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ABSTRACT

The influence of different phosphorus containing flame retardants on fiber degradation during combus-
tion of carbon fiber reinforced epoxy resins is described. A phosphazene, a phosphate and a phosphi-
nate were investigated in HexFlow® RTMS6, a high performance epoxy resin designed for resin transfer
moulding processes, and composites thereof. UL94-V flammability tests of neat RTM6 samples showed a
high flame retardant efficiency of the phosphate and the phosphazene. The burning behavior of carbon
fiber reinforced composite samples with various amounts of flame retardants was investigated by cone
calorimetry and the influence on fiber degradation was determined by scanning electron microscopy in-
cluding energy dispersive X-ray spectroscopy. While phosphazene acting mainly in the gas phase showed
the best flame retardant efficiency in the composite, the phosphate acting mainly in the condensed phase
showed the best fiber protection. Mechanical properties were not affected significantly by the incorpora-
tion of flame retardants ensuring the application in components manufactured by resin transfer moulding.
Finally combinations of phosphazene and a silicon compound were tested. No synergism regarding fiber
protection or flame retardancy was observed in carbon fiber reinforced epoxy resins, but these investiga-

tions provide information about efficient fiber protection mechanisms.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon fiber reinforced polymer (CFRP) composites are widely
used in aircraft and automotive construction as lightweight mate-
rials with optimized mechanical properties. Especially epoxy-based
composites can be found in numerous high sophisticated space
and aerospace applications, mainly in structural components. For
many applications, adjusted flame retardancy is necessary. Since
the neat epoxy resin sets a base value for the burning behav-
ior of a material, the efficiency of incorporated flame retardants
depends on the epoxy resin matrix and the reinforcement [1-7].
Additionally, several aircraft crashes accompanied by fire have in-
creased the interest in assessing an additional health risk due to
the formation of respirable carbon fiber dust. Critical fiber concen-
trations were reported for large scale fire tests as well as a he-
licopter crash while collecting the flight recorder [8,9]. It is well
known that carbon fibers can form respirable fiber fragments af-
ter thermal load and fire [10,11]. All types of carbon fibers con-

* Correspondence author.
E-mail address: LaraGreiner@bundeswehr.org (L. Greiner).

https://doi.org/10.1016/j.polymdegradstab.2021.109497
0141-3910/© 2021 Elsevier Ltd. All rights reserved.

sist of more than 90% carbon (typically over 95%) and apart from
that of mainly nitrogen, which makes them prone to oxidation re-
action. A significant oxidation reaction is observed above 600 °C in
air within minutes, slightly influenced by heating rate and strongly
influenced by oxygen concentration [12]. Thermo-oxidative degra-
dation is expressed in principal by two phenomena: a continu-
ous decrease of fiber diameter and the formation of surface de-
fects, which end up in a pronounced hole structure at severe dam-
age. Fibers thinner than 3 pm were observed for example after
10 min at 650 °C [12]. According to the definition of the World
Health Organization (WHO), fibers are considered to be respirable,
if they are thinner than 3 pm and longer than 5 pm. Fibers with
this dimensions are thin enough to penetrate the deep lung ar-
eas (alveola), and too long to be easily exhaled [13]. Additionally,
the length to diameter ratio has to be higher than 3. Commercially
available carbon fibers are typically thicker than 5 pm and there-
fore uncritical with respect to inhalation, as long as CFRP material
has not undergone high temperatures during fire or other degra-
dation processes. On the side of passive measures of fire protec-
tion, it is necessary to improve the thermal properties of com-
posites with respect to the release of respirable fibers during or
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after a fire. A strategy that does not affect the fiber to matrix
adhesion is to add a flame retardant to the resin matrix, which
forms a protection layer on the fiber surface during combustion
[14]. Zinc borate was used successfully but it is not suitable for
resin transfer moulding, an important process for the manufactur-
ing of fiber-reinforced epoxy based composites. It increases the vis-
cosity of the resin significantly and the inhomogeneously dispersed
particles are filtered by the fiber plies during injection. Therefore
a suitable flame retardant, that is soluble in the epoxy resin ma-
trix and protects the fiber, has to be found. Phosphorus containing
flame retardants offer a halogen-free way to render epoxy resins
and their composites flame retardant. For phosphorus containing
flame retardants, the mode of action depends on the phospho-
rus species and the polymer they are incorporated [15,16]. The
chemical environment of phosphorus can either be carbon / hy-
drogen rich and promote action in the gas phase or it can be
oxygen rich and promote action in the condensed phase. Further-
more, a trend to apply polymeric or oligomeric flame retardants
is observed to avoid leaching. For these investigations three dif-
ferent phosphorus containing flame retardants were incorporated:
An oligomeric/cyclic resorcinol bis(diphenyl phosphate) most likely
to act in the condensed phase by the formation of polyphosphoric
acid ([17,18] a condensed polymeric adduct of 9,10-dihydro-9-oxa-
10-phosphaphenanthrene-10-oxide (DOPO) and salicylaldehyde, as
well as bis(phenoxy)phosphazene that may act in the gas phase or
in the condensed phase depending on the matrix [19]. The goal of
this investigation is to determine, if phosphorus containing flame
retardants can be used for fiber protection as well and if there is
a correlation between the flame retardant mode of action and the
influence on the fiber degradation. Another approach in flame re-
tardancy of epoxy resins is the use of silicon compounds [20,21]
and especially the interplay of phosphorus and silicon compounds
[22-25]. There are both, synergistic [26-28] and antagonistic [24],
effects reported. Therefore, and because of possible barrier prop-
erties of silicon dioxide, nanoscale silicon dioxide particles diluted
in bisphenol A diglycidylether (DGEBA), suitable for resin transfer
moulding processes were tested as well. These studies provide in-
formation on the fiber protection mechanism.

