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Abstract

The systematic transfer of solvent-free, additive flame retardant (FR) formula-

tions from epoxy resins to glass fiber-reinforced epoxy composites (GFRECs)

through prepregs is difficult. Additionally, obtaining data on their post-fire

mechanics is often challenging. Utilizing melamine polyphosphate (MPP),

ammonium polyphosphate (APP), and silane-coated ammonium polypho-

sphate (SiAPP) FRs with low-melting inorganic silicates (InSi) in an 8:2 pro-

portion and 10% loading by weight in a diglycidyl ether of bisphenol A

(DGEBA) resin, a systematic investigation of the processing properties, room-

temperature mechanics, and temperature-based mechanics of the systems was

performed. The resin was cured with a dicyandiamide hardener (DICY) and a

urone accelerator. The results revealed no substantial impact of these FRs at

the current loading on the resin's glass transition temperature or processabil-

ity. However, the fire residues from cone calorimetry tests of the composites

containing FRs were found to be only 15-20% of the thickness of the resins,

implying a suppression of intumescence upon transfer. At room temperature,

the decrease in the flexural modulus for the composites containing FRs was

negligible. Exposure of the composites in a furnace at 400�C as a preliminary

study before ignition tests was shown to cause significant flexural moduli

reductions after 2.5 min of exposure and complete delamination after 3 min

making further testing unviable. This study emphasizes the need for future

research on recovering modes of action upon transfer of FR formulations from

resins to composites. Based on the challenges outlined in this investigation,

sample adaptation methods for post-fire analysis will be developed in a future

study.
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Highlights

• Processibility of resins for prepreg production unaffected by polyphosphate/

inorganic silicate flame retardants (FRs).

• FR formulations had a negligible effect on the mechanics of the composites.

• 15%–25% increase in the fracture toughness of the DGEBA-based resin

matrix with FRs.

• Suppression of intumescent behavior in the composites verified quantitatively.

• Significant reduction in flexural moduli of the composites post-400�C expo-

sure in a furnace.
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1 | INTRODUCTION

Together, the transportation and construction industries
accounted for about 43% of the total consumption of
epoxy resins within Europe alone, amounting to a pro-
duction volume of around 138,000 tonnes just in 2019.1

The modification of epoxy resins (EP) systems and glass
fiber-reinforced epoxy composites (GFRECs) for flame
retardancy applications in these industries is critical,
owing to the wide range of material characteristics of
these resin systems, including highly desirable mechani-
cal properties, easy processing, low shrinkage during
resin curing, and good adhesion to glass fibers.2 Addition-
ally, due to their capacity to allow light weighting,
GFRECs are in high demand to reduce the overall mass
of trains, ships, or airplanes and thus increase fuel effi-
ciency.3,4 This study is carried out on diglycidyl ether of
bisphenol A (DGEBA), chosen as the matrix due to its
potential universal applications ranging from electrical
parts to the aerospace industry.5 However, DGEBA is
highly flammable, thus requiring the use of additives to
enhance its flame retardancy.6 Several studies in the liter-
ature exist for the processability of FRs in neat resins
(NR), especially for solvent-based systems such as those
containing reactive flame retardant moieties7–9 and non-
reactive phosphorous compounds such as 9,10-dihydro-
9-oxa-10-phosphaphenanthrene-10-oxide (DOPO).10–12

However, studies on the transfer of solvent-free, dis-
persed FR formulations from EP resins to glass fiber
(GF)-reinforced epoxy composites (GFRECs) via prepregs
are limited13–15 and require systematic investigation. This
study thereby seeks to investigate the processing and
thermomechanical properties of DGEBA resins with
three non-halogen-based intumescent/low-melting glass
FR solid filler combinations in an EP matrix. The trans-
ferability of these resins to GFRECs via prepregs is a vital
focus of this study. Here, threeintumescents: ammonium
polyphosphate (APP), melamine polyphosphate (MPP),

and silane-coated APP (SiAPP), are combined with low
melting glass, and compared for their processability in
EP for transfer to GFRECs. Shear viscosity measurements
are used to screen potential formulations for transfer to
prepregs and to identify key processing parameters. Formu-
lations containing 10% w/w MPP/APP/SiAPP and InSi in
DGEBA are transferred to unidirectional (UD) bidirectional
(BD) GFRECs with glass fiber densities of approximately
600 g/m2 via prepregs. Studies on the post-fire mechanics of
such composites are even more scarce due to difficulties in
balancing fire exposure test parameters with matrix delami-
nation and resin-burn off effects that make sample testing
unviable. These investigations would aid in processing for-
mulations for further investigations in comparing the pre-,
in-fire, and post-fire mechanical properties and flame retar-
dancy behavior of the flame-retardant NRs after transfer to
the GFRECs. As an initial test, standard three-point bend-
ing samples are exposed to heat in a furnace oven to gauge
the reduction in their flexural properties.

2 | BACKGROUND

Despite the disadvantages of using dispersed fillers, such as
filtration effects when transferred to reinforcing fibers, they
are advantageous due to their cost effectiveness and low
processing requirements.16 Phosphate-based fillers such as
APP or MPP are well-established FRs for use in various
types of EPs.17–19 In 2022, Elejoste et al.20 studied the
transfer of various additive flame retardant formulations
in a furan-based resin for transfer to basalt fiber reinforce-
ments. They reported that APP was effective in producing
an intense dehydration effect in both the resin and the
composite. The pyrolytic degradation primarily results in
water and ammonia elimination, the latter acting in the
gas phase. Further, the formation of polyphosphoric acid
at temperatures above 250�C, and consequent acid evapo-
ration and dehydration results in intumescent behavior
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and the formation of a carbonaceous char layer on the sur-
face of the polymer. However, furan resins possess inher-
ently good flame retardant and charring behavior in
comparison to DGEBA resins, which limits the study's
applicability only to inherently flame-retardant resins.
Zhang et al.21 reported the enhancement of the interaction
between APP and DGEBA using hydrophobic modifica-
tion with cationic latex. In this study, APP is additionally
compared with silane-coated APP for its improved process-
ability in EP resins in addition to lower solubility in water
or organic solvents.22 An earlier study by Döring et al.23

