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Abstract

This paper investigates the decomposition mechanism and fire performance of high performance epoxy amine resins and laminate systems,
using thermogravimetry (TGA), energy dispersive spectroscopy (EDS), cone calorimetry and Fourier transform infra-red spectroscopy (FTIR).
Two different, commercially-important epoxy resins, tetraglycidyl methylene dianiline (TGDDM) and diglycidyl ether of bisphenol A (DGEBA)
have been cured separately with diethyl toluene diamine (DETDA) and bis(4-aminophenoxy)phenyl phosphonate (BAPP) and their relative com-
bustion performance has been examined and discussed in terms of their decomposition profile. This paper highlights the close relationship be-
tween char yields (TGA and cone calorimetry) and thermal decomposition with the peak heat release rate, highlighting the role of the condensed
phase in minimizing combustion. The lower decomposition temperatures and higher char yields of the tetra-functional epoxy (TGDDM) are
therefore seen to provide superior fire performance compared to the bi-functional (DGEBA) epoxy. FTIR shows that the decomposition occurs
through initial cleavage of P—O—C bonds in preference to other covalent bonds, which allows dehydration and subsequent charring and/or chain
scission. TGA demonstrated that the laminated systems did not show a significant difference to the neat resin systems, with respect to initial
decomposition of the network and the thermal stability of the char layer. Nanoclay addition was also found to have little effect upon degradation
and fire performance.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction structure of the network [7,8]. This has the benefit of being

able to achieve similar levels of improvement in fire perfor-

The use of phosphorus based fire retardants as more benign,
environmentally friendly replacement additives to potentially
toxic halogen based fire retardants in epoxy thermosets has
been widely studied [1—6]. In recent times, research has fo-
cused more upon the use of reactive phosphorus containing
species which are incorporated directly into the chemical
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mance while minimizing any deleterious impact upon mechan-
ical and thermal properties most likely due to the molecular
level dispersion within a polymer matrix. Phosphorus contain-
ing species are considered to be more environmentally benign
because they improve fire performance by forming a char layer
which prevents or minimizes the transfer of combustible spe-
cies to the gaseous phase [9—12]. Understanding the decom-
position mechanism and the formation of the char layer of
the epoxy network is therefore critical to further improving
the fire performance of epoxy networks. This fire retardancy
mechanism contrasts with the action of traditional fire
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retardants which tend to act in the gaseous phase by (i) scav-
enging free radicals and terminating propagating reactions and
(i1) through the dilution of the gaseous phase with non-
combustible products. A particular advantage of phosphorus
based fire retardants, in comparison to traditional halogenated
fire retardants, is the reduction in toxic gas emissions [13,14].

The degradation mechanism of an epoxy amine network,
whilst highly complex, can be broadly understood in terms
of a two-step process, starting with dehydration and followed
by chain scission. The first step, dehydration, produces unsatu-
ration in the form of an alkene species and liberates water,
regardless of whether decomposition is in an oxidative or non-
oxidative environment [15]. Subsequent to this process, chain
scission of the polymer backbone occurs, forming free radical
species which lead to a competition between further chain
scission/polymer decomposition and polymerization/char for-
mation. The direction in which this balance is shifted is depen-
dent on factors such as the chemical nature of the degradation
products and the oxidative or non-oxidative nature of the at-
mosphere [15—17]. In the case of phosphorus containing sys-
tems, the P—O—C and P—C bonds are more susceptible to
cleaveage due to their lower bond strength, and act as weak
links during thermal degradation [18]. Cleavage of the phos-
phorus species occurs, which decomposes to phosphoric acid
which in turn leads to char formation [19]. The reactive nature
of the radical phosphorus species [9] ensures that charring of
the network takes place and effectively ‘“fixes” the carbon
to the phosphorus, creating a thermally stable layer which pre-
vents the transfer of combustible gases and therefore poten-
tially reducing flammability. Hergenrother et al. [20] studied
phosphorus based epoxy systems further reinforcing the cata-
Iytic role that the phosphorus species play in the formation of
the char in the condensed phase. They reported that the phos-
phorus acts specifically as a catalyst to char formation, whilst
not specifically being involved in the char layer, and that the
oxidation state of the phosphorus also played a significant
role in determining the improvement in heat release.