2. Experimental
2.1. Material

Reaction-to-fire tests were performed with the carbon fiber re-
inforced system HexFlow® RTM6 (epoxy resin matrix based on
tetraglycidyl methylene dianiline and aromatic aminic hardeners)
and HexForce® GO0939 (carbon fiber fabric) from Hexcel Com-
posites GmbH (Stade, Germany) [29]. The matrix was modified
by adding an oligomeric bis(phenoxy)phosphazene (SPB®100, He-
bron S.A., “SPB100”) or a condensed adduct of 9,10-dihydro-9-oxa-
10-phosphaphenanthrene-10-oxide and salicylaldehyde (HFC-X®,
DIC Corporation, “HFC-X") or an oligomeric resorcinol bis(diphenyl
phosphate) (Aflammit®PLF280, THOR Group Ltd., “RDP”) in differ-
ent quantities up to 15% related to the resin mass. For modifica-
tions with silicon compounds, silicon dioxide nanoparticles with a
diameter of 20 nm homogeneously dispersed in Bisphenol A digly-
cidyl ether was used (Nanopox® F400, 40 wt% SiO,, Evonik, Ger-
many, “NPF400"). The different formulations were mixed at 120 °C
for 15 min. 8 or 16 piles were laminated by hand resulting in 2
or 4 mm thick lay-ups: [(0]90)]g and [(0]|90)];. This procedure is
described in the literature [30]. Specimens were cured in an au-
toclave according to the manufacturer’s recommended conditions
[29]. The cured laminates were cut with a water-cooled diamond
wheel saw into specimens of 100 mm x 100 mm for cone calori-
metric measurements and specimens of 20 mm x 10 mm for the
measurement of the interlaminar shear strength. Additionally sam-
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Table 1
Prepared samples based on RTM6 resin.

Flame Retardant in RTM6-Matrix ~ Reinforcement  Thickness | mm

- - | CF 214
4% SPB100 CF 2
10% SPB100 - | CF 2014
15% SPB100 CF 2
5% RDP CF 2
10% RDP - | CF 2014
5% HFC-X CF 2
10% HFC-X - | CF 214
10% NPF400 CF 2
5% SPB100 -+ 5% NPF400 CF 2
7% SPB100 + 3% NPF400 CF 2

CF: Carbon Fiber.
-: no reinforcement.

ples of flame retarded RTM6 without fiber reinforcement were pre-
pared (2 mm, 4 mm). Curing of these samples was carried out
with the same temperature program but under atmospheric pres-
sure. Specimens of 30 mm x 10 mm x 2 mm for dynamic mechan-
ical analysis and 70 mm x 13 mm x 4 mm for UL94-tests were
trimmed with a band-saw. An overview of the prepared samples is
given in Table 1. Chemical structures of the phosphorus containing
flame retardants are shown in Fig. 1.

2.2. Characterization

4 mm thick specimens were analyzed by UL-94 (Dr.-Ing. Georg
Wazau Mess- + Priifsysteme GmbH, Germany) according to DIN
EN 60,695-11-10 [31] and 2 mm thick specimens were investi-
gated by dynamic mechanical analysis (DMA; SEIKO SII EXSTAR
6100 DMS, Seiko Instruments Inc, Japan) with single cantilever ge-
ometry from 35 °C to 260 °C with a frequency of 1 Hz and a heat-
ing rate of 3 K-min—!. Thermogravimetric analyses (TGA; Q500, TA
Instruments, Inc., USA) of the compact material were performed
starting at room temperature and heated to 800 °C in nitrogen
or synthetic air (50 ml/min) with a heating rate of 10 K-min~!.
Cone calorimetric measurements (Fire Testing Technology Ltd, Eng-
land) of fiber-reinforced specimens were carried out in order to de-
termine reaction-to-fire characteristics such as heat release, mass
loss, formation of smoke etc. [32] according to ISO 5660 [33]
in non-scrubbed mode. Specimens (100 x 100 mm [2] were
wrapped in aluminum foil at the backside, supported on mineral
wool, inserted in a frame sample holder, and irradiated at a heat
flux of 60 kW-m~2 for reinforced samples and at a heat flux of
35 kW-m~2 for neat resin samples. 60 kW-m~2 correspond more
to fully developed fires and are used to observe the fiber degra-
dation while 35 kW-m~2 correspond to developing fires [34]. Test
duration (5 min, 10 min, 20 min, 25 min) and sample thickness
(2 mm, 4 mm) were varied for further investigations. Tempera-
ture rises were recorded by thermocouples (type K) attached to the
middle of the front side of the specimens by a high-temperature
resistant tape. This tape burns simultaneously to the resin matrix
but leaves the thermocouple touching the sample surface for the
rest of the measurement. The thermocouples were located close to
the center of each panel. A scanning electron microscope (SM-300,
TOPCON Corp.) was used for the determination of fiber diameters.
For each given value, the diameters of at least 30 fibers are aver-
aged. EDX analyses were done with an EVO HD 25 (Carl Zeiss Mi-
croscopy GmbH, 5 kV) scanning electron microscope. Interlaminar
shear strength (ILSS) tests were performed for 2 mm thick speci-
mens in accordance to EN 2563 by a three-point flexural test with
a universal mechanical testing machine (2020, ZwickRoell GmbH &
Co. KG, Germany) [35]. Rheological measurements in dependence
on temperature (dynamic) and time (isothermal) were carried out
with a rotational rheometer HAAKE MARS 1 (ThermoFischer Sci-
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Fig. 1. Chemical structures of phosphorus containing flame retardants used in this investigation.

Table 2
Glass transition temperatures and moisture uptake of RTM6 samples.
Sample Ty(Max(tan(3)))  Moisture uptake Ty, (Max(tan(3)))
/°C 1% /°C
RTM6 215 2 218
+ 10% RDP 190 2 190
+ 10% SPB100 199 2 199
+ 10% HFC-X 205 2 207

entific, Massachusetts, USA). A plate-plate measurement geometry
in oscillation mode was chosen. The gap between the plates was
0.5 mm and the frequency 1 s~!. The heating rate was 1 K-min~!
for dynamic measurements.

