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Abstract Organic—inorganic hybrid composites of epoxy
and phenyltrisilanol polyhedral oligomeric silsesquioxane
(Ph;Si;09(OH);, POSS-triol) were prepared via in situ
polymerization of epoxy monomers. The nanocomposites
of epoxy with POSS-triol can be prepared in the presence
of metal complex latent catalyst, aluminum triacetylacet-
onate ([Al]) for the reaction between POSS-triol and
diglycidyl ether of bisphenol A (DGEBA). The dispersion
morphology of organic—inorganic hybrid was characterized
by scanning electronic microscopy (SEM). The thermo-
stability of composites was evaluated by thermal gravi-
metric (TG) analysis. The flammability was evaluated by
cone calorimeter test. The presence of [Al] latent catalyst
leads to a decrease in combustion rate with respect to
epoxy and epoxy/POSS composites as well as reduction in
smoke, CO and CO, production rate. The effect of [Al] is
to reduce the size of spherical POSS particles from 3-5 pm
in epoxy/POSS to 0.5 pm in epoxy/POSS[AIl]. Further-
more, POSS with smaller size may form compact and
continue char layer on the surface of composites more
efficiently.
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Introduction

Epoxy is one of the most commonly used matrix materials
for engineering applications of fiber-reinforced polymeric
composites because of their excellent engineering perfor-
mance and ease of processing. However, based on more
stringent regulatory requirements, its application is limited
due to its flammability. Halogen-containing compounds
are commonly applied as flame retardants in epoxy resins
and exhibit excellent flame-retardant performance, but
because of their toxic gas emissions are becoming much
less favored [1].

Organic—inorganic hybrids with nano-scale structures
have undergone a significant evolution because of their
exceptional properties when compared with basic polymers
[2-5]. An improvement in flame-resistant properties of
polymers has been obtained with nano-scale additives.
Most efforts have been dedicated to the development of
layered silicates, layered double hydroxides, and carbon
nanotubes/polymer nanocomposites [6—15]. The main pro-
posed mechanism of fire retardancy of nanocomposites
involves the formation of an insulating char, which reduces
the amount of combustible volatile products available for
burning in the gas phase.

Polyhedral oligomeric silsesquioxane (POSS) reagents,
monomer, and polymer are a new chemical for preparing
nanoreinforced organic—inorganic hybrids with enhance-
ment of the properties in polymers. POSS consists the
structure of cube-octameric frameworks represented by the
formula (RgSigO;,) with an inorganic silica-like core
(SigO4,) surrounded by eight organic corner groups, one or
more of which is reactive or polymerizable (Scheme 1).
POSS are recognized to be the ceramic precursor com-
pounds which explaining their excellent oxidation resis-
tance and fire retardancy [16, 17].
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Scheme 1 Structure of a completely condensed polyhedral oligo-
meric silsesquioxane (POSS)

Bourbigot et al. studied polyurethane/POSS nanocom-
posites as flame-retarded coating for polyester and cotton
fabrics on a cone calorimeter. Two different POSSs, poly
(vinyl silsesquioxane) resin and octamethyl-POSS, were
used in their study. PU/POSS nanocomposite coating with
poly(vinyl silsesquioxane) resulted in 50% reduction of
the heat release rate (HRR) peak, whereas octamethyl-
POSS did not show any improvement in fire retardancy
[18].

Thermal mechanical properties and thermal stability of
epoxy networks modified by multifunctional polyhedral
oligomeric silsesquioxanes (POSS)-containing amine groups
or epoxy groups were also studied by the means of dif-
ferential scanning calorimetry (DSC) and thermogravi-
metric (TG) analysis [19-21].

PP/POSS, PS/POSS, and PMMA/POSS composites
were also studied by the means of cone calorimeter tests
[22-24]. Both PP/POSS and PS/POSS composites showed
an improvement in fire retardancy; however, PMMA/POSS
did not show any improvements with respect to neat
PMMA. For PP/POSS composites, the contribution in fire
retardancy was attributed to the catalytic effect of Al
leading to partial PP charring, and the dispersion of nano-
filler on submicron scale would also lead to higher fire
retardancy.

