Journal of Thermal Analysis and Calorimetry
https://doi.org/10.1007/s10973-019-08286-6

=

Check for
updates

Paving the way for a wider use of composites in railway industry
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Abstract

Different types of phosphorus containing halogen-free flame retardants (FRs) were added to an epoxy-dicyandiamide resin
formulation in order to study to which extent they affect its glass transition temperature (7,), tensile properties, thermal
stability and burning behavior of the resin. For this purpose, an additive-type FR (ammonium polyphosphate encapsulated
in melamine resin, MAPP) and two reactive-type FRs i) a commercial epoxy resin pre-reacted with 9,10-dihydro-oxa-10-
phosphaphenanthrene-10-oxide, (DOPO), and ii) a phosphorus containing hardener (poly(m-phenylene methylphospho-
nate), (PMP) were used. It was observed that the addition of additive-type FR did not affect in great extent the 7, and
provided a V-0 rating in UL94 test at low loadings. The addition of reactive-type FRs (DOPO and/or PMP), however,
modified the structure of the chain network resulting in lower crosslink density as a consequence of their higher equivalent
mass, but achieving also with low PMP content V-0 rating.

Keywords Epoxy resin - Mechanical properties - Thermal properties - Thermal analysis

Introduction

Current European Union policies and actions are pushing
toward globally competitive rail technology and services
[1, 2]. Much effort is being made to improve the perfor-
mance of the rolling stock focusing on mass saving, cost-
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efficiency and user-adaptability. The replacement of
metallic parts of carbodies by fiber reinforced polymers
(FRPs) seems to be a promising approach toward this
objective.

The exceptional properties of epoxy resins make them
stand out among polymeric materials. Epoxy matrices
show mechanical strength, high adhesion to a variety of
substrates, in addition to excellent heat, chemical and
electrical resistance while allowing a significant mass
reduction in the applications to which they are intended [3].
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Apart from their use in a wide variety of everyday
applications such as paints and coatings [4], epoxy resins
can also be found in advanced applications such as high
performance adhesives [5], anticorrosion coatings [6] and
composites for electronic [7], biomedical [8], construction
[7], maritime [9] and aerospace [10] industries. However,
their presence has been limited in the railway industry due
to the lack of studies, regulatory standards and require-
ments related to this family of materials. It is of special
importance the fact that they also have to comply with the
demanding fire, smoke and toxicity (FST) EN 45545 uni-
fied standard, which is related to fire protection on railway
vehicles. This gap of knowledge hampers the substitution
of the metallic parts of the carbody by this lightweight
alternative that has the potential to keep the processing
costs under competitive ranges.

The main drawback that hinders FRPs to comply with
the EN 45545 standard is common for most of the existing
polymers: a catastrophic fire behavior including not only
their high flammability [11] but also the emission of toxic
fumes such as carbon monoxide during combustion [12].
Their chemical structure based on carbon and hydrogen
makes them potentially combustible and hazardous in a
variety of scenarios where the presence of an ignition
source and the oxygen available in the atmosphere could
result in the development of a violent fire [13].

Therefore, the improvement in the fire-related properties
of epoxy materials is critical to develop safe carbodies that
are also able to endure the conditions supported by current
metallic components.

A common strategy to improve the flame retardancy of
polymeric materials has been the introduction of halo-
genated flame retardants (FRs) into their formulations [13].
Nevertheless, different studies found that these kind of
compounds released toxic fumes during combustion that
resulted to be potentially hazardous to human health. Such
discovery, together with the increasing environmental
concern about the role of halogenated compounds in the
depletion of the ozone layer, has driven the scientific effort
toward the replacement of halogenated FRs by eco-friendly
alternatives.

In this scenario, the use of halogen-free phosphorus
containing additive or reactive-type flame retardants is the
two main approaches used to improve the flame retardancy
of polymers and epoxy materials in particular [14].
Ammonium polyphosphate (APP) [15, 16] and alumina
trihydrate (ATH) [17, 18] are the most used additive-type
FRs in epoxy matrices, while phosphorus containing
organic compounds such as 9,10-dihydro-oxa-10-phos-
phaphenanthrene-10-oxide (DOPO) [19, 20] and poly(m-
phenylene methylphosphonate) (PMP) [21, 22] are the
most attractive among the reactive-type FRs due to their
effectiveness at low concentration. Nevertheless, the major

@ Springer

challenge regarding the use of FRs in the formulation of
polymeric materials is to improve efficiently their flame
retardancy without being detrimental for their thermal and
mechanical properties. In view of the intended application
of epoxy materials in structural parts in the railway sector,
it is essential to maintain or even improve their good
thermal and mechanical performance, such as glass tran-
sition temperature and thermal stability and mechanical
resistance to the different external stresses affecting the
carbody.