3. Results and discussion
3.1. Material characterization

Glass transition temperatures were determined by dynamic
mechanical analysis (DMA) as the temperature corresponding
to the maximum of the dissipation factor tan(é) denoted by
Ty(Max(tan(§))). The results are shown in Table 2. RDP lowers the
glass transition temperature by 25 °C compared to the pure resin.
Since RDP is the only liquid flame retardant and has the lowest
molecular mass and weakest intermolecular interactions, it reduces
glass transition temperature the most compared to SPB 100 and
HFC-X. SPB100 lowers the glass transition temperature by 16 °C
and HFC-X by 10 °C, meaning a negligible change of the glass tran-
sition temperature according to literature [1,36]. The phenolic OH-
groups of HFC-X react with epoxy groups so that this flame retar-
dant is incorporated into the epoxy network and reduces the glass
transition temperature the least. Moisture uptake was determined
by storing samples in water at 70 °C for 14 days. The increase in
mass compared to the initial mass is 2% for the pure RTM6 and
all other samples. According to this, the flame retardants have no
influence on the moisture uptake. Glass transition temperatures of
wetted samples (Tgwet) are similar to the temperatures of the orig-
inal samples, because drying occurs before the glass temperature
is reached.

3.2. Thermal properties

The thermal properties of the flame retardants and RTM6 for-
mulations thereof were investigated by TGA under nitrogen atmo-

Table 3

Tmax, T1%, Tsy and residue of formulations of RTM6 and phosphorus containing
flame retardants obtained by TG measurements in air or nitrogen atmosphere
with a heating rate of 10 K-min~'.

Sample Tmax Tis Tso Residue
| °C [°C |°C | %
RTM6 in N, 379 265 341 9 (800 °C)
+ 10% RDP 346 240 297 23 (800 °C)
+ 10% SPB100 379 254 323 15 (800 °C)
+ 10% HFC-X 345 261 307 20 (800 °C)
RTM6 in air 136911572 229 331 492 °C) | 0 (800 °C)

+ 10% RDP
+ 10% SPB100
+ 10% HFC-X

33 (
1350 | 11555 232 292 53 (416 °C) | 3 (800 °C)
1377 | 11543 264 325 39 (465 °C) | 3 (800 °C)
136511545 237 309 49 (432 °C) | 2 (800 °C)

sphere and in air. Fig. 2 shows one step decomposition processes
for RTM6 and flame retarded formulations in Np-atmosphere on
the left hand side and two step decomposition processes in air on
the right hand side. The temperature at maximum mass loss rate
(Tmax), the initial degradation temperatures (T;g, Tsy) at which 1%
or 5% mass loss is reached and the residue at 800 °C are summa-
rized in Table 3.

Under N,-atmosphere the initial degradation temperatures T;y
and Tsy are lowered for every flame retardant which indicates a
flame retarding action before the decomposition of the overall ma-
trix. The residues are higher for flame retarded samples indicating
the formation of char. As expected, it is highest for RDP with 23%
which is more than the residue of RTM6 (9%) added to the amount
of flame retardant incorporated into the matrix (10%). The high
residue shows a strong charring effect of RDP in RTM6 resulting
from the formation of polyphosphoric acid and the catalysis of the
carbonization of the resin [37,38]. This charring layer is efficient to
form a heat-barrier during combustion. RTM6 samples with added
HFC-X and SPB100 show higher residues than neat RTM6 as well.

The simplified decomposition model by Rose and co-workers
[39,40] assumes three steps for the decomposition of epoxy resins
in air. An undistinctive first step is caused by dehydration leading
to the formation of a moisture-free resin system. This step is not
present in the measurements carried out. As shown above, mois-
ture uptake is low for RTM6. In a temperature range of 300 °C to
450 °C the decomposition into stable char and different volatile
species takes place. The third reaction taking place at temperatures
above 450 °C is responsible for further degradation of the stable
char. For RTM6 and RTM6 + 10% SPB100, more volatiles are set
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Fig. 2. TG-curves of RTM6 and flame retarded samples measured in N,-atmosphere (left) and air (right). (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Table 4
Rheological data of selected resin formulations (dynamic measurements,
1 K-min', 1 s71).

Formulation T(|n*| = 100 mPa-s) [ °C  T(gel point, dynamic) | °C
RTM6 90 180
+ 10% RDP 101 187
+ 10% HFC-X 112 179
+ 10% SPB100 103 190

free in the first distinctive step, leading to fewer residues before
the second step occurs suggesting gas-phase activity for SPB100
(see Table 3).

3.3. Rheological and mechanical properties

For high-performance applications of RTM6 composite materi-
als, it is important that the processibility by resin transfer mould-
ing as well as mechanical properties are not affected by flame
retardants incorporated to the matrix. Table 4 shows rheologi-
cal data of dynamic measurements (heating rate 1 K-min~'). In
general, the injection temperature is 90 °C for RTM6 using pro-
cesses. At this temperature, RTM6 reaches a viscosity of 100 mPa-s.
For flame retardant formulations, it is important, that this vis-
cosity can be reached by heating, while the possible potting
time remains over 1 h. The values for the required temperatures
T(|n*| x003D; 100 mPa-s)) are given in Table 4 as well as the tem-
perature at the dynamic gel point T(gel point, dynamic) determined
at the intersection of storage modulus (G’) and loss modulus (G”)
of the same dynamic measurements. Flame retardant formulations
require higher temperatures to reach a viscosity of 100 mPa-s. Es-
pecially HFC-X with the highest molar mass increases the temper-
ature by 22 °C. An additional isothermal measurement of RTM6 at
120 °C shows, that it is still processible for an adequate amount of
time (> 1 h), so that the examined formulations are still suitable
for resin transfer moulding. The gel point is only increased by a
maximum of 10 °C, which does not affect the hardening process.