Whilst the use of phosphorus containing species demon-
strates considerable promise for improving fire performance
of high performance networks, taking advantage of other
synergistic processes to further improve properties remains a
challenge. The emerging science of nanocomposites therefore
presents a possible avenue of further improved fire perfor-
mance, in concert with traditional phosphorus containing spe-
cies, by taking advantage of the potential synergistic effect of
phosphorus—silicon species [21,22]. For example, it has been
reported for polyamides, that nanoclays are able to improve
the thermal stability of a phosphorus based char layer whilst
promoting migration of the layered silicate to the surface dur-
ing combustion, thereby synergistically improving fire perfor-
mance [23]. Chiang et al. [24] used a sol—gel process to
synthesize a phosphorus and silicon containing epoxy network
which contained significant improvements in fire performance
as determined by LOI and significantly higher char yields as
determined by TGA compared to the pure epoxy resin. Liu
et al. [22] also incorporated phosphorus and silicon species
into the backbone of an epoxy based network, through the

use of phosphorus and silicone based diols. They reported
that the LOI of the P/Si networks were synergistically im-
proved over and above that observed for the P and Si only
based networks due to an increase in the thermal resistance
of the char layer. Recent studies have also shown that using
the silicon species from a nanoclay can also result in a syner-
gistic improvement in fire performance. Wang et al. [25] dem-
onstrated that the activation energy barriers to degradation and
the char yields at 450 °C were higher for phosphorus contain-
ing polyester nanocomposites, compared to the unmodified
phosphorus containing polyesters. Chigwada and Wilkie [26]
also investigated this synergy for polystyrene nanocomposites
and found that the fire performance as determined using cone
calorimetry and the UL-94 test, showed synergistic improve-
ment when compared to the neat polystyrene. While the results
showed some variability for the time to ignition, the clay and
phosphate provided a very significant reduction in the peak
heat release rate and the total heat released.

This paper presents research which seeks to understand the
decomposition mechanism and its relationship to improved
fire performance for a phosphorus based aromatic diamine
hardener, bis(4-aminophenoxy)phenyl phosphonate (BAPP)
and a non-phosphorus based hardener, diethyl toluene diamine
(DETDA) cured with two different epoxy resins, namely di-
glycidyl ether of bisphenol A (DGEBA) and tetraglycidyl dia-
mino diphenyl methane (TGDDM). Another aim of this work
is to explore any synergistic improvements in either thermal
stability or fire performance as a result of both nanoclay and
phosphorus modification of the epoxy network. Comparison
has also been made on any differences in behaviour between
the neat resin sample and the carbon fibre reinforced laminate
containing the modified resin systems. Experimental tech-
niques used in this work include thermogravimetric analysis
(isothermal and dynamic), energy dispersive spectroscopy
(EDS), Fourier transform infra-red (FTIR) spectroscopy, and
cone calorimetry, whilst nanocomposite formation was con-
firmed using XRD diffraction.

2. Experimental
2.1. Materials

The epoxy resins DGEBA and TGDDM were obtained
from Vantico, Australia, with epoxide equivalent weights
(EEW) of 189.7 and 105.5 g/epoxide, respectively. The phos-
phonate hardener BAPP was synthesized and purified accord-
ing to the method previously reported [27]. The diethyl
toluene diamine (DETDA) is a mixture of two isomers of
3,5-diethyltoluene-2,4-diamine (75—81%) and 3,5-diethylto-
luene-2,6-diamine (18—20%) and was purchased from Albe-
marle Co. (USA) and used without further purification. The
structures of BAPP, DETDA, DGEBA and TGDDM are shown
in Fig. 1. The nanoclay used in this work was the organo-
modified polymeric layered silicate, Nanocor 1.30, (Nanocor,
USA). The organocation rendering the silicate compatible
with polymer matrices is octadecylammonium.
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Fig. 1. Chemical structures of the compounds used in this work.

2.2. Sample preparation

2.2.1. Neat resin plaques

The curing agents were added to an epoxy resin in stoichio-
metric concentrations at 80 °C. They were mixed on a rotary
evaporator until the system appeared to be free of bubbles.
The resin was then poured into a pre-heated Teflon coated
mould of dimensions 12 ¢cm x 12 cm x 2.1 mm, and cured at
100 °C 2 h, 120 °C 2 h and 175 °C 4 h. A post-cure procedure
was also carried out at 200 °C for 2 h. To prepare the nano-
composite systems, the nanoclay was added to epoxy resin
prior to hardener addition at 80 °C, and the mixture vigorously
stirred using a high speed mixer at 500 rpm for 1 h. The mix-
ture was subsequently allowed to cool to room temperature,
and the preparation continued, as discussed above for the
neat resin systems.

2.2.2. Composite laminates

The reinforced laminates were fabricated by a hand lay-up
procedure and then cured according to the same cure profile,
except that the laminate was placed in a platen press and pres-
sure applied after an appropriate time to ensure laminate con-
solidation. The known quantity of resin was manually spread
out onto a section of plain weave carbon. The impregnated
fibre was cut into 8 cm X 15 cm x 15 cm sections and stacked
on top of each other keeping the fibres in the same direction as
each other and then placed in a platen press. Table 1 lists the
resin and composite systems prepared as part of this
investigation.