showed that MPP enhances the capability of organophos-
phorus flame retardants to replace halogenated flame
retardants due to the intumescent behavior of MPP, simi-
lar to APP with the melamine species instead being the
source for the ammonia and char. Similar to the study by
Elejoste et al.,24 the resin system used by Döring et al. was
epoxy novolac (DOW DEN 438), which also possesses
some level of inherent flame retardancy due to its higher
functionality. Ricciardi et al.22 compared the behavior of
MPP, APP, and SiAPP in unsaturated polyester resins at
loadings of 20% and 35% w/w. They found that it is possi-
ble to use APP without smoke suppressors to reduce
smoke release parameters. APP performed better than
MPP and SiAPP in lowering heat release parameters in the
polyester resin. To improve the consolidation of the intu-
mescent residue and to improve the fire residue stability,
Wu et al.25 investigated the effect of the addition of low-
melting inorganic silicates (InSi) in a layered epoxy-clay
composite system. They found that a loading level of 10%
w/w is optimum for improving fire performance. However,
due to its coarse nature, the commercial variant of low-
melting glass (LMG) used in their study requires further
refinement via ball milling and sieving, as described by Liu
et al.,26 before processing. Thus, inorganic low-melting glass
frits with narrow particle size distributions are used in this
paper for easier processing. In this same study, Wu
et al. showed that a combination of LMG and APP in the
ratio of 8:2 with a total loading of 10% w/w in an EP resin
system was optimal in creating an effective fire barrier
while lowering the total heat release (THR) of the system in
cone calorimetry tests (CCTs). They also stressed the impor-
tance of the melting temperature of the glasses in creating
such a barrier compared to the central temperature of a
burning polymer.

Thus, although such studies and more23,27,28 identify
synergistic and additive combinations of flame retardants
(FRs) for non-intrinsically flame retardant EP resins, sys-
tematic investigations into their processability and data
on transferability to prepregs are less available. Loading
levels of these fillers can affect the rate of filtration or
aggregation effects, especially in the small intra-tow gaps
between 0/90� GF tows. These phenomenon can also
affect processability and the overall properties of the

GFRECs, as reported by Pawellski-Hoell et al.15 They also
showed that high loading levels of fillers (>40% w/w) can
increase the viscosity and curing kinetics of the resin, cre-
ating a need to balance the processing parameters such
as the film coating unit or heating unit speed and temper-
atures when transferring these resins to composites via
prepregs. The inclusion of mineral fillers such as ATH in
a polymer matrix can effectively reduce the risk of fire.
However, due to high load requirements, this can cause
processing limitations due to increasing viscosity and a
significant reduction in mechanical performance. Thus,
considering lower filler dispersion weights is a first step
towards improving the processability of the resins for
subsequent transfer to prepregs, which can be fulfilled by
using compatible fillers such as APP or MPP. Moreover,
despite some investigations available in the literature on
phenolic-based epoxy systems,29–31 the post-fire flexural
properties of DGEBA-GFRECs have not yet been
reported extensively. These are due to difficulties in bal-
ancing test parameters with resin-burn-off and composite
delamination, as well as a lack of testing norms for post-
fire flexural testing of composites.

3 | EXPERIMENTAL SECTION

3.1 | Resins and composites preparation
using prepregs

3.1.1 | Materials

Tables 1–3 summarize the details of the resin formula-
tions, flame retardant fillers, and reinforcing fibers used
in this study. The reference EP system (E100) was pre-
pared using DGEBA:DICY:UR400 in the stochiometric
ratio of 100:6.5:1 based on Equation (I)32:

PHR¼ 100� AHEWcuring agent
� �

EEWepoxy resin
� �

" #

ðIÞ

PHR is the amount of the curing agent in parts per
hundred in the resin, AHEW is the Amine Hydrogen
Equivalent Weight of the curing agent and EEW is the
epoxy equivalent weight of the DGEBA resin. FR EP for-
mulations, as shown in Table 4, were prepared at 10%
w/w in the resin, keeping the ratio of the intumescents to
he InSi constant at 8:2. The curing agents and fillers were
dispersed in the resin using a dual asymmetric centrifuge
speed mixer by Hauschild Engineering (from Hamm,
Germany) for 2 min at the rate of 3000 rpm for homoge-
nizing the resin. The formulations were degassed at
15–20 mbar for a minimum of 10 min under vacuum to
remove the built-up air introduced during mixing. The
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mixture was then poured into preheated molds of varying
thicknesses depending on the tests to be carried out. These
mixtures were then cured in a Memmert ULE 400 convec-
tion oven from Memmert GmbH, Germany. Here, an ini-
tial ramp up to 100�C for 2 h, followed by a second ramp
up to 140�C for 2 h was used for curing. Afterwards, the
molds were cooled overnight to obtain EP resin plates.

3.1.2 | Preparation of flame-retardant
formulations for prepregs and composites

Resin mixing
The resins were prepared in the proportions as detailed
in Section 3.2 without using solvents. For ease of proces-
sing, the DGEBA resin was pre-heated to 50�C using a
Memmert ULE 400 convection oven. The curing agents

and FRs were dispersed using a mechanical stirrer at
1000 rpm for 10 min and degassed at 15–20 mbar for a
minimum of 10 min under vacuum to remove the built-
up air introduced during mixing. The high shear forces
help ensure proper wetting and homogenous dispersion
of the fillers in the resin.

