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Abstract The potential synergists aluminium diethylphos-
phinate (AlPi), boehmite (AIO(OH)) and melamine
polyphosphate (MPP) were compared in flame-retardant
epoxy resin (EP)/melamine poly(magnesium phosphate)
(S600). The pyrolysis, the fire behaviour as well as the
chemical interactions in the gas and condensed phases were
investigated by various methods. Flammability was inves-
tigated by cone calorimeter and oxygen index (OI). The
thermal and thermo-oxidative decomposition were studied
by thermogravimetric analysis coupled with FTIR spec-
trometer. The special focus was on the investigation of
structural changes in the condensed phase via solid-state
NMR of ?’Al and *'P nuclei. By the comparison of epoxy
resin with only one additive or with S600 in combination
with AIPi, AIO(OH) or MPP, it was possible to calculate the
synergy index. The best performance in terms of fire beha-
viour was observed for EP/S600/MPP with a PHRR (peak
heat release rate) of 208 kW m™~ due to slight synergy. In
the case of THE (total heat evolved), clear synergy occurred
for EP/S600/AIPi and EP/S600/A10(OH). By solid-state
NMR, different phosphates and aluminates were identified,
indicating the chemical interactions between S600 and AlPi,
AIO(OH) or MPP. The systematic multi-methodical
approach yielded insight into the synergistic effects in the
flame-retarded epoxy resin.
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Introduction

Epoxy resins are an important materials used in various
applications due to their advantages like chemical resis-
tance, good electrical properties and mechanical stability
[1-3]. However, as they are based on hydrocarbon chains,
in the case of fire the performance of many epoxy resins is
rather poor, with fast burning and no residue formation.
Nowadays compliance with fire-protection requirements is
demanded for many applications, especially in electrical
engineering and the transportation sector. At the same time,
the market demands halogen-free flame retardants due to
environmental aspects. To achieve suitable fire properties
multi-component, synergistic systems are often used
[4-10]. One of the approaches focuses on the specific
condensed-phase reaction to achieve better flame retar-
dancy [11]. Among many non-halogenated flame retar-
dants, two groups of additives play the most important role:
phosphorus-based additives and additives containing
nitrogen. The special focus is on melamine polyphosphate
(MPP), which combines the benefits of phosphorus with
those of melamine [12, 13]. Moreover, MPP is often
additionally modified to improve performance. Recently, a
new group of melamine poly(metal phosphate) additives
was introduced to the market under the brand name Safire
[14-18].

In work presented, three multi-component systems were
compared: epoxy resin (EP)/melamine poly(magnesium
phosphate) (S600)/aluminium diethylphosphinate (AIPi),
EP/S600/boehmite (AIO(OH)) and EP/S600/melamine
polyphosphate (MPP), not only in terms of performance
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and synergy to find the best formulation for epoxy resin,
but also to understand the chemical processes in order to
find promising approaches to synergy. A comprehensive,
detailed and multi-method approach was used to study the
chemical interactions occurring between the synergists.

Experimental
Materials

Bisphenol A diglicidyl ether (DGEBA, Araldite MY740,
Bodo Moller Chemie GmbH, Offenbach, Germany) was
mixed with isophorone diamine (IPDA, Merck KGaA,
Darmstadt, Germany) and flame retardants in a glass bea-
ker using a mechanical stirrer as described for similar
compounds [19]. The total load of the additives was always
20 mass%. After mixing, the material was put in the alu-
minium trays to prepare the specimens. The curing process
followed in three steps: 30 min at 80 °C, 30 min at 110 °C
and 60 min at 160 °C. Afterwards, epoxy mixtures were
cooled down to room temperature slowly in order to avoid
cracking and then cut to the desired size. The following
flame retardants were used: melamine poly(magnesium
phosphate) (Saﬁre® 600, Floridienne Chemie, Ath, Bel-
gium), aluminium diethylphosphinate (Exolit OP 935,
Clariant Produkte, Germany), boehmite (Apyral AOH 30,
Nabaltec AG, Schwandorf, Germany) and melamine
polyphosphate (Melapur 200 70, BASF SE, Ludwigshafen,
Germany). The list of all materials investigated is pre-
sented in Table 1.