2.3. Characterization

2.3.1. Thermogravimetric analysis

Dynamic thermogravimetric analysis was used to investi-
gate the behaviour in an oxidative and a non-oxidative
environment using a Mettler Toledo TGA/SDTA 851E instru-
ment. For both air and nitrogen atmospheres a flow rate
of 50 ml/min was used. Resin and laminate samples of

approximately 15—20 mg were placed in the crucible and
heated from 50 °C to 850 °C at a constant heating rate of
10 °C/min. Isothermal TGA was also performed using the
same configuration, except that the temperature was held
constant for 30 min at 330 °C, 360 °C, 410 °C and 500 °C
for the resin systems only.

2.3.2. Fourier transform infra-red spectroscopy

A Bomem FTIR spectrometer was used to determine the
chemical changes occurring during decomposition by using
the samples that were isothermally degraded in the TGA.
Spectra were recorded by preparing KBr discs, with particular
attention being given to grinding the samples vigorously using
a mortar and pestle. Spectra were taken over a range of 400—
4000 cm ™" at a resolution of 7 cm™" and the spectra were an
average of 32 measurements.

2.3.3. Wide angle X-ray diffraction (XRD)

XRD was determined using a Rigaku Geigerflex generator
with a wide angle goniometer. An acceleration voltage of
45kV and a current of 22.5 mA were applied using Ni

Table 1
List of formulations prepared in this work for cone calorimetry evaluation and
XRD results

Epoxy Curing Nanoclay  d-Spacing®  Final form

resin agent (Wt%) (A)

DGEBA DETDA — i Laminate and resin plaque
DGEBA DETDA 5 ° Laminate and resin plaque
DGEBA  BAPP - i Laminate and resin plaque
DGEBA  BAPP 5 ° Laminate and resin plaque
TGDDM DETDA — N Laminate and resin plaque
TGDDM DETDA 5 40.5 Laminate and resin plaque
TGDDM BAPP - Laminate and resin plaque
TGDDM BAPP 5 45.2 Laminate and resin plaque

? Not applicable.
® Beyond scale in instrument.
¢ Commercial nanoclay is 19.9 A.
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filtered Cu Ko radiation. The radiation wavelength was
A=1.540598 A.

2.34. Cone calorimetry

Cone calorimetry was used to investigate the combustion
behaviour under ventilated conditions including time to igni-
tion (TTI), rate of heat release (RHR), the maximum rate of
heat release (PHRR), smoke density, carbon monoxide and
carbon dioxide evolution. The heat flux used was 50 kW/m?
on the specimen, which had an exposed surface area of
100 mm X% 100 mm. Edge burning effects were reduced by
covering the non-exposed sample surface in heavy duty alu-
minium foil. The device consisted of a radiant electric heater
in a trunk-conic shape, an exhaust gas system with oxygen
monitoring and instrument to measure the gas flux, an electric
spark for ignition, and a load cell to measure the weight loss.
All tests were terminated after 500 s of exposure. TTI mea-
sures the time to achieve sustained flaming combustion for
a given cone irradiance. Smoke density was measured by the
decrease in transmitted light intensity of a helium—neon laser
beam photometer, and expressed in terms of specific extinction
area (SEA), with units of m2/kg. For RHR, the maximum
value and the average to 180 s after ignition and the overall
average values were determined.

23.5. EDS

Elemental analysis for C, N, O, Si, and P was determined
on the degraded samples using Energy Dispersive Spectros-
copy (EDS) with a Philips XL30 Field Emission Scanning
Electron Microscope (FESEM).

3. Results
3.1. Nanocomposite formation

Wide angle X-ray diffraction was used to characterize the
degree of nanoclay dispersion and intercalation/exfoliation in
both the neat resin plaques, as well as in the composite lami-
nates. Fig. 2 shows the traces for the DGEBA/BAPP cured
resins and carbon fibre laminates which show that the ordering
present in the layered silicates has been largely destroyed. This
tends to suggest that either exfoliated or highly intercalated
nanostructures have been formed in both the neat resin and
laminate systems. Important to note also, is the similarity of
the XRD traces between the laminate and neat resin plaques,
suggesting that the laminate fabrication process did not inter-
fere unduly with the formation of the nanocomposite. The cor-
responding raw traces for the TGDDM system (excluding the
BAPP laminate) in Fig. 3 showed small peaks at values of 20
of around 5° corresponding to d-spacing between the silicate
layers of around 40—45 A. A more ordered structure in the
system compared to the DGEBA networks, suggests that the
morphology is intercalated, rather than exfoliated. The values
of the d-spacings for the neat resin systems as determined us-
ing XRD are also shown in Table 1. This decreased capability
of TGDDM to exfoliate a nanoclay in comparison to DGEBA
has also been reported by Becker et al. [28] for a similar

counts (arbitrary units)

Fig. 2. XRD traces for DGEBA networks. (a) BAPP resin, (b) DETDA resin,
(c) DETDA laminate, (d) BAPP laminate and (e) Nanomer 1.28 organo-
modified nanoclay.

system cured with DETDA, suggesting that nanoscale mor-
phology is strongly influenced by the properties of the epoxy
resin.

