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ABSTRACT: PMMA, poly(metheylmethacrylate), nano-
composites were made by in situ radical polymerization of
MMA, methylmethacrylate, with colloidal silica (ca. 12 nm)
to study the effects of nanoscale silica particles on the phys-
ical properties and flammability properties of PMMA.
Transparent samples resulted and the dispersity of the par-
ticles was examined by transmission electron microscopy
and atomic force microscopy. The addition of nanosilica
particles (13% by mass) did not significantly change the

thermal stability, but it made a small improvement in mod-
ulus, and it reduced the peak heat release rate roughly 50%.
Last, the flame-retardant mechanism provided by the addi-
tion of nanosilica particles in PMMA is discussed. © 2003
Wiley Periodicals, Inc. ] Appl Polym Sci 89: 2072-2078, 2003

Key words: nanocomposite; silica; poly(metheylmethacry-
late); flammability

INTRODUCTION

The properties of a composite material depend not
only upon the properties of the individual component
phases (matrix, filler, interphase), but also upon their
interaction. The composite’s phase morphology can
have significant effects on properties and this mor-
phology significantly depends on interphase interac-
tion, if the area of the interface between the two com-
ponents becomes significantly large."* One such ap-
plication, an improvement in flammability properties
of polymers using the unique interface that can de-
velop with layered silicates, has been demonstrated
for clay nanocomposites of various resins.> ® The ad-
vantage of the use of layered silicates as flame-retar-
dant additives is that they not only improve the flam-
mability properties but also improve physical proper-
ties of the composite relative to the polymer
matrix.” ™ In contrast, conventional flame-retardant
additives, such as brominated compounds and hy-
drates, improve the flammability of polymers but tend
to reduce many of their physical properties. Although
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the flame-retardant mechanism of polymer—clay
nanocomposites has not been well resolved, several
hypotheses have been proposed. They are the forma-
tion of char that serves as a barrier to degradation
products and as a heat insulation layer,®® a catalytic
charring action of the strongly acidic proton sites cre-
ated in the silicate by thermal degradation of the or-
ganic modifier,” and radical trapping by the presence
of paramagnetic iron in the clay matrix.'*

Nanoscale silica particles also can have a large in-
terfacial area as long as the diameter of the particles is
in the range of nanometers and they are well dis-
persed in the polymer. Although they do not have the
narrow gallery structure of a layered clay (severely
constraining the mobility of polymer chains in these
galleries), the improvement in physical properties''®
and also some improvement in thermal stability'® by
the addition of nanoscale silica particles to polymers
were reported. Although the addition of mesoscale
silica particles to various polymers significantly re-
duced heat release rate of the polymers,>***' there are
no previous studies on the flame-retardant effective-
ness of the nanosilica addition. It was reported that
polymers filled with nanoscale size silica particles ex-
hibit a second, apparent glass transition at a much
higher temperature than that of the polymer resins.**
This phenomenon was attributed to the formation of
tightly bound and loosely bond polymer chains
around the particles, which might improve the ther-
mal stability of the polymer and subsequently flam-
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mability properties. Thus, the present study is in-
tended to explore the applicability of nanoscale silica
particles to poly(metheylmethacrylate), PMMA, as a
flame-retardant additive to improve simultaneously
the flammability properties and the physical proper-
ties of this polymer.