Methods

The fire behaviour under forced-flaming conditions was
investigated using a cone calorimeter (Fire Testing Tech-
nology, East Grinstead, UK) according to ISO 5660. All
specimens (100 x 100 x 3 mm) were conditioned for

48 h (23 °C, 50% relative humidity). Specimens were
exposed to irradiation of 50 kW m~? with a distance of
35 mm between the surface and the cone heater. As
investigated before, the distance of 35 mm provides
homogenous irradiance of the inner area [20]. In order to
prevent buckling of the samples before ignition, specimens
were placed in retainer frame and an additional thin wire
cross was used. Because the edges under the frame
underwent combustion as well, the results were recalcu-
lated to 100 cm® surface area. The total heat evolved
(THE) was declared to be the total heat released at the
point where the smoke production was below 0.01 m” s~
These criteria had to be adopted as it was difficult to
determine flameout due to the strong intumescence of some
of the materials. No third measurement was taken when the
deviation between the two first cone calorimeter measure-
ments was less than 10% in all characteristics, so that
evaluating two measurements deliver reliable results in
accordance with the standard already. Reaction to a small
flame (flammability) was determined by the limiting oxy-
gen index (LOI) according to ISO 4589 (sample size
100 x 6.5 x 3 mm). All specimens were conditioned at
23 °C and 50% relative humidity for 48 h before the test.
Thermogravimetric analysis (TG) was performed on the
TG 209 F1 Iris (Netzsch Instruments, Selb, Germany)
coupled with a Fourier transform infrared spectrometer
(FTIR, Tensor 27, Bruker Optics, Ettlingen, Germany)
using a transfer line heated up to 260 °C in order to analyse
the evolved gases. The temperature was chosen to detect
the decomposition products of AlPi [21]. The materials
were milled under liquid nitrogen in a CryoMill (RETSCH,
Germany), and 5 mg of each material was measured in a
crucible under nitrogen and synthetic air flow
(30 mL min~ ") at a heating rate of 10 K min~".
Solid-state nuclear magnetic resonance (NMR) mea-
surements were taken using an AVANCE 600 (14.1 T)
spectrometer (Bruker Biospin GmbH, Rheinstetten, Ger-
many) equipped with a wide-bore magnet. All experiments

Table 1 Composition of tested materials and corresponding abbreviations

Name Acronym

DGEBA + IPDA EP

EP + 20 mass% melamine poly(magnesium phosphate) EP/S600

EP + 20 mass% aluminium diethylphosphinate (AlPi) EP/AIPi

EP + 20 mass% boehmite (AIO(OH)) EP/A10(OH)

EP + 20 mass% melamine polyphosphate (MPP) EP/MPP

EP + 10 mass% S600 + 10 mass% AlPi EP/S600/AIPi

EP + 10 mass% S600 + 10 mass% AlO(OH) EP/S600/A10(OH)
EP + 10 mass% S600 + 10 mass% MPP EP/S600/MPP
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were carried out at room temperature using the magic angle
spinning technique (MAS). The fire residues were pow-
dered using an agate mortar and packed up to the rotors
(zirconia, Kel-F caps). The parameters of the measure-
ments are listed in Tables 2 and 3. In case of >’Al MAS
NMR, the pulse length listed in Table 2 corresponds to the
selective 90° condition for quadrupolar nuclei. For *’Al,
that pulse length equals 1/3 of a liquid state 90° pulse.

Results and discussion
Fire behaviour

Figure 1 presents heat release rate (HRR) curves over time
for EP, EP/S600, EP/X (where X: AlPi, AIO(OH) or MPP)
and EP/S600/X (Fig. la—c) as well the comparison of all
systems with two additives (Fig. 1d). The forced-flaming
behaviour and the reaction to small flame for EP, EP/S600
and EP/X have been described in detail before [19]. The
shape of the HRR curve of EP indicates a non-charring
sample of medium thickness [22, 23] with an additional
peak near flameout. The first peak represents the peak heat
release rate (PHRR), whereas a second minor maximum
was caused by using the retainer frame. Initially, the edges
of the sample were covered, but as combustion proceeded
the material under the frame burned as well. EP shows a
high PHRR of 1068 kW m~2 and forms no residue
(Table 4). Adding the flame retardants reduced the PHRR,
THE and THE/TML (TML = total mass loss). The time to
ignition (#;,) was slightly reduced for all flame-retarded
formulations, suggesting that decomposition started at
lower temperatures and/or that the viscosity of the material
was changed [24]. For EP/S600, the PHRR decreased by
more than 70% to 298 kW m 2. A slight reduction in the
THE/TML ratio was caused by the release of inert gases
(e.g. ammonia); however, the difference was so low that it
was concluded that S600 works mainly in the condensed
phase and neither by fuel dilution nor by flame inhibition.
In contrast, in the systems with AlPi THE/TML ratio was
significantly reduced to 1.9 and 1.8 MJ m~2 g~' for EP/
AlPi and EP/AIPi/S600, respectively. It is known from the
literature that the main mode of action of AIPi in many

