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Cyanate ester/epoxy resin (CE/EP) blends consisting of diglycidyl ether of bisphenol A (DGEBA) and
novolac type cyanate ester (CE) were prepared and reactively flame retarded using an epoxy functional
adduct of DGEBA and 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO). Moisture uptake
was measured by the gravimetric method; consequent carbamate formation was detected by infrared
spectrometry. Effects of cyanate ester : flame retardant ratio were determined on glass transition tem-

perature (Tg), thermal stability and flammability. The addition of CE compensated the Ty decreasing effect
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of DOPO. Reactively flame retarded CE/EP carbon fibre reinforced composites had LOI of 48 V[V%, V-0 UL-
94 rate and peak of heat release rate of 84 kW/m?>.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Cyanate esters (CEs) offer several advantages over the
commonly used high performance and high heat resistant epoxy
resins (EPs). They have high glass transition temperature (Tg) (up to
400 °C), low moisture absorption and low outgassing providing
great dimensional stability. These properties make CEs good can-
didates for applications such as printed circuit boards, capacitors
and structural aircraft components. Despite the numerous advan-
tages and the four decades past since their commercialization in
1976, they are not yet abundantly used in the composite industry
[1,2]. Compared to high performance EPs their price is still more
than twice as high, and the lack of formulation knowledge, espe-
cially issues connected with their moisture sensitivity during
curing [3] and toughness [4], also hinders their wide-spread
application as polymer matrix material.

One feasible way to reduce the associated material costs and
facilitate the headway of CEs in the composite industries is to blend
them with other thermosetting matrices. For this purpose EPs are
an optimal candidate, not only because of their moderate price
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level, but also because they can be crosslinked with CEs instead of
the commonly applied amine or anhydride type hardeners, and this
results in primary chemical bonds instead of simple blend forma-
tion. Consequently, from point of view of EPs, CEs can be considered
as multifunctional reactive modifiers: Besides replacing the hard-
eners, representing practically the same price level as CEs, they also
enhance numerous properties of EPs as thermal stability, glass
transition temperature, moisture absorption, etc. Although CEs
possess a thermally stable backbone, their flame retardancy is still
an issue to be solved, especially in advanced sectors with strict fire
safety standards as electrical and aircraft industry. By combining
them with EPs having even lower thermal stability [5], this problem
is even more emerging. There exist two main approaches to achieve
flame retardancy: the additive and the reactive one. Lately the
reactive approach was given much attendance because of its
numerous advantages: it provides a more stable effect compared to
the additive method, because the flame retardant is chemically
incorporated into the polymer structure, so it does not migrate to
the surface of the polymer either during high temperature pro-
cessing or application. The increasing emphasis on the health and
environmental compatibility of flame retardants has drawn the
attention to organophosphorus reactive flame retardants [6—10],
providing in most cases a combined gas and solid phase effect
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[11,12].

In the case of CE/EP blends the phosphorus (P) -containing
chemical unit, providing the flame retardant effect, can be incor-
porated into the EP, CE component or separate reactive modifiers
(in most cases with —OH and —NH; functions) can be applied as
well. Chang et al. [13] reacted 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO) with benzoxazines to
form P-containing reactive flame retardant with —OH functions.
V-0 UL-94 rate was reached with 1.5 or 2.0 mass% P-content,
respectively, depending from the benzoxazines backbone. Ho et al.
reacted DOPO with naphthoquinone [14] and benzoquinone [15],
respectively, and the gained—OH functional adducts were reacted
with diglycidyl ether of bisphenol A (DGEBA) to form P-containing
EP components. The CE/EP blends made thereof reached V-0 UL-
94 rate with 2 mass% P. Lin et al. [16] reacted DOPO with
bisphenol-A, to form a P-containing adduct with OH-functions,
which were reacted with cyanogen bromide to result in P-con-
taining CE. In this case V-0 UL-94 rate was reached with 1.5 mass%
P. Lin [17] reacted DOPO with bisphenol A dicyanate (BADCY) to
form P-containing CE. When self-cured 1.5 mass% P-content was
enough to reach V-0 rate, while if blended with DGEBA, 1.6 mass% P
was necessary to reach V-0 rate. Chen et al. [18] reacted commer-
cially available dihydroxyphenyl-DOPO with CE to form P-con-
taining CE and reached V-0 rate with 1.4 mass% P. Krishnadevi et al.
[19] synthesized hexa(aminophenyl)cyclotriphosphazene, a P-
containing reactive flame retardant with NH,-functions. By
adding 15 mass% of it (equivalent to 1.9 mass% P) to BADCY, LOI of
44 V|V% was reached. The above mentioned literature examined
the flame retardant effect only in polymer matrices, no results
related to applications in fibre reinforced composites were dis-
closed yet.

