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Various types of silica, silica gel, fumed silicas and fused silica were ndded to polypropylene and polyethylene oxide to
determine their flame retardant effectivencss and mechanisms. Polypropylene was chosen as a non-char-forming
thermoplastic and polyethylene oxide was chosen as a polar char-forming (slight) thermoplastic. Flammability
properties were measured in the cone calorimeter and the mass loss rate was measured in our radiative gasification
device in nitrogen to exclude any gas phase oxidation reactions. The addition of low density, large surface area silicas,
such as fumed silicas and silica gel to polypropylene and polyethylene oxide significantly reduced the heat release rate
and mass loss rate. However, the addition of fused silica did not rednce the flammability properties as much as other
silicas. The mechanism of reduction in flammability properties is based on the physical processes in the condensed
phase instead of chemical reactions. The balance between the density and the surface area of the additive and polymer
melt viscosity determines whether the additive accumulates near the sample surface or sinks through the polymer melt
layer. Fumed silicas and silica gel used in this study accumalated near the surface to act as a therma! insulation layer
and also to reduce the polymer concentration near the surface. However, fused silica nsed in this study mainly sank
through the polymer melt layer and did not accumylate near the surface. The heat release and the mass loss rate of
polypropylene decreased nearly proportionally with an increase in mass loading level of silica gel up to 20% mass
fraction. Pelyethylepe oxide samples with fumed silicas and silica gel formed physically strong char/silica surface
layers. This layer acted not only as thermal insulation to protect virgin polymer but also acted as a barrier against the
migration of the thermal degradation products to the surface. Published in 2000 by John Wiley & Sons, Ltd.

INTRODUCTION

As an alternative to the use of halogenated flame retar-
dants, which contro! flammability by modifying the gas
phase chemistry in the flame,’ our approach has been to
modify the condensed phase chemistry and/or physical
processes by using inorganic additives.** One such addi-
tive was a silica gel-potassium carbonate combination,
which in a relatively small concentration, significantly
reduced the heat release rates of various polymers.? It
was postulated that 1ts flame retardant mechanism oc-
curs in the condensed phase by changing the rate of char
formation relative to the rate of fuel generation sup-
ported by the higher char yield.® Unfortunately, potass:-
um carbonate is hygroscopic and also relatively reactive
with polymers at elevated processing temperatures.
Therefore, the effect of the addition of silica gel alone
(without any potassium carbonate), on the flammability
properties of polypropylene, PP, (non-polar and non-
charring) and polyethylene oxide, PEO, (polar and slight-
ly char forming) is studied in this work. The effects of

different types of silica and the loading level of silica gel
on the flammability of PP are also determined. The flame
retardant mechanism of silica gel/silica is studied by
observing the gasification behaviour of the samples in
a nitrogen atmosphere under external radiant flux, con-
ducting thermal gravimetric analysis and FTIR and
INMR analyses of heated sample residues, and comparing
the results with the theoretically calculated sample mass
loss rate in a nitrogen atmosphere.

MATERIALS

Isotactic PP having a density of 0.90 gem ™2 was pur-
chased from Scientific Polymer Products, Inc* PEO was
purchased from Aldrich Chemical Company, Inc. and its
average molecular weight is 100000. Silica gel was sup-
plied by PQ Corporation, fumed silica was Cab-O-Sil®
MS-75D, hydrophobic fumed silica (formed by a chem-
ical reaction of fumed silica with organosilanes) was
Wacker HDK H-2000, and fused silica was Siltex 44C
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Table 1. Material properties of various silicas

Silica Porosity (cm?g Thermal treatment (°C, hj
Fused silica ~0 100°C
amorphaus 2h

Fumed silica NA None
hydrophilic

Fumed silica NA 100°C
hydophobic® 15h

Silica gel 20 900°C

15h

Silano! surface Surface area (m?g -1 Particle size (um}

coricentration {SiOH/nm?)

low low 7

3-4 255 + 25 aggregate length
02-0.3

1-2 140 + 30 NA

0.4 400 + 40 17

from Kaopolite, Inc. Material properties of the various
silicas are summarized in Table 1. These silicas are very
different, specifically in terms of their particle morpho-
logy, surface area and level of silanol functionality. The
fumed silicas and silica gel are very fluffy but the fused
silica is dense (it feels like very fine sand). The silica gel
sample with a relatively large surface area was chosen
based on the results of our study to determine the effects
of various silica gel characteristics such as particle size,
pore volume, surface area and silanol content on the
flammability properties of PP.® A series of experiments
to study the effects of the silica type on PP and PEO was
conducted with samples that were made by compression
molding. However, the series to study the loading level
effect of silica gel on PP was conducted with samples
compounded by a twin screw extruder and then injection
molded. The dimensions of all samples used in this study
were 75 mm diameter and 8 mm thick.