Prepreg processing
The prepregs were manufactured at Neue Material Bay-
reuth GmbH, Germany, on a lab-scale prepreg line from
EHA Composites Machinery, Germany. To avoid thinning
of the resins, they were added to the coating unit at room
temperature (25�C) via direct film-coating on a siliconized
release paper and a line speed of 1.5 m/min. The resins
impregnate the glass fabrics in the calendar unit at 50�C
while covered using siliconized paper. The resin is coated
to a width of 220 mm on the glass fabric which has an

TABLE 1 Summary of resin components and their chemical structures.

Material Purpose/Commercial name/Supplier Properties Structure

Diglycidyl ether of
bisphenol A (DGEBA)

EP resin matrix/DER 331/Olin Epoxy EEW: 182–192 g/eq
Viscosity (25�C): 11–14 Pa.s
Density (25�C): 1.16 g/cm3

Dicyandiamide (DICY) Hardener/DYHARD 100S/Alzchem Melting point � 210�C
d98: <10 μm

Urone (UR400) Accelerator/DYHARD UR400/Alzchem Melting point: 220�C
d98: <10 μm

TABLE 2 Summary of flame-retardant additive components and their chemical structures.

Material Purpose/Commercial name/Supplier Properties Structure

Melamine polyphosphate
(MPP)

Intumescent flame retardant/FR CROS
513/ Budenheim

P2O5: 30%, N: 43%;
pH: 6; TD: 325�C;
d50 = 8 μm

Ammonium polyphosphate
(APP)

Intumescent flame retardant/FR CROS
484/ Budenheim

P2O5: 72%, N: 14%;
pH: 5.5; TD: 300�C;
d50 = 18 μm

Silane-coated ammonium
polyphosphate (SiAPP)

Coated APP to improve resin dispersion/
FR CROS 486/Budenheim

P2O5: 72%, N: 14%;
pH: 7; TD: 250�C;
d50 = 18 μm

Inorganic silicate/glass frits
(InSi)

Low melting glass to create a fire barrier
and stabilize fire residue/Flamtard V100/
William Blythe

d50 = 5 μm
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overall width of 300 mm, rolled, vacuum sealed and stored
at �18�C. The UD and BD fibers are fed in the 0� fiber
orientation.

Laminate production in the autoclave
The UD GF prepregs with a width of 220 � 300 mm were
layered and stacked by hand layup on a steel plate cov-
ered with smooth laminating foil. These were then vac-
uum bagged and cured in an autoclave setup under
vacuum (<20 mbar) with no additional air pressure using
a first curing ramp of 100�C for 2 h followed by a second
ramp to 140�C for 2 h and finally, a cooldown ramp to
room temperature for 4 h. The basis for choosing the cur-
ing profiles is described in the results from rheology and
DSC data. The final laminate thicknesses for all
the composite formulations were found to be on average,
2.5 ± 0.3 mm using five layers of GF and 4.4 ± 0.3 mm
using nine layers of GF for the GFRECs.

3.2 | Characterization methods

3.2.1 | Processing, curing parameters, and
additive particle size distribution

Rheology
The processibility of the flame-retardant combinations as
additives for the DGEBA systems was measured using an

Anton Paar Rheometer (MCR 301). The rheological proper-
ties of the uncured samples were then evaluated within the
linear viscoelastic region using a parallel plate (PP25) with a
gap between parallel plates of 1 mm in the range of
25–200�C at a 3�C/min temperature ramp. The complex vis-
cosities of the resin formulations were tested to ensure that
they lie between 10 and 50,000 mPa s for optimal prepreg
processing in the plant line.33 The initial minimum viscosity,
as well as the gel points of the formulations, were analyzed.

Differential scanning calorimetry (DSC)
The curing onset, complete cure, as well as curing
enthalpy were analyzed from the first heating cycle using
dynamic DSC measurements. A Mettler Toledo DSC
1 (Columbus, Ohio, USA) was used for this purpose using
a heating ramp rate of 10 K/min and a measurement
range from 25 to 275�C. The nitrogen flow rate was set to
50 mL/min, and the sample mass used was 20 ± 2 mg.
Two iterations of the test were performed per sample.

Dynamic light scattering (DLS)
To assess the particle size distributions of the combina-
tions of FRs used in the E90InSi2MPP8, E90InSi2MPP8,
and E90InSi2MPP8 resin formulations, the particle size dis-
tributions of the various combinations of the flame retar-
dants used were analyzed using dynamic light scattering.
This was done using a Mastersizer 2000 from Malvern
Instruments by preparing an 8:2 mixture of MPP/APP/
SiAPP + InSi homogenized by hand and dispersing in
water. The d50 and d90 of the particles are then assessed
within the system using the Stokes–Einstein Equation.

3.2.2 | Resin and prepreg quality analysis

Surface morphology using scanning electron
microscopy (SEM)
The cured surfaces of the resins and the composite sam-
ples embedded in an DGEBA epoxy resin and hardener
using embedding springs (EpoFix from Struers,

TABLE 4 Summary of flame-retardant resin formulations by weight.

Material quantity in % w/w

Sample label

Active FR %
DGEBA + DICY
+ UR400 (E) InSi MPP APP SiAPP

P N

E100 0 0 100 0 0 0 0

E90InSi10 0 0 90 10 0 0 0

E90InSi2MPP8 1.4 3.2 90 2 8

E90InSi2APP8 3.75 1.3 90 2 8

E90InSi2SiAPP8 3.75 1.3 90 2 8

Note: The particle size distributions of the filler mixtures were measured via dynamic light scattering (DLS) (see Supplementary information).

TABLE 3 Summary of glass fiber constructions used as

reinforcements.