In this work, distinct additive and reactive-type halogen-
free FRs were incorporated in the formulation of an epoxy
resin, especially designed to be used as the matrix of
composites for the railway industry. Different techniques
such as Fourier transform infrared spectroscopy (FTIR),
differential scanning calorimetry (DSC), thermogravimet-
ric analysis (TGA), dynamic mechanical analysis (DMA),
tensile tests and UL94 vertical burning test were used in
order to study the impact of such FRs on the thermal and
mechanical properties of the prepared materials, as well as
to acquire a preliminary insight into their burning behavior.

Experimental
Materials

The commercially available prepreg resin system based on
bisphenol A diglycidyl ether (DGEBA) Araldite® LY
5150, Accelerator 1573 and Aradur 1571 from Huntsman
Advanced Materials was used in a 100/2/11 mass ratio. The
hardener Aradur 1571 consists of a dispersion of dicyan-
diamide (DICY) particles in epoxy resin. As flame retar-
dant additive melamine microencapsulated phase II
ammonium polyphosphate, MAPP (Exolit® AP 462,
phosphorus content of 30% by mass) from Clariant was
used. The formulations containing this additive required
the use of a silicone-based deaerator (BYK-A 530) from
BYK Additives & Instruments in order to avoid the for-
mation of bubbles in the resin plate. It was mixed with the
resin components before adding Exolit® AP 462.

On the other hand, an epoxy resin pre-reacted with 9,10-
dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO)
(Polyphlox® 3742, phosphorus content of 4% by mass)
from Schill 4 Seilacher Struktol GmbH, and a phosphorus
containing hardener, m-phenylene methyl phosphonate
(PMP) from ICL-IP (Fyrol PMP, phosphorus content of
17.5% by mass) was used as reactive-type flame retardants.
The samples containing PMP required the use of a catalyst
(1-methylimidazole, designed as 1-MI, with purity > 99%,
Sigma-Aldrich), adding 0.5 parts per hundred of resin (phr)
to the formulation.
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The chemical structures of the flame retardants are given
in Online Resource 1. All the reactants were used as
received, except for PMP and DOPO, which were previ-
ously melted in an oven at 130 °C for 1 h.

Sample preparation

Briefly, the epoxy resin plates were prepared by weighing
in a glass vessel the reactants and heating them up in an oil
bath to 115 °C to facilitate the dispersion and/or mixing of
the flame owing to the high viscosity of the system. When
the reactants reached 115 °C and were more fluent, they
were carefully mixed to avoid the formation of bubbles
with a mechanical stirrer at 500 rpm during 10 min. Then,
the product was poured into a glass mold which had been
previously coated with several layers of a demolding agent
(Loctite® Frekote® from Henkel AG & Co) and preheated
at 140 °C in order to aid the filling of the mold. Finally, the
mold was introduced in an oven and the resin samples were
cured and postcured according to the conditions specified
in Table 1, obtaining resin plates with dimensions of
190 x 130 x 4 mm’.

Characterization

The functional groups of the samples were identified by
Fourier transform infrared spectroscopy (FTIR) using a
Jasco FT/IR 4100 equipment with a GladiATR attenuated
total reflectance accessory from PIKE Technologies. The
epoxy samples were powdered with thin sandpaper, per-
forming afterward 64 scans with a resolution of 4 cm™'
from 4000 to 400 cm ™.

The curing conditions and the glass transition tempera-
ture (T,) were studied by differential scanning calorimetry
(DSC) using a TA Instruments Discovery DSC 25 equip-
ment. A first scan from 25 to 250 °C at a heating rate of
10 °C min~" was performed to around 5 mg of uncured
reactive mixture in order to calculate the curing enthalpy
(AH.). Then, according to the obtained curing onset tem-
peratures, the samples were cured and postcured at the
conditions specified in Table 1. The T, of the cured sam-
ples was also measured by DSC performing two scans from
25 to 250 °C at a heating rate of 10 °C min™', calculating
the T, in the second scan.

The thermal behavior of the cured resin samples was
studied by thermogravimetric analysis using a TA Instru-
ments TGA Q500 equipment. Samples of 10 mg were
heated from 25 to 800 °C at a rate of 10 °C min~"' under
nitrogen purge (60 mL min™h).

Tensile properties were studied according to the ASTM
D638-08 standard, testing 5-6 type V specimens (with
thickness around 4 mm) in an INSTRON 3365 universal
testing machine in a room acclimated to 23 °C. The
crosshead rate was set at | mm min~' to achieve a speci-
men breakage between 0.5 and 5 min.

Dynamic mechanical analysis was performed with a TA
Instruments Q800 DMA in single cantilever fixture with a
span length of 17.5 mm. The specimen size was
30 x 13 x 4 mm’, and the essay was carried out from 25
to 250 °C at a heating rate of 2 °C min~". The oscillation
amplitude and frequency were set at 7.5 um and 1 Hz,
respectively.