RESULTS

Effects of the silica type on heat release rate of PP

The heat release rates and mass loss rates of the PP
samples with each silica additive {except for the hy-
drophilic fumed silica) were measured in the cone calori-
meter. The heat release rate results are shown in Fig. 1;
the mass loss rate results are shown in Fig. 2. The uncer-
tainty of these results was + 5% due to the use of
a constant heat of combustion of 13.1 MJkg™* of oxygen
consumption. The heat release rate and mass loss rate
decreased in the following order: PP without any sil-
ica > PP with fused silica > PP with hydrophobic fumed
silica > PP with silica gel. It is interesting to note that the
heat release rate and the mass loss rate for PP samples
containing the silica additives were slightly higher than
that for pure PP shortly after ignition about 200 s. Since
the heat release rate curve was very similar to the mass
loss rate curve for all samples, the specific heat of com-
bustion (heat release rate divided by mass loss rate at any
instant) was about the same for the PP samples with and
without the addition of the silicas. The calculated specific
heat of combustion using the heat release rates with the
burning mass loss rates remained constant during all
tests at 42 + 3 MJT kg™ ! for all samples. This trend indi-
cates that the mechanism of the observed reduction in
heat release rate and also in mass loss rate by the addi-

Published in 2000 by John Wiley & Sons, Ltd.
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Figure 1. Effects of the addition of various silica types on the
heat release rate of PP. The uncertainty in the data is shown as |,
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Figure 2, Effects of the addition of various silica types on the
mass loss rate of PP during burning in the cone calorimeter.

tion of the silicas depends mainly on the condensed phase
process instead of the gas phase process.

Effects of the silica type on gasification rate of PP in
nitrogen

The mass loss rates of pure PP and PP with the various
types of silica additives (including hydrophilic fumed

- Fire Mater. 24, 277-289 {2000)
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Figure 3. The effects of the addition of the various types of
silicas on the mass loss rate of PP in nitrogen at the external
radiant flux of 40 kWm -2

silica) were measured in a nitrogen atmosphere (no burn-
ing) under an external radiant flux of 40 kWm ™2 in our
radiative gasification device. A more detailed discussion
of the device is described in our previous study.” The
unique nature of this device is threefold: the first is that
observation and the results obtained from it are only
based on the condensed phase processes due to the ab-
sence of any gas phase oxidation reactions and processes;
the second is to be able to visually observe gasification
phenomena of a sample under the radiant flux similar to
that of a fire without any interference of flame; and the
third is that the external flux to the sample surface is
well-defined and nearly constant over the entire experi-
ment due to the absence of heat feedback from the flame
{the slight absorption by evolved gases produces small
flux variations at the sample surface’). The results are
shown in Fig. 3. The mass loss rate decreased in the order
of PP > PP with fused silica > PP with hydrophobic
fumed silica > PP with either silica gel or hydrophilic
silica. This trend is the same as those of the heat release
rate and the mass loss rate measured in the cone calori-

meter shown in Figs 1 and 2. The shape of the mass loss
rate curves in Fig. 3 is very similar to those in Figs 1 and
2including the earlier mass loss rate for the samples with
silicas compared with that of pure PP. These similarities
further confirm that the reduction in heat release rate and
burning mass loss rate are the result of processes in the
condensed phase.

Observation of the gasification of the pure PP sample .
first revealed melting of the sample surface at about 30's
after irradiation, followed by the appearance of several
large isolated bubbles at the surface at about 60 s. Con-
tinued melting of the sample with bigger bubbles was
observed at about 90s. Vigorous bubbling started at
about 120s and the sample surface was covered by
a foamy-froth of very small bubbles (very similar in
appearance to that of a beer ‘head’) at about 180 5. This
can be seen in the top left image in Fig. 4. This vigorous
bubbling and froth appearance continued over the rest of
the gasification experiment as seen at 300 s in the top
image in Fig. 4. The sample was completely gasified
without any trace of char as shown in the image at 540 s.
For the sample of PP with silica gel, initial melting and
bubbling phenomena were similar to the pure PP sample
up to about 180s, as seen in the left bottom picture in
Fig. 4. At about 180 s, the sample surface rapidly solidi-
fied and a crust-like layer formed. It appeared that this
layer continued to thicken and the production of the
evolved degradation products (mass loss rate) slowed
significantly, as seen in Fig. 3. It appeared that molten
polymer below the crust was transported to the surface
through the crust by capillary action. The mass of the
residue at the end of the test (800 s) appeared to be, more
or less, a crust instead of a powder, and was about 9% of
the original sample mass. The surface crust layer stayed
as one continuous piece until the formation of cracks
when the centre portion of the crust sank near the end of
the test. Although the colour of the residue was light grey,
it appears that no significant amount of carbonaceous
char was formed by the addition of the silica gel.