Since the key for polymeric nanocomposites with
exceptional properties when compared with traditional
polymeric composites is the nano-scale structure, nano-
dispersion versus micro-dispersion is one of the key factors
in making a flame-retarded polymer [25, 26].

In this study, the effect of POSS dispersion in epoxy/
phenyltrisilanol POSS (POSS-triol, Scheme 2) composites
has been modified with the assistance of a metal complex
aluminum triacetylacetonate. The objective of this article is
to understand the effect of dispersion of POSS reagents in
the matrix on flame retardancy.
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Scheme 2 Structure of phenyltrisilanol polyhedral oligomeric sils-
esquioxane (POSS-triol)

Experimental
Materials

An epoxy resin was used in this study, diglycidyl ether
of bisphenol A (DGEBA, D.E.R. 332, Dow Chemical,
equivalent epoxide [E] weight: 173). The epoxy was cured
with diethylene toluene diamine (DETDA, EPI-CURE W,
Miller-Stephenson chemical company, Inc.). Phenyltrisil-
anol (denoted POSS-triol) (Scheme 2) polyhedral oligo-
meric silsesquioxanes was purchased from Hybrid Plastics,
CA. The aluminum triacetylacetonate and tetrahydrofu-
ran (THF) were purchased from Sigma-Aldrich. All the
materials were used as received.

Samples preparation

The preparation of hybrid composites was based on the
preparation reported by Liu et al. [27]. Briefly, the desired
amount of POSS-triol (10 wt%) was added to the epoxy
resin. The mixture was stirred at 50 °C until a homoge-
neous solution was obtained. For the formulation of reac-
tion with the latent catalyst aluminum triacetylacetonate
(0.6 wt% of DGEBA) solution in THF was added at
120 °C with vigorous stirring for 30 min, and finally the
stoichiometric EPI-CURE W was added to the above
mixtures. The resulting mixture was cast in the mold and
cured at 121 °C for 2 h and at 177 °C for an additional 2 h
and finally cooled to ambient temperature. Neat epoxy was
processed in the same condition as a reference material.

Instrument methods
Cone calorimetry test

Combustion tests were performed with a Cone Calorimeter;
using 100 x 100 x 3 mm® specimens in the standardized
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cone calorimeter procedure (ASTM E-1354-02d). The tests
were performed at 35 kW m ™2 external heat flux, to evaluate
the fire properties of the composites in conditions compa-
rable to a mild fire scenario [28]; three tests for each sample
were measured.

Microscopy

To investigate the morphology of POSS-containing epoxy
hybrids, the samples were fractured under cryogenic condi-
tion using liquid nitrogen. The fracture surfaces were coated
with thin layers of gold—palladium. Residues after burning
were observed. All specimens were examined with a JEOL
JSM-7401F field-emission scanning electron microscope.

Thermogravimetric analysis

Thermogravimetric analyses were performed on a Q 50
thermogravimetric analyzer from TA instruments with a
heating ramp of 10 °C min~" from 50 to 800 °C under air
atmosphere.

Results and discussion
Morphology of hybrid composites

Phenyltrisilanol POSS (POSS-triol) can be the homoge-
neous and transparent mixtures with DGEBA and DETDA
at 50 °C. It was observed that initially the transparent epoxy/
POSS mixture was cloudy after curing. However, after a
small amount of aluminum triacetylacetonate ([Al]) was
added to the mixture, the resulting composites were much
more transparent. The SEM images of dispersion of POSS in
epoxy matrix are shown in Fig. 1. The spherical particles of
POSS were uniformly dispersed in the epoxy matrix. The
difference between epoxy/POSS and epoxy/POSS[AI]
hybrid composites was the sizes of the POSS particles. It has
been noted that the presence of the latent catalyst [Al]
decreased the size of the POSS particles from 5 pum in
epoxy/POSS composites to around 0.5 pm in epoxy/POSS
[Al] composites at the same loading (10 wt%). The present
of aluminum triacetylacetonate ([Al]) acted as a catalyst to
accelerate the reaction of DGEBA with POSS-triol [27]. The
dispersion to a submicron scale would probably further
enhance the combustion behavior of composites.