Table 5 presents interlaminar shear strength (ILSS) of the in-
vestigated CFRP samples. Values are additionally normalized to the
CFRP without flame retardants. There is no influence of RDP on the
ILSS observed up to a content of 10%. CFRP with 10% HFC-X or 10%
SPB100 exhibit a slight reduction of ILSS, which is however not sig-

Table 5
ILSS of selected CFRP samples additionally normalized to RTM6 + CF.

Sample ILSS | N-mm-2 Relative ILSS | %
RTM6 + CF 67.8 £ 3.2 100 + 5
+ 5% RDP | + 10% RDP  69.2 + 1.7 | 68.8 £ 1.6 102 +£3| 101 £ 2
+ 10% HFC-X 629 + 1.4 93 +2
+ 10% SPB100 66.0 + 1.3 97 £2

nificant within the measurement tolerance of the testing method
(£ 10%). Therefore the application of the investigated flame retar-
dants in epoxy based composites is possible with respect to me-
chanical performance.

3.4. Flame-retardant performance

Fire tests of the neat resin (4 mm samples) under forced condi-
tions were done at a heat flux of 35 kW-m™ in a cone calorime-
ter. This heat flux is suitable for the investigation of the burning
behavior. Composite materials (2 mm samples and 4 mm sam-
ples) were investigated at a heat flux of 60 kW-m~2 respectively
to quantifiably observe the fiber degradation within 20 min. The
HRR (heat release rate) curves vs. time of neat resins are presented
in Fig. 3 on the left hand side and the curves of the composites
(2 mm) on the right hand side. Values of important parameters
including time to ignition (tti), peak of heat release rate (pHRR),
total heat release (THR), maximum average rate of heat emission
(MARHE) and the total smoke release (TSR) values are summarized
in Table 6. MARHE is an established parameter in cone calorime-
try analysis that describes the velocity of the burning. For the
2 mm reinforced samples the sum parameters were determined
after 300 s of testing and for the 4 mm neat resin samples after
500 s. Hand lay-up leads to different fiber volume ratios, so the
combustible material amount differs for the different reinforced
samples, which is considered by the value X as the ratio of the
combustible material mass (equal to the mass of the matrix) to the
whole sample mass. In addition UL94-test classifications of 4 mm
thick samples are specified in Table 6.

The burning behavior of neat RTM6 is characterized by a sharp
peak in HRR, which is characteristic for a rapid and continous com-
bustion. For flame retarded samples the development of the HRR
during the measurement shows a lower heat release shortly af-



L. Greiner, M. Déring and S. Eibl

Polymer Degradation and Stability 185 (2021) 109497

2000 600 —
1800 - —— RTM6 ——RTM6 + CF
] - = +10% SPB100 500 -.— +10% SPB100
16004 A e +10% RDP TN +10% RDP
1 - - -+ 10% HFC-X - - -+ 10% HFC-X
~ 1400 N .
'E 1200 ] E 7
s " :
~ 1000 ~ 3004
% i o
T 800 %
1 200 +
600 -
400
] 100 ]
200 + 1
0 0 T T T ;I_-‘.:F‘—J_'—r”_l
0 0 100 200 300
Time /s Time /s
Fig. 3. HRR of non-reinforced samples at 35 kW-m~2 (left) and of reinforced samples at 60 kW-m~2 (right).
Table 6
Results of cone calorimetry (neat resin: sample thickness 4 mm, composites: sample thickness 2 mm) and classifications according to UL94-vertical tests (sample thickness
4 mm).
Sample tti R [ kKW-m/kW-m-2 THR-X-1 MARHE | kW-m/ kW-m-2 TSR-X-1 THR-ML-m-2-g/kW-m-2-g-1  Residue X UL94-V
|s | kW-m-2 | MJ-m-2 | kW-m-2 | m2.-m-2 | KW-m-2.g-1 | %
RTM6 94 +1 1715 + 58 104 + 1 550 + 6 5601 + 31 2.25 442 1 NR*
+ 10% RDP 82 +3 1479 + 284 77 £5 373 £ 11 2704 + 148 222 37 £1 1 VO
+ 10% SPB100 85+ 1 882 + 35 76 + 1 362 +5 6441 + 198 1.71 12 £1 1 Vo
+ 10% HFC-X 79 £1 1331+ 8 82 +1 430 + 8 5563 + 236 1.88 14+ 1 1 VO
RTM6 + CF 31+2 492 + 19 72 £1 242 £5 3763 + 165 2.51 59 +1 0.43 Vo
+ 10% RDP 30 +£1 452 + 26 67 £3 230 £ 15 4465 + 443 2.40 60 + 1 0.46 \'4]
+10% SPB100 30 £ 0 413 + 28 59 +2 194 + 18 4978 + 309 2.18 61 +3 0.45 \'(]
+ 10% HFC-X 30+1 428 + 45 65 +4 229 + 20 5193 + 411 2.01 54 +2 0.53 VO

*NR: not rated || Concentrations refer to the matrix material.

X: ratio of the combustible material mass (resin + flame retardant) to the whole sample mass.

ter burning, resulting in a peak maximum at a comparable time to
the non-flame retarded sample. The addition of flame retardants to
RTMBG6 leads to decreasing tti-values, but most importantly also de-
creasing pHRR-, THR- and MARHE-values. The reduction of pHRR is
the highest for the sample flame retarded with SPB100 by 49%. In
particular the addition of RDP leads to a decrease of the HRR just
after ignition which is essential for the further burning process as
the decrease of HRR indicates the formation of char [34].

UL94 measurements show that an addition of 10 wt% of flame
retardants results in VO classifications for all samples. The fiber
reinforcement acts as inert filler. Therefore, the RTM6-composite
reaches VO classification even without an additional flame retar-
dant. Literature [2] showed that 3 mm thick composites of RTM6
reach no rating.