Behaviour very similar to the PP sample with silica gel
was also observed for the PP sample with hydrophilic
fumed silica, except that the surface layer of the residue at

180 s

609 s

Figure 4. Selected images of the sample surface at different exposure durations during the gasification in N, at 40 kW m -2 Pure PP (top

row); PP with silica gel (bottom row).

Published in 2000 by John Wiley & Sons, Ltd.
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100 s

240s

Figure 5. Selected images of gasification phenomena of PP samples in nitrogen at 40 kWm~2 Top row is PP with fused silica (10%

480 s

mass) and bottom row is PP with hydrophobic fumed silica {10% mass).

the end of the test was very fluffy and white. There were
no cracks formed during the test. The video images of the
sample of PP with fused silica showed similar bubbling
phenomena to those observed for the pure PP sample up
to about 200 s. At about 250 s the surface layer appeared
to be slightly more viscous, and had many small bubbles
bursting through a more viscous, frothy-foam surface
layer. Although it appeared that silica particles accumu-
lated on the frothy-surface, the sample behaved more or
less as a fluid instead of a solid as seen in Fig. 5 (top row),
This behaviour continued until about 500 s when the
surface became solid-like starting at the edges and pro-
ceeding toward the centre. Scattered white powder was
observed after the end of the test, and its weight was close
to 10% of the original sample weight.

The digitized video images of the sample of PP with
hydrophobic fumed silica are also shown in Fig. 5; how-
ever, the behavicur was similar to that of the pure PP
sample up to about 200 s; i.e. with vigorous bubbling but
without foaming or any frothy-foam layer. After about
200 s, the sample had large bubbles rising through a vis-
cous layer. However, this layer still looked like a fiuid.
After 400s, some solid-looking silica-covered islands
were observed as seen in the image at 480s in Fig 5
{(bottom row), and this pattern remained until close to the
end of the test. Vigorous bubbling was observed between
the islands.

Effects of silica gel loading leve! on heat release rate and
gasification rate of PP

The above results show that the addition of silica gel
(mass fraction of 10%) to PP produced significant reduc-
tions in heat release rate and mass loss rate. In this
section, the effects of the loading level of silica gel in PP

Published in 2000 by John Wiley & Sons, Ltd.
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Figure 6. Effects of silica gel loading on heat release rate of PP at
40 kWm -2,

on the flammability properties of PP are studied. Five PP
samples with silica gel mass contents of 0%, 2%, 5%,
10% and 20% were extruded and injection molded. The
heat release rates of these samples at 40kWm™ 2 are
shown in Fig. 6. The results show that the peak heat
release rate of PP decreased roughly proportionally to
the loading level of silica gel. However, in the period
shortly after ignition, the heat release rate was slightly
higher for the samples with silica gel, even with 2% mass
loading, compared with that of pure PP. The duration of
this higher heat release rate period was longer with
a smaller loading level of silica gel; about 80% of the test
time for the 2% mass loading sample, but nearly negli-
gible for the 20% mass loading sample. The same trend

Fire Mater. 24, 277-289 {2000)
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was also obtained for the burning mass loss rate shown in
Fig. 7. The specific heat of combustion remained con-
stant, 42 + 3 MJkg™!, during the tests and did not
change with silica gel loading. The integrated heat release
rate, total heat release, was about the same for all sam-
ples with or without silica gel. This indicate that, gener-
ally, the addition of silica gel tended to slow the burning
process of PP,

The mass loss rates of all five samples were measured
using the gasification device in nitrogen at 40 kWm ™2 to
compare with the results obtained in the cone calorimeter
and also to observe the effects of silica gel loading on
gasification phenomena. The resulis are shown in Fig. 8.
They are very similar to the results shown in Fig. 7 and
again confirm that the effect of silica gel loading on the
flammability of PP is based on the condensed phase
process. The only difference is that the burning mass loss
rates were approximately 50% higher than mass loss
rates measured in nitrogen at the same external radiant
flux of 40 kW m™? This difference is due to additional
heat feedback of about 20 kW m ~? from the fiame to the
sample surface in the cone calorimeter (if thermal radi-
ation from the cone heater is significantly absorbed by
the flame/combustion products, then the actual heat
feedback rate would be higher than 20 kWm™?).