systems is flame inhibition by evolving phosphorus species
into the gas phase [21, 25-30]. Moreover, the LOI
increased from 21.0 to 30.4% for EP/S600/AIPi compared
to EP (Table 4). Thus, the performance for reaction to
small flame test is improved, making it the best of all
investigated materials. In cone calorimeter test, the
reduction in PHRR was not so strong and similar for EP/
AlPi and EP/S600/AIPi, yet lower PHRR was achieved for
EP/S600. Therefore, when PHRR is considered, the mate-
rials are ranked as follows: EP > EP/AIPi ~ EP/S600/
AlPi > EP/S600. In conclusion, the combination of AlPi
and S600 did not change performance when compared to
EP/AIPi in the cone calorimeter.

The worst performance of the flame-retarded formula-
tions was observed for EP/AIO(OH). The shape of the
HRR curve was same as for pure EP, but the peak was
reached earlier. When AIO(OH) was combined with S600,
the PHRR was reduced by almost half compared to EP/
AlO(OH). In LOI test, an increase to 28.9% was achieved
and stronger residue formation was observed than in EP/
S600/AlPi and EP/S600/MPP. Taking into account the
minor influence on the effective heat of combustion as
well, it was concluded that the main mode of action of
AIO(OH) is increased residue formation. As the residue
formed did not provide a sufficient protection layer, the
performance in cone calorimeter was worse than for other
investigated materials. Since the result was better for EP/
S600/A10(OH) than for EP/AIO(OH), it suggests that S600
works not only by residue formation but also as a char
stabilizer. Nevertheless, as for systems with AlPi, the best
result was achieved for EP/S600.

The strongest reduction in PHRR was observed when
MPP was added to the epoxy system. MPP is known to
cause intumescent effects; indeed, for both EP/MPP and
EP/S600/MPP increased residue formation was observed,
which worked as an insulation barrier. Similar to formu-
lations with AIO(OH), the main effect was observed in the
condensed phase by formation of an intumescent protective
layer, which led to decreasing PHRR to 208 kW m™? for
EP/S600/MPP. In terms of PHRR, the materials are ranked
as follows: EP > EP/S600 > EP/MPP > EP/S600/MPP
and show clearly that the combination of both additives,
MPP and S600, leads to the best performance.

Table 2 2’Al MAS NMR parameters: D1—repetition time, P—pulse length, NS—number of scans

Name D1/s Plus NS Rotor/mm Spinning speed/kHz
EP/AIPi; EP/S600/A1Pi 2 2.25 128 4 12.5

EP/AIO(OH) 2 1.75 128 25 25
EP/S600/A10(OH) 30 2.25 16 4 12.5
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Table 3 *'P MAS NMR parameters: D1—repetition time, P—pulse length, NS—number of scans

Name D1/s Plus NS Rotor/mm Spinning speed/kHz
EP/S600; EP/S600/AIPi 2000 43 8 4 12.5
EP/AIPi; EP/S600/AI0(OH); EP/S600/MPP 300 43 8 4 12.5
EP/MPP 300 43 16 4 12.5
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Fig. 1 Heat release rate (HRR) of the EP, EP/S600 and compositions with
systems with S600 in combination with AlPi, AIO(OH) or MPP (d)

1 AlPi (a), AIO(OH) (b), MPP (c¢) and the comparison of epoxy

Table 4 Cone calorimeter data: PHRR—peak of heat release, THE—total heat evolved, TML—total mass loss, t;,—time to ignition