In this particular case, the EP component, DGEBA was pre-
reacted with DOPO to form an epoxy functional adduct, and a
novolac type CE having high glass transition temperature was
reactively blended with it. As the inclusion of flame retardants
usually decreases the glass transition temperature of EP systems,
the hybrid system consisting of CE, EP and reactive flame retardant
would potentially provide higher glass transition temperature than
in case of flame retarded EP itself and besides it offers a balance
between properties and price level. Effect of CE and flame retardant
ratio was determined on moisture uptake, and consequent carba-
mate formation during curing, glass transition temperature (Tg),
thermal stability and flammability. From the best performing
blends reactively flame retarded CE/EP carbon fibre reinforced
composites were made and their flame retardancy was tested and
compared to CE and EP benchmarks.

2. Materials and methods
2.1. Materials

Novolac type cyanate ester (Primaset PT-30) was obtained from
Lonza Ltd. (Basel, Switzerland).

Diglycidyl ether of bisphenol A (DGEBA, Ipox ER 1010) with
188 g/eq epoxy equivalent weight was obtained from IPOX Chem-
icals Ltd. (Budapest, Hungary).

The used reactive flame retardant, 9,10-dihydro-9-oxa-10-
phosphaphenantrene-10-oxide (DOPO, Struktol Polydis 3710,
properties: molecular mass: 216.17 g/mol, melting point: 116 °C)
was supplied by Struktol GmbH.

In order to form a phosphorus-containing epoxy component,
DOPO was reacted with DGEBA in 1:1 M ratio. Prior to the reaction
DOPO was kept at 85 °C for 12 h, in order to remove the traces of
moisture. DGEBA was kept under vacuum at 110 °C to remove air
and traces of moisture, and after adding DOPO, the mixture was

stirred at 160 °C for 5 h. After cooling to room temperature a solid
adduct was obtained. This synthesis was based on the method
previously published by Wang and Lin [20].

In case of DGEBA-based systems methyl-tetrahydrophthalic-
anhydride with minimal tetrahydrophthalic anhydride content
(Aradur 917 — AR917) was used as hardener with 1-
methylimidazole (DY070) accelerator by Huntsman Advanced
Materials (Basel, Switzerland). The equivalent mass of the anhy-
dride type curing agent, calculated form its molecular mass, was
160 g/eq. The accelerator was applied in 2 mass% related to the
mass of the epoxy resin component.

The chemical structures of the applied polymer components are
shown in Fig. 1.

As fibre reinforcement Zoltek Panex 35 type unidirectional
carbon weave with 300 g/m? aerial weight provided by Zoltek Ltd.
(Nyergesujfalu, Hungary) was used.

2.2. Methods

2.2.1. Sample preparation

Besides the reference CE, EP and CE/EP blend samples, flame
retarded EP and CE/EP blend samples were prepared using the
synthesized DGEBA—DOPO adduct. CE/EP blends with 2 and 3 mass
% phosphorus were made. The compositions of samples are sum-
marized in Table 1. Samples with stoichiometric ratio of epoxide
group and cyanate ester group (1:1) are highlighted in grey.

For the preparation of cured specimens appropriately sized heat
resistant silicone moulds were used. Samples containing PT-30
were cured 1 h at 150 °C, 3 h at 200 °C and 1 h 260 °C according
to the suggestion of CE supplier. In case of DGEBA and DGE-
BA—DOPO the heat treatment consisted of a 1 h 80 °Cand a3 h
140 °C isothermal step.

The composite laminates were made by hand lamination in a
press mould. Each carbon weave layer was separately impregnated,
in case of high viscosity matrices the polymer and the mould were
heated to 80 °C. The prepared laminates were put under
compression with 180 bar hydraulic pressure in T30 type platen
press (Metal Fluid Engineering s. r. 1., Verdello Zingonia, Italy) to
achieve high and uniform fibre content in the composites. 4 mm
thick specimens were made using 10 layers of carbon weave in [0/0]
layer order. The heat treatment of the laminates (same as curing
cycles in polymer matrix samples) was carried out during the
pressing. The measured fibre content was in the range of 50—55
mass.