The video images show that the sample with 2% silica
gel mass loading became liquid-like with many bursting
small bubbles at the surface about 100 s after the start of
the irradiation and remained as a slightly viscous fluid
with frequent vigorous bursting of large bubbles as seen
in Fig. 9. The sample with 5% silica gel appeared to be
a more viscous fluid than the 2% mass loading sample,
but the overall gasification phenomena of the 5% sample
were similar to that of the 2% sample until about 420 s,
After 420 s, the centre part of the 5% sample appeared to
become solid-like and this gradually spread toward the
edges. At 650 s, the whole sample became solid-like. At
this time, the mass loss rate started to decline sharply as
seen in Fig. 8. For the sample with 10% silica gel, initial
melting and bubbling phenomena were similar to the
pure PP sample up to about 180 s, as seen in Fig. 9. At

Mass Loss Rate (g/m’s)

Time (3}

Figure 7. Effects of silica gel loading level on mass burning rate
of PP at 40kWm ~?,

Published in 2000 by John Wiley & Sons, Ltd.
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Figure 8. Effects of silica gel {oading level on mass loss rate of
PP in nitrogen at 40 kWm~2,

about 180 s, the sample surface rapidly sclidified and
a crust-like layer formed. It appeared that this layer
continued to thicken but large cracks appeared in the
centre part of the sample at about 300 s as seen in Fig. 9.
For the sample with 20% silica gel mass loading, the
early melting and liquid-like behaviour, which occurred
in all other samples, did not occur and the sample re-
mained solid-like, with many cracks appearing across the
crust-like surface layer at about 160 s. The crust layer
with cracks remained throughout the entire test as seen
in Fig. 9. Bubbling of melted polymers could be seen
through the cracks. These results indicate that the mass
loss rate tended to increase with time for the fluid-like
melting polymer layer, but it remained relatively low
when the solid-like crust surface layer was formed.

Effects of the silica type on heat release rate and mass loss
rate of PEO

The difference in mass loss rates between the PP sample
with hydrophilic silica and the PP sample with hydro-
phobicsilica, as shown in Fig. 3, indicates the importance
of polymer melt viscosity for flammability properties. It is
known that hydrogen bonding of silica particles via sur-
face-silanols occurs in non-polar fluids, and that in polar
fluids the inter-particle hydrogen bonds are disrupted,
and any thickening effect is attenuated.®-® Therefore, the
addition of either hydrophilic fumed silica or silica gel to
polar polymers may not significantly increase their melt
viscosity, due to the lack of inter-particle hydrogen bond-
ing. Since the hydrophilic silica, silica gel and hydropho-
bic fumed silica used in this study have relatively large
surface areas as described in Table 1, it is expected that
the flammability properties of PEO with these silicas
would be about the same as with PP. In order to test this
hypothesis, PEO was selected as the polar polymer.
The heat release rates of PEO with various types of
silica are shown in Fig. 10. The results show a significant
reduction of heat release rate for the PEO samples with
hydrophilic and hydrophobic fumed silicas and silica gel.

Fire Mater. 24, 277-289 (2000)
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100s 24{)s

480s

Figure 9. Effects of silica gel loading on selected video images of sample surface during gasification in nitrogen at 40 kW m ~2. Pure PP
{top row), PP with 2% silica gel (second row), PP with 10% silica ge! (third row), and PP with 20% silica gel {bottom row).

The heat release rate of the PEO sample with fused silica
was not reduced as much as these three samples and this
trend is similar to the PP samples with fused silica. One
significant difference from the trend observed with the
PP samples is that the heat release rate of the PEO
sample with hydrophobic fumed silica was slightly lower
than that of the PEO sample with silica gel. This clearly
demonstrates that hydrogen bonding of silica particles
via silanols increases polymer melt viscosity and contrib-
utes to reduce the heat release rates of non-polar PP. The
burning mass loss rate curve of each PEO sample is very
similar to the heat release rate curve of the corresponding
sample, and thus the specific heat of combustion for all
samples is about the same for all PEO samples
(24 + 2MJKg™ Y.

Published in 2000 by John Wiley & Sons, Ltd.

The mass loss rates of the above PEO samples mea-
sured in nitrogen at 40kWm™? are shown in Fig. 11.
These curves are very similar to the heat release rate
curves seen in Fig. 10 and they confirm that the mecha-
nism of reduction in heat release rate by the addition of
various silica types is based in the condensed phase
process. The most revealing information is the observa-
tion of the gasification behaviour of the samples as seen
in Fig. 12. Although PEO makes a small amount of char
during gasification in nitrogen, the sample remained as
a dark coloured fluid accompanied by vigorous bubbling
until about 260 s. Then, a large char island emerged from
the inside of the polymer melt fluid. The island repeatedly
floated on the fluid surface and sank into the fluid several
times until the char island grew large enough to cover

Fire Mater. 24, 277~289 (2000)
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Figure 11. Effects of silica type on mass loss rate of PEO in
nitrogen at 40 kW m 2.