The fiber-reinforcement leads to significant differences in the
HRR-curves in comparison to non-reinforced material. Delamina-
tion processes are represented in the curves by sharp peaks shortly
after ignition. Single plies are detached from others and they burn
fierce and fast due to gas between the fiber plies acting as a heat
barrier. This process is suppressed by the incorporation of flame
retardants resulting in less sharp peaks of the HRR-curves. The re-
inforcement significantly reduces pHRR, THR, MARHE and TSR. The
relative changes caused by the incorporation of flame retardants
are comparable to the non-reinforced samples, however less pro-
nounced due to lower base values and higher heat flow.

The THR/ML (ML = mass loss) value gives reliable information
on the flame retardant mechanism [34] as it stands for the to-
tal heat evolved per mass that is released in form of volatiles.

The smaller this value is in comparison to the non-flame retarded
sample, the more gas phase activity occurs during combustion. Ac-
cording to the value of THR/ML, RDP acts mainly in the condensed
phase (flame retarded neat resin sample: 2.22 kW-m~2-g~! | non
flame retarded RTM6 sample: 2.25 kW-m~2.g=1) which is also
shown by a high residue of the non-reinforced sample (37%) and
the low TSR-X~T (2704 m2-m~2) as well as the TGA results. SPB100
and HFC-X show a distinctive gas phase activity with values of
1.71 kW-m~2.g~! and 1.88 kW-m~2-g!, respectively. The values
of carbon fiber reinforced samples show a similar tendency, that
RDP acts mainly in the condensed phase (flame retarded rein-
forced sample: 2.40 kW-m~2-g~1 / non flame retarded RTM6 sam-
ple: 2.51 kW-m~2.g~1) and SPB100 and HFC-X act mainly in the
gas phase (2.18 kW-m~2-g~! and 2.01 kW-m~2-g1). It is remark-
able, that HFC-X shows more gas phase activity than SPB100 in
the reinforced samples, whereas it is the other way around in
non-reinforced RTM6 samples. This shows, that the flame retard-
ing mechanism is slightly changed by the incorporation of fibers.
The overall amount of formed smoke (TSR-X~) is higher for
flame retarded composite samples than for the non-flame retarded
samples. The best flame retardancy regarding THR and pHRR is
generated by the intumescent SPB100. The intumescence is sup-
pressed in the composite material, but the resulting residue and
the gas-phase active volatile products are sufficient for an efficient
flame retardancy. Especially the results for the DOPO-containing
flame retardant HFC-X is remarkable as DOPO itself is said to be a
very good flame retardant for carbon fiber reinforced epoxy resins.
To estimate a flame retardant efficiency, plenty of parameters have
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Fig. 4. SEM images of the residues obtained after cone calorimetry at 35 kW-m~2 for 10 min: a: RTM6, b: RTM6 + 10% RDP, c: RTM6 + 10% SPB100, d: RTM6 + 10% HFC-X.

Table 7

Mean diameter, standard deviation and smallest measured diameter of at least 30 car-
bon fibers in composite materials with partially flame retarded RTM6 after irradiation at
60 kW-m~2 for 20 min determined by SEM.

Sample Thickness | mm  Mean Diameter [ pym  Smallest Diameter | pm
RTM6 + CF 2 33 +0.7 2.1

+ 5% RDP 2 58 £ 03 53

+ 10% RDP 2|4 62 +02]62+04 57154

+ 5% HFC-X 2 55+ 0.2 5.0

+ 10% HFC-X 214 5.6 + 03|56+ 0.3 49152

+ 4% SPB100 2 54+ 05 4.0

+ 10% SPB100 214 59+£04]|59+04 5449

+ 15% SPB100 2 59 + 04 49

to be taken into account. In HFC-X, DOPO is incorporated to a poly-
mer chain. This has a positive influence on migration or thermal
properties but may have an influence on flame retardant proper-
ties in comparison to molecular DOPO as well, as can be seen in
these studies.

Fig. 4 shows SEM images of the residues obtained after cone
calorimetry at 35 kW-m~2 for 10 min (non-reinforced samples).
While RTM6 itself forms a highly instable residue that contains
small holes (diameter about 50 - 100 pm), the addition of phos-
phorus containing flame retardants leads to residues that are more
stable and contain less holes. This confirms the observations from
cone calorimetry tests and UL94 measurements.

3.5. Fiber protection

The mean diameters and the smallest fiber diameters of carbon
fibers on the irradiated sample surface shown in Table 7 were de-
termined by SEM. The determined initial diameter of the G0939
fiber is (7.3 £+ 0.3) pum. For composites not containing any flame
retardant a mean fiber diameter of (3.3 + 0.7) pym and a mention-
able amount of respirable fiber fragments are observed after irra-
diation (20 min at 60 kW-m~2). The incorporation of any investi-
gated flame retardant causes larger mean fiber diameters. The val-
ues show no influence of the sample thickness on the fiber degra-

dation. For example, if 10% SPB100 in RTM6 is used as matrix, fiber
diameters of (5.9 + 0.4) um are obtained for 2 mm and 4 mm
samples. An increase of the amount of incorporated flame retar-
dant shows typically no significant increase of the mean fiber di-
ameter. For example the incorporation of 4% SPB100 in the RTM6
matrix generates fibers with a mean diameter of (5.4 + 0.5) ptm
whereas 10% SPB100 cause a mean diameter of (5.9 + 0.4) pm.
A further increase to 15% SPB100 shows no additional effect. In
comparison to SPB100, RDP shows slightly higher mean fiber di-
ameters after irradiation whereas HFC-X shows lower mean fiber
diameters. The sample with 5% RDP shows a mean fiber diameter
of (5.8 & 0.3) ym and 5% HFC-X (5.5 &+ 0.2) um. The best result
is obtained by the addition of 10% RDP to the matrix with a mean
fiber diameter of (6.2 4+ 0.4) pm. The comparable sample with 10%
HFC-X generates fibers with a mean diameter of (5.6 & 0.3) ym. An
amount of 5% flame retardant in the RTM6 matrix is sufficient for
every sample to avoid formation of respirable fiber fragments ac-
cording to the WHO whereas the non-flame retarded sample show
fibers with diameters below 3 pm.