Material/Supplier Configuration

Bidirectional layered
glass fibers G600BD-
1300/Saertex GmbH

0� E glass 1100 tex: 346 g/m2

90� E glass 600 tex: 283 g/m2

Backing yarn PES 110 dtex: 3 g/m2

Unidirectional layered
glass fibers
UE640-1300/Saertex
GmbH

0� E glass 1200 tex: 567 g/m2

+45� E glass 68 tex: 13 g/m2

90� E glass 68 tex: 13 g/m2

�45� E glass 68 tex: 13 g/m2

Backing yarn PES 76 dtex: 3 g/m2

SUNDER ET AL. 9393
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Denmark) for visualization were analyzed using a Zeiss
Gemini 1530 Scanning Electron Microscope from Carl
Zeiss AG. The sample surfaces were sputtered using plati-
num up to a thickness of 5 nm. An acceleration voltage
of 3 kV was used.

Fiber volume content (FVC)
The final FVC of the prepregs was obtained in two ways.
First, the prepregs were checked in-process by weighing
a circular piece of fabric of diameter �10 cm cut out from
the impregnated GFs in the resin line, which was com-
pared to the weight of the non-impregnated glass fiber.
Second, the cured composite samples weighing 15–20 mg
were heated at rates of 10 K/min in a thermogravimetric
analysis (TGA) setup with an initial and final tempera-
ture of 25 and 800�C in synthetic air. Since the overall
loading of the InSi was only at 2% w/w in the resin
matrix, this aspect was not considered since the amount
on transfer to composites would be negligible.

3.2.3 | Mechanical behavior

Fracture toughness (KIC and GIC)
The mode I fracture toughness KIC and GIC were deter-
mined according to ISO 13586 on a Zwick testing appara-
tus with a load cell capacity of 20 kN. A minimum of
eight specimens were tested per sample.

Dynamic mechanical analysis (DMA)
Dynamic mechanical analysis (DMA) under and above
the glass transition temperature (Tg) was carried out on a
Gabo Eplexor 500N. The neat resin, and UD and BD
composite samples were all measured in torsion mode.
The specimens were cut to dimensions of 50mm by
10mm by 2mm and were measured using a temperature
range from 25 to 180�C under a temperature ramp of
3K/min. The UD fibers were loaded in the 90� direction
to the clamps. The glass transition temperature (Tg) was
observed as the maxima of the loss factor (tan δ). Three
specimens were tested per sample type.

Flexural behavior at room temperature and after
furnace radiation exposure
For the analysis of the flexural behavior of the resins, six
specimens with dimensions 80 � 10 � 4 mm were tested
using a three-point bending apparatus. The machine was
set up according to ISO 178 using a crosshead speed of
2 mm/min on a Zwick Roell Z020 originally from Zwick
Roell GmbH & Co. KG (Ulm, Germany). The capacity of
the load cell used was 20 kN. The composite samples
were similarly analyzed using the DIN EN ISO 14125
standard with dimensions of 100 � 15 � 4 mm.

Separately prepared composites were then exposed to
radiation in a furnace oven at 400�C for 1.5 and 2.5 min,
and subsequently tested via three-point bending.

Interlaminar shear strength (ILSS)
The maximum shear strength τ was obtained by ILSS
analysis according to DIN EN 2563 with the UD and BD
composite specimens of 10mm in width and 20mm in
length. The samples were tested on a Zwick Z050 appara-
tus at room temperature. A span:thickness ratio of 5:1 was
maintained in the apparatus, and the loading cylinder was
maintained at a constant crosshead speed of 1mm/min.

3.2.4 | Fire behavior and residue analysis

Samples with a width and length of 100 mm � 100 mm
and thickness of 4.0 ± 0.3 mm for the FR resins, UD, and
BD GFRECs were exposed to a heat flux of 50 kW/m2

and a distance from the sample to the heat source was set
to 35 mm in a Dual Cone Calorimeter (Fire Testing Tech-
nology Ltd., East Grinstead, UK). This distance was set in
order to allow room for growth of the intumescent sam-
ples during burning, without changing the effective heat
flux at the surface of the sample.34 The thickness of the
fire residue in the samples was measured, and the fire
residues from the burnt samples were checked for delam-
ination in the case of the GFRECs.

4 | RESULTS AND DISCUSSION

4.1 | Processability of the flame-
retardant resin formulations

4.1.1 | Differential scanning
calorimetry (DSC)

The first heating cycles performed via DSC for the various
resin formulations in comparison to the reference systems
are depicted in Figure 1, and these are used to compare
the onset of curing, peak curing, and curing enthalpy of
the systems, the data for which is shown in Table 5.
Detailed investigations using varying heating rates to
determine the resin's curing behavior have already been
conducted elsewhere.35,36 The onset of curing temperature
shows similar behavior to the gel point of the systems con-
taining FRs compared to the reference system. Their
values lie between the reference systems E100 (onset:
145 ± 0.4�C) and E90InSi10 (onset: 149 ± 1�C, peak:
153 ± 0.7�C). The replacement of the InSi here also brings
the onset of curing closer to the reference value of E100.
The negligible change in the onset of curing is possibly
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related to an increase in nucleation sites or increased sur-
face area to initiate the epoxy curing reaction for all the
systems with FRs. The peak of curing is also negligibly
higher than the reference E100 at 153 ± 0.7�C. This is
likely because the fillers themselves do not actively partici-
pate in the chemical curing process and act as inert addi-
tives. The curing enthalpy of all the systems containing
FRs are higher than the references E100 and E90InSi10 at
�341 ± 4 and �317 ± 13 J/g, respectively, indicating
decreasing exothermicity of the reactions. The dispersed
fillers act as small heat sinks, resulting in a higher heat
capacity absorption during the curing process.