nearly the entire sample surface close to the end of the
test. The addition of fused silica to PEO did not signifi-
cantly change its appearance from that of pure PEO
during gasification. The only noticeable change was that,
once a char island was formed at about 240 s, the island
gradually grew to cover the surface without sinking, but
vigorous bubbling was observed where the island did not
cover the sample surface. The observed reduction in the
mass loss rate with fused silica compared with pure PEO
was due to the partial blocking effect of the char island.
The addition of fumed silicas and silica gel made a signifi-
cant difference in the formation of a black, continuous,
smooth solid crust surface layer at relatively early times.
The black, smooth solid crust layer was formed at about
120 s for the PEO samples with fumed silicas and at
about 170 s for the PEO sample with silica gel. Fluid-like
behaviour accompanied by bubbling was observed for
the latter sample, providing the reason for a large mass
loss rate being observed up to 170 s for the PEO sample
with silica gel. Several large cracks were also formed

Published in 2000 by John Wiley & Sons, Ltd.

during swelling of the PEO sample with silica gel at
about 420s, and vigorous bubbling was observed
through the cracks. At about 480 s, the swelling collaps-
ed. However, no large cracks were observed for the PEQ
samples with fumed silicas. Cracks and the black solid
crust layer could be seen in Fig. 12. These black solid
crust layers consisting of char and the fumed silicas
appeared to have more structural integrity than the crust
layer formed over the PP samples with the same fumed
silicas and silica gel.

The observed formation of the crust layer with PEO
samples with both hydrophilic fumed silica and hydro-
phobic silica indicates that these silicas still increase the
melt viscosity of polar polymers due possibly to entangle-
ment of their polymer chains with silicas which have
large surface area or large pore volume.!°

DISCUSSION

Thermal gravimetric analysis, TGA, of the PP samples
with various loading levels of silica gel was conducted to
measure the thermal stability of these polymers and to
determine the effect of the addition of silica gel on the
thermal stability of PP. The results of derivative
gravimetric analysis are shown in Fig. 13. They show that
the addition of silica gel slightly increased the thermal
stability of PP. The peak temperature, where the mass
loss rate is the largest, increased from 444°C for the
extruded PP sample without any addition of silica gel to
450°C for the PP sample with 2% mass silica gel and
further to 455°C for the PP samples with 5% mass and
10% mass silica gel. However, the peak temperature
decreased to 450°C for the PP sample with 20% mass
silica gel. The slight increase of thermat stability might be
due to the formation of tightly bound polymer chains
(bounded polymer chains and their mobility is restricted)
around silica particles.!! The slight increase of thermal
stability by the addition of silica gel to PP should delay
the initial mass loss rate of the PP sample with the
addition of silica gel. However, the observed trend of the
initial mass loss rate seen in Figs 7 and 8 is slightly larger
than that of pure PP. The discussion of this discrepancy
will be made later in this section.

From the visual observations of the gasification ex-
periments, as seen in Figs 4, 5 and 9, it appears that the
melt viscosity of PP is significantly enhanced by the
addition of silica. Both silica gel and hydrophilic fumed
silica showed the same thickening behaviour, with hydro-
phobic fumed silica and fused silica showing only slight
thickening. For the hydrophilic fumed silica the thicken-
ing was due to the inter-particle hydrogen bonding,® on
the other hand, the thickening from silica gel can in part
be due to this type of mechanism, but entanglement of the
polymer in the large silica gel pores may also play a part
in increasing the viscosity.!° This indicates that the flame
retardant mechanism of silicas tends to be physical in
nature, instead of chemical. In order to confirm this
hypothesis, residues of the PP sample with silica gel from
gasification in nitrogen were collected at 300 s. This was
done to examine the chemical changes in the sample
during its gasification. The absorption spectra of the

Fire Mater. 24, 277289 (2000)
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Figure 12. Selected images of gasification phenomena of PEO samples in nitrogen at 40 kW m ~2 Top row is PEQ, the second row is
PEQ with fused silica (10% mass), the third row is PEQ with hydrophilic fumed silica {10% mass) and bottom row is PEQ with silica gel

{10% mass).

original and heat-exposed samples of PP with silica gel
were obtained by FTIR analysis {with KBr pellets).
A comparison of the spectra for an unheated sample, and
the residue from a sample irradiated in nitrogen, shown
in Fig. 14, indicates that no new peaks (bonds) were
formed during the gasification. Large peaks at around
1100 cm ™! are due to Si-O-Si stretching and the rest of
the peaks are due to the PP polymer structure. A small
peak near 2400 cm ™! in the spectra of the unheated
sample is due to residual CO; in the chamber and this
peak should be disregarded.

In the case of the PEO samples with fumed silica and
silica gel, a black char-like crust surface layer was formed
during the gasification in nitrogen as seen in Fig. 12

Published in' 2000 by John Wiley & Sons, Ltd.

Since the thermal conductivity of char is less than that of
polymers, the surface temperature of the black crust layer
would be significantly higher. Although it is not clear
whether the surface temperature becomes high enough to
generate significant chemical reactions among the resi-
dues and silica surface, solid phase NMR analysis of the
residue samples of the PEO sample with silica gel
collected at the end of the gasification test in nitrogen
was conducted to determine the chemical structure of the
residue.