2.2.2. Moisture uptake during curing

For the measurement of moisture uptake 10 g of uncured sample
was poured into 50 mm x 50 mm x 3 mm aluminium sample
holders. The specimens were conditioned in Memmert HCP153
type climate chamber under the following conditions: 30 °C and
80% relative humidity (RH), 80 °C and 10% RH. The moisture uptake
of the uncured specimens was measured by Ohaus Explorer type
scale (Nanikon, Switzerland). Parallel to moisture uptake mea-
surements ATR-FTIR spectra were recorded using a Bruker Tensor
37 type Fourier transform infrared (FTIR) spectrometer (Bruker
Corporation, Billerica, MA, USA) in the spectral range of
600—4000 cm ™! in order to detect the carbamate formation.

In order to detect the effect of moisture uptake on other prop-
erties these samples were subjected to curing cycles detailed above
in Sample preparation section and the relevant measurements
were carried out on them afterwards.

2.2.3. Differential scanning calorimetry
The Differential scanning calorimetry (DSC) tests were carried
out with Q2000 device of TA Instruments (New Castle, DE, USA) in
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Fig. 1. Chemical structures of the applied polymer components.
Table 1
Compositions of the CE, EP and CE/EP samples.
Sample composition (mass%)
PT-30 DGEBA DOPO AR917 DY070
Reference samples
PT-30 100 — — —
DGEBA - 52.3 — 471 0.6
Flame retarded samples
DGEBA — DOPO 2% P - 56.61 13.94 29.12 0.32
40% PT-30 — DGEBA — DOPO 2% P 40 46.06 13.94 — —
40% PT-30 — DGEBA — DOPO 3% P 40 39.1 209 — —

Samples with stoichiometric ratio of epoxide group and cyanate ester group (1:1) are highlighted in grey

50 ml/min nitrogen flow. Tzero type aluminium pans were used,
the sample mass was 5—20 mg. The applied three-step temperature
program consisted of heat/cool/heat cycles: after a linear ramp
from 25 to 250 °C (in case of pure CE sample up to 400 °C) with 1 °C/
min heat rate (first cycle), the sample was cooled down to 0 °C with
50 °C/min cooling rate, followed by a second linear heating ramp
from 0 to 250 °C (in case of pure CE sample up to 400 °C) with 1 °C/
min heating rate (second cycle) to ensure the proper conversion.
The glass transition temperature (Tg) values were determined from
the second heating scan and were defined as the inflection point of
the transition curve.

2.2.4. Thermogravimetric analysis

TA Q5000 device of TA Instruments (New Castle, DE, USA) was
used for thermogravimetric analysis (TGA). TGA measurements
were carried out in the temperature range of 25—600 °C at a
heating rate of 10 °C/min under nitrogen gas flow rate of 30 ml/min.
Platinum-HT sample pan was used, the sample size was about
15 mg.

2.2.5. Characterization of the fire behaviour

The fire behaviour of the reference and flame retarded systems
was characterized by limiting oxygen index measurements (LOI,
according to ASTM D-2863, specimen size:
150 mm x 10 mm x 4 mm). The LOI value expresses the minimum
volume fraction of oxygen in a mixture of oxygen and nitrogen, that
supports flaming combustion of a material under specified test
conditions.

Standard UL-94 flammability tests (according to ASTM D3081

and ASTM D-635, respectively) were also carried out in order to
classify the samples based on their flammability in horizontal and
vertical test setups.

Mass loss calorimeter tests were carried out by an instrument
made by FTT Inc. using the ISO 13927 standard method. Specimens
(100 mm x 100 mm x 4 mm) were exposed to a constant heat flux
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Fig. 2. Moisture uptake of CE and CE/EP blends as a function of time under 30 °C and
80% RH.
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of 50 kW/m? and ignited. Heat release values and mass reduction
were continuously recorded during burning.