The flammability of the samples was measured
according to the UL94 test for flammability of plastic
materials for parts in devices and appliances—vertical

Table 1 Formulation and curing conditions of epoxy resin reference and flame-retarded epoxy samples

Reactants and additives/phr Curing T/ Postcuring
°C/t (min) T/°C/t (min)

LY 5150 Aradur 1571 Acc 1573 MAPP BYK A 530 DOPO PMP 1-MI
EP_REF 100 11.00 2 - - - - - 140/60 180/20
EP_20AP 100 11.00 2 20 0.5% - - - 140/60 180/20
EP_40AP 100 11.00 2 60 0.5% - - - 140/60 180/20
EP_0.5PMP 100 6.79 2 - - - 6.79 0.50  160/30 180/40
EP_1.0PMP 100 6.79 2 - - - 14.00 0.50  160/30 180/40
EP_34DP 100 15.83 2.69 - - 3451 - - 160/30 180/40
EP_64DP 100 19.95 3.28 - - 63.99 - - 160/30 180/40
EP_34DP_0.5PMP 100 10.35 2.69 - 0.5% 34.51 1035 0.67  160/30 180/40
EP_34DP_1.0PMP 100 10.35 2.69 - 0.5% 34.51 20.70  0.67  160/30 180/40
EP_34DP_40AP 100 15.83 2.69 40 0.8% 34.51 - - 160/30 180/40
EP_0.5PMP_40AP 100 6.79 2 40 0.5% - 6.79 0.5 160/30 180/40
EP_1.0PMP_40AP 100 6.79 2 40 0.5% - 14.00 0.5 160/30 180/40
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burning test, which was carried out to classify the resin
samples according to their self-extinguishing character.
Briefly, prior to testing, five specimens per sample with
dimensions of 125 x 12.7 x 4 mm® were conditioned in a
climatic chamber at 23 °C and 50% relative humidity for
48h. A cotton indicator with dimensions of
50 x 50 x 6 mm® was placed under the specimen in order
to detect the presence of flaming drops or particles. The
samples were burnt with a 50 W and 20 &= 1 mm height
flame for 10 & 0.5 s, and the afterflame time was mea-
sured (7). When the afterflame ceased, the sample was
burnt again for additional 10 + 0.5 s, and then, the after-
flame time #, and the afterglow time #; were recorded. The
samples were classified according to the specifications of
the UL94 standard (Table 2).

Results and discussion
Fourier transform infrared spectroscopy

The functional groups present in the prepared FR con-
taining epoxy plates were characterized by FTIR. Figure 1
shows the spectra of the FR additives and unmodified/pure
epoxy system. The hardener Aradur 1571 shared with
Araldite LY 5150 the characteristic signals of epoxy resins,
since this hardener is constituted by a dispersion of DICY
particles in epoxy resin. The following signals corre-
sponded to characteristic vibration bands of DGEBA resin:
O-H stretching (3429 cm™") [23], C-H stretching of oxi-
rane ring (3050 cm™ "), aromatic C=C and C—C stretching
vibrations (1608 and 1508 cm™ !, respectively), aromatic
C-O stretching (1182 cm™"), C—O-C stretching vibration
from ether groups (1030 cm™') and C-O and C-O-C
stretching vibrations from oxirane ring (912 and 826 cm ™',
respectively) [23, 24]. The characteristic bands from DICY
hardener corresponded to NH,— and N-H stretching
vibrations overlapping with O-H stretching (in the
3400-3100 cm ™' region), N-C=N stretching vibrations
from the different tautomers formed of DICY in solution
with epoxy (2203 and 2158 cm™") [25], C=NR stretching
overlapped with NH, deformation vibration (1631 cm™")
and N—C=N stretching vibration (1564 cm ™).

Araldite LY 5150

3400-3100

Aradur 1571 1508 826

3400-3030

Exolit AP 462 (MAPP)

Transmittance/%

Polyphlox 3742 (DOPO)

3238

1314

1475 1239
72 690
118 05 2

1000 500

Fyrol PMP (PMP)
1
4000 3500

2500 2000 1500
Wavenumber/cm~1

3000

Fig. 1 FTIR spectra of raw materials used in FR epoxy samples

The FTIR spectra of the used flame retardants (Fig. 1)
show the characteristic bands of different phosphorus
containing functional groups. In case of melamine
microencapsulated MAPP, P=0 stretching at 1245 cm ™'
and P-O-P stretching vibrations in the region between
1100 and 850 cm™' were observed and also the charac-
terisic NHJ asymmetric stretching signals in the
3400-3030 cm ™' region. Additionally, the signal attributed
to the overlap of C=N stretching and NH, bending of the
melamine coating was identified at 1427 cm_l, in accor-
dance with Liu et al. [26]. On the other hand, DOPO pre-
reacted epoxy FR presented in addition to the characteristic
vibrations of epoxy, P=0 (1237 cm™') and P-O-Ar
(751 cm™ ") stretching vibrations. Additionally, the pres-
ence of a small peak attributed to P-H stretching
(2362 cm™") and P-H bending (907 cm™") suggested the
presence of adducts of unreacted DOPO [27]. Finally, in
PMP spectrum the characteristic P=O stretching band
(1239 cm™"), O—Ar stretching in P-O—Ar (1118 cm™"), P-
O stretching in P-O-Ar (972 cm™'), P-CH; rock

Table 2 UL94 vertical burning

test classification according to Criteria V-0 V-l V-2

the criteria of the standard After-flame time for each specimen, t; or 7,(s) <10 <30 < 30
Total afterflame time, #; + 5 (s) < 50 < 250 < 250
Afterflame plus afterglow time (f, + t3) after second flame application <30 <60 <60
Afterflame or afterglow of any specimen up to the holding clamp No No No
Cotton indicator ignited by flaming particles or melt drops No No Yes
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(895 cm™") and P—C stretching (690 cm™") vibrations [21]
were observed.