3C and 2°Si NMR measurements of the heat exposed
PEO/SiO,-gel residue collected at the end of the gasifica-
tion test were made using a Bruker Avance 300 spectrom-
eter operating at 75.47 MHz for *3C, 59.63 MHz for 2°8i,

Fire Mater. 24, 277-289 (2000)
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Figure  13. Derivative  thermal  gravimetric  analysis
of PP samples with various loading levels of silica gel in
nitrogen at heating rate of 5°C/min. The temperatures in the
legend are peak temperatures where the mass loss rate is at the
largest.

and 300.13 MHz for 'H under the condition of magic-
angle—s?inning (MAS) of 5kHz Figure 15 shows *°Si
and '*C (Fig. 15¢) solid-state NMR spectra of
PEO/SiO,-gel char. The 2°Si CPMAS spectrum (Fig,
15a) shows that three peaks appear at around — 50,
— 100 and — 110 ppm. These peaks are easily assigned

to the Q2, Q3 and Q4 species of SiO,, respectively.!?
Here Qi epresents the number of siloxane bridges
bonded to the silicon atom. The 2°Si spectrum of Fig. 15b
is observed by single-pulse. There is a large difference in
intensities among Q2 to Q4 between the spectra a and b.
The relative proportions of these species in the spectrum
a, which are obtained by least-squares fitting with a gaus-
sian line shape, are about 11:45:44 for Q2:Q3:Q4, while
those in b are 8:16:76. This indicates that the peak inten-
sities of Q2 and Q3 increase largely via *H-?°Si cross-
polarization. Since the relative intensity obtained from
the cross-polarization experiment depends on the degree
of proximity from a proton nucleus, these observations
suggest that the Q2 and Q3 species have one or two
Si-O-H instead of Si-O-Si. The spectrum of the original
PEO sample with silica gel consists of Q3 and Q4 (21.79
not shown}. Although the formation of Q2 is recognized
in the heat exposed residue, no additional new peaks
were observed from the heated residue.

The **C CPMAS spectrum in Fig. 15¢ shows the peak
at 127 ppm attributed to polyaromatic carbons with
small quantities of residual methyl and methylene car-
bons at the peaks of 18 ppm and 35 ppm, respectively.
The polyaromatic carbons are thermally stable and criti-
cal ingredients in the formation of char.*® These NMR
results indicate that no significant reactions between car-
bons and silica occurred to form Si-O-C bonds and
others. Therefore, the observed reduction in the mass loss
rate of PEO samples by the addition of silicas appear to
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Figure 14. Comparison of FTIR spectra cf PP with silica gel {mass fraction of 10%) eriginal un-pyrolysed sample (a) and heated residue

sample {b).
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Figure 15. #Si and "C soiid-state NMR spectra of the heated
residue of PEO with silica gel collected at the end of the gasifica-
tion test in nitrogen. (a} ®Si CPMAS spectrum; (b) #Si single-
puise spectrum; (¢) "*C CPMAS spectrum, The asterisks indicate
the artificial signal of spinning-side-band. Exponential window-
function of 50 Hz was applied to all spectra.

be mainly due to physical processes instead of chemical
processes.

The video images of the PP samples with silica gel
show the formation of a solid-like surface layer during
their gasification in nitrogen, posing the questions, what
does this layer consist of, and also where are the silica
gels or other silica particles during gasification? In order
to answer these questions, we evaluated the accumula-
tion of silica at the sample surface during gasification
tests with the PP samples with silica gel (10% mass
fraction). This was accomplished by measurement of the
silicon concentration at the top layer of residues collected
at different times. Five samples were collected: unheated,
185 s, 300 s, 500 s and 875 s. The silicon concentration in
the collected samples was measured by neutron activa-
tion analysis at Dow Chemical Company. The results are
shown in Fig. 16, with the corresponding mass loss rate
curve. The Si concentration of the surface layer con-
tinued to increase with the expgsure time due to accumu-
lation of silica gel during continued degradation and
gasification of PP. When the silica mass fraction ex-
ceeded about 20% (estimated from the Si concentration
curve at about 250 s), the mass loss rate decreased signifi-
cantly, but was followed by an increase due to an accu-
mulation of heat in the sample despite a continued in-
crease in silica at the surface layer. The silicon concentra-
tion in the sample increased to about ten times the initial
value, and it is expected that the residue consisted mainly
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Figure 16. Mass loss rate curve and Si concentrations of the top
layer cf the five collected sample residues from the gasification
of PP with silica gel (10% mass fraction) in nitrogen at
40kWm 2,

of silica at the end of the test because no char formation
was observed as described above. The weight of the
residue at the end of the test was about 8% to 9% of the
original weight, so it appears that a small fraction of silica
gel might be carried away into the gas phase during the
tests.