Thermal degradation and thermal oxidation
of epoxy/POSS composites

The thermal stability of the epoxy, epoxy/POSS, and
epoxy/POSS [Al] hybrid composites was measured with
TG (Fig. 2). The patterns of the thermogravimetric curves

Fig. 1 SEM micrographs of the hybrid composites cured with or
without [Al]. a Epoxy/POSS, b epoxy/POSS[Al], and ¢ higher
magnification of b

of the epoxy composites with POSS were similar to the
patterns of the control resin, which meant the thermal mass
loss of the composites was coming from the epoxy resin
portion. The thermo-degradation of the epoxy and its
composites took place in two steps. First, degradation was
observed between 350 and 450 °C with production of alkyl
group species from polymer backbone and formation car-
bonaceous compounds, which was working as physical
barrier to protect substrates from fire via reducing the
energy and mass transfer between substrates and heat
source (fire). In the second step (between 450 and 600 °C),
the carbonaceous compounds were oxidized and volatil-
ized. Therefore, the thermo-oxidation stability of carbo-
naceous compounds formed between 350 and 450 °C

@ Springer



1012

Q. Wu et al.

100 4 E —
—=— Epoxy
, 807 :\ —e— Epoxy/POSS[AI]
% 60 - P —A— Epoxy/POSS
é 40 - Tammte
|
20 - LA
0] s Ten—
T T T T T T T T T 1
O
2 0 W
B e®
%)
®©
E 4
e l
Q
(m] -2 T T T T T T T T T T T T T T T T T

T 1
0 100 200 300 400 500 600 700 800 900
Temperature/°C

Fig. 2 The thermal gravimetric analysis results of epoxy, epoxy/
POSS, and epoxy/POSS[Al] composites in air

played the main effect on flame resistance of the composite
materials. Based on the DTG curves, the temperatures of
maximum mass 10ss (Tjax) of the epoxy/POSS composites
shifted toward high temperature and the epoxy/POSS[Al]
showed the highest Tj,.x. Since the second stage of mass
loss of an epoxy resin in air was related to the oxidation of
the residual formed from thermal decomposition of the
resin, the nano-additives acted as a thermal insulating
material to the residual, because of their excellent oxida-
tion resistance and reaction to fire. The high char yields
also implied that relatively small amounts of volatile small
molecules were released under thermal decomposition. The
presence of [Al] also improved the thermal stability of
carbonaceous compounds formed during combustion.

Combustion behavior of epoxy/POSS composites

Cone calorimeter is one of the most effective bench-scale
methods to study the inflammabilities of materials. The
main parameters obtained from cone calorimeter mea-
surements were reported in Table 1 for each material,
including time to ignition (TTI), HRR, peak HRR, CO and
CO, yield, and mass loss during combustion, etc., among
which HRR especially peak HRR was regarded as the most
important parameters. Figure 3 shows the HRR results.
There are two peaks in the heat-release curves, which are

Table 1 Main parameters from cone calorimeter measurements

comparable with TG results. Under external heat flux, the
samples’ surface was burning and releasing heat until first
peak. The carbonaceous compound was formed and left as
a layer on the top of the samples. The carbonaceous layer
acted as a barrier reducing the flammable components and
heat release. The carbonaceous layer was oxidized and
decomposed in the external heat flux. The more flammable
components that were released from carbonaceous layer
feeding the fire, the more heat released, which was related
to the second peak in the heat-release curve. As compared
to control epoxy sample, the addition of POSS reduced the
peak HRR of epoxy from 883 to 777 kW m™2, but did not
show the reduction of the second peak HRR. However,
epoxy/POSS[Al] sample has lower peak release rate
(590 kW m™2) and the second peak HRR disappeared.
This was explained by the addition of POSS in epoxy/
POSS because it accelerates the char formation resulting in
the reduction of the HRR, but the thermal stability of the
char was not enough to resist the thermo-oxidation. How-
ever, the presence of [Al] may help char formation more
efficient and thermo-stable than that of the other two
samples.