3.2. Thermogravimetric analysis (TGA)

3.2.1. Dynamic scans

TGA was performed in dynamic mode for both the neat
resin samples and the laminates, in an oxidative and a non-
oxidative environment. The raw data traces for the DGEBA/
BAPP and DGEBA/DETDA systems for the resin and the lam-
inate systems under nitrogen and air are shown in Figs. 4 and
5, respectively. The non-oxidative degradation processes are
made up of only one step (in the case of the DETDA system)
or two steps (in the case of the BAPP systems), whilst the
oxidative degradation processes contain approximately two
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Fig. 3. XRD traces for TGDDM networks. (a) DETDA laminate, (b) TGDDM/
DETDA, (c) TGDDM/BAPP and (d) Nanomer 1.28 organo-modified nanoclay.
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Fig. 4. Comparison of resin and laminate TGA traces for DGEBA in nitrogen.
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Fig. 5. Comparison of resin and laminate TGA traces for DGEBA in air.

steps (in the case of the DETDA systems) to about four steps
(in the case of the BAPP systems). The char formed in a non-
oxidative environment exhibits a high level of thermal stability
beyond 450 °C up to at least 800 °C, and is substantially supe-
rior to the oxidative char yield. This illustrates the predomi-
nance of the char formation process occurring in preference

Table 2

2349

to continued chain scission, in a non-oxidative environment.
The presence of the phosphorus species can be seen to pro-
mote degradation through the lower onset of degradation
temperature and higher char yields.

In the case of an oxidative environment, degradation is more
complex. The char yields at 450 °C are higher compared to those
in the non-oxidative atmosphere, yet at 800 °C the situation is
reversed where the char yield is much lower than that in
a non-oxidative atmosphere. This phenomenon is broadly ob-
served for all of the samples measured, as shown in Table 2.
This is again understood to arise from the competition between
the crosslinking processes producing the char and continued
chain scission. In this case, an oxidative environment clearly
promotes the formation of a char layer earlier (i.e. the higher
yield at 450 °C) and particularly in BAPP-containing systems,
but they contain unsaturated functional groups rendering them
more susceptible to further oxidation and chain scission as the
temperature is further increased [15]. Also important to note
from Table 2 is that the TGDDM systems display consistently
higher char yields compared to DGEBA, whilst the thermal sta-
bility as measured via the temperature at 10% weight loss, tends
to be lower than the DGEBA systems, despite being the more
highly crosslinked network.

Comparison of the effect of carbon fibre reinforcement
upon the degradation process, shown in Table 3, suggests

Table 3
First derivative TGA results for all of the samples prepared where the values
refer to the temperature at the peak maxima

Sample Nano-  Initial Initial Char

modifier decomposition decomposition decomposition

wt%)  (°C) O O

Air N, Air

DGEBA/DETDA — 381.5 (386.4) 383.7 (388.5) 551.1(527.9)
DGEBA/DETDA 5 385.0 (379.1)  379.0 (384.4) 565.7 (522.8)
DGEBA/BAPP - 335.0 (332.8) 337.2 (336.6) 7342 (%)
DGEBA/BAPP 5 337.3 (337.2) 338.5(340.7) 624.0 (583.3)
TGDDM/DETDA — 349.6 (349.8) 351.2 (354.1) 583.2 (570.8)
TGDDM/DETDA 5 3523 (352.9) 348.1 (355.1) 602.7 (543.8)
TGDDM/BAPP  — 315.6 (314.3) 312.5 (314.6) 713.7 (%)

TGDDM/BAPP 5 318.5 (296.0) 318.4 (300.0) 667.5 (571.0)

Numbers in brackets refer to the degradation behaviour of the carbon fibre
reinforced laminate.
# Peak unresolved from carbon fibre degradation peak.