3. Results and discussion
3.1. Moisture uptake

One major issue in connection with the processing of cyanate
esters or their composites is the moisture sensitivity of the cyanate
ester curing. The hydrolysis of the cyanate function leads to imi-
docarbonic acid intermediate, which rearranges to more stable
carbamate. Over 190 °C the carbamate structure can decompose to
CO, and amine [21]. The evolving CO; results in voids in the com-
posite structure (especially if the composite is post-cured above the
decomposition temperature of the carbamates), while the amine
reacts with another cyanate group leading to linear junction
instead of cyclotrimerization, leading to lower Ty and decrease in
mechanical properties [22,23].

First, the moisture uptake of the uncured reference CE and CE/EP
blends was studied at 30 °C and 80% RH (with this climate chamber
setting the general storing conditions were intended to be simu-
lated). According to results shown in Fig. 2, the moisture uptake
belonging to saturation is approximately the same in case of the
reference CE and 40 mass% CE and 60 mass% EP containing stoi-
chiometric CE/EP blend. By increasing the EP content from 60 to 80
mass%, the water uptake increased by approx. 10%. Accordingly,
from the point of water uptake lower EP content and stoichiometric
ratio is more favourable.

Parallel to the measurement of moisture uptake, FTIR spectra of
the samples were taken to detect the possible carbamate formation
by the appearance of carbonyl peak at 1745 cm™'. Under these
conditions (30 °C and 80% RH) no carbamate formation occurred in
any of the samples.

In a next step the moisture uptake was studied under conditions
simulating the processing parameters (80 °C to achieve optimal
viscosity of the polymer components and as low relative humidity
as possible to avoid carbamate formation, in this case 10% RH). In
this case not only the reference CE and the favourable stoichio-
metric 40 mass% CE and 60 mass% EP containing CE/EP blend was
examined, but also its versions containing 2 and 3 mass% phos-
phorus from the reactive flame retardant.

According to results showed in Fig. 3, the moisture uptake of
samples increases with increasing phosphorus content. By incor-
porating phosphorus flame retardants the water uptake of the

polymers usually increases due to the polar backbone of the flame
retardant, therefore the need for strict moisture control during
processing is even more pronounced in case of flame retarded
samples. Comparing the moisture uptake at 30 °C and 80% RH and
at 80 °C and 10% RH, respectively, it can be concluded that at higher
temperature and lower relative humidity the moisture uptake is
much smaller (in case of reference CE sample the mass of the
sample even decreases, most probably it releases its moisture
content gained under storage conditions). Given that the prepara-
tion time of samples is not more than 60 min both in case of matrix
and composite specimens, based on these results it can be assumed,
that the water uptake during processing is less than 0.12%, which is
acceptable.

Although the moisture uptake was less pronounced at 80 °C and
10% RH, due to the increased temperature even this low amount of
sorbed water can induce carbamate formation in the samples ac-
cording to the FTIR results. In Table 2 the time of the first appear-
ance of the carbonyl peak at 1745 cm™! related to carbamate
formation is listed. According to the results in case of reference and
non-flame retarded samples no carbamate formation was detected
after 24 h. However, in flame retarded samples, by increasing the
amount of CE and phosphorus in the samples, the carbamate for-
mation occurs earlier. Given that the sample preparation takes less
than 60 min, it can be assumed that no significant carbamate for-
mation occurs during the processing (after 60 min at 80 °C and 10%
RH carbamate formation was detected by FTIR only in 40% PT-30 —
DGEBA—DOPO 3%P sample).

As an example the FTIR spectra as a function of time spent in
climate chamber under 80 °C and 10% RH in case of the 40% PT-30 —
DGEBA—DOPO 2%P sample is showed in Fig. 4. Simultaneously to
the increase of carbonyl peak intensity at 1745 cm™, the intensity of
C=N stretching bands of the cyanate functional group (at
2250—2300 cm™!) is decreasing. Similar tendencies were noticed
by Hamerton [21] and Ramirez [24] as well.

Based on the parallel moisture uptake and FTIR studies, it can be
concluded that both under stimulated storage and processing
conditions no carbamate formation was detected in pure CE. By
increasing the EP and phosphorus flame retardant content, the
moisture uptake increases, but the carbamate formation at higher
temperatures necessary to reach proper polymer viscosities for
processing can be greatly reduced or even avoided with strict
moisture control and as short processing time as technically
possible.