Thus, a curing temperature of 100�C for 2 h followed
by post-curing at 140�C for 2 h was chosen, which ver-
ifies the manufacturer's recommendation for curing
DGEBA + DICY + urone resin-hardener-accelerator sys-
tems prepared in the stochiometric ratio of 100:6.5:1.

4.1.2 | Rheology

Figure 2 depicts the values of the complex viscosity of the
various FR resin formulations in comparison to two

reference systems: E100 without FRs and E90InSi10
without intumescents. The trends for the viscosity versus
temperature curves are in good agreement with DGEBA-
DICY-urone formulations reported in the literature.37,38

As typically seen, the complex viscosities of the resin for-
mulations are highest starting at room temperature due
to a reduction in intermolecular forces and stronger
interactions between the epoxy molecules, causing a
decreased resistance to flow. Around 140�C, the viscosi-
ties of the resins start to increase due to cross-linking and
curing reactions leading to solid formation. Here, it is evi-
dent that the addition of the various FRs to DGEBA has a
minimal effect on the complex viscosity of the resin for-
mulations due to the low loading of 10% of the various
FRs. The viscosity is nearly independent of the type of
FRs, or morphology used in this case. This behavior indi-
cates that first, the dilution effect due to the fillers is not
substantial enough to affect the resin's viscosity. Second,
the filler particles evenly distribute themselves in the
resin after dispersion, and neither hinder the flow of the
resin, nor cause unwanted fluctuations. The lower and
higher limits for prepreg processing lie between the com-
plex viscosity values of 10 and 50,000 mPa.s, as depicted

FIGURE 1 DSC curves of the first heating cycle of the various resin formulations (top left) and comparison of various curing properties

of the resin formulations gel point, curing onset, and peak curing temperatures (top right) minimum viscosity (bottom left), curing enthalpy

(bottom right).
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in Figure 2 by the green and red dotted lines parallel to
the x-axis. The initial viscosity does not exceed
50,000 mPa.s for any of the formulations, and the lower
viscosity limit for these systems lies at a temperature of
approximately 50�C.

Thus, the processing temperatures were gradually
increased from the resin inlet (25�C) to the coating unit
(40�C) followed by the calendar unit (50�C) in the pre-
preg line. This was chosen to prevent thinning of the

resin before coating and to achieve a homogenous distri-
bution across the fibers during impregnation. Here, the
approximate gel points of the various formulations are
compared using the crossover points of the storage (G0)
and loss modulus (G00) values. This is depicted in the tem-
perature range between 140 and 160�C in comparison
with the reference systems in Figure 2. The extracted
approximate gel point temperatures for the various for-
mulations are also summarized in the same figure and

TABLE 5 Summary of curing properties of the various resin formulations.

Sample
Min viscosity
(mPa s) Gel point (�C)

Curing
onset (�C) Peak curing (�C)

Curing
enthalpy (J/g)

E100 28 ± 1 147 ± 2 145 ± 0.4 153 ± 0.7 �341 ± 4

E90InSi10 27 ± 1 153 ± 4 149 ± 1 157 ± 1 �317 ± 13

E90InSi2MPP8 29 ± 5 152 ± 4 147 ± 4 157 ± 4.5 �302 ± 53

E90InSi2APP8 23 ± 3 150 ± 3 145 ± 4 154 ± 3 �297 ± 37

E90InSi2SiAPP8 27 ± 5 149 ± 6 144 ± 5 153 ± 5 �279 ± 18

FIGURE 2 Complex viscosity versus temperature curves of various formulations in neat DGEBA and related prepreg line conditions

(left). Crossover points of the storage (G0) and loss modulus (G00) values to obtain the gel points of the resin formulations (right).
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represent the point where the polymer chains within the
resin no longer have the cooperative movements neces-
sary for strain relaxation. It is apparent that the addition
of the FRs does not significantly affect the gelation and
the subsequent curing properties of DGEBA cured with
DICY and urone. The gel points of the FR containing
resins E90InSi2MPP8, E90InSi2APP8, and E90InSi2-
SiAPP8 lie between the gel point values for the reference
systems E100 at 147± 2�C and E90InSi10 at 153± 4�C.
Thus, the replacement of 10% w/w of InSi in the resin
with an 8:2 ratio of MPP, APP, and SiAPP to InSi lowers
the gel point of the resin system and brings it even closer
to the reference value for E100.

4.2 | Fiber volume content and filler
dispersion in the composites

The FVC was tested via in-process weighing of the pre-
pregs before and after resin impregnation. Additionally,
this was measured using the composites via TGA under
synthetic air and the residual volume was calculated.

It was possible to achieve a FVC of 55%–60% during
the trials according to the in-process measurements,
which are typically targeted for structural reinforce-
ments.3 The TGA data carried out on the cured compos-
ites shows that the residual volume ranges from 35% to
65% as shown in Figure 3. This is in-line with typical
values for resin content reported in the literature for
uncured versus cured prepregs targeted with a FVC of
50%–60% and reducing to 45%–50% after cure.15,39 The
FVC values are most agreeable (<10% difference between
TGA and in-process values) for the resins, with
E90Insi2APP8 being the most consistent in both UD and
BD composites. However, the FVCs of the prepregs
E90InSi2SiAPP8:GF-UD, E90InSi2SiAPP8:GF-BD, and
E90InSi2MPP8:GF-BD especially, deviate >10% for the

TGA values compared to the in-process values. For
the systems containing SiAPP, indicates potential unde-
sirable covalent interactions between the silane coating
of the APP and the standard sizing used in the prepregs,
which normally consist of organosilanes and other com-
plex coupling agents.40 For the system containing MPP,
this signifies the compatible chemical structures of MPP
and DGEBA, as shown in Figure 1, which improve the
adhesion of the resin to the fibers. This causes a
decrease in the FVC, particularly in the BD prepregs
with improved resin flow. Thus, despite similar proces-
sing parameters, the FVC is more consistently controlla-
ble for the UD and BD composites containing
E90Insi2APP8.