Figure 2 shows the IR spectra of the cured epoxy sam-
ples. The bands located at 3030 and 913 cm ™" assigned to
oxirane ring vibrations disappeared confirming the reaction
of the epoxy resin with the hardener. The presence of the
flame retardants was evidenced by the characteristic bands
of phosphorus. On the one hand, MAPP was identified in
EP_40AP, EP_34DP_40AP and EP_0.5PMP_40AP by the
characteristic P-O-P stretching vibration signal at
876 cm™'. On the other hand, the presence of DOPO in
EP_64DP, EP_34DP_1.0PMP and EP_34DP_40AP was
confirmed by the band at 751 cm™' related to P—-O—Ar
stretching vibration. In contrast, the identification of PMP
hardener in EP_1.0PMP, EP _34DP_1.0PMP and
EP_0.5PMP_40AP was more difficult to discern due to the
overlapping of Ar—-O-C and P=O stretching vibrations at
1239 cm™' and the low intensity of the P—-CH; rock

vibration at 907 cm™ .

Curing conditions and glass transition
temperature

The AH, and T, of the prepared materials were studied by
DSC. T, is an important parameter in epoxy resins and
composites since it limits their application temperature,
which is usually below T,. Figure 3a shows the thermo-
grams of uncured sample mixtures, where the onset tem-
perature and exothermic peaks related to the resin curing

EP_REF
T
385 30307 1600
1647 913
1604 8b7
7 EP_40AP
876
. EP_34DP
5 P———
8
@
o 751
c
< EP_1.0PMP
=
< 1239 907
= 7 EP_34DP_1.0PMP
1239 751
EP_34P_40AP
876 751
—— 7 EP_1.0PMP_40AP
. | . 1239 907 876
4000 3500 3000 1500 1000 500

Wavenumber/cm™!

Fig. 2 FTIR spectra of representative samples of the cured epoxy
plates

process can be observed. Based on the measured curing
onset temperatures, the reference and samples with MAPP
were cured at 140 °C for 1 h, whereas the samples con-
taining DOPO and PMP, which showed higher curing onset
temperatures, were cured at 160 °C for 30 min. All the
samples were then postcured at 180 °C until the complete
disappearance of the residual curing enthalpy. The curves
of the completely cured materials are depicted in Fig. 3b,
and the AH, and T, values after complete curing are given
in Table 3.

The samples containing MAPP (EP_20AP, EP_40AP,
EP_34DP_40AP, EP_0.5PMP_40AP and EP_1.0PM-
P_40AP) presented a decrease in AH. with respect to
EP_REF and proportional to their MAPP content. This was
expected since increasing mass percentage of MAPP in the
sample is linked to a reduction in the epoxy and hardener
content. Thus, EP_20AP and EP_40AP experienced a
reduction in the AH, of 12.71, and 28.77% with respect to
EP_REF, coinciding closely with their MAPP content
(15.03 and 26.14% by mass, respectively). The same
behavior was observed in EP_34DP_40AP, which con-
taining 20.72% by mass MAPP presented a AH, decrease
of 19.57% with respect to its analogue, EP_34DP.

Since MAPP did not participate in the crosslinking
reaction, the Toneee and Tpeac of the curing reaction
remained nearly constant in EP_20AP and EP_40AP with
respect to EP_REF. At low concentrations, MAPP had a
reinforcing effect increasing slightly the 7, from 161 to
163 °C (comparing EP_REF to EP_20AP) due to interac-
tions of polymeric chains with the particles of MAPP
which contributed to decrease the free volume between
chains hindering their mobility [16, 28]. However, at
higher concentrations, MAPP had a plasticizing effect (in
EP_40AP and EP_34DP_40AP) decreasing 10 and 13 °C
the T, compared to EP_REF and EP_34DP, respectively, as
a consequence of the high filler content that exceeded the
percolation threshold, which resulted in the formation of
agglomerates [29].