0 35_- @ PT-30A 40% PT-30 - 60% DGEBA
B 40% PT-30 - DGEBA - DOPO 2% P

Mass increase [%]

40% PT-30 - DGEBA - DOPO 3% P

: T
0 500

T T
1000 1500

Time [min]

Fig. 3. Moisture uptake of CE and CE/EP blends as a function of time under 80 °C and 10% RH.
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Table 2

Time of the first appearance of carbamate FTIR peak in CE and CE/EP blends under 80 °C and 10% RH.

Sample

Time of the appearance of carbamate FTIR peak (min)

PT-30
20% PT-30 — 80% DGEBA
40% PT-30 — 60% DGEBA

20% PT-30 — DGEBA — DOPO 2%P 1260
30% PT-30 — DGEBA — DOPO 2%P 420
40% PT-30 — DGEBA — DOPO 2%P 420
20% PT-30 — DGEBA — DOPO 3%P 240
25% PT-30 — DGEBA — DOPO 3%P 120
40% PT-30 — DGEBA — DOPO 3%P 60
=
40% PT-30 - DGEBA - DOPO 2%P C=N carbamate
o
1260 min
e J
:i 420 min A
. fu
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Fig. 4. FTIR spectra of 40% PT-30 — DGEBA—DOPO 2%P sample as a function of time (80 °C and 10% RH).

Table 3

T of CE and EP references and their blends determined by DSC method.
Sample Tg (°C)
PT-30 387
DGEBA 149
20% PT-30 — 80% DGEBA 161
40% PT-30 — 60% DGEBA 214
DGEBA — DOPO 2% P 106
20% PT-30 — DGEBA — DOPO 2% P 129
30% PT-30 — DGEBA — DOPO 2% P 150
40% PT-30 — DGEBA — DOPO 2% P 162
20% PT-30 — DGEBA — DOPO 3% P 108
25% PT-30 — DGEBA — DOPO 3% P 113
40% PT-30 — DGEBA — DOPO 3% P 141

3.2. Glass transition temperature

One of the major advantages of CEs is their high T, enabling
advanced applications as aircraft or electronic industries, therefore
it was necessary to determine the effect of EP and flame retardant
addition on the Tg. The Tg values of the CE and EP references and
their blends determined by DSC are displayed in Table 3.

As expected, DOPO reduced the initial Ty values: the applied
DOPO-DGEBA adduct has high EEW and has only one free oxirane
ring per molecule, therefore it reduces the crosslinking density of
the polymers leading to lower Tg values. On the other hand, by
increasing the amount of CE in the blends their Ty increases due to

the rigid triazine structure present in CEs. Therefore CEs can be
used to increase the Tg of EPs and to compensate the Ty decreasing
effect of DOPO. It would be desirable that T of the flame retarded
systems would approach the T of the benchmark systems they
would eventually replace, i.e. in this case the Ty of DGEBA (149 °C
measured by DSC). To reach this goal in case of 2% P-containing
systems at least 30% PT-30 is necessary, while in case of 3% P-
containing systems 40% PT-30 is necessary.

As high water uptake can plasticize the resins, lower the T value
and thus limit their hot/wet service temperature, it was necessary
to determine the effect of moisture uptake on the T of the poly-
mers. During the moisture uptake measurements samples were
taken after 1, 2, 4, 7 and 21 h (reaching moisture saturation under
both conditions), After curing these samples (cure schedules were
detailed above in Sample preparation section) their Ty was deter-
mined by DSC. According to the results no significant differences
were measured compared to the Tg values of the dry samples dis-
played in Table 3, therefore it can be concluded that under the
mentioned conditioned the examined CE and CE/EP blends can be
stored/processed without detectable decrease in Ty values.