The distribution of the dispersed FRs in the compos-
ites is visualized in Figure 4. The first images show the
reference composites E100:GF UD and E100:GF BD con-
taining no FR fillers. It appears that the FRs are distrib-
uted in the resin rich regions (in the case of
E90InSi2MPP8:GF BD, E90InSi2APP8:GF UD, and
E90InSi2APP8:GF BD). In all other cases, the FRs are
sparsely dispersed and are not distributed among the
resin-rich and poor regions uniformly. Where the fillers
are uniformly positioned, they are also found in the resin
rich regions, which also penetrate the interior regions
despite the high density of the glass fibers at 600 g/m2.
There are more agglomerates visible in the composites
containing APP in comparison to those containing
SiAPP. The orientation of the fillers does not show a fixed
pattern. When preparing the UD prepregs, it was
observed that the resin has a higher tendency to bleed
out of the edges of the fiber mats, while no such behavior
was observed for the BD prepregs. This is a result of the
availability of limited flow pathways across the UD pre-
pregs, which also causes increased filtration of the dis-
persed fillers. Thus, the BD composites are less likely to
filter out the solid fillers in this case. Despite the

FIGURE 3 Fiber volume content in % in UD and BD GFRECs compared with in-process measurement and TGA under air.
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proposed improved processability of SiAPP in epoxy
resins in literature,41 this does not reflect upon transfer to
the composites. This phenomenon possibly results from
interactions with the commercial sizing on the glass
fibers. Consequently, this causes less than ideal filler-
matrix-fiber interactions and, thus, increased filtration
effects on the SiAPP particles. Considering the optimal
processing conditions, only the resin matrix containing
APP + InSi is viable for producing UD/BD composites
with a FVC of 57%–60% for balancing mechanical perfor-
mance and potential part quality.42 For all the others, fur-
ther process optimization would be required such as the
development of monitoring techniques to observe resin-
fiber-matrix interaction and contents in-line.

4.3 | Mechanical behavior of the resins
and composites

4.3.1 | Fracture toughness and interlaminar
shear strength (ILSS) at room temperature

Figure 5 represents the KIC and GIC values of the resin
formulations containing the various phosphate-based
flame-retardant formulations. The fracture toughness
of the resin formulation DGEBA + DICY + UR400 in
the stochiometric ratio 100:6.51:1 without FRs (E100) at
0.54 MPa m1/2 is close to the value of �0.61 MPa m1/2

reported in literature.43,44 A slight increase in both the KIC

and GIC values is apparent when comparing the neat resin

FIGURE 4 SEM images of the various UD (left) and BD (right) composites.
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to E90InSi10/E90InSi2SiAPP8 (+24%), E90InSi2MPP8
(+26%), and E90InSi2APP8 (+16%) potentially due to a
reinforcing effect of the fillers at 10% loading in the
resin. Some potential mechanisms for this include
crack deflection or particle bridging that hinder crack
propagation via stress redistribution in the resin
matrix.45 The intrinsic fracture toughness of the resin
matrix can improve the composite's overall ability to
resist crack propagation and failure.

This is mirrored in the ILSS data of several of the
composites as shown in Figure 5 (right). In the UD com-
posites, the ILSS of the reference sample E100:GF lies at
43 ± 1.3 MPa. For E90InSi10:GF, it increases by 19%, for
E90InSi2MPP8:GF by 25%, and for E90InSi2APP8:GF by
17%. However, for E90InSi2SiAPP8:GF, the ILSS
decreases by 9%. From the SEM results as well as the rhe-
ology results, this is likely not due to resin dilution or
particle agglomeration. Since the ILSS value of E90InSi2-
SiAPP8:GF in the BD composite nearly overlaps with this
value and is also higher than for the other formulations
in the BD composites, it is apparent that this is not due to
the lower FVC of 35% obtained from the TGA data. For
all the BD composites, the reference sample E100:GF has
an ILSS value of 39.4 ± 0.7 MPa. This decreases by about
12%–13% for E90InSi10:GF and E90InSi2MPP8:GF. For
both E90InSi2APP8:GF and E90InSi2SiAPP8:GF, it
increases by 9%. The average ILSS values of all the UD
composites are about 10%–15% higher than that of the
BD composites. In the UD composites, all the glass fibers
are arranged parallel to one another, which enables them
to effectively withstand the applied load along their
length, resulting in a greater ILSS. Conversely, in BD
composites, the fiber configuration yields a reduced load-
bearing capacity compared to UD composites because
half of the fibers are not aligned with the applied load,
resulting in a less efficient load transfer.46

4.3.2 | Dynamic mechanical analysis (DMA)

Considering that the UD composites are tested in a direc-
tion 90� to the orientation of the fibers and the BD com-
posites are tested parallel to the fibers layered along the
90� direction, the storage modulus of E100:GF UD is
lower than the latter. The storage moduli of the resin for-
mulations are three times lower than that of the
GFRECs. The storage moduli for all the systems decrease
slightly with temperatures from 25 to 140�C, after which
they sharply decrease and reach 0 at �160�C.