EXPERIMENTAL
Materials

In a round-bottomed flask, 14 g of MEK-ST [30% by
weight colloidal silica in methyl ethyl ketone (MEK),
Nissan Chemical Industries, Ltd., Houston, TX*] and
ca. 40 mL of methyl methacrylate (MMA, Sigma-Al-
drich, Milwaukee, WI) were mixed. The mixture was
placed on a rotary evaporator and MEK was removed
with constant stirring at 62°C and a pressure of 23.4
kPa by removing 20 £ 5 g of the MMA and MEK
mixture. Then MMA was added to the flask to bring
the weight of MMA to 37.8 g. The flask was stoppered
and mixed for 900 s in a sonic bath. Benzoyl peroxide
(1.7% based on the MMA mass) was added to the flask
with constant stirring for 900 s. The clear mixture was
transferred to a stainless steel beaker and covered
tightly with heavy duty aluminum foil. Free radical
polymerization was achieved in a convection oven at
45°C for 48 h. The sample was then transferred to a
vacuum oven at 80°C and 23.4 kPa for 72 h. This
procedure was designed to prepare a 42 g disk with a
nominal diameter of 7.6 cm and a thickness of 0.8 cm.
The actual disks are ca. 8 cm diameter and 0.6 cm
thick. Exactly the same procedure was used to make
PMMA samples using MEK without any silica parti-
cles. The number averaged molecular weight of this
PMMA, measured by a size-exclusion chromatogra-
phy, was 147,000 10008 and that of the PMMA of the
nanosilica composite was 183,000 = 8000. The poly-
dispersities of both samples were 1.9 = 0.1. Actual
content of silica particles in the PMMA-SiO, sample
was determined by pyrolyzing the sample in air at
900°C in a muffle furnace. By weighing the white
powdery residue, a value of 13 * 1% by mass was
found. This higher value of silica content above the
intended 10% mass fraction was caused by the loss of
some MMA during the removal of MEK from the
MMA and MEK mixture.

* Certain commercial equipment, instruments, materials,
services, or companies are identified in this article in order
to specify adequately the experimental procedure. This in no
way implies endorsement or recommendation by NIST.

§ According to ISO 31-8, the term “molecular weight” has
been replaced with “relative molecular mass,” symbol M,.
The conventional notation, rather than the ISO notation, has
been employed for this publication.
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Instrumentation

Bright field TEM images of the PMMA /nanosilica
sample were obtained at 120 kV, under low-dose con-
ditions, with a Phillips 400T electron microscope. The
sample was ultramicrotomed with a diamond knife at
23°C to give ~70 nm thick sections. The sections were
transferred from water to carbon-coated (type B) Cu
grids of 200 mesh.

Atomic force microscopy (AFM) was performed us-
ing a Digital Instruments Dimension 3100 AFM with a
Nanoscope 3a controller. Tapping mode imaging was
performed using a single-beam silicon cantilever
probe with a nominal resonance frequency around 300
kHz and a nominal tip radius of 5-10 nm. Topo-
graphic and phase contrast images were collected us-
ing a root mean square (RMS) free amplitude of (65
* 5) nm and a set-point amplitude to RMS amplitude
ratio of approximately 0.5. Samples were prepared for
AFM investigation by first sectioning a molded plaque
with a band saw and then mounting the sectioned
sample in epoxy potting compound. The epoxy was
left to cure at room temperature for 24 h. The cross-
sectioned sample in epoxy was then polished first
using a series of silicon carbide polishing papers fol-
lowed by a series of diamond pastes of decreasing grit
size, the last of which was a 0.25 um paste. Finally, the
polished surface was cleaned with soap, rinsed with
distilled water and methanol, and dried with hot air.

Thermal gravimetric analysis (TGA) data were col-
lected from 30 to 800°C at 10 °C/min under nitrogen
using a TA Instruments, SDT 2960.

Dynamic mechanical analysis (DMA) was per-
formed using a Rheometrics Solid Analyzer (RSA) IL
Samples having approximate dimensions of 52 mm in
length by 12 mm in width by 3.5 mm in thickness were
tested in flexure at a frequency of 10 Hz and a dy-
namic strain of 0.05%. These samples were prepared
by cutting a molded plaque using a band saw. Exper-
iments were conducted from 30 to 135°C using vari-
able temperature increments and dwell times of at
least 4 min, i.e., after each temperature increment, the
new temperature was held constant for at least 4 min
prior to recording the measured material response.
Storage modulus, E’, loss modulus, E”, and loss tan-
gent, tan (8) were recorded as a function of tempera-
ture. The glass transition temperature, T, was taken to
be the peak in the tan(d) curve.