Name tigls PHRR/KW m > THE/MJ m > THE/TML/MJ m ™2 g~ Residue/mass% LOI

EP [19] 5444 1068 + 8 76 + 4 2.4 0 21.0 [31]
EP/S600 [19] 44 + 4 298 + 8 57+4 2.2 10 -
EP/AIPi [19] 41+ 4 492 + 8 56 + 4 1.9 13 -
EP/S600/AIPi 44 £2 479 £ 22 46 £ 3 1.8 9 30.4
EP/AIO(OH) [19] 49 + 4 870 + 8 65 + 4 2.4 15 -
EP/S600/A10(OH) 38£2 437 £ 18 55+£2 2.2 16 289
EP/MPP [19] 38 + 4 244 + 8 26 + 4 -~ - -
EP/S600/MPP 39+3 208 £ 9 54£2 2.2 18 28.4
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Figure 1d presents the comparison of HRR curves for
EP/S600/A1Pi, EP/S600/AIO0(OH) and EP/S600/MPP. AlPi
and AIO(OH) do not differ much in their HRR curves
despite their different modes of action, and EP/S600/MPP
has the best overall performance in terms of fire behaviour.
The residues after cone calorimeter testing of those systems
are presented in Fig. 2. For EP/S600/AIPi and EP/S600/
AlO(OH), the residue formed was very brittle and loose,
whereas the residue of EP/S600/MPP formed an intumes-
cent layer caused by the presence of MPP and had a closed
surface.

Based on the cone calorimeter data, different kinds of
action were distinguished depending on the synergist used
(AlPi, AIO(OH) or MPP). EP/S600/AlPi showed a clear
flame inhibition effect, indicated by a very low THE/TML
ratio (1.8 MIm 2 g™ !). For EP/S600/AIO(OH), an
increase in char formation was observed; however, as it did
not provide sufficient insulation, the PHRR was still high.
In the case of EP/S600/MPP, too, increased char formation
was observed (18 mass%), but the structure of the residue
(porous and with a closed surface) led to better insulation
properties and a decrease in PHRR to 208 kW m 2.

To identify whether synergistic effects occur in the
investigated materials, the synergy index was calculated
according to Eq. 1, where Y was PHRR or THE, and x the
percentage amount of the additive in the flame-retarded
systems. Synergy is defined as an effect of two or more
additives that is greater than the predicted sum of the
effects of additives independently (superposition) [32]. All
calculated synergy indexes are presented in Table 5.
Depending on the SE, synergy (SE > 1), superposition
(SE = 1) or an antagonistic effect (SE < 1) was defined.

Yep — YEpi (FR1+FR2)

XERI . _ XFR2
XFR1HXFR2 (YEP Yep +FR1 ) + XFR1 + XFR2

SEy =

- (Yep — YEp+FR2)
(1)

In the case of PHRR, a slight antagonistic effect was
observed for EP/S600/AIPi and the PHRR was higher than
for EP/S600 (Table 2). For EP/S600/AIO(OH), synergy
was observed and a strong reduction in PHRR compared to
EP/AI(OH) occurred; however, EP/S600 still presented
better performance. In the case of EP/S600/MPP, synergy

Fig. 2 Fire residues of EP/

S600/AIPi, EP/S600/A10(OH)
and EP/S600/MPP obtained in Bt
cone calorimeter '

EP/S600/AIPI

Y
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Table 5 Synergy indexes calculated for PHRR and THE
Name SEpurRr SErhE
EP/S600/AIPi 0.9 1.5
EP/S600/A10(OH) 1.3 1.4
EP/S600/MPP 1.1 0.6

in PHRR was not as strong as in the case of EP/S600/
AlO(OH), but it was concluded that with the same additive
loading (20 mass%) a better result is achieved when S600
and MPP are combined than for single additive systems
and that this improvement is more than superposition. In
effect, the EP/S600/MPP system showed the best perfor-
mance, with the lowest PHRR of 208 kW m~2. It was
proposed that the synergy and thus the best fire perfor-
mance are the result of the superior combination of struc-
tural features of the fire residues of EP/MPP and EP/S600.
EP/S600/MPP showed the closed surface and the increased
height, but also an inner layered structure. Thus, the fire
residue provided a highly effective protection layer. Sim-
ilar observations were reported for epoxy resin flame
retarded with melamine poly(zinc phosphate) and MPP
[33].

When synergy in THE is considered, the results are
different than for PHRR. The strongest synergy effect was
observed for EP/S600/A10(OH), but the resulting THE was
the same as for EP/S600/MPP, even though it presented an
antagonistic effect. Moreover, for EP/MPP the reduction of
more than 50% in THE was observed when compared to
EP/S600 or EP/S600/MPP. In the case of EP/S600/AIPi,
strong synergy occurred as well, reducing the THE to
46 kW m 2. This effect is due to the strong flame inhibi-
tion effect indicated by the low effective heat of combus-
tion (expressed as THE/TML ratio).