Results obtained from TGA showing the char yields at 450 °C and 800 °C and the temperatures corresponding to a 10% mass loss for all resin systems in both air

and nitrogen

Sample Nano-modifier  Tjgq (°C)  Char yield at 450 °C  Char yield at 800 °C  Tjoq (°C)  Char yield at 450°C  Char yield at 800 °C
(Wt%) Air Air Air N, N, N,
DGEBA/DETDA  — 379.3 34.1 2.6 381.7 15.6 11.1
DGEBA/DETDA 5 379.3 32.6 5.6 372.3 19.8 14.3
DGEBA/BAPP — 332.2 47.0 4.9 334.4 39.6 29.5
DGEBA/BAPP 5 336.3 474 12.5 336.5 40.8 32.6
TGDDM/DETDA  — 355.5 54.2 5.6 347.7 33.1 17.8
TGDDM/DETDA 5 348.1 50.9 7.2 3374 35.5 23.5
TGDDM/BAPP — 319.2 62.8 8.5 317.4 49.6 40.5
TGDDM/BAPP 5 318.4 61.4 12.3 316.2 49.2 39.5




2350 W. Liu et al. | Polymer 48 (2007) 2345—2354

that the same processes occur at similar temperatures, for
either atmospheric condition. This indicates that carbon fibre
does not have a significant effect upon the degradation process
as measured using TGA. The addition of nanoclay can also be
seen to have only a modest effect upon thermal stability. There
is little effect upon the char yields at both 450 °C and 800 °C,
while the thermal stability as measured by the temperature at
10% weight loss only decreases with the TGDDM/DETDA
system. At 800 °C, increases in char yield were evident but
merely reflected the level of inorganic additive present sug-
gesting that no synergistic events were taking place. Fig. 6
shows the TGA of the first derivative spectra for the
DGEBA-based networks in an oxidative atmosphere, which
highlight the role of BAPP in determining network decompo-
sition and thus indirectly the fire performance. The major
peaks at below 350 °C, highlight the significant reduction in
thermal stability of the cured network due to the more facile
cleavage of the P—O—C bonds. The minor peaks at higher
temperatures, however, show how the thermal stability of the
char layer formed during decomposition is increased via sig-
nificantly higher and broader transitions compared to the
DETDA networks. This would therefore be expected to impact
the fire performance if the fire retardancy mechanism is based
upon the ability of the char layer to minimize the transfer of
combustible gases to the gaseous phase.

3.2.2. Isothermal scans

Figs. 7 and 8 show the results of weight losses after 30 min
at intermediate isothermal degradation temperatures for the
DGEBA and TGDDM resin systems (excluding the DGEBA/
DETDA/Nano and TGDDM/DETDA/Nano systems). Impor-
tant points to note from this work which support dynamic
TGA work are given below.

(1) The char yields for the phosphorus containing networks
are substantially higher than the DETDA-based net-
works, regardless of the atmospheric conditions (apart
from the initial decomposition temperature at 330 °C).

-2.5
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B ——— DETDA-nano
E
A -1.5 1
o
|
0
8
s '
—
o
5
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Fig. 6. First derivative TGA results for the DGEBA resin systems in air.

90

\ --o-- BAPP
\ --# - BAPP-Nano
- - - DETDA

80 - \

70 - Y

60 4

50 4

40 -

Char Yield (%)

30 +

20 +

10 A

0 T T T
320 370 420 470 520

Temperature (°C)

Fig. 7. Isothermal TGA for DGEBA/BAPP, DGEBA/BAPP/Nano and
DGEBA/DETDA in both nitrogen and air atmospheres. (Open symbols and
solid lines are for nitrogen atmosphere and closed symbols and dashed lines
are for air atmosphere.)

This highlights the role of phosphorus in promoting
initial decomposition.

(i) There exists a transition temperature where the char
yield in an oxidative environment drops below the
corresponding char yield in the non-oxidative environ-
ment. This provides further evidence for the competing
nature of the polymerization/char formation behaviour
and the chain scission/polymer volatilization oxidation
processes.

(iii)) Comparisons of the char yields of the TGDDM/BAPP
and DGEBA/BAPP systems, indicate that the char

90
—+-BAPP
80 ~ - = - BAPP-Nano
‘\:\\\ --a- DETDA

Char Yield (%)

320 370 420 470 520
Temperature (°C)

Fig. 8. Isothermal TGA for TGDDM/BAPP, TGDDM/BAPP/Nano and
TGDDM/DETDA in both nitrogen and air atmospheres. (Open symbols and
solid lines are for nitrogen atmosphere and closed symbols and dashed lines
are for air atmosphere.)
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yields for the TGDDM systems are higher than the
DGEBA systems, supporting the dynamic TGA results.

