to gelation.[26] Furthermore, PMP
possesses a high-melt viscosity of ν = 2200 mPa s at
120�C resulting an increased νinitial of the matrix.
Previous studies have described similar influence of
PMP on the curing of epoxy monomers.[23] Especially
the dilution and catalysis effect of FRAs on BF-a can be

used to tailor the processing properties of BF-a. Based
on the viscosity results three different monomer formu-
lations were selected for composite manufacturing
namely, neat bisphenol-F and aniline-based poly-
benzoxazine (PBF-a) as well as PBF-a containing 10 wt
% of RDP and 3 wt% of PMP, respectively, with
corresponding phosphorous contents of 0.23 and
0.12 wt%.

The one-step-vacuum infusion process used for BFRP
manufacturing combines infusion and curing step, which
lowers processing time, cost, and consumption of acces-
sory infusion materials. Fifteen layers of basalt fiber
twilled fabric with an area weight of 350 g/m2 and
26 layers of twilled fabric with an area weight of 220 g/
m2 were used for the mechanical testing and reaction-to-
fire test samples, respectively. The manufactured BFRPs

FIGURE 1 Viscosity measurements with 25 mm parallel

plates, constant temperature of 140�C, and frequency of 25 s−1.

BF-a, benzoxazine; PMP, poly(m-phenylene methylphosphonate);

RDP, resorcinol bis(diphenyl phosphate) [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE 2 Viscosity measurements with 25 mm parallel plates,

constant temperature of 140�C, and frequency of 25 s−1

Formulation FRA content νinitial (pa s) tmax (min)

BF-a / 0.18 60

+ RDP (10 wt%) 10 0.13 82

+ RDP (20 wt%) 20 0.08 >120

+ PMP (3 wt%) 3 0.31 12

+ PMP (10 wt%) 10 0.41 4

Abbreviations: BF-a, benzoxazine; FRA, flame-retardant additives; PMP,
poly(m-phenylene methylphosphonate); RDP, resorcinol bis(diphenyl
phosphate).
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displayed almost identical fiber volume contents (FVC)
of roughly 61%, identical densities of 2.0 g/cm3, and simi-
lar thicknesses of 3.7–4.0 mm3 (Table S1).

Figure 2 depicts selected cross-sectional images of the
26 layers BFRP specimens recorded with SEM and a mag-
nification of 35× and 500×.

All three BFRP compositions displayed a homoge-
neous morphology with well-penetrated fibers and near-
zero porosity proving that the one-step-vacuum infusion
process is suitable to manufacture BFRPs with high
quality and reproducibility.

3.2 | FRA impact on mechanical and
thermomechanical properties

The influence of phosphorous-based FRAs and the phos-
phorous content on mechanical, interlaminar, and
thermomechanical properties of BFRPs was investigated
by performing quasi-static tensile testing, apparent ILSS
testing, and DMA. Figure 3 depicts the stress–strain cur-
ves of quasi-static tensile testing.

The stress–strain curves of quasi-static tensile test-
ing of all three BFRP specimens show an FRP typical
behavior with a nearly linear increase of the strain
depending on the applied stresses until final failure.[27]

The BFRP lacking FRA exhibits a Young's modulus of

33.5 ± 3.3 GPa, a tensile strength of 820 ± 5 MPa, and
a strain at failure of 3.0 ± 0.1%. The addition of RDP
and PMP did not affect Young's modulus and strain at
failure but yielded a minimal effect on BFRPs tensile
strength in the range of 5–10% decrease in nominal
stress (Table S2).

All three specimens showed a similar fracture pattern
with a high degree of fiber breakage coupled with a par-
tial delamination of reinforcement layers (Figure S1).
BFRP specimens did not fail completely but suffered from
a substantial loss in structural integrity due to fiber
breakage and delamination.

FRA's low impact on quasi-static tensile properties is
understandable considering that the load-bearing compo-
nent in FRPs is the fiber reinforcement and that the fail-
ure mode of BFRP specimens was fiber breakage coupled
with delamination.