Moreover, the resins containing the FRs at 10% w/w
have higher storage moduli than the formulation E100
without FRs due to the potential reinforcing effects of the
particulate fillers (also seen in their fracture toughness
data in Figure 5), causing reduced chain mobility in the
matrix via increased matrix-filler interactions. Conse-
quently, the resins with FRs have tan ∂ values negligibly
(around 3%) higher than E100. For both the UD and BD
composites, the storage moduli decrease more steeply
than the resins with increasing temperature and reach
0 Pa around 150�C. For the UD composites, the presence
of the glass fibers as well as the particulate fillers causes
potential additional relaxation processes leading to a
broadening of the tan ∂ peaks. This broadening is less
pronounced in the BD composites, and the tan ∂ peaks
are nearly double that of the UD composites, indicating
more effective load transfer and energy absorption at the
interface between the EP resin and BD fibers, implying
good adhesion. The storage moduli of E90InSi10:GF BD
and E90InSi2MPP8:GF BD are higher than that of E100:
GF BD and nearly overlap, indicating no impact of repla-
cing eight parts of InSi with MPP. Replacing InSi with
APP and SiAPP reduces the storage moduli of the UD
composites by about 5% across the temperature range of
measurement up to 150�C. Figure 6 depicts the glass

FIGURE 5 KIC and GIC values of the various neat resin formulations (left) and interlaminar shear strength properties of the various UD

and BD composites (right).
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transition temperatures Tg of the resins, UD, and BD
composites extracted from the peaks of the tan ∂ values
obtained from the DMA data, as shown in Figure 7. The
Tg of the resin formulations with or without fillers do not
deviate significantly from �160�C. Similarly, for the UD
and BD composites, apart from the reference system
E90InSi10:GF BD, the Tg lies at �155�C. Hence, the addi-
tion of MPP/APP/SiAPP in combination with InSi at 10%
w/w in the resin and their transfer to the composites.
Thus, at the outset, it would seem as though the use of
these different solid flame retardants does not nega-
tively affect the processability, filler-matrix adhesion,
or curing behavior of the resins and composites. This
contrasts with FR formulations for EP containing reac-
tive species such as DOPO, where Häublein et al.47

reported that the Tg of a Novolac EP was found to
decrease by almost 40�C with increasing P content up to
3% w/w. Thus, the filler dispersions do not interfere with
the cross-linking and curing reactions of the DGEBA
formulation.

4.3.3 | Flexural properties at room
temperature

Figure 8 shows the flexural modulus (EF), flexural
strength (σF) at failure and the corresponding strain at
failure εFð Þ for the resins, UD, and BD composites.

The flexural modulus of the reference resin E90InSi10
is only 4% higher than that of the reference E100 without
FRs. The resin formulations where InSi is replaced by
MPP, APP, and Si-APP show an 8%, 7%, and 7% decrease
in EF , respectively. The decrease in εF for the composites
containing FR EP is even more negligible, with a value of
�4% for both UD and BD composites. Thus, the propor-
tion of the fillers in the resin matrix is not significant

enough to cause a degradation in the bending properties
of the resins and composites at room temperature, and
this does not vary significantly between the variations of
polyphosphates used in the resin matrix.

4.4 | Fire behavior and post-fire analysis

4.4.1 | Fire residue thickness and modes of
action

The samples' thickness and fire residues were mea-
sured before and after the samples were tested in the
cone calorimeter. The results are shown in Figure 9,
where the thickness of the residues on the glass fiber
reinforced composite containing MPP/APP/SiAPP:
InSi EP formulations is only 15%–20% of that of the
epoxy resin samples due to the modes of action of the
FRs in the gas/condensed phases in the resin being
partially or entirely suppressed when transferred to
the glass fibers reinforced composites. The modes of
action will be investigated in detail in a future
publication.

All the tested samples had a thickness of 4.0 ± 0.3 mm
before being exposed to the fire. For the epoxy resin after
the fire, the residue had a thickness of 10 mm. The sam-
ple with InSi increased the residue by �20 mm after
the fire. The residue of the MPP/APP/SiAPP samples
increased by �44, 53, and 59 mm, respectively, when
compared to the epoxy resin without any FRs. In com-
parison with the resins, the composite sample with
epoxy resin and unidirectional glass fiber had only a
3 mm residue increase, and the UD composite samples
with the addition of flame retardants (MPP, APP, and
SiAPP) had an increase of 3, 6, and 7.3 mm in the resi-
due respectively. The sample with epoxy resin and BD
GFs had just an increase of 3.5 mm in the residue
thickness. The BD composites containing flame retar-
dants (MPP, APP, and SiAPP) increased by 3.5, 2, and
4.7 mm, respectively. The fire residues in the sample
with epoxy resin, InSi, and glass fibers (UD and BD)
increased by 3.7 and 3.5 mm, respectively, compared to
the sample's original thickness (4.0 mm) before
the fire.

The modes of action are quantified with the equations
shown in previous studies.48,49 The sample with 8%
MPP + 2% InSi + UD GFs had a char reduction up to
29% of char in the condensed phase compared to the
sample with 8% MPP and 2% InSi, while in the gas
phase (fuel dilution and flame inhibition) it increased
to 9%. The sample with 8% MPP + 2% InSi + BD GFs
increased by 5% in the gas phase (fuel dilution and
flame inhibition) and charring in the condensed phase

FIGURE 6 Summary of the Tg in the neat resin formulations,

UD, and BD composites.
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was reduced by 5%. The sample with 8% APP + 2%
InSi + UD GFs had complete suppression of the char-
ring in the condensed and gas phases (fuel dilution and

flame inhibition). The sample with 8% APP + 2% InSi
+ BD GFs increased only 1.9% in the gas phase (fuel
dilution and flame inhibition) and charring in the

FIGURE 7 DMA curves of the three FR formulations in comparison to the reference systems in the BD composites. Note that the scale

of the tan ∂ graph for the resins is three times that of the composites.

SUNDER ET AL. 9401

 15480569, 2024, 10, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.28416 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [04/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



condensed phase was suppressed. The gas phase activ-
ity (fuel dilution and flame inhibition) in the samples
with 8% SiAPP + 2% InSi + UD and BD GFs increased
by 4% and 3%. It decreased by 12% with UD-GF and
24% with BD-GF in the char in the condensed phase.