The accumulation of silica near the surface during the
gasification of PP has two important effects on the mass
loss rate in nitrogen; one is the depletion of PP near the
sample surface and the other is the formation of a ther-
mal insulation layer. The latter effect has been clearly
demonstrated by the measurement of heat transfer rate
through various silica ash layer thickness. A reduction of
roughly 65% of incident radiant flux was reported with
a 1.5mm thick of silica ash layer.!* There could be
various accumulation processes of silica particles. The
variation is how silica particles correspond to the voids
created by the evolved PP in the mixture of PP and silica
particles. One extreme case is that silica particles do not
fill the voids even as PP continues to degrade and do not
recede during the gasification. At the end of this test, the
thickness of the sample residue is the same as the initial
thickness of the sample and consists of silica particles
only and the density of the residue is that of the accumu-
lated silica particles. The thicker silica accumulation
layer has a better insulation performance.!* If silica
particles instantaneously fill the voids, the thickness of
the sample residue decreases with the progress of the
gasification. Silica particles accumulate near the regress-
ing surface by sinking with the regressing PP. At the end
of this test, the thickness of the sample residue is much
thinner than the initial thickness of the sample. This
concept of a change of the volume of the additives during
the gasification of a polymer was first proposed in the
recent theoretical study by Staggs.!® His definition of the
maximum change of volume of an inert additive is the
case in which the additive instantaneously fills the voids,
and his definition of no volume change is defined as the
case in which the additive does not fill any of the voids.
His theoretically calculated results indicate that the mass
loss rate decreases with a smaller change in the volume of
an inert additive. Since his study shows the results
of high loading levels of inert additives (20%, 40%,
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60% and 80% mass fraction), we calculated the case
with the maximum change of the volume of silica par-
ticles (the most conservative case, instantaneously filling
the voids) for the loading levels of silica gel used in this
study.

Qur model 1s basically the same as his model and it
solves the one dimensional heat transfer equation
through the polymer sample with a well-distributed inert
additive with the boundary conditions corresponding to
those used in the experiment. The degradation reaction
of PP is distributed in the sample, and it is assumed that
the degradation products leave the sample instan-
taneously. The kinetic constants used for a one-step,
global, first- order Arrhenius equation were determined
from a detailed study based on a molecular dynamic
model,*® and the results obtained from this study were
used without any modification. The thermal properties of
silica gel were taken to be the same as those of PP in this
calculation to determine only the effects on mass loss rate
by the depletion of PP with accumulation of silica gel
near the sample surface. It is assumed that the incident
external thermal radiation is absorbed at the sample
surface. The calculated mass loss rate curves with differ-
ent silica gel loading levels are shown in Fig. 17. The
results indicate a significant reduction in mass loss rate
with an increase in Joading level of silica gel. This is due
to the reduction of PP concentration near the regressing
surface by an accumulation of silica gel and also to an
increase of re-radiation from elevated surface temper-
atures. The surface temperature increases with the load-
ing level of silica gel because the distance between the
surface and the availability of PP increases with the
loading level. (Since the thermal properties of silica gel
are taken to be the same as those of PP in this calcu-
lation, thermal insulation effects are not included in this
calculation.) The curves seen in Fig. 17 are very similar to
those in Fig. 8, except for the mass loss rate trends at
early exposure times and a larger reduction in experi-
mentally measurcd mass loss rate than the calculated
results. These trends at early exposure times are (1) mass
loss begins too early in the calculation and (2) the addi-
tion of silica gel enhances early mass loss rate. The first
discrepancy could be explained by the assumption of the
absorption of the incident thermal radiation at the sur-
face instead of a more realistic in-depth absorption,
and the second discrepancy and the experimentaily ob-
served larger reduction in mass loss rate could be the
difference in thermal properties between PP and silica
gel. Stagg’s results show an enhanced mass loss rate with
the addition of an inert additive when the thermal con-
ductivity of the additive is much lower than that of
a polymer.!® .

Another question is why the addition of fused silica to
PP and PEOQ is much less effective in reducing the mass
loss rate compared with the addition of an equal lcading
of silica gel or fumed silica. In order to answer this
question, the four gasification tests (PP with silica gel and
fused silica and PEQ with silica gel and with fused silica,
all 10% mass fraction loading) were interrupted at speci-
fied times to collect the sample residues and to observe
their surfaces. The pictures of the collected samples are
shown in Fig. 18. The surface of the residuc for PP with
silica gel (Fig. 18a) is covered by silica gel and is opaque,
indicating the accumulation of silica gel as observed
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Figure 17. Calculated mass loss rate (mlir} (g/m?s) of PP with
various loading levels of an inert additive in nitrogen at
40 kWm ~2,