Therefore, the influence of the present FRAs on
the fiber-matrix interaction was investigated by appar-
ent ILSS testing. The stress-deformation curves show a
low scatter of ILSS for all tested BFRP configurations
(Figure 4).

All three BFRP specimens showed a similar behavior
with an increase of the deflection depending on the
applied stresses until final interlaminar failure. The
highest ILSS of 64.7 ± 2.8 MPa was determined for neat
BFRPs lacking FRA addition. In presence of FRAs,

FIGURE 2 Scanning electron microscopy of BFRP specimens with 26 layers of fiber reinforcement. BFRP, basalt fiber-reinforced

polybenzoxazines; PMP, poly(m-phenylene methylphosphonate); RDP, resorcinol bis(diphenyl phosphate)
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BFRP's ILSS was reduced by 43% in case of 10 wt% RDP
(36.7 ± 2.5 MPa) and by 19% with 3 wt% PMP
(52.3 ± 1.3 MPa) present. Both studied phosphorous-
based FRAs affect the fiber-matrix interaction, whereas
the extent of ILSS reduction seem to show a nonlinear
dependence on FRA content (1.4 fold better ILSS for
threefold decrease in FRA additive). Comparing ILSS
values, the relations indicate that the PMP has a rela-
tively high impact on the fiber-matrix interaction despite
its low content. Furthermore, PMP in BFRP provides half

as much phosphorous in comparison to the RDP compos-
ite (0.12% P in PMP vs. 0.23% P in RDP containing
BFRP). The phosphorous is presented as phosphonate
group in PMP, and as a phosphate functionality in RDP.
The results indicate that the polybenzoxazine matrix con-
taining phosphonates seem to yield a weaker interfacial
bond with the silane containing basalt fibers in compari-
son to the one containing phosphate groups. It was
reported in literature that glass fibers with a silane sizings
do not form hydrolytically stable bonds with silicon and
show a catalyzed rupture of silicon-oxygen bonds in the
presence of phosphates.[28]

Static tensile tests at room temperature do not prove
that. Therefore, the impact of RDP and PMP on compos-
ites thermomechanical properties were determined by
DMA measurements in single cantilever bending mode.
The storage modulus (E´) was used to evaluate the
mechanical properties at variable temperatures
(Figure 5).

At temperatures of 25�C, E0 of neat and FRA con-
taining BFRP specimens was between 15 and 35 GPa,
which is characteristic of rigid materials. Here, PMP con-
taining BFRP exhibits an E0 of 15 GPa, which is signifi-
cantly lower compared to neat BFRP (30 GPa) and RDP
containing BFRP (35 GPa) pointing to a less rigid mate-
rial. E´ behaves contradictory to the Young's modulus
determined in tensile testing that was almost not affected
by PMPs presence.

With increasing temperature (T < 120�C), E´ decreases
and shows a drop in E´ in a temperature range between

FIGURE 3 Stress–strain curves of quasi-static tensile testing.

BFRP, basalt fiber-reinforced polybenzoxazines; PMP, poly(m-

phenylene methylphosphonate); RDP, resorcinol bis(diphenyl

phosphate) [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Interlaminar shear stress–deflection curves of the

apparent interlaminar shear strength testing. PMP, poly(m-

phenylene methylphosphonate); RDP, resorcinol bis(diphenyl

phosphate) [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 5 Storage modulus E´–temperature curves of DMA

measurements in single cantilever bending mode. BFRP, basalt

fiber-reinforced polybenzoxazines; PMP, poly(m-phenylene

methylphosphonate); RDP, resorcinol bis(diphenyl phosphate)

[Color figure can be viewed at wileyonlinelibrary.com]
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126 and 175�C, before reaching a constant value in the
range of 0.4–0.8 GPa. The drop in E´ leads to changes in
physical properties from a glassy (energy-elasticity) to a
rubbery (entropy-elasticity) state due to increased molec-
ular mobility of polymer chains and represents the Tg.
Here, the temperature of the midpoint of the change in
E´ was used for Tg and determines the maximal service
temperature of the studied BFRPs.[29] BFRP lacking FRA
possesses a Tg of 165�C, which decreases by 23–142�C
upon addition of 10 wt% RDP, whereas PMP does not
affect Tg (Tg = 163�C). The overall high Tg makes this
material suitable for application at elevated
temperatures.