3.3. Energy dispersive spectroscopy

Energy dispersive spectroscopy was used to measure the
phosphorus and oxygen contents of the char residue prepared
from isothermal degradation. The results are shown in Table
4 for the DGEBA/BAPP network, whilst Table 5 shows the re-
sults for the TGDDM/BAPP network. The normalized oxygen
contents broadly display a depletion of oxygen content at lower
degradation temperatures, which has been attributed to the de-
hydration process losing water (Rose et al. [29]) and H,O and
acetone (Levchik et al. [9]) and supports the proposition that
initial degradation takes place via a dehydration step. At higher
decomposition temperatures, however, both the TGDDM and
DGEBA systems display an increase in the O/C ratio in an
air atmosphere (oxidative environment) due to the formation
of oxidation products. This is a reflection of increased levels
of unsaturation and functional groups formed through such
oxidation. In a non-oxidative environment, the O/C content dis-
played little change with increasing decomposition tempera-
ture, indicating improved thermal stability of the char layer
in the absence of oxidation products. The TGDDM based nano-
composites show similar behaviour to the unmodified network,
indicating that there was no increase in the resistance to oxida-
tion as a result of nanocomposite formation. The changes in
phosphorus (P/C) content with increasing decomposition tem-
perature, also support these general conclusions. The substan-
tially higher values of P/C in air compared to nitrogen show

Table 4
EDS results showing the normalized oxygen and phosphorus compositions for
the DGEBA resin system isothermally degraded in air and nitrogen

DGEBA/BAPP

Temperature O/C pP/C

O Air N,  Air— Air N,  Air—
nanocomposite nanocomposite

RT 0.158 0.158 0.172 0.032 0.032 0.051

330 0.148 0.076 — 0.040 0.077 —

360 0.129 0.079 0.191 0.140 0.099 0.105

410 0.121 0.114 0.204 0.284 0.197 0.107

500 0.316 0.125 0.123 0.532 0.126 0.073

Table 5

EDS results showing the normalized oxygen and phosphorus compositions for
the TGDDM resin system isothermally degraded in air and nitrogen

TGDDM/BAPP

Temperature O/C pP/C
O Air N, Air— Air N,  Air—
nanocomposite nanocomposite

RT 0.145 0.145 0.134 0.058 0.058 0.065
330 0.120 0.129 0.066 0.009 0.030 0.035
360 0.104 0.070 0.071 0.053 0.038 0.067
410 0.128 0.070 0.143 0.138 0.076 0.119
500 0.555 0.089 0.699 0.603 0.116 0.155

that the rate at which carbonaceous species are being lost to
the gaseous phase is higher in an oxidative environment, com-
pared to a non-oxidative environment, as would be expected.
This highlights the lower thermal stability of the char layer
and its susceptibility to further decomposition.

3.4. Fourier transform spectroscopy

The degradation mechanism was further investigated using
FTIR spectroscopy on the samples that were isothermally de-
graded at varying temperatures. Fig. 9 shows the resultant
spectra for the TGDDM/BAPP system degraded in an oxida-
tive environment, whilst the corresponding samples for the
DGEBA/BAPP network are shown in Fig. 10. The most
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Fig. 9. FTIR spectra of the TGDDM resin samples isothermally degraded at
increasing temperatures in an oxidative (air) atmosphere. (a) Undegraded,
(b) 330°C, (c) 360 °C and (d) 410 °C. (e) and (f) highlight the depletion of
the P—O—C and P=0 bonds with increasing decomposition.
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Fig. 10. FTIR spectra of the DGEBA resin samples isothermally degraded at
increasing temperatures in an oxidative (air) atmosphere. (a) Undegraded,
(b) 330 °C, (c) 360 °C and (d) 410 °C.
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obvious effect of increasing decomposition temperature for
both sets of spectra is the reduction in quality and the broad-
ening of the peaks due to char formation. This is typical of
FTIR spectra of degraded polymers, as reported elsewhere
[17,18,30]. Given the extensive broadening of the peaks at
the higher decomposition temperatures, the samples degraded
at 330 °C are therefore the most useful in understanding the
decomposition processes. Of particular interest are the bands
associated with the P species, namely the P—Ph (1461 cmfl),
the P=0 (1249 cm™ ") and P—O—C (1176 cm™ ") [18] absorp-
tion bands. Although it is difficult to determine the changes
that these phosphorus containing bands undergo, it appears
that for the TGDDM/BAPP network, the P—O—aryl bonds
and the P=0 are more reduced than the P—Ph bonds, as indi-
cated in the spectra in Fig. 9 [denoted (e) and (f) in the figure].
In the corresponding DGEBA/BAPP spectra, there is less
evidence of any disruption of these bonds, compared with
the undegraded and degraded samples. This is in contrast to
the work of Liu et al. [18] who cured a phosphorus containing
epoxy resin (neither DGEBA nor TGDDM) with DDS and re-
ported that the P—=0 and P—O—C absorption bands were not
affected, but rather that the P—Ph which were cleaved in pref-
erence to the P—O—C bonds. The breadth of the aromatic
peaks at 1608 cm ™' for both the TGDDM and DGEBA net-
works also indicated the presence of chemical changes at
330 °C. The peak in the TGDDM spectrum exhibits a signifi-
cantly higher level of broadening compared to the DGEBA
network, attributed to higher levels of unsaturation formed
through dehydration. While this occurs to some extent for
the DGEBA/BAPP network, it appears that a competing pro-
cess which produces the carbonyl species (1728 cm™ ') also
occurs decreasing the extent of dehydration for the DGEBA/
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BAPP network in air. As decomposition temperatures are
increased, the carbonyl species is subsequently consumed,
presumably due to ongoing degradation of the unsaturated
species through oxidation and chain scission. In conclusion,
we propose that the FTIR spectra provides evidence that the
TGDDM/BAPP network displays a greater propensity for
decomposition and char formation (and potentially improved
fire performance), compared to the DGEBA/BAPP network.
Specifically, the FTIR shows the following.