Fig. 5 shows the mean fiber diameter in dependence on irradia-
tion time at 60 kW-m~2 for different resin formulations. The sam-
ples without flame retardants show a steady decrease of the mean
fiber diameter. After 5 min a mean diameter of (6.6 + 0.4) um is
reached, after 20 min (3.3 4 0.7) um. By adding flame retardants,
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Concentrations of elements at the fiber surface after irradiation.

Sample Con surface /% N on surface /% O on surface /| % P on surface [ %
RTM 6 + CF: 94.3 42 1.4 not detected
1200 s at 60 kW-m-2

+ 10% RDP: 82.5 3.7 6.6 53

300 s at 60 kW-m~2

+ 10% RDP: 86.4 53 6.5 1.8

600 s at 60 kW-m~2

+ 10% RDP: 86.4 4.2 7.1 13
1200 s at 60 kW-m~2

+ 10% RDP: 89.1 5.2 4.4 0.9
1500 s at 60 kW-m~2

+ 10% SPB100*: 90.5 6.5 2.6 0.4
1200 s at 60 kW-m~2

+ 10% HFC-X: 90.2 5.1 3.7 0.8

1200 s at 60 kW-m~?2

*For this sample a residue of spherical particles (C: 3.2%, N < 0.1%, O: 50.4%, P: 19.3%) were observed on the fiber

surface.
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Fig. 5. Mean fiber diameter in dependence on irradiation time at 60 kW-m~2 and
flame retarded matrix composition.

the degradation is retarded sufficiently within the observed irradi-
ation time of 1200 s. Especially up to 300 s there is no significant
degradation of the fiber diameter. The progression of the curves is
similar for all flame retardants used. An additional composite con-
taining 10% RDP that was irradiated for 1500 s exhibits still a mean
diameter of (5.3 £+ 0.3) um (not depicted in Fig. 5). Fig. 6 shows
SEM images of carbon fibers after irradiation at 60 kW-m~2. While
the composite which does not contain any flame retardants (Fig. 6;
a) tends to form holes at the fiber surface within 1200 s, the sam-
ple with 10% RDP shows no defects after 1500 s (b).

In order to determine the mechanism of fiber protection, the
temperature on the irradiated surface during combustion was mea-
sured by a thermocouple attached to the sample. The results are
shown in Fig. 7. Temperatures above 600 °C necessary for fiber
degradation (12) are reached during the combustion of the matrix
resin. There are no distinct differences in the shape of these curves
suggesting that there is no influence of the surface temperature on
the resulting mean fiber diameter, but the added flame retardants
are responsible for fiber protection. The temperature measurement
is not exact but sufficient for a comparison and the temperature
differences that have to be reached for the observed increase in
fiber diameter would be observable. No tape is stable enough to
stick to the sample surface throughout the whole measurement,

but the thermocouple placement via tape beforehand leads to it
steadily laying on top of the sample surface for at least 300 s. This
has been observed for every measurement used in this report.

The results of EDX measurements are summarized in Table 8.
After 1200 s at 60 kW-m~2 the surface of carbon fibers in the
non flame retarded composite sample consists of 94.3% carbon,
4.2% nitrogen and 1.4% oxygen. The incorporation of 10% RDP to
RTM6 changes the composition to 86.4% carbon, 4.2% nitrogen,
7.1% oxygen and 1.3% phosphorus. For this sample, different irra-
diation times were investigated and it is shown that the phos-
phorus content is decreasing from 5.3% after 300 s to 0.9% after
1500 s. For RDP the primary fire retardant action is likely to oc-
cur in the condensed phase by the formation of polyphosphoric
acid [17,18]. However, with prolonged irradiation polyphosphoric
acid is degraded and fiber protection decreases. HFC-X and SPB100
also lead to phosphorus containing residues directly on the car-
bon fibers. Fig. 8a shows a SEM-EDX image of a carbon fiber of
the sample containing 10% SPB100 after irradiation for 20 min.
Wider blue phosphorus-rich areas (for example spherical particles
consisting of 3.2% carbon, 50.4% oxygen, 19.3% phosphorus) and
light blue areas evenly spread inside the red carbon-rich area on
the carbon fibers. This means, that phosphorus containing com-
pounds are found all over the fiber but in very small dimensions
and amounts. This is consistent to observations described in litera-
ture. A study [41] showed, that graphite can be protected from ox-
idation by impregnation with organic phosphate and phosphite es-
ters. The thermal decomposition of phosphorus compounds leaves
a hydrophilic residue strongly adsorbed on the graphite surface.
The authors assume a covalent bonding to the graphite surface in
form of C-OPO3 groups leading to a hydrophilic surface. Addition-
ally, during the irradiation under the cone heater a loose matrix
residue is obtained on top of the sample and between the lami-
nate plies that is decreased constantly during the run. The carbon
fiber fabric additionally contains few colored glass fibers for orien-
tation while processing. A glass fiber of the fiber ply shows a con-
tinuous phosphorus containing layer on its surface (Fig. 8b). There-
fore the residue is hydrophilic as expected due to the formation of
pyrophosphates from the phosphorus containing flame retardants.
The image of the carbon fiber mentioned above does not present
a continuous, thick protection layer due to its unpolar character
(Fig. 8a).

3.6. Silicon dioxide: Influence on flame retardancy and fiber
protection

Nanopox F400 (NPF400) was used to investigate if silicon diox-
ide may protect the fibers from thermal degradation as well. It
consists of silicon dioxide particles with a diameter of 20 nm
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Fig. 6. SEM images of carbon fibers after irradiation at 60 kW-m~2: a: RTM6 + CF, 1200 s; b: RTM6 + 10% RDP, 1500 s.
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Fig. 7. Temperature at the sample surface during irradiation (60 kW-m~2) mea-
sured by a thermocouple attached to the surface. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

evenly dispersed in a stable mixture with bisphenol a diglycidyl
ether, so it is miscible with RTM6 and suitable for resin transfer
moulding processes. Silicon dioxide is a filler that can act in the
condensed phase by creating a barrier for heat and oxygen. As lit-
erature (see above) describes a synergism of silicon and phospho-

HV: 5kV WD: 9,3mm

rus in regard to flame retardancy, SPB100 was chosen for combi-
nations thereof.