Pyrolysis: mass loss and volatiles

In nitrogen atmosphere, decomposition occurred in a single
step for all investigated materials (Fig. 3). All of the tem-
peratures and corresponding mass losses are listed in
Table 6. The temperature when 5 mass% mass loss was

EP/S6
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Fig. 3 Mass loss (TG) and mass loss rate (DTG) curves for epoxy resin systems with AlIPi (a), AIO(OH) (b) and MPP (c¢) in the nitrogen

atmosphere

observed (Ts¢,) was taken as comparable measure for the
beginning of decomposition. EP began decomposing at
around 340 °C. When EP was mixed with additives, an
evident shift towards lower temperatures was observed,
except for EP/AIO(OH). This effect is attributed to two
phenomena. First, the release of gases (e.g. ammonia,
water) from the additives occurs at a lower temperature

@ Springer

than the decomposition of the EP, but the main reason for
the shift is the interaction between the additives and the
polymer matrix. The reduction in Ts¢, was not equal for the
systems with additives. The lowest temperatures were
observed for EP/S600, EP/MPP and EP/S600/MPP due to
the strong interaction between the polymer and the mela-
mine-based additive. It was observed that in PA6 the
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Table 6 Thermal decomposition characteristics of the investigated materials in nitrogen atmosphere: Tsq—temperature for 5% mass loss;
Tmaxi—temperature of the maximum mass loss rate for first decomposition step; Am;—mass loss at first decomposition step; residue mass taken

at 800 °C

EP  EP/S600 EP/AIPi EP/S600/AlPi EP/AIO(OH) EP/S600/A1I0(OH) EP/MPP  EP/S600/MPP
T54/°C 340 320 324 320 339 329 319 317
Tmax1/°C 371 346 354 360 367 354 345 344
Am,/mass% 91 75 83 83 76 70 79 78
Residue/mass% (at 800 °C) 9 24 16 15 23 21 20 20

presence of MPP led to a decrease in decomposition tem-
perature due to the catalytic effect on amide scission,
which led to strong Lewis acid—base interactions [13]. In
EP/AlPi and EP/S600/AlPi, the Tsq was 16-20 °C lower
than for EP, which suggests that AlPi has a weaker influ-
ence than MPP on the polymer matrix. Since AIO(OH) is
an inert filler and does not interact with EP, the starting
temperature was similar for EP/AIO(OH) (339 °C) and EP.
When AIO(OH) was combined with S600, the temperature
was lower but mainly due to the presence of S600.
Moreover, it was observed that not only 7s¢, was shifted;
the temperature of the maximum of the mass loss rate
(Tmax1) was also lower than for multi-component systems
than for pure EP (Fig. 3). For EP, the maximum mass loss
rate was at 371 °C and the mass loss was 91 mass%. The
biggest shift clearly observed in Fig. 3 ¢ was for EP/MPP,
EP/S600 and EP/S600/MPP, with the temperature around
25 °C lower than for EP. There was no significant differ-
ence between EP/S600, EP/MPP and EP/S600/MPP in the
decomposition process. The mass loss was around
78-79 mass% for EP/MPP and EP/S600/MPP and
75 mass% for EP/S600. A smaller change in Ty, was
observed in the cases of EP/AIPi and EP/S600/Al1Pi, which
is consistent with previous observations suggesting an
intermediate interaction with EP. The mass loss was higher
than for systems with MPP due to the breaking of the P-C
bond in AIPi and the partial release of phosphorus species
into the gas phase. For EP/AIO(OH), the main decompo-
sition step was shifted only slightly towards temperatures a

a) 31 min
b) 34 min
c) 50 min

few degrees lower. In EP/S600/A10(OH), the maximum of
mass loss rate was at a lower temperature, which was
caused by the presence of S600 in the system.

For all epoxy systems with additives, the final residue
amount was close to 20 mass%, which stands for the load
of additives in each system. This means that in all cases the
additive contributed mainly by increasing the residue for-
mation in the condensed phase. Nevertheless, the residues
originate from different phenomena. For example, in the
case of EP/AIO(OH) the residue was formed in the con-
version process of AIO(OH) to Al,O;. In EP/MPP, by
contrast, the residue was an effect of increased char for-
mation due to interaction between MPP and the polymer
matrix.

In the systems with AlPi, the residue was lower than
20 mass% because of the partial decomposition of AlPi to
the volatile products, acting as a flame inhibitor.