e Initial chain cleavage process of the P—O—C bond occurs
for the TGDDM network, while competing processes are
evident for the DGEBA/BAPP network.

e Increased unsaturation of the TGDDM/BAPP compared to
DGEBA/BAPP is clear through the broader aromatic
peaks at 1608 cm ™.

e Increased levels of char are found for the TGDDM net-
work, evident through the more rapid deterioration in the

quality of the spectra with increasing decomposition.

These results and findings support those of Camino et al.
[9,31] who suggested that the char is formed through a free
radical polymerization process via unsaturated functional
groups, or through the combination of the allylic radical
species formed from the chain scission process.

3.5. Cone calorimetry

The fire performance of all samples was determined using
cone calorimetry; the results obtained are presented in Table
6. For the cured resin systems, the peak and average
heat release rates showed significant improvement for the

Table 6
Raw cone calorimetry data of all results for the systems studied
D Time to  Maximum Time to Average rate Average Average Average Average  Mass
ignition rate of heat maximum of heat release effective heat smoke carbon carbon loss
(s) release® rate of heat (kW/m?) of combustion obscuration monoxide dioxide (%)
(kW/mz) release (s) MlJ/kg) (mz/kg) (kg/kg) (kg/kg)
Resin
DGEBA/DETDA 73 912.3 130 356.7 227 1580.9 0.0592 1.71 80.2
DGEBA/DETDA/Nano 67 762.1 130 324.1 235 1692.8 0.0609 1.76 80.3
DGEBA/BAPP 44 628.6 175 312.7 16.8 1064.2 0.0861 1.1 75.5
DGEBA/BAPP/Nano 55 977.2 120 448.9 20.5 1532.2 0.0876 1.51 722
TGDDM/DETDA 55 886.0 115 379.8 239 1501.9 0.0565 1.70 78.5
TGDDM/DETDA/Nano 54 1251.0 115 486.6 26.6 1371.5 0.0531 1.91 79.6
TGDDM/BAPP 44 440.9 110 140.5 11.0 723.2 0.0495 0.77 83.2
TGDDM/BAPP/Nano 42 438.5 120 198.0 18.5 1517.6 0.0828 1.20 572
Composite laminate
DGEBA/DETDA 68 260.4 (1088.2) 155 175.7 227 1769.1 0.0555 1.68 22.0
DGEBA/DETDA/Nano 69 355.8 (1354.8) 155 210.3 23.1 1695.9 0.0575 1.73 26.9
DGEBA/BAPP 62 324.2 (1300.1) 140 182.1 21.2 1571.4 0.0869 1.63 229
DGEBA/BAPP/Nano 66 459.4 (1668.7) 140 226.5 214 1622.7 0.0949 1.64 28.9
TGDDM/DETDA 46 223.0 (928.4) 115 141.0 24.1 1716.6 0.0441 1.76 19.2
TGDDM/DETDA/Nano 52 295.4 (1203.7) 75 181.9 243 1643.4 0.0507 1.72 222
TGDDM/BAPP 32 179.9 (751.8) 60 121.7 19.7 1297.2 0.0709 1.31 15.0
TGDDM/BAPP/Nano 62 313.0 (1408.6) 95 195.2 20.7 1503.9 0.0748 1.38 21.3

# Values in brackets refer to heat release rates adjusted for resin content in laminate.
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phosphorus containing BAPP cured systems, compared to the
non-phosphorus DETDA systems. Examples of the raw data
showing the level of improvement in heat release are shown
in Fig. 11 for the TGDDM network and Fig. 12 for the
DGEBA-based networks. The effect of BAPP compared to
DETDA showed that the peak heat release rate and the average
total heat release rates were reduced by 50% and 31% for the
TGDDM and DGEBA networks, respectively. Smoke obscura-
tion, CO and CO, outputs also showed promising improve-
ment. The time to ignition however, for the BAPP systems
was found to decrease, further underlining that the mechanism
of phosphorus based systems is that degradation is promoted
and the fire retardancy occurs in the condensed phase.