All these results suggest that with the addition of FRs,
there is a higher increase in the thickness of the fire resi-
due and a reduction of the fire load compared to epoxy
resin. An increase in all the modes of action in the con-
densed and gas phase (charring, protective layer, flame

FIGURE 8 Flexural properties of the neat resins (top) and composites (bottom left and bottom right).

FIGURE 9 Fire residue

thickness of epoxy resins and

composites with UD and BD GFs.

9402 SUNDER ET AL.

 15480569, 2024, 10, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.28416 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [04/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



inhibition, and fuel dilution) is observed for all three FRs
(APP, MPP, and SiAPP).

With the addition of GFs, there is a slight decrease in
the thickness of the fire residue, a higher reduction of the
fire load in comparison to the samples with only FRs, an
increase of the protective layer in the condensed phase,
and a suppression of the charring in the condensed
phase. It is also essential to consider that the average
weight of the GFs in the samples with UD GFs was
around 71 wt%, and with BD GFs, it was 68 wt% and
that means that the fiber weight percentage is much
higher than the resin weight; therefore, the impact of
the glass fibers on the fire behavior of the resins with
and without flame retardants and the fire residue is rel-
evant. This result can also be related to the change in
melt flow and the wicking effect that the glass fibers
are causing under fire. This hypothesis will be investi-
gated and verified in a future study.

4.4.2 | Post-furnace flexural properties

Exposing BD and UD EP GF composites within a furnace
at 400�C for 1.5 and 2.5 min in general, causes significant
reductions to their flexural moduli after 2.5 min of expo-
sure as shown in Figure 10. These changes are primarily
attributed to the degradation of matrix-fiber adhesion.16

Since 400�C is well above the Tg of the DGEBA-
DICY-urone resin system (�160oC), the matrix softens,
leading to a reduction in stiffness. Additionally,
extended exposure to high temperatures can cause
some degradation in the interface between the resin
matrix and the glass fibers, further affecting
the composite's mechanical properties. After an expo-
sure time of 3min, the laminates were completely dela-
minated, and mechanical testing was unviable. On

average, the % reduction in EF for the UD GFs is compa-
rable to that of the BD GFs after 1.5min (10%–11%) and
2.5min (16%–17%). The decrease in EF after 1.5min fur-
nace exposure is highest for E90InSi2APP8:GF-UD,
E90InSi2SiAPP8:GF-UD at 17% and 15%. However, in
the case of the BD fibers, the decrease is highest for
E100:GF-BD, which does not contain any FRs, at 25%,
while the EF of E90InSi2SiAPP8:GF-UD was second at
16%. The decrease in EF after 2.5min furnace exposure is
highest for E90InSi10:GF-UD at 33% and second, for
E90InSi2APP8:GF-UD at 15%. In the case of the BD
fibers, the decrease is highest for E100:GF-BD, which
does not contain any FRs, at 28%, followed by
E90InSi2APP8:GF-UD at 23%. In some cases, even a
slight increase in the EF observed after furnace exposure,
and increased degradation effects on the edges of the
samples are unavoidable. In future work, it would thus
be necessary to conduct post-fire mechanical analysis
with the ignition of the samples, using a more reproduc-
ible method, with controlled heat fluxes.

5 | CONCLUSION

In this study, a combination of melamine polyphosphate
(MPP), ammonium polyphosphate (APP), and silane-
coated ammonium polyphosphate (SiAPP) flame retar-
dants (FRs) with low-melting inorganic silicates (InSi)
were loaded at 10% by weight, in an 8:2 ratio of intumes-
cent to InSi within a diglycidyl ether of bisphenol A
(DGEBA) epoxy resin cured with a dicyandiamide hard-
ener (DICY) and a urone accelerator. These formulations
were compared with a system containing only 10% w/w
of InSi and were all successfully transferred to unidirec-
tional (UD) and bidirectional (BD) glass fiber composites
via prepregs for processing, pre-fire mechanics, and post-

FIGURE 10 Flexural properties of the GF composites after exposure in a furnace oven at 400�C.
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furnace mechanical analysis. Advantageously, the addi-
tion of the FRs did not significantly impact the glass tran-
sition temperature or the processing properties of the
DGEBA resin. However, it was found that the fire resi-
dues obtained from cone calorimetry for composites con-
taining FRs were only 15-20% of the thickness of those
from the resins. There was also a suppression of the FR
mode of action upon transfer of the FRs to the compos-
ites which contrasts with what was observed in the resin.
Currently, the resin matrix containing APP + InSi was
most viable for transfer to UD/BD composites with a con-
trollable fiber volume content of 57%–60%. The study
reveals an enhancement in both the KIC and GIC values
when comparing the neat resin to E90InSi10/E90InSi2-
SiAPP8 (+24%), E90InSi2MPP8 (+26%), and
E90InSi2APP8 (+16%) potentially due to a toughening
effect of the fillers at 10% w/w loading in the resin. The
average interlaminar shear strength (ILSS) values of all
the UD composites surpassed that of the BD composites
by 10%–15%.

The assessment of post-furnace flexural properties
in composites is used here as a pivotal first step to
understand the challenges surrounding post-fire
mechanical studies. Notably, at room temperature, the
decrease in εF for the composites containing FR EP is
negligible, with a decrease of �4% on average for both
UD and BD composites. However, when subjecting the
composites to a furnace at 400�C, a significant reduction
in flexural moduli was observed after 2.5min of exposure,
and after 3min, complete delamination occurred. This
reveals a critical challenge in obtaining viable samples to
test the post-fire flexural mechanics of the composites
after burning, even under short exposure times. In a
future study, a suitable method for testing the post-fire
flexural properties of the composites under ignition will
be developed. The differences in processing resulting
from moderately and highly filled FR systems will thus
be investigated to improve the fire residues and recover
the modes of action of the FRs in the composites.
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in the Supporting Information section at the end of this
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