On the other hand, the incorporation of DOPO pre-re-
acted epoxy reflected a decrease in AH, and 7, comparing
EP_34DP and EP_64DP to EP_REF, which is usual when
introducing DOPO in epoxy formulations [30, 31]. This
effect was attributed to the higher epoxy equivalent mass of
the pre-reacted epoxy (370 g Eq~' in Polyphlox® 3742
compared to 202.02 g Eq~" of Araldite® LY 5150) which
resulted in lower crosslinking [27, 32], being more pro-
nounced with increasing DOPO content [22]. Additionally,
the steric hindrance affected the temperature of maximum
curing rate, Tpeax, Which was shifted toward slightly higher
values (10 °C higher comparing EP_REF with EP_34DP
and EP_64DP) in the presence of DOPO. The decrease in
T, was even more evident when incorporating 40 phr
MAPP (EP_34DP_40AP) as a consequence, as mentioned

@ Springer
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Fig. 3 DSC curves of the

uncured reactive mixtures
(a) and cured samples (b)
3
<
~ 1.0 P N\
N s oo~ N - S (L WD e
= EP_64P .
T 0 M
% £ 0.5
—fFPREF N | Eeswe A
EP_20AP
—4 M
1 1 1 1 _05 1 1 1 1
50 100 150 200 250 50 100 150 200 250
Temperature/°C Temperature/°C
Table 3 P'a rameteI"s related to Sample MAPP/mass% Uncured reactive mixture Cured v§‘<L-103/m01 cm™?
epoxy curing obtained by DSC sample
and crosslink density of the AH./ T T T I;OC
. c onset/ peak goc
samples obtained by DMA Jg! oC oC
EP_REF - 434.19 144 154 161 2.58
EP_20AP 15.0 379.02 141 152 163 3.75
EP_40AP 25.5 309.29 142 158 151 4.15
EP_0.5PMP - 379.21 148 169 136 1.68
EP_1.0PMP - 355.04 152 175 126 1.34
EP_34DP - 386.27 152 165 141 1.85
EP_64DP - 365.70 151 167 131 1.08
EP_34DP_0.5PMP - 316.54 139 178 120 0.77
EP_34DP_1.0PMP - 299.43 145 175 115 nd®
EP_34DP_40AP 20.7 310.67 108 176 128 2.29
EP_0.5PMP_40AP 25.5 262.02 152 176 133 2.64
EP_1.0PMP_40AP 25.5 242.25 147 176 130 nd®

dyxp: crosslink density calculated by DMA according to the theory of rubber elasticity

°nd not determined

above, of overcoming the percolation threshold, increasing
also the Tpeax 22 °C compared to EP_REF as a conse-
quence of the steric hindrance of DOPO molecule.

In case of samples containing PMP, the 7, also
decreased drastically (by 25 °C and 35 °C compared
EP_REF to EP_0.5PMP and EP_1.0PMP, respectively) as
a consequence of lower crosslinking due to the higher
equivalent mass of PMP (90 g (Eq H")™") with respect to
the hardener containing DICY Aradur 1571 (47.62 g (Eq
H+)71). The shift toward higher temperatures of Tpeax
evidenced the lower reactivity of PMP which needed more
temperature to complete the curing reaction, increasing by
15 and 25 °C the temperature of maximum curing rate
when comparing EP_REF with EP_0.5PMP and
EP_1.0PMP, respectively. The effect of the higher equiv-
alent mass of Polyphlox® 3742 DOPO and PMP was also
observed when both additives were combined
(EP_34DP_0.5PMP and EP_34DP_1.0PMP) leading to
lower T, values and higher Tpq temperatures.

@ Springer

In contrast to EP_34DP_40AP, the addition of MAPP to
EP_0.5PMP and EP_1.0PMP did not practically affect the
T, probably due to the better compatibility of the epoxy
matrix containing phosphorus provided by PMP with
MAPP.

Thermal stability and preliminary fire behavior
assess

The thermal stability of epoxy resin samples was evaluated
by TGA. Figure 4 shows the mass loss and derivative loss
curves of the epoxy samples while Table 4 shows the Ty
(temperature at 5% mass loss) and maximum degradation
rate temperatures for the first and second stage of decom-
position (Ty; and Ty, respectively), as well as the
remaining residue at 800 °C.

As it is well established, epoxy resins undergo pyrolytic
degradation in one stage as a consequence of slow degra-
dation and dehydration of the secondary alcohol [33]
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resulting in the release of low molecular weight fractions.
In this particular case, the T, Of the reference epoxy took
place at 344 °C and the maximum degradation occurred
between 280 and 500 °C with a mass loss of 83.50%,
having the T4 at 381 °C. In this stage, the epoxy resin
decomposed by chain scission releasing low molecular
mass volatiles such as water and phenolic compounds [34],
leading to the formation of a carbonaceous char layer
which left 16.50% residue at 800 °C.

It was observed that the addition of MAPP altered the
decomposition pathway of the epoxy via a mechanism that
separated the decomposition in two differentiated stages. In
the first stage, the decomposition of MAPP would give
place to the release of water and ammonia together with the
formation of polyphosphoric acid [35]. This acid would
react with the hydroxyl groups of the reacted epoxy cat-
alyzing its decomposition [36], shifting Ty; in EP_20AP
and EP_40AP 40 °C below the Ty, of EP_REF and
resulting in the carbonization of the polymer. Moreover,
the melamine coating of the MAPP particles would act as a
blowing agent by releasing ammonia during its decompo-
sition. This gas would create a protective foamed char layer
that would act as a heat shield that would further protect
the material underneath from pyrolysis. The second stage
of degradation took place between 400 and 500 °C, and it
was attributed to the decomposition of the unstable foamed
char layer which by further crosslinking derived into a
high-temperature stable char. Compared to EP_REF, the
char formation increased up to a 82 and 96% when intro-
ducing 20 and 40 phr MAPP to the epoxy, respectively.