3.3. Thermogravimetric analysis

The effect of EP and flame retardants on the thermal stability of
CE was determined by thermogravimetric analysis. Table 4 shows
the temperature at 5 and 50 mass% 10ss (Tsmass%; Ts0mass%), the
maximum mass loss rate (dTGmax), the temperature belonging to
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Table 4
Tsmass%: Tsomass%: dTGmax; TdTemax and char yield values of the CE and EP references and their blends.
Sample Tsy (°C) Tsoy (°C) dTGpax (mass%/°C) Tarcmax (°C) Char yield at 600 °C (mass%)
PT-30 415 — 0.64 435 70 (68 at 900 °C)
DGEBA 302 398 1.57 395 10
20% PT-30 — 80% DGEBA 377 426 1.90 422 20
40% PT-30 — 60% DGEBA 373 424 1.24 399 30
DGEBA — DOPO 2% P 311 387 143 383 10
20% PT-30 — DGEBA — DOPO 2%P 339 401 1.16 389 25
30% PT-30 — DGEBA — DOPO 2%P 346 411 112 398 26
40% PT-30 — DGEBA — DOPO 2%P 351 426 0.94 396 32
20% PT-30 — DGEBA — DOPO 3%P 306 399 0.72 379 26
25% PT-30 — DGEBA — DOPO 3%P 320 408 0.68 376 25
40% PT-30 — DGEBA — DOPO 3%P 347 443 0.68 384 35

T_sy: temperature at 5 mass% loss; T_sgy: temperature at 50 mass% 10ss; dTGpyax: maximum mass loss rate; Tqrcmax: the temperature belonging to maximum mass loss rate.
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Fig. 5. Mass and mass loss rate curves of the CE and EP references and their blends.
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this value (Tqrcmax) and the char yield at the end of the TGA test (at
600 °C). Mass and mas loss rate curves are displayed in Fig. 5.

The thermal stability of the CE reference is outstanding: its
thermal degradation begins above 400 °C, with a moderate mass
loss rate, and it loses only 30% of its mass by reaching 600 °C. By
adding PT-30 to DGEBA the temperature belonging to 5% mass loss
increases by even 75 °C and the char yield increases from 10 mass%
up to 30 mass% due to the rigid triazine structure in CE. On the
other hand by increasing the amount of DOPO, the thermal
degradation begins earlier and the maximum of mass loss rate was
reached at lower temperatures, which can be explained by the gas
phase flame retardant mechanism of DOPO [10,25,26]: during the
initial phase of degradation phosphorus-containing radicals are
formed, which effectively delay the degradation process. DOPO
decreases the mass loss rates as well, in 3 mass% P-containing
samples the mass loss rate is approximately the same as in case of
reference CE.

3.4. Flame retardancy

3.4.1. Flame retardancy of polymer matrices

Limiting oxygen index (LOI), UL-94 and mass loss type cone
calorimetry results of the CE and EP references and their blends are
summarized in Table 5. By adding PT-30 to DGEBA, its LOI value was
increased from 23 up to 33 V/V%, however the UL-94 rate remained
HB, as in case of the reference PT-30 and DGEBA. By adding DOPO to
DGEBA the UL-94 rate was ameliorated to V-1, however the LOI
value was lower than in case of PT-30 (28 vs. 30 V/V%). All blends
consisting of EP, CE and phosphorus-containing flame retardant
reached the V-0 UL-94 classification, and their LOI values usually
improved with increasing CE and FR content, reaching even LOI of
45 V|V% with 40 mass% CE and 2 mass% phosphorus. Phosphorus-
containing samples exhibited intensive intumescent charring.

As for the heat release rates (HRRs) (Fig. 6), by adding PT-30 to
DGEBA the HRR curves were shifted in time by 10 s and the peak of
heat release rate (pHRR) values was lowered from 743 up to 238
kw/m? with 40 mass% PT-30.

By adding DOPO to CE/EP blends, the pHRR and total heat
release (THR) values decreased further. By comparing the heat
release of the DGEBA reference and 2 mass% P-containing samples
(Fig. 7), it can be concluded that by increasing the amount of PT-30,
the pHRR and THRR values decreased significantly. By increasing
the phosphorus-content to 3 mass% no further decrease in flam-
mability was experienced, which can be explained by the lower
crosslinking density (in order to reach 3 mass% phosphorus-
content, 1.5 times higher amount of pre-reacted DOPO-DGEBA
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Fig. 6. HRR curves of CE and EP references and their blends.
adduct is necessary, which contains only one oxirane ring and one

less reactive OH-group from the ring opening of the oxirane ring, in
contrast to the two oxirane functionalities per molecule of DGEBA).
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Fig. 7. HRR curves of EP reference, flame retarded EP and CE/EP blends with 2 mass%
phosphorus-content.