Smoke is another killer in the fire hazard. Smoke pro-
duction rate (SPR) curves are shown in Fig. 4. The results
show that the epoxy/POSS[AI] had the lowest SPR and
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Fig. 3 The HRR results of epoxy, epoxy/POSS, and epoxy/POSS[Al]
composites

TTVs Peak HRR/AKW m ™2 Total heat release/MJ m™> Total smoke released
Epoxy 124 883 86.2 4108.3
Epoxy/POSS[Al] 106 590 80.7 3550.0
Epoxy/POSS 114 777 81.0 3586.9
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Fig. 4 Smoke production during combustion of epoxy, epoxy/POSS,
and epoxy/POSS[AI]
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Fig. 5 CO concentration in the combustion of epoxy, epoxy/POSS,
and epoxy/POSS[AI]

total smoke yield (Table 1). The lower smoke production
was related to the more aromatic specimen left in the
carbonaceous layer, which led to higher char yield.

The CO and CO, released in the combustion are shown
in Figs. 5 and 6. The shape of CO- and CO,-release curve
was similar to the HRR curves. The second CO- and CO,-
release peak in the curve of epoxy/POSS decreased in the
combustion. Moreover, a significant decrease in CO and
CO, yield was found in the sample epoxy/POSS[Al]. These
enhancements on reducing toxic character in the combus-
tion properties improved the fire safety performance.

In the mass loss and mass loss rate curves obtained in
the combustion course (Fig. 7). The lowest mass loss rate
was clearly observable for epoxy/POSS[Al], which means
that it had the higher char yield of composite after
combustion.
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Fig. 6 CO, concentration in the combustion of epoxy, epoxy/POSS,
and epoxy/POSS[AI]
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SEM images of residues of epoxy/POSS composites

The morphology of carbonaceous residue is shown in
Fig. 8. After burning, the epoxy/POSS[AI] left a compact,
uniform char layer, however, there were a lot of holes on
the carbonaceous residue left by epoxy/POSS, which
gave the positive evidence that the char layer of epoxy/
POSS[AI] formed during combustion acted as barrier
more effectively than the char from epoxy/POSS. The
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Fig. 8 SEM micrograph of residues from epoxy/POSS (up) and
epoxy/POSS[Al] (down)

morphology of residue may be related to the sizes of the
POSS particles dispersed in matrix. The smaller size of
particle meant a higher surface area to volume aspect ratio.
During combustion, the small POSS particles with higher
surface area decomposed and formed an insulating char
faster than the big POSS particles. In the case of epoxy/
POSS[AI], the insulating char formed quickly during
combustion. However, the size of POSS particles in epoxy/
POSS was so big that the surface coverage was low;
therefore, the formation rate of fire retardant char was not
efficient and a continuous char layer could not be formed
during combustion.

Conclusions

Organic—inorganic epoxy/POSS nanocomposites were pre-
pared with the latent catalyst aluminum triacetylacetonate.
The presence of [Al] complex could reduce the particle size
of POSS from micron scale to submicron scale in the epoxy
matrix and improve the fire retardant properties. The ther-
mostability of composites was evaluated by thermal gravi-
metric (TG) analysis. For epoxy-containing POSS, when
compared with epoxy, incorporating POSS into epoxy res-
ins alters degradation characteristics, which decreases mass
loss and increases the char yield and 7,,,,x. The flammability
was evaluated by cone calorimeter test. The presence of

@ Springer

[AI] latent catalyst leads to a decrease in combustion rate
with respect to epoxy and epoxy/POSS composites as well
as reduction in smoke, CO, and CO, production rate. The
possible mechanism of these improvements could be
deduced as following: in the same amounts, the smaller
particle size of POSS dispersed in epoxy meant the more
area coverage of POSS particles, which led to the higher
efficiency in forming insulating char on the surface of
composites during combustion. The carbonaceous char
obtained at the end of combustion shows compact structure,
giving the positive evidence.
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