As observed in the TG, as mainly epoxy resin was
decomposed, its decomposition products DGEBA/IPDA
were expected to be found in the gas phase. Figure 4 pre-
sents FTIR spectra of EP/S600/AIPi, EP/S600/A10(OH)
and EP/S600/MPP, and they are consistent with the spectra
of DGEBA/IPDA decomposition products reported in the
literature [34-36]. In the cases of EP/S600/AlPi and EP/
S600/AIO(OH), at first mainly C=0 (1716 cm™ '), C-H
(2779 cm™') and the trimethylamine group from IPDA
(2958 cm™ ") were observed in the gas phase. The evolution
of ammonia from S600 (965, 930 cm ™) and a C,—O group
in phenol (1258, 1176 cm™") also began. Subsequently,

a) 32 min
b) 45 min

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber/cm™"

Wavenumber/cm™!

Wavenumber/cm™"

Fig. 4 FTIR spectra of the gas phase for EP/S600/AIPi (I), EP/S600/AIO(OH) (II) and EP/S600/MPP (III) in nitrogen atmosphere
(31 min =344 °C, 32 min x354 °C, 34 min ~372 °C, 45 min ~485 °C, 50 min ~534 °C, 52 min x556 °C)
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Fig. 5 Mass loss (TG) and mass loss rate (DTG) curves for epoxy resin systems with AlPi (a), AIO(OH) (b) and MPP (c) in synthetic air

atmosphere

these signals became more intense and additional strong
bands were also detected for Ca,=Ca, (1604, 1508 cm™}),
OH-phenol groups of bisphenol A (3649 cm™') and C,,—H
(3090-3030, 746, 686 cnf]). At the end of decomposition,
mainly CO, (2360-2250 cm™") and methane (3015 cm™")
were observed. In the case of EP/S600/AIPi, phosphorus
species were expected to be present in the gas phase as well,
but according to the mass loss observed in TG the release
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was not high, so the intensity was lower and the signals
were most probably overlapped by phenols. Based on
results from TG-FTIR, it was concluded that in nitrogen
atmosphere the additives result in increased residue for-
mation and do not contribute significantly to the evolution
of volatiles. In the case of EP/S600/MPP, no evident evo-
lution of C=0 was observed, but the other signals were the
same as for EP/S600/AIPi and EP/S600/AIO(OH).
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Table 7

Thermo-oxidative decomposition characteristics of the investigated materials in synthetic air: Tsq—temperature for 5% mass loss;

Tinax1.2.3.4—temperature of the maximum mass loss rate for first, second, third and fourth decomposition step; Am; 3 4—mass loss at first,
second, third and fourth decomposition step; residue mass taken at 800 °C

EP EP/S600 EP/AIPi EP/S600/AIPi EP/AIO(OH) EP/S600/AI0(OH) EP/MPP  EP/S600/MPP

Tsq/°C 270 266 265 265 267 269 296 269
Timax1/°C 297 291 284 283 288 292 294 296
Amy/mass% 48 44 29 27 36 29 48 48
Tyaeal°C 537 544 367 360 516 358 587 571
Amy/mass% 51 42 13 29 46 17 39 35
Tinax3/°C — — 493 609 — 530 690 690
Ams/mass% — — 19 32 - 39 13 8
Taxal°C - - 651 - - - - -
Amy/mass% - — 24 — — - — —
Residue/mass% (at 800 °C) 0 12 14 11 17 14 2 7

I - Mjbw =) |y

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™"

Wavenumber/cm™!

Fig. 6 FTIR spectra of the gas phase for EP/S600/AIPi (I), EP/S600/AI0O(OH) (II) and EP/S600/MPP (IIl) in synthetic air atmosphere

(25 min ~282 °C, 26 min ~292 °C, 35 min ~385 °C)
Thermo-oxidation: mass loss and volatiles