Table 5
LOI, UL-94 and mass loss type cone calorimetry results of the CE and EP references and their blends.
Sample LOI (V/V%) UL-94? TTI(s) pHRR Time of FIGRA Burning t THR EHC MARHE Residue
(kW/m?) pHRR (s) (kW/m?s) ime (s) (MJ/m?)  (MJ/kg) (kW/m?) (mass%)
PT-30 30 HB 26 156 44 35 180 15.5 11.9 91.7 48
DGEBA 23 HB (17.1 +2) 40 743 129 6.6 217 91.0 19.4 364.3 0
2239 0

20% PT-30 — 80% DGEBA 33 HB 50 471

113 4.2 176 59.5 18.5

LOI: limiting oxygen index, TTI: time to ignition, pHRR: peak of heat release rate, FIGRA: fire growth rate, THR: total heat release, EHC: average effective heat of combustion,
MARHE: maximum of average rate of heat emission.
Average standard deviation of the measured mass loss calorimeter values: TTI: +2, pHRR: +15, time of pHRR: +5, residue: +2.

2 In parenthesis the horizontal burning rate is showed, where measurable.
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The pHRR of the DOPO-containing CE/EP blends was in the
range of 195—261 kW/m?, not much higher than pHRR value of
156 kW/m? of CE reference. Furthermore the time to ignition (TTI)
and time of pHRR values significantly increased in DOPO-
containing CE/EP blends (up to TTI of 53 s and time of pHRR of
207 in comparison to 26 s and 44 s, respectively, in case of CE
reference).

As for the fire growth rate (FIGRA) values, by blending 40% PT-30
to DGEBA FIGRA decreased to 1.4 kW/m?s compared to 3.5 kW/m?s
in case of PT-30 and 6.6 kW/m?s in DGEBA. By adding DOPO adduct
to this composition, FIGRA decreased further slightly (1.2 in case of
2% P containing sample and 1.3 in case of 3% P containing sample).
Effective heat of combustion (EHC) and maximum of average rate of
heat emission (MARHE) values were the closest to the values of PT-
30 in case of 40% PT-30 — DGEBA—DOPO 2% P sample. Compared to
the DGEBA DOPO 2%P sample the inclusion of 40% PT-30 signifi-
cantly reduced the EHC (from 13.5 to 11.6 MJ/kg) and MARHE values
(from 252.6 to 116.2 kwW/m?).

The inclusion of PT-30 and DOPO also increased the residual
mass after mass loss calorimetry. The CE/EP blends exhibited slight
charring, while the thickness of the flame retarded CE/EP samples
manifested a 10-fold increase due to the intumescent charring
phenomena (Fig. 8).

MARHE values were still higher than that of the PT-30, however it
had lower FIGRA and EHC values than PT-30. The increasing P-
content slightly decreased the TTI values, which can be explained
by the gas phase mechanism of DOPO [11,25,26]: due to inclusion of
DOPO the thermal stability of the system decreases, so it ignites
earlier, on the other hand the formed P-containing radicals effec-
tively postpone the time of pHRR and reduce the pHRR values.
These latter effects led to significant decrease in FIGRA values, as
observed in case of the matrices as well. The charring experienced
at matrix samples was hindered by the included carbon fibre plies
[27], no charring at all was detected on the surface of the mass loss
calorimetry residual composite samples.

4. Conclusions

Reactively flame retarded CE/EP blends and their composites
were prepared and their moisture uptake, glass transition tem-
perature, thermal degradation and fire behaviour were tested.

Moisture uptake of neat polymer matrices was measured under
stimulated storage (30 °C and 80% RH) and processing (80 °C and
10% RH) conditions. At the latter the moisture uptake was much
smaller due to the lower relative humidity. By increasing EP and
flame retardant content, the moisture uptake increases, and this

DGEBA

40% PT-30 - 60% DGEBA

40% PT-30 - DGEBA - DOPO 2% P

Fig. 8. Cone calorimetry residue of DGEBA, 40% PT-30 — 60% DGEBA and 40% PT-30 — DGEBA—DOPO 2% P samples.