Fire tests of the composite materials (thickness 2 mm) under
forced conditions were done at a heat flux of 60 kW-m~2 in a cone
calorimeter to observe fiber degradation and burning behavior. The
HRR (heat release rate) curves are presented in Fig. 9. Values of im-
portant parameters including time to ignition (tti), peak of heat re-
lease rate (pHRR), total heat release (THR), maximum average rate
of heat emission (MARHE) and the total smoke release (TSR) values
are summarized in Table 9. For these samples, the sum parameters
were determined after 300 s of testing and concentrations refer to
the matrix material. Hand lay-up leads to different fiber volume
ratios, so the combustible material amount differs for the different
reinforced samples, which is considered by the value X as the ratio
of the combustible material mass (equal to the mass of the matrix)
to the whole sample mass.

The addition of 10% NPF400 to the epoxy matrix leads to higher
PHRR, THR and MARHE. So it shows no flame retarding proper-
ties. The pHRR is 492 kW-m~2 for RTM6 and 566 kW-m~2 for
10% NPF400 in RTM6. THR (normalized by X) increases from 72
MJ-m~2 to 79 MJ-m~2 and MARHE from 242 kW-m~2 to 267
kW-m2. Formulations containing both, NPF400 and SPB100, show
similar HRR curves to formulations with 10% SPB100. Delamina-

Fig. 8. SEM-EDX images of a: carbon fiber and b: glass fiber (RTM6 + 10% SPB100 + CF) after irradiation at 60 kW-m~2 for 20 min.
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Table 9
Results of cone calorimetry (sample thickness 2 mm) and classifications according to UL94-vertical tests (sample thickness 4 mm) for investigated samples.
Sample tti R/KkW-m/kW-m-2  THR-X-1 RHE | KW-m/kW-m-2 TSR-X-1 THR-ML-1W-m-2.g/ kW-m-2.g-1  Residue X  UL94-V
|s | kW-m-2 | MJ-m-2 | kW-m-2 m2-m-2 | kW-m-2.g-1 | %
RTM6 + CF 31+£2 492 + 19 72 £ 1 242 +5 3763 + 165 2.51 50+1 043 Vo
+ 10% SPB100 30+£0 413 + 28 59 +2 194 + 18 4978 + 309 2.18 61 +£3 045 Vo
+ 10% NPF400 28 £2 566 + 21 79 +1 267 £ 5 4319 £+ 105 2.78 59+1 046 Vo
+ 5% SPB100 + 5% NPF400 30 + 2 368 + 45 58 +4 193 £ 18 4828 + 249 2.37 66 +3 044 VO
+ 7% SPB100 + 3% NPF400 28 + 2 437 + 32 60 + 2 203 + 4 4308 + 162 2.21 62+1 042 Vo
600 8+
—— RTM®6 + CF
-—++10% SPB100 Beia I'
+10% NPF400 [ I T I
..... + 5% NPF400 + 5% SPB100 £ f . UL
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Fig. 9. HRR of reinforced samples at 60 kW-m~2 including silicon compounds.

Table 10

Mean diameter, standard deviation and smallest measured diameter of at least 30
carbon fibers in composite materials (thickness 2 mm) with silicone compounds
after irradiation at 60 kW-m~2 for 20 min determined by SEM.

Sample Mean Diameter [ pnm  Smallest Diameter| pm
RTM6 + CF 33+07 2.1
+ 4% SPB100 54 +£05 4.0
+ 10% SPB100 59 +04 5.4
+ 10% NPF400 46 £ 0.5 3.9
+ 3% NPF400 + 7% SPB100 48 +£03 4.2

tions are mainly observed for samples containing NPF400 as flame
retardant component, showing unsteady combustion. The value of
THR-ML-! decreases with increasing amount of SPB100 from 2.51
MJ]-m~2.g-1 without flame retardant to 2.37 MJ-m~2-g~! with
5% SPB100 and 5% NPF400 and 2.21 MJ-m~2-g~! for the formu-
lation with 7% SPB100 and 3% NPF400 in the RTM6 matrix. This
means, that gas phase activity increases with increasing amount of
SPB100, what was expected. The flame retarding effect is mainly
caused by SPB100 and no synergism of SPB100 and NPF400 can be
observed in RTM6 and carbon fiber reinforced RTM6. The effects
are similar in neat resin samples not shown in this study.

Table 10 summarizes mean diameters of carbon fibers for dif-
ferent samples after 20 min of irradiation at 60 kW-m~2, NPF400
shows a fiber protecting effect, since the resulting mean fiber di-
ameter is 4.6 um (10% NPF400 in RTM6 matrix) and therefore
higher than for the RTM6 sample (3.3 pm). No fragments with res-
pirable dimensions were found. But NPF400 is less effective than
SPB100 (5.9 pm, 10%). A mixture of 3% NPF400 and 7% SPB100
in the RTM6 matrix shows a lower mean fiber diameter (4.8 pm)
than a formulation with only 4% SPB100. This shows, that there
is an antagonism in regard to fiber protection. Fig. 10 shows the
mean fiber diameter in dependence on irradiation time. Both sil-

Time of irradiation at 60 kW-m?

Fig. 10. Mean fiber diameter in dependence on irradiation time at 60 kW-m~2 and
flame retarded matrix composition including silicon compounds.

icon containing formulations show a similar curve. These curves
show a faster carbon fiber degradation than samples containing
only SPB100 as flame retardant, again supporting the antagonistic
effect of the silicon incorporation.