RDP has a high impact on thermo- and mechanical
properties by decreasing fiber-matrix adhesion and Tg.
However, PMP's effects are contradictory; ILSS values
were significantly reduced despite its low content, while
quasi-static tensile properties and Tg remained similar.
Thus, this needs to be investigated by further studies to
clarify its effect on fiber-matrix interaction by, for exam-
ple, fiber pullout tests and structural analysis.

3.3 | Reaction-to-fire properties

3.3.1 | Flammability and heat release
properties

The influence of phosphorous-based FRAs on the flam-
mability properties of BFRP was investigated with UL94
vertical burning and LOI testing. The flammability prop-
erties are depicted in Table 3. Both tests provide informa-
tion about the ease with which a test specimen ignites
and extinguishes under specific conditions.[30]

BFRPs lacking FRAs yield a V0 classification with a
UL94 total after flame time (taf) of 25 s in combination
with an oxygen index (OI) of 72.2 ± 0.2%. FRA addition
increases OI to 91.1 ± 0.9% and 88.7 ± 0.8% in case of
10 wt% of RDP and 3 wt% PMP, respectively. For neat

TABLE 3 Flammability properties of fiber-reinforced

polybenzoxazine

Material UL94-classification UL94-taf (s)
a OI (%)

BFRP V0 25 72.2 ± 0.2

+ RDP V0 41 91.1 ± 0.9

+ PMP V0 17 88.7 ± 0.8

Abbreviations: BFRP, BFRP, basalt fiber-reinforced polybenzoxazines; PMP,
poly(m-phenylene methylphosphonate); RDP, resorcinol bis(diphenyl

phosphate).
aUL94-taf is the after flame time (t1 + t2) from five individual UL94-tests.

FIGURE 6 Photographic and SEM images of BFRP after UL94 testing. BFRP, basalt fiber-reinforced polybenzoxazines; PMP, poly(m-

phenylene methylphosphonate); RDP, resorcinol bis(diphenyl phosphate); SEM, Scanning electron microscopy [Color figure can be viewed

at wileyonlinelibrary.com]
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and PMP containing BFRP the UL94 classifications and
after flame times are in the same order of magnitude,
whereas RDP shows a longer taf of 41 s and a V0 classifi-
cation (Table 3).

After UL94 testing, SEM images at magnifications of
37× and 500× were taken of selected samples and repre-
sentative pictures are depicted in Figure 6.

SEM images at magnifications of 37× after UL94
testing prove a high degree of delamination for BFRP
samples lacking FRA that occurred between single
layers of the basalt fiber reinforcements. In addition,
SEM images at 500× magnification prove cracks and
voids between single filaments (as highlighted with a
red arrow). RDP and PMP presence decrease crack and
void formation between the filaments (as highlighted
with a green arrow). Furthermore, the extent of delami-
nation is comparably low (see SEM at 37× magnifica-
tion), which is proven by samples with a high-material
integrity. FRA's beneficial effect on the delamination of
composites during combustion could be explained with
a change in the oxidation state of the phosphorus atom.
With an increasing oxidation, the phosphorus is prone
to show condensed phase activity by releasing poly-
phosphoric acid and by contributing to the formation of
thermally stable residues.[31] That could explain the
reduced delamination in presence of phosphate based
RDP and phosphonate PMP. From literature, it is
known that interlaminar delamination can lead to
debonded interfaces that provide pathways for pyrolysis
gasses, and expose fresh material to open fire.[32] There-
fore, less delamination in BFRPs can positively

influence the reaction-to-fire behavior in different fire
scenarios. Thus, the phosphorous-based FRAs prevent
delamination, which improves the flammability behav-
ior in LOI testing.