100 fv
:—EFLHEF
75 F——EP_20AP
o\o ........ EP_40AP
% ——EP_34DP
D [ EP_64DP
S 50— ep ospmp
= EP_1.0PMP
EP_34DP_40AP
o5 [ EP_34DP_0.5PMP
[ ——EP_0.5PMP_40AP
[ EP_1.0PMP_40AP
PR ISR SRS SRS SR IS ST TR ST S TSN ST S S R S S S SRR
100 200 300 400 500 600 700 800
Temperature/°C

1.2

——EP_REF

EP_0.5PMP
EP_1.0PMP
EP_34DP_40AP
EP_34DP_0.5PMP

——EP_0.5PMP_40AP

vvvvvvvv EP_1.0PMP_40AP

524°C

Deriv.mass/%°C~1

400 500 600
Temperature/°C

Fig. 4 Mass (up) and derivative mass (down) curves of the epoxy
reference and the samples containing flame retardants

This condensed phase is characteristic of FR intumes-
cent systems [37], which are constituted by an acid donor
(in this case, the polyphosphoric acid from MAPP), a
carbon donor (the epoxy chains) and a blowing agent (the
melamine coating of MAPP), which in conjunction act
catalyzing the decomposition of the polymer but forming a
high amount of char residue to protect it from further
decomposition. The same decomposition mechanism was
observed in samples combining MAPP with DOPO or PMP
(EP_34DP_40AP, EP_0.5PMP_40AP and EP_0.5PM-
P_40AP) compared to their respective unfilled samples
(EP_34DP, EP_0.5PMP and EP_0.5PMP, respectively).

In regard to the effect of introducing DOPO in the epoxy
formulation (EP_34DP and EP_64DP), a decrease in the
Tonsert by 15 and 11 °C was registered, suggesting that the
presence of phosphorus could have catalyzed the thermal
degradation of the epoxy network, without altering its
degradation mechanism [38, 39]. Notwithstanding, this
decrease was also attributed to the lower crosslink density
of the material [27]. On the other hand, the T4, was delayed
12 °C with respect to EP_REF probably due to the
volatilization of the phosphorus-derived compounds. These
effects, together with the subtle mass loss (below 5%) at
524 °C, which was attributed to the decomposition of
unstable char enhanced by the presence of phosphorus at
the early decomposition stages, suggested that the effect of
DOPO is focused on the gas phase. As a matter of fact, it
had practically no effect in the condensed phase since the
residue values remained practically unaltered with respect
to the control sample (EP_REF), as it was also observed by
Mariappan et Wilkie [22].

On the other hand, the decrease in the T,,,; was more
pronounced in the samples containing PMP. It decreased
about 31 °C with respect to the reference evidencing along
with the lower crosslink density, a change in thermosetting
epoxy network. The amount of residue is higher than in
EP_REF, 17 and 44% in EP_0.5PMP and EP_1.0PMP,
respectively, which is not as high as the residue of the
samples containing MAPP. This could be due to the lower
phosphorus content in these samples. Nevertheless, this
evidence suggested that the stabilizing effect of PMP was
also focused in the condensed phase.

A preliminary study of the flame retardant behavior of
the samples was performed according to UL94 vertical
burning test, which gives an insight at laboratory scale into
the ignitability, flame spread and dripping behavior of
polymers after the application of a pilot flame.

The results of the test are given in Table 4. As expected,
the control sample (EP_REF) constituted by DICY-cured
epoxy could not be rated according to UL94 standard due
to its vigorous burning and the formation of tar and waxes.

Due to MAPP’s high phosphorus content and the high
amount of char formed during combustion, the addition of
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Table 4 Thermal stability results obtained from TGA and UL94 rating of the reference and flame retardant containing epoxy resins

Sample T e °C 15,/°C Mass 15,/°C Mass Residue at UL9%4 Phosphorus
loss; /% loss,/% 800 °C/% rating content/%
EP_REF 344 381 83.50 - - 16.50 NC* 0.00
EP_20AP 316 341 51.69 475 18.23 30.08 V-0 4.51
EP_40AP 318 342 47.97 464 19.72 32.31 V-0 7.84
EP_0.5PMP 313 375 76.00 534 4.62 19.38 V-0 1.00
EP_1.0PMP 315 358 67.08 521 9.07 23.85 NC° 1.98
EP_34DP 330 393 79.56 524 4.81 15.63 NC° 0.88
EP_64DP 333 393 77.67 524 4.74 17.49 V-1 1.37
EP_34DP_0.5PMP 315 367 70.95 519 7.34 21.71 V-0 2.01
EP_34DP_1.0PMP 311 359 60.23 502 13.87 25.90 V-1 2.96
EP_34DP_40AP 313 338 47.10 475 22.51 30.39 V-0 6.91
EP_0.5PMP_40AP 309 340 44.03 464 19.79 36.18 V-0 8.45
EP_1.0PMP_40AP 308 340 46.55 464 16.64 36.81 V-0 8.85

Tonser: Temperature at 5% mass loss
de., »: Maximum degradation rate temperature in stage 1 or 2
°NC Not classifiable

MAPP all alone or in combination with DOPO or PMP
contributed to obtain a V-0 rating even at 20 phr loadings.
This proved the effectiveness of the intumescent effect of
melamine encapsulated MAPP, matching with TGA
results. In case of DOPO containing samples, more than
1% phosphorus was needed to achieve a V-1 rating due to
its subtle condensed phase action which at least hindered
dripping during combustion.