Thermo-oxidative decomposition was investigated by TG
under synthetic air flow. Figure 5 presents the comparison
of EP and EP in combination with one or two additives,
with the temperatures for each decomposition step and the
corresponding mass loss summarized in Table 7. EP and
EP/S600 decompose in two main steps. On the DTG curve
of EP, a small shoulder on the first peak was observed, but
the difference was too small to be considered as an addi-
tional peak. The Tsq and T, are decreased by few
degrees for EP/S600, but the mass loss rate was slightly
lower. At the second step, the mass loss was around
10 mass% lower for EP/S600 and yielded 12 mass% resi-
due (at 800 °C), whereas for EP complete decomposition
occurred with no residue remaining. In the systems with
AlPi (Fig. 4a), the biggest differences from other systems
were observed in the decomposition process. For EP/AIPi
and EP/S600/AIPi, decomposition consisted of more steps
and started few degrees earlier than for pure epoxy resin.
The first decomposition step is similar whether or not AlPi
is combined with S600, with the T,,.; at around 284 °C
(13 °C lower than for EP) and a mass loss of
27-29 mass%. As the shoulder observed on the DTG curve

for EP became a separate peak in the cases of EP/AIPi and
EP/S600/AIPi, it was considered to be an additional
decomposition step with Ty, of 360 and 367 °C for EP/
AlIPi and EP/S600/AIPi, respectively. Furthermore, EP/
AlPi showed an additional step at around 493 °C, which
was not observed in the case of EP/S600/AIPi. The last
decomposition step was significantly shifted in the case of
EP/AIPi to 651 °C, and the mass loss rate was much lower
than for EP/S600/AIPi. These results suggest that S600 and
AlPi interact with each other, but the residue formed is less
thermally stable than in the case of systems with only one
additive. This explains the fact that the amount of residue
observed is lower than would be assumed by taking into
account the contributions of the individual components.
In the cases of EP/AIO(OH) and EP/S600/A10(OH)
(Fig. 4b), no significant differences in temperatures are
observed compared to EP and EP/S600, which is due to the
fact that AIO(OH) is an inert filler and does not influence
the decomposition behaviour of epoxy resin. Nevertheless,
EP/AIO(OH) presents only two-step decomposition, with
the residue yielding 17 mass%, attributed mainly to prod-
ucts of thermal conversion of AIO(OH) to Al,O3. For EP/
S600/A10(OH), the decomposition is in three steps. The
second step with T,,,,» at 358 °C is, as in the case of AlPi
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Fig. 7 27Al MAS NMR spectra for EP/AIPi, EP/S600/AlPi, EP/AIO(OH) and EP/S600/A10(OH). Asterisks indicate spinning side bands

systems, considered to be an enhanced shoulder observed
in EP. In the third decomposition step, the mass loss rate
was the highest, yielding in 39 mass% mass loss. The
residue remaining at 800 °C was 14 mass%, which might
be considered as mostly inorganic residue formed in
reaction of S600 with AIO(OH).

EP/MPP and EP/S600/MPP presented the lowest residue
formation, in contrast to the results obtained in nitrogen
atmosphere. Both combinations decomposed in three steps,
decreasing the mass loss rate at each step compared to EP
and EP/S600, but no thermally stable residue was formed.
In the case of EP/S600/MPP, slightly more residue was left
at 800 °C; nevertheless, the amount of the residue corre-
sponds to the residue expected from the contributions of
the individual components (around 7 mass%).

FTIR spectra of the gas phase are shown in Fig. 6. The
main products observed in the gas phase for all tested
materials were CO, (3735, 2359-2310, 669 cm_l) and CO
(2185, 2114 cm_l), as expected. Nevertheless, other sig-
nals were also observed. For EP/S600/AIPi, EP/S600/
AIO(OH) and EP/S600/MPP, similar as in the nitrogen
atmosphere, the signals for ammonia were observed (965,
930 cm™'). Ca,=Ca, and Ca~O were identified as well
(bands at 1508 and 1176 cmfl). In the cases of EP/S600/
AlO(OH) and EP/S600/MPP, a clear signal for alkyl ami-
nes was detected, whereas for EP/S600/AIPi it was absent.
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Moreover, only for EP/S600/AIO(OH) a strong signal for
the C=0 bond of carbonyl derivatives was observed
(1771 cm™").

Analysis of the condensed phase: solid-state NMR

The fire residues remaining after the cone calorimeter test
were analysed by solid-state NMR in order to identify the
inorganic residue formed during the burning process. *’Al
MAS NMR for EP/AIPi, EP/S600/A1Pi, EP/AIO(OH) and
EP/S600/AIO(OH) are presented in Fig. 7.