previously. However, the surface of the residue of PP
with fused silica (Fig. 18b) is translucent, and it appears
that a majority of fused silica particles are below the
surface. The surface of the residue of PEO with silica gel
(Fig. 18c) is black and smooth with fine grain texture but
the surface of the residue of PEQO with fused silica (Fig.
18d) is a shiny, solidified polymer melt layer without
many silica particles. Since the fused silica particles used
in this study are dense fine particles, it appears that they
do not accumulate near the regressing sample surface,
but instead tend to sink through the molten polymer
layer. Thus they do not reduce availability of polymer
near the sample surface to slow down degradation of the
polymer. It appears that the balance between the density
of an inert additive and the melt viscosity of the polymer
in which it resides determines whether the additive accu-
mulates near the surface to slow down the degradation of
polymer and form a thermal insulation layer. The
smallest reduction of mass loss rate by the additive vol-
ume is therefore the case in which the heavy additives
sink farther into the interior of the polymer melt layer
when the melt viscosity of the polymer melt is low.
Therefore, low density, fluffy, large surface area inert
additives are the most effective for the reduction of mass
loss rate (burning rate). The large surface area of the
additive tends to increase polymer melt viscosity, and
this tends to enforce accumulation of the additive near
the surface. The only slight drawback of the low density,
large surface area additives having low thermal conduct-
ivity is @ minor reduction of ignition time and a small
heat release rate increase at an ecarly time. However,
heavy, small surface-area additives are the least effective
for reducing mass loss rate becaunse they do not accumu-
late near the sample surface but instead sink through
a polymer melt layer having a low melt viscosity. This
conclusion is opposite from one of the conclusions de-
scribed in the Staggs’ paper!’ because sinking of the
additive farther than the voids has not been recognized
previously, and consequently was not included in his
model.

The loading level of silica gel in PP affected the residue
structure at the end of the gasification test. The residue of
the PP sample with 2% mass loading of silica gel is in the
form of powders which are left at the bottom of the pan.
The residue of the PP sample with a 5% mass loading
consists of a powder and patchy islands of compacted
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{h)
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{d}

Figure 18. The pictures of the surfaces of the sample residues coliected at specified time at 40 kW m =7 in nitrogen. (a} PP with silica gel
at 350 s, (b) PP with fused silica at 350 s, (¢} PEO with silica gel at 250 s, and {d} PEO with fused silica at 250 s. The loading level of silica is

at 10% mass fraction.

silicas such as seen in Fig. 9. The residue was at the
bottom of the pan at the end of the gasification test. The
sample surface of the 10% mass loading is initially
covered by powder such as seen in Fig. 16(a) but patchy
islands of compacted silicas gradually form and the resi-
due at the end of the test is mainly in the form of islands.
The thickness of the residue is greater than those of 2%
and 5% mass loading samples but much less than the
initial sample thickness. However, the thickness of the
residue of the PP sample with 20% mass loading is
slightly thicker than the initial sample thickness and it is
in the form of the silica compacted islands as seen in
Fig. 9. Therefore, the concept of a change in volume of an
inert additive proposed by Staggs is reasonable for de-
scribing the physical phenomena of the behavior of these
additives, but two additional factors should be included:
the effect of polymer melt viscosity, and sinking of heavy,
low surface area additives.

CONCLUSION

The addition of various types of silicas to PP and PEQ
reduced the heat release rate and burning rate as mea-
sured in the cone calorimeter, and also the mass loss rate
as measured in the nitrogen gasification device. The heat
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release and the mass loss rate of PP decreased nearly
inversely with the mass loading level of silica gel up to
a 20% mass fraction. The mechanism of the reduction in
the heat release rate and mass loss rate is due to physical
processes in the condensed phase. Fumed silicas and
silica gel having a large surface area and low density
significantly increased the polymer melt viscosity of
PP and PEO during their gasification/burning.
Consequently the additives accumulated near the re-
gressing sample surface without sinking through the
polymer melt layer. The accumulated silica acted as an
insulation layer and possibly as a barrier to the transport
of degradation products to the surface. The accumalated
silica reduced the concentration of PP and PEO near the
surface. The reduction in heat release rate and mass loss
rate are mainly due to these reasons. However, a heavy,
and low surface area additive such as the fused silica used
in this study tended to sink through the polymer melt
layer during the gasification process and was not effective
in reducing the heat release rate and mass loss rate. The
effectiveness of the inert additive depended on the bal-
ance between the density and surface area of the additive
and polymer melt viscosity, controlling the accumulation
of the silica layer near the sample surface. PEO samples
with fumed silicas and silica gel form physically strong
charysilica surface layers. These layers acted not only as
thermal insulation to protect virgin polymer, but also
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acted as barriers against the migration of the thermal
degradation products to the surface. The latter was con-
firmed by swelling of the sample and, sometimes, sub-
sequent development of a large crack through the
char/silica layer.
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