SEM-EDX images of fibers after irradiation at 60 kW-m~2 for
20 min are shown in Fig. 11. The sample containing 10% NPF400
in the matrix formulation (Fig. 11, left) shows only loose, silicon
containing thin layer-like residues on the fibers. Similar residues
are formed on the sample containing 5% SPB100 and 5% NPF400
in the matrix (Fig. 11, right). These residues do not offer a suf-
ficient protection from heat and oxygen and therefore from the
thermo-oxidative degradation. The 10% NPF400 sample shows el-
ement concentrations determined by SEM-EDX of 97.5% carbon,
2.5% oxygen and less than 0.1% silicon on the exposed fiber sur-
face after irradiation. The corresponding loose residue on top con-
sists of 35.1% carbon, 37.8% oxygen and 27.1% silicon. The values
for the sample with 5% SPB100 and 5% NPF400 are 96.1% carbon,
3.9% oxygen, less than 0.1% silicon and less than 0.1% phosphorus
on the exposed fibers and for the corresponding loose silicon con-
taining residue 11.2% carbon, 49.9% oxygen, 38.4% silicon and 0.5%
phosphorus. This shows, that the silicon compound binds phos-
phorus compounds formed during combustion. In other words, the
formed hydrophilic phosphorus compounds show a higher affin-
ity to the hydrophilic silicon compounds deriving from NPF400 or
glass fibers than to carbon fibers. This high affinity is also shown
by literature [42] describing the formation of -P(=0)-0-Si- struc-
tures as important mode of action for the flame retardant syner-
gism of phosphorus and silicon, and is also consistent with the
higher stability of organic phosphoric acid esters compared to sili-
cic acid esters.
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Fig. 11. SEM-EDX images of residual fibers after irradiation at 60 kW-m~2 for 20 min in the cone calorimeter. Left: carbon fiber reinforced sample with 10% NPF400
incorporated to the matrix, right: carbon fiber reinforced sample with 5% SPB100 and 5% NPF400 incorporated to the matrix.

In presence of silicon containing compounds, there are no ar-
eas with high phosphorus content on the carbon fiber surface as
could be found for the sole phosphorus containing flame retardants
above. Therefore, the phosphorus compounds are not available for
fiber protection anymore. This verifies that the high fiber protec-
tion efficiency of phosphorus containing flame retardants is not
only due to a loose residue on top of the samples. It is caused by
phosphorus compounds that are evenly and continuously spread
on the fiber surface after combustion of the matrix and still ex-
ist after 1200 s of irradiation at 60 kW-m~2 as already suggested
above.

4. Conclusions

Different phosphorus containing flame retardants were inves-
tigated with regard to flame retardancy in the neat RTM6 resin
and in carbon fiber reinforced composite materials. The main fo-
cus was on the retardation of the fiber degradation leading to res-
pirable fiber fragments with diameter below 3 pum. Cone calori-
metric measurements were carried out at 35 kW-m~2 for neat
resin samples and at 60 kW-m~2 for composite materials. A heat
flux of 60 kW-m~2 and an irradiation time of 20 min were nec-
essary to quantifiably determine the fiber degradation. The phos-
phazene (SPB100) showed the best flame retardant efficiency in
the composite, particularly with regard to a reduction of the pHRR
of 51% in the neat resin when 10% flame retardant were added.
The oligomeric phosphate (RDP) containing composite samples
showed the best fiber protection with a mean fiber diameter of
6.2 + 0.4 um (10% RDP) in comparison to the non-flame retarded
sample with a mean fiber diameter of 3.3 + 0.7 ym after an ir-
radiation time of 20 min. In contrast to the non-flame-retarded
sample, the flame retardant containing samples showed no for-
mation of defects at the fiber surface. In conclusion by incor-
poration of any investigated phosphorus containing flame retar-
dant in amounts of 5 - 10% by matrix weight the fiber degra-
dation can be retarded sufficiently. After 20 min of irradiation at
60 kW-m~2 fiber diameters exclusively above 5 pm were obtained.
Temperature measurements on the sample surface during irradia-
tion showed no differences and therefore no relation of tempera-
ture and fiber degradation in these boundaries. The effect of fiber
protection is at first view a result of a loose residue on the fibers
and between the laminates. At second view, the fiber protection is
caused by phosphorus compounds evenly spread over the carbon
fiber surface.

10

By studying the incorporation of silicon compounds as well,
further statements can be made in terms of the fiber protection
mechanism. Silicon dioxide particles themselves show no flame
retardancy and no synergism to SPB100 as well as a less effi-
cient fiber protection in carbon fiber reinforced RTM6 samples.
For silicon and phosphorus containing samples, loose silicon diox-
ide based residues are formed binding present phosphorus com-
pounds. In contrast, samples without silicon compounds show ar-
eas containing phosphorus evenly spread on the irradiated carbon
fiber surface and even if it is no continuous layer this is at second
view the reason for the particular efficiency in fiber protection of
phosphorus containing flame retardants. The affinity of phospho-
rus compounds to carbon fibers is higher than that of silicon com-
pounds, leading to these protected areas directly on the fiber sur-
face. But if silicon compounds are additionally incorporated, they
bind formed phosphorus compounds during combustion, so these
are not available for a fiber protection directly on the fibers, result-
ing in an antagonistic effect on fiber protection.

The effect of the flame retardant on the reaction to fire does not
correlate with the effect on the fiber degradation. Whereas RDP
that acts mainly in the condensed phase guarantees the best fiber
protection, SPB100, that acts mainly in the gas phase, shows the
best flame-retardant efficiency in the neat resin as well as in the
fiber reinforced composite. HFC-X is the least favorable compound
for both, flame retardancy and fiber reaction. For future research
addressing the protection of carbon fibers in composites, the dif-
ferent flame retarding and fiber protection mechanisms in flame
retardants as well as synergistic or antagonistic effects have to be
considered.

The interlaminar shear strength was not affected significantly
by the incorporation of flame retardants and consequently the use
of the flame-retarded RTM6 in composite materials is still possi-
ble. This is supported by the glass transition temperatures that are
still high enough and the hot-wet properties showing no change in
glass transition temperatures and no additional moisture uptake.
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