It was noteworthy that the addition of PMP resulted in
better flame retardancy at lower content. In fact, the sample
containing 1% phosphorus (EP_0.5PMP) presented V-0
rating in contrast with the sample with 1.98% phosphorus
(EP_1.0PMP) which did not comply with the UL94 clas-
sification. This resulted to be somehow contradictory since
several studies have determined that a 2% of phosphorus is
needed to provide a V-0 result in epoxy resins [22].
Notwithstanding, the flammability behavior is not only
dependent on the phosphorus content but also depends on
the nature of the epoxy resin and the hardener. In this case,
the combination of DICY with PMP provided better flame
retardancy in a 0.5/0.5 mass/mass ratio and higher 7, than
0.5/1.0 ratio. The 0.5/1.0 ratio of DICY/PMP led to lower
crosslink density as it was already evidenced by DSC,
which turned to be decisive to deteriorate the flame retar-
dancy effect of the phosphorus present in PMP.

Dynamic mechanical analysis
Dynamic mechanical analysis (DMA) is a technique used

to study and characterize the response of a material when it
is subjected to a time-varying deformation. The response of
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the polymers is a combination of an elastic and a viscous
constituent. The latter results in a delay of the response
known as phase angle & that allows to study the storage (E')
and loss (E”) moduli, as well as the phase transitions
occurring in the polymer. Figure 5 displays the evolution
of E' with temperature from glassy to rubbery state of the
epoxy materials. It was observed that all the FR containing
samples presented higher modulus below 100 °C (Fig. 5a,
c) owing to the increased rigidity provided by the phos-
phorus containing compounds that contributed to block
segmental movements of the network. Above this tem-
perature, the modulus of PMP and DOPO containing
samples drops evidencing the higher mobility of the net-
work due to their lower crosslink density. On the other
hand, MAPP containing samples maintain their higher
modulus up to 150 °C owing to the chain mobility con-
straints provided by solid MAPP particles.

In the presence of MAPP, the height of the tan ¢ max-
imum (Fig. S5b, d) which represents the ratio of dissipated
to stored energy did not vary to a great extent. On the other
hand, when PMP and/or DOPO where used, maximum tan
0 increased evidencing higher energy dissipation influ-
enced by the lower crosslink density of the network. This
observation suggested that the response to the applied force
of MAPP containing samples was more elastic than those
containing PMP or DOPO. This behavior was attributed to
the lack of chemical interaction of MAPP particles with the
matrix, confirming that MAPP did not participate in the
crosslinking reaction and thus presenting similar crosslink
densities than EP_REF [16]. In addition, the slight decrease
observed in tan 3 height in the presence of MAPP
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Fig. 5 Storage modulus (a, ¢) and tan & (b, d) of the most representative epoxy samples

confirmed chain mobility restrictions due to the presence of
solid fillers. The crosslink density (vx;, Table 3) was cal-
culated correlating it with the storage modulus in the rub-
bery plateau according to the theory of rubber elasticity
[40] (Eq. 1), where E’ is the storage modulus 30 °C above
T,, R is the gas constant and T the absolute temperature.

E' = vx RT (1)

When DOPO and/or PMP were used, the structure of the
network changed owing to their higher equivalent masses
and chemical nature, pointing out the lower crosslink
density by lower vy and tan 6 values (lower tan § maxi-
mum temperature and higher tan é height), in accordance
with the results obtained by DSC. In case of MAPP, vy
values suggested fictitiously higher crosslink density due to
the chain mobility restrictions occasioned by the solid
additive particles. This resulted in higher E’ values which
affected the calculation of vxj .

Tensile properties

Tensile strength measurements were taken to analyze the
effect of FRs on the mechanical properties (Table 5). As it
is well established, the addition of the different FRs led to
higher modulus and lower tensile strength values [15], as it
was previously observed by increased storage modulus in
DMA.