3.4.2. Flame retardancy of polymer composites

According to the flame retardancy results of the matrices, the
best performing CE/EP blends were chosen for composite prepa-
ration along with the CE and EP reference. LOI, UL-94 and mass loss
calorimetry results of the composites made of CE and EP references
and their blends are summarized in Table 6. The higher LOI values
in comparison to the neat matrices are the result of the decrease of
flammable matrix material due to the inclusion of 50—55 mass% of
carbon fibre reinforcement (considered as inert material under the
conditions of the LOI, UL-94 and mass loss calorimetry tests). By
increasing the amount of PT-30 and DOPO, the LOI increases in the
case of composites as well. As for the UL-94 results, in case of
composites 40 mass% of PT-30 is already sufficient to reach the V-
0 rate. As expected, the inclusion of carbon fibres drastically
decreased the pHRR and THR values (Fig. 9), and increased the
residual mass. By increasing the amount of CE and phosphorus, the
pHRR values showed further decrease. In contrast to matrix sam-
ples, where no further decrease in flammability was experienced
when the phosphorus-content was increased to 3 mass%, in case of
the composite samples the 40% PT-30 — DGEBA—DOPO 3%P com-
posite sample showed the best performance: it had the same pHRR
value, 84 kW/m? as the PT-30 reference composite. Its THR and
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40% PT-30 - 60% DGEBA
—40% PT-30 - DGEBA - DOPO 2%P
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N

50

Heat release rate [kWW/m?2]
o
o

[
o

0 100 200 300 400 500
Time [sec]

Fig. 9. HRR curves of the composites made of CE and EP references and their blends.
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Table 6
LOI, UL-94 and mass loss type cone calorimetry results of the composites made of CE and EP references and their blends.
sample LOI (V/V%) UL-94 TTI(s) pHRR Time of FIGRA Burning  THR EHC MARHE Residue
(kW/m?)  pHRR(s) (kW/m?s) time(s) (MJ/m?) (MJ/kg) (KW/m?)  (mass%)
PT-30 58 V-0 80 84 124 0.7 257 9,8 104 38.0 81
DGEBA 33 HB 55 176 197 0.9 355 37,9 13.8 112.2 50
20% PT-30 — 80% DGEBA 11 HB 51 162 156 1.0 301 299 14.7 95.8 61

0, 0,

LOI: limiting oxygen index, TTI: time to ignition, pHRR: peak of heat release rate, FIGRA: fire growth rate, THR: total heat release, EHC: average effective heat of combustion,

MARHE: maximum of average rate of heat emission).

Average standard deviation of the measured mass loss calorimeter values: TTI: +2, pHRR: +15, time of pHRR: +5, residue: +2.

can lead to carbamate formation at higher temperatures necessary
to reach proper processing viscosities. This effect can be greatly
reduced or even avoided with strict moisture control and as short
processing time as technically possible.

According to the glass transitions temperatures CEs can be used
to increase the Tg of EPs and to compensate the T, decreasing effect
of DOPO. The moisture uptake did not affect the T, of CE and CE/EP
blends under the stimulated storage (30 °C and 80% RH) and pro-
cessing (80 °C and 10% RH) conditions, therefore they could be
stored/processed without detectable decrease in Tg values.

TGA measurements showed that the rigid structure of the CE
increased the thermal stability of the CE/EP blends. By increasing
the amount of DOPO, the thermal degradation begins earlier, due to
the gas phase flame retardant mechanism during the initial phase
of degradation, but it effectively delays the degradation process,
leading to lower mass loss rates as well.

Addition of PT-30 to DGEBA increased the LOI value from 23 up
to 33 V/V%, however it was not sufficient to improve the UL-94 rate,
which remained HB, as in case of PT-30 and DGEBA reference
samples. All blends consisting of EP, CE and phosphorus-containing
flame retardant reached the V-0 UL-94 classification, and their LOI
values usually improved with increasing CE and FR content,
reaching even LOI of 45 V/V%. Phosphorus-containing samples
exhibited intensive intumescent charring and increased residual
mass. By adding PT-30 to DGEBA the pHRR values were lowered
from 743 up to 238 kw/m? with 40 mass% PT-30, which was further
decreased to 195 kW/m? with 2 mass% phosphorus from DOPO.

Although the solid phase intumescent mechanism is hindered
by the carbon fibre reinforcement plies, the composite specimens
showed even better flame retardant properties owing to their
inflammable reinforcement. 40 mass% of PT-30 alone is sufficient to
reach the V-0 UL-94 rate. By increasing the amount of PT-30 and
DOPO, the LOI increased and the pHRR values showed further
decrease. The 40% PT-30 — DGEBA—DOPO 3%P composite had the
same pHRR value — 84 kW/m? - as the PT-30 reference composite.
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