The influence of RDP and PMP on the heat release
properties of BFRP was investigated by cone calorimeter
testing according to ISO 5660-1. Figure 7 depicts the heat
release rates (HRR) as a function of time while heat
release values as well as pictures of specimens before and
after fire testing with cone calorimeter are summarized
in Table S3 and Figure S2, respectively.

BFRP's HRR curves indicate a sharp peak shortly after
test start (time to ignition [TTI] of 71 ± 36 s) and HRR
maximum (peak heat release rate [PHRR] of 58 ± 13 kW/
m2) at roughly 200 s test duration followed by HRR
decrease until the end of the test converging to comparably
low HRR below 15 kW/m2. The total heat release (THR)
in 20 min of test duration was 17 ± 2 MJ/m2 (which is the
area under the HRR curve), while the maximum average
rate of heat emission (MARHE) was 22 ± 1 kW/m2 on
average for FRA lacking BFRP. This progress with one
main peak followed by an upstream decrease in HRR is
typical for charring materials. The basalt fiber is a non-
combustible material, while PBF-a as a highly charring
polymer decomposes and releases combustible gasses that
can ignite, and therefore, yield increased HRR values.
Upon test duration, the noncombustible residues form a
char layer as a barrier for heat and for combustible gasses
resulting in decreased HRR values.[33]

The addition of 10 wt% RDP doubled the TTI when com-
pared to neat BFRP, while a slight TTI increase of 18%
occurred upon PMP addition. The heat release properties,
however, are affected adversely by RDP and PMP showing
an increase of 41 and 72% for PHRR, and 27 and 114% for
MARHE, respectively. All calculated heat release properties
are higher for FRA containing BFRP with one exception,
RDP containing BFRP shows a lower THR compared to neat
BFRP lacking FRA. As BFRP with 10 wt% RDP contains
twofold phosphorous the ignition happens later and less
heat is released compared to PMP containing composites.

However, comparing all test results, phosphorous-free
BFRP showed the lowest heat release properties, which is
understandable considering polybenzoxazine inherent
flame resistance combined with the noncombustible
basalt fiber that yields thermal stable residues. In view of
that, FRA's contribution is probably overruled by the
noncombustible basalt fibers.

3.4 | Smoke and toxicity properties

The smoke production and smoke gas toxicity of BFRPs
with and without phosphorous-based FRAs were

FIGURE 7 Heat release rates of BFRPs as a function of time

from cone calorimeter testing. BFRP, basalt fiber-reinforced

polybenzoxazines; PMP, poly(m-phenylene methylphosphonate);

RDP, resorcinol bis(diphenyl phosphate) [Color figure can be

viewed at wileyonlinelibrary.com]
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evaluated by smoke chamber testing (EN ISO 5659-2)
with coupled FTIR analysis. The specific optical density
(Ds) curves as a function of time are depicted in Figure 8.

Maximum value of specific optical density (Ds,max),
specific optical density at 4 min (Ds[4]), and a cumulative
value of specific optical density of smoke in the first
4 min of the test duration (VOF4), were calculated
(Table S4). Basically, the accumulation of the smoke gas-
ses upon test duration decreases light transmission, and
therefore, leads to increased Ds upon test duration. For
neat and FRA containing BFRP a sigmoid Ds curve pro-
gress was observed. Neat BFRP reached a plateau after
roughly 350 s with an almost constant Ds until the end of
test and a maximum value of specific optical density
Ds,max of 244 ± 45. The RDP containing Ds curve deviates
slightly from the typical sigmoid curve at 300 s and
reaches the plateau after roughly 450 s with a Ds,max of
315 ± 145. One of the test repetitions of RDP containing
BFRP had a much higher optical density. The PMP con-
taining sample exhibits the highest Ds,max of 428 ± 78.
The studied FRAs increased Ds,max due to enhanced
smoke production. In particular, PMP shows a significant
effect on Ds,max overruling RDP despite its lower phos-
phorous content (1.4 fold higher Ds,max for half of phos-
phorous content). With respect to the specific optical
density at 4 min neat BFRP exhibits a Ds(4) = 155 ± 34
and a VOF4 of 169 ± 70. The addition of FRAs does not
affect Ds(4) and VOF4 largely as the Ds curves are almost
similar for all FRP configuration until roughly 250–300 s
of test duration.