The poor interaction between the MAPP and the epoxy
matrix was evidenced by the decreased tensile strength and
strain at break, as well as by increased modulus [15, 16]. In
regard to tensile strength, it was found that it decreased by
29 and 42% when adding 20 and 40 phr MAPP to the resin,
respectively. In the same way, the elongation at break also
decreased by 47 and 59%, respectively, as it can be
observed in Fig. 6a. This effect was attributed to the poor
interfacial bonding between the MAPP and the epoxy
matrix, which could lead to the appearance of voids
between the FR additive and the matrix, acting as stress
concentration points. The same behavior was observed
when combining MAPP with DOPO and PMP, in
EP_34DP_40AP and EP_0.5PMP_40AP samples (Fig. 6b),
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Table 5 Tensile properties of

epoxy resins with different FRs Sample Young’s modulus/MPa Tensile strength/MPa Strain at break/%
EP_REF 2359.3 +91.8 924 £ 1.2 8.81 + 0.27
EP_20AP 2544.3 £ 65.1 652 £2.5 4.66 + 0.12
EP_40AP 31235 £ 974 533 £22 3.65 £ 0.30
EP_0.5PMP 25123 £ 11.2 894 + 4.0 7.36 £ 0.41
EP_1.0PMP 24872 £ 2.9 842 £ 1.3 598 £0.35
EP_34DP 2624.8 + 6.8 90.8 £ 1.0 6.03 £ 0.10
EP_64DP 2723.8 £ 57.4 72.1 £7.2 3.82 £ 0.59
EP_34DP_0.5PMP 2708.8 + 48.5 872 £ 35 5.00 £ 0.41
EP_34DP_1.0PMP 2955.1 + 61.3 57.6 £ 3.5 271 £ 0.27
EP_34DP_40AP 32509 £ 76.8 63.2 £ 4.1 334 £033
EP_0.5PMP_40AP 3299.2 £ 29.8 64.1 £ 2.1 3.47 £ 0.08

where the strain at break decreased to the same extent than ~ modulus owing to weak physical interactions (e.g, van der
EP_40AP, as well as the tensile strength, which value Waals interactions) between filler and matrix at low strains,
decreased a 30% with respect to EP_34DP and a 28% with ~ which are enough to act as reinforcement in the system.
respect to EP_0.5PMP, respectively. This behavior was observed in all the samples containing

Along with poor compatibility between filler and matrix, = MAPP. In fact, the modulus increased by 8 and 34% in
it 1S common to observe an increase in the values of the EP_20AP and EP_40AP with respect to EP_REF, a 24%
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Fig. 6 Stress—strain curves of epoxy resins with the different flame retardants introduced independently in the formulation (a), and samples
combining MAPP (b), PMP (c¢) and DOPO (d) with other FRs
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comparing EP_34DP with EP_34DP_40AP, and 27%
comparing EP_0.5PMP with EP_0.SPMP_40AP.

On the other hand, PMP containing samples EP_0.5PMP
and EP_1.OPMP (Fig. 6¢) presented the closest tensile
properties to EP_REF. Focusing on the sample that
achieved V-0 rating in UL94 vertical burning test,
EP_0.5PMP, its modulus increased 6% with respect to
EP_REF and tensile strength and strain at break decreased
only 3 and 16%, respectively. This formulation is the one
with improved FR properties whose tensile properties were
the least affected. This was attributed to the use as a
hardener of PMP compound, which despite decreasing the
T, by 25 °C due to its lower crosslinking respects the
tensile behavior of the neat epoxy resin.

Alternatively, the samples containing DOPO (Fig. 6d),
despite presenting better compatibility than MAPP with the
matrix and lower crosslink density, resulted to be more
rigid and brittle than EP_REF, especially with EP_64DP.
This behavior is typical when introducing DOPO in the
formulation owing to its rigid aromatic structure, as it was
already observed by Hu et al. [19], who also determined
that the optimal phosphorus content to achieve a V-0 rating
and acceptable mechanical properties was 1.5 mass%
reporting a decrease in tensile strength of 22%. The same
decrease in the mechanical strength was observed in
EP_64DP containing 1.37 mass% P, but in this case
achieving a V-1 classification.

Conclusions

Different epoxy samples were prepared containing differ-
ent types of flame retardants, an additive-type FR (MAPP)
and two reactive-type FRs, a DOPO pre-reacted epoxy and
a phosphorus containing hardener (PMP). In short, it was
concluded that each FR had a distinct impact on the ther-
mal and mechanical properties of the final epoxy resin.

In general, the use of the different FRs resulted in more
rigid and brittle materials with improved flame retardancy.
MAPP contributed to achieve V-0 rating in UL94 test with
a loading of 20 phr without affecting substantially the 7,
but increasing in turn the elastic modulus and decreasing
the fracture strain and tensile strength due to chain mobility
constraints. On the other hand, PMP contributed to achieve
V-0 rating with only 1% phosphorus (EP_0.5PMP) main-
taining the tensile properties close to reference sample, but
decreasing the T, due to its higher equivalent mass. Finally,
DOPO containing samples required more than 1% phos-
phorus to provide a V-1 result while decreasing T, and
increasing the rigidity and brittleness of the materials.

Taking into account that these promising results have
been obtained with an epoxy resin intended for prepreg
processing, and composite samples will be prepared and

tested according to the EN 45545:2 standard for their fur-
ther application in the railway industry. According to the
obtained results, a careful selection of the FRs should be
done based on the requirements of the material.
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