The spectrum of EP/AIPi presents typical signals com-
ing from the AlPi conversion. The resonances at around 38,
7.5 and —13.5 ppm were assigned to [AlO4], [AlOs] and
[AlOg] units, respectively, and they formed a rather
amorphous structure. Moreover, the chemical shift of
[AlO4] units is typical for an AIPO, structure [27, 37].
When AIPi was combined with S600, this signal became
stronger and narrower, suggesting the formation of more
crystalline species. In the case of EP/AIO(OH), two signals
were observed at 9.5 ppm and around 66 ppm and were
attributed to octahedral and tetrahedral coordination in
Al,O3 [38], which is a product of the dehydration of
AlO(OH) structures at high temperatures. For EP/S600/
AlO(OH), a new signal appeared at 38 ppm as the forma-
tion of AIPO, occurred. According to this result, it was
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Fig. 8 *'P MAS NMR spectra for EP/S600, EP/MPP, EP/AIPi, EP/S600/MPP, EP/S600/AIPi and EP/S600/AIO(OH). Asterisks indicate

spinning side bands

concluded that most of the AIO(OH) was converted to
aluminium oxide and some of the aluminium phosphate
was formed as a product of the chemical interaction
between S600 and AIO(OH).

Figure 8 presents *'P MAS NMR of the residues for the
epoxy system with one or two additives. In the EP/S600
spectrum, multiple signals are observed, corresponding to
the decomposition products of S600, like magnesium
orthophosphate (—2.5 ppm) and pyrophosphate (—14,
—19 ppm). Moreover, strong signal of crystalline struc-
tures was detected at —35 and —37 ppm, assigned to
magnesium phosphate, and the chemical shift suggests the
chain and/or ring formation [39, 40]. The shapes of the
resonances indicate the differences in the degree of crys-
tallinity—the narrower the signal, the more ordered
(crystalline) the structure. In the case of EP/MPP, as
reported before, mostly amorphous pyrophosphates and
slightly crystalline melamine phosphate (around O ppm)
remained in the residue as the products of the depoly-
merisation of MPP and interaction with the epoxy resin
[33, 41]. When both of additives were combined in EP/
S600/MPP, the signals observed for S600 were present in
the spectrum as well, but additional strong, highly crys-
tallized orthophosphate was also formed (around O ppm),

and the broad signal observed in the spectrum of EP/MPP
vanished. This suggests that the interaction between the
two additives leads to the formation of crystalline magne-
sium orthophosphate, which is dominant.

For EP/AIPi, only one signal is observed around
—30 ppm, assigned to the AIPO,-type amorphous struc-
tures, a typical product of the thermal treatment of AlPi,
and corresponds to the signal around —38 ppm observed in
the 2”Al MAS NMR spectrum. The signal observed in the
spectrum was very broad and suggested high disorder in
the formed structure. When compared to our previous
work, where AIPi was used in the TPE-S, it was concluded
that the decomposition process of AlPi depends on the
system in which it is used [37]. In the case of EP/S600/
AlPi, this signal was still observed; however, crystalline
magnesium pyrophosphate was dominant. Additional sig-
nals are present at —35 and —37 ppm as well as a minor
signal at around —18 ppm coming from magnesium
phosphate. A similar observation was made for EP/S600/
AlO(OH), but the relative intensities were different. While
for EP/S600/AIPi AIPO, might be formed from transfor-
mation of AIPi as well as from interaction between AIPi
and S600, in the case of EP/S600/AIO(OH), it was a pro-
duct of chemical interaction between S600 and AIO(OH).
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Conclusions

In the presented work, three different potential synergists
for melamine  poly(magnesium  phosphate)—AIPi,
AIO(OH) and MPP—were investigated in terms of
their influence on the fire behaviour and chemistry in the
gas and the condensed phases. The best performance under
forced-flaming conditions (cone calorimeter) was found for
the EP/S600/MPP system; however, in the case of reaction
to small flame, the best results were obtained for EP/S600/
AlPi. By additional investigation of EP with only one
additive, it was possible to calculate the synergy indexes.
Depending on the parameter (PHRR or THE), synergy was
found for each epoxy system with two additives, and the
strongest synergistic effect was observed in THE for EP/
S600/AlPi. By investigating the residues with the use of
solid-state NMR, the chemical interactions between the
additives were studied. Chemical interactions between
AIO(OH) and S600 were indicated by formation of alu-
minium phosphate, whereas for other systems the products
indicated in the condensed phase are also formed in the EP
with only one additive. The multi-method approach used in
this study allowed not only to identify the synergistic
effects, but also to understand the chemical processes
behind it.
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