FTIR analysis was performed during smoke chamber
testing at 4 and 8 min to determine the emission of toxic
gas species by calculating the conventional index of toxic-
ity (CITG). Neat BFRP exhibits a CITG of 0.01 ± 0.002
after 4 min and a CITG of 0.07 ± 0.003 after 8 min of test
duration (Table S5). The CITG of BFRP increases upon
FRA addition resulting the highest CITG after 8 min of
test duration of 0.55 ± 0.57 for RDP followed by PMP
containing samples with 0.12 ± 0.09. Thus, a higher
phosphorous content yields a higher CITG value. The
extent of CITG increase seems to show a nonlinear depen-
dence on phosphorous content (4.6 fold higher CITG for
twofold increase in phosphorous content). However, one
of the test repetitions of RDP containing BFRP had a
much higher optical density and CITG, resulting in a
comparably high-standard deviation.

The gas species detected in the evolving gasses for all
composites are CO2, CO, and hydrogen cyanide. FRA con-
taining BFRP emitted higher CO2 concentrations and
NOx. This could be attributed to the variation in flaming
conditions as high amounts of CO2 and NOX are only pro-
duced during well-ventilated combustion.[33] This is true
for FRA containing BFRP as all RDP containing specimens
and one of the three PMP containing specimens ignited
during smoke chamber testing after comparably short test
duration (overall-average of 196 ± 81 s) enabling well-
ventilated flaming conditions. Neat BFRP showing low
amount of CO2 and even completely lacking NOx forma-
tion ignited just once after 550 s of test duration reaching a
well-ventilated flaming combustion only for remaining
50 s of test duration. Furthermore, the amount of detected
CO2 gaseous in the FRA containing BFRP varied strongly
as concluded from the high-standard deviation due to dif-
ferent flaming combustions in the test repetitions.

To sum up, smoke and toxicity values revealed that
upon FRA addition smoke production, and smoke toxic-
ity increase and that a higher phosphorous content
results in a higher smoke toxicity in a nonlinear way.

4 | CONCLUSION

This contribution shows that the right phosphorous-
based FRA could simultaneously improve flammability
properties and material integrity after combustion,
accompanied by a better processability during composite
manufacturing. The used one-step vacuum infusion
proved to be convenient for composite manufacturing
yielding homogeneous BFRP samples with well-
penetrated fibers and near-zero porosities. The presence
of RDP was beneficial by increasing the processing time
due to a decreased initial viscosity, in contrast to PMP,
which reduced the processing window. Thus, appropriate

FIGURE 8 Specific optical density of BFRPs as a function of

time. BFRP, basalt fiber-reinforced polybenzoxazines; PMP,

poly(m-phenylene methylphosphonate); RDP, resorcinol

bis(diphenyl phosphate) [Color figure can be viewed at

wileyonlinelibrary.com]
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amounts of RDP, PMP, or a mixture of both could be uti-
lized to tailor BFRPs manufacturing parameters and con-
tribute to overcome benzoxazine related processing
challenges currently impeding market implementation.

Regarding the mechanical properties, the effect of both
FRAs was marginal, except for the decrease of the appar-
ent ILSS indicating a weaker FRA containing matrix and
fiber interaction. The FRA effect on the polymeric network
structure was not fully understood with RDP reducing the
Tg and PMP showing no effect. Flammability was
improved by FRA-addition, which was proven by an
increase of OI, and a delay in ignition time in reaction-to-
fire testing and a reduced void formation. FRA reduced
the composite delamination during flaming combustion in
UL94 testing providing improved material integrity due to
RDPs and PMPs condensed phase activity. However, both
FRAs showed negligible or adverse impact on BFRP's heat
and smoke release. Here, the condensed phase activity of
RDP and PMP is not effective as it was in flaming combus-
tion conditions. Thus, for further heat and smoke release
studies FRAs with a gas phase activity by flame inhibition
would be recommended.
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