1400
—— TGDDM-BAPP
1200 A —=— TGDMM-BAPP-Nano
—— TGDMM-DETDA
—— TGDMM-DETDA-Nano
1000 -
&
£ 8004
2
3
14 i
o 600
I
400 -
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0 4 : :
0 100 200 300 400 500

Time (seconds)

Fig. 11. Cone calorimetry data for the TGDDM resin samples showing the
change in heat output during combustion.
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Fig. 12. Cone calorimetry data for the DGEBA resin samples showing the
change in heat output during combustion.

Table 7
Comparison of char yields obtained from TGA at 850 °C, with residual mass
obtained after combustion in the cone calorimeter

Sample % Char yield % Char yield % Mass after
at 850°Cin  at 850°Cin  combustion (cone
air (TGA) N, (TGA) calorimetry)

Laminate

DGEBA/BAPP 7.9 75.08 77.1

DGEBA/BAPP/Nano 4 7247 71.1

DGEBA/DETDA 13.16 76.07 78

DGEBA/DETDA/Nano 2.7 72.22 73.1

Resin

DGEBA/BAPP 4.27 27.37 24.5

DGEBA/BAPP/Nano 12.73 32.13 27.8

DGEBA/DETDA 2.95 14.02 19.8

DGEBA/DETDA/Nano 5.95 10.03 19.7

Laminate

TGDDM/BAPP 26.32 76.07 85

TGDDM/BAPP/Nano 18.94 77.78 78.7

TGDDM/DETDA 10.39 75.98 80.8

TGDDM/DETDA/Nano  3.07 75.46 77.8

Resin

TGDDM/BAPP 8.69 37.39 30

TGDDM/BAPP/Nano 11.51 37.42 42.8

TGDDM/DETDA 6.09 17.62 21.5

TGDDM/DETDA/Nano  6.89 23.3 20.4

Other important points to note from the resin work were
that there was little evidence of any synergistic improvement
via the addition of nanoclay. Apart from the nanoclay modified
DGEBA/DETDA resin system, the rest of the results show ei-
ther a substantial increase or else little effect upon the peak
heat release rate. The larger reduction in the peak heat release
rate for the TGDDM/BAPP system compared to the DGEBA/
BAPP system correlates well with the increases in char yield
(as determined via TGA) and increased ease of char formation
(as determined by FTIR). This provides evidence for the fire
retardancy mechanism occurring in the condensed phase.
This correlates with the work reported by Lyon which demon-
strated the close relationship between cone calorimetry and
TGA char yields in a nitrogen atmosphere [32] highlighting
the anaerobic environment during combustion and the role
of char formation in improving fire performance.

Table 7 compares the char yields with the residual masses
after combustion in cone calorimetry for all of the samples.
This shows further confirmation of the relationship between
the TGA and cone calorimeter char yields for both the neat
resin and laminate systems. Overall the char yield at 850 °C
in nitrogen compares well with the mass after combustion in
the cone calorimeter (in contrast to an air atmosphere), regard-
less of whether the sample is a laminate or a resin plaque.
While there is some scatter it is important to note the char
yields from cone calorimetry for both the laminates and the
neat resin systems display the same trends found in both
TGA and the peak heat release rates. This further supports
the role of the mechanism being related to the formation of
a char layer [33], as these values correlate well with improve-
ment in the peak heat release rates determined from cone
calorimetry.
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4. Conclusion

In this study the role of phosphorus within two high perfor-
mance networks (TGDDM and DGEBA) has been studied us-
ing a range of techniques including XRD, TGA, FTIR, EDS
and cone calorimetry. The fire retardancy mechanism has
been shown to occur through the formation of a char layer
which prevents the transfer of combustible products. The
char was shown to form through initial cleavage of P—O—C
bonds prior to scission of other covalent bonds, followed by
dehydration, and subsequent charring during decomposition.
TGA showed that the decomposition process formed stable
char in non-oxidative environments, becoming more complex
and less thermally stable in oxidative environments. TGA also
highlighted the decrease in thermal stability of the networks,
during initial degradation while increasing the thermal stabil-
ity of the char layer. TGA showed that the laminated systems
did not show a significant difference to the neat resin systems,
with respect to the initial decomposition of the network and
the thermal stability of the char layer.

Cone calorimetry also indicated substantial improvements
in fire performance for the BAPP systems compared to the
DETDA systems as determined using this technique. A strong
correlation between char yields obtained from the TGA and
the cone calorimeter data (such as the improvement in PHRRs)
further supported the hypothesis that the barrier properties of
the char layer provide the mechanism for improved fire retard-
ancy. The differences between the fire performance and char
yields of the TGDDM/BAPP and DGEBA/BAPP networks
further reinforce this relationship. The addition of nanoclay
as a nanoscale additive was not found to provide any signifi-
cant, synergistic improvement in fire performance. XRD anal-
ysis however, did show that the laminate manufacture did not
appear to affect the nanocomposite structure.
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