Evaluation of flammability properties was achieved
using the Cone calorimeter, which was designed and
built at NIST (ASTM E 1354-92). Aluminum foil was
wrapped around the sample except on the irradiated
surface as a sample container instead of the standard,
heavy metal container. The tests were performed at an
incident radiant flux of 40 kW /m? in air. Heat release
rate and mass loss rate are reproducible to within
+10%. Another device, a radiative gasification instru-
ment similar to the Cone calorimeter, was used to
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Figure 1 TEM images of PMMA /nanosilica sample at two different locations with low magnification.

observe the gasification behavior and to measure mass
loss rate of the sample in a nitrogen atmosphere (no
burning) at 40 kW/m?. A more detailed discussion of
the device is given in our previous study.” The
unique advantages of this device are twofold: the first
is that the results obtained from it are based only on
the condensed phase processes due to the absence of
any gas phase oxidation reactions; the second is it
enables visual observation of gasfication phenomena
under a heat flux similar to that of a fire without any
interference from a flame.

RESULTS

Characterization of nanocomposites
by TEM and AFM

All polymerized samples were clear and transparent
both with and without the nanosilica particles, but all
had a faint yellow color that might be caused by the
use of benzoyl peroxide as the initiator. Although the
transparency of the samples with nanosilica particles
suggests reasonably good dispersion of the particles in
the PMMA, TEM and AFM images were taken to
examine dispersion at a particle scale. TEM analysis of
the PMMA /nanosilica sample at low magnification
shows well dispersed areas and also areas of greater
silica particle concentration without clustering, as
shown in Figure 1. The TEM image in Figure 2 at high
magnification shows well-dispersed 10-30 nm silica
spheres.

Tapping mode AFM images were taken of a pol-
ished section of a molded PMMA /nanosilica sample.
Topographic and phase contrast images are shown in
Figure 3. Because this cross-sectional sample was pol-
ished, the overall height changes over the 1 X 1 um
area are small, with a peak-to-valley roughness of less
than 20 nm. The polishing direction is also evident in

the topographic image. The phase contrast in the right
images is likely caused by repulsive tip—sample inter-
actions with the nanosilica, resulting in a positive
phase and brighter areas or features, and an attractive
tip-sample interaction with the PMMA, resulting in a
negative phase and darker areas. Because height
changes not related to the presence of nanosilica par-
ticles occur, the nanosilica particles are easier to dis-
cern in the phase contrast image compared to the
topographic image. In the phase image, a large num-
ber of what appear to be single nanosilica particles is
observed. The corresponding particle sizes range from
12 to 30 nm, which compares to a nominal particle size
of 12 nm. However, interaction of the tip with features

Figure 2 TEM image of PMMA /nanosilica sample with
high magnification.
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Figure 3 Tapping mode AFM images of a PMMA /nanosilica sample. The left image is the height or topographic image,
while the right image is the phase contrast image. The color scales from black to white represent a height difference of 20 nm
for the left image and a phase difference of 30° for the right image.

that are similar in size to the tip often results in an
apparent broadening of the features. In this case, more
interaction with the tip, and hence a larger broaden-
ing, will result for a nanosilica particle that is elevated
topographically relative to the PMMA matrix vs a
particle that is submerged in the PMMA. Thus, the
apparent particle size distribution is likely related to
different amounts of this broadening effect rather than
a real distribution of particle sizes. Note, however,
that the AFM images are of the cross-sectional sam-
ple’s surface and the bright phase contrast indicates
lateral positions of nanosilica at or very near the sur-
face. Further, only a few areas of this sample were
imaged. Thus, conclusions regarding dispersion based
on this limited study are difficult. However, the ob-
servation of single nanoparticles in the AFM images
indicates that relatively good dispersion was achieved
and this finding correlates with the results of TEM.

TGA characterization of thermal stability

Normalized sample mass loss rate and its derivative
with respect to temperature of the PMMA sample and
the PMMA /nanosilica sample are plotted in Figure 4.
It is known that radically polymerized PMMA starts
to degrade by initiation at the head-to-head linkages
(at around 160°C), initiation at the unsaturated ends
(at around 270 °C), and random initiation along the
polymer backbone (at around 360°C).>* Generally, the
contribution to sample mass loss from initiation at the
head-to-head linkages is relatively small. However,
initiation from the unsaturated ends becomes more
significant with a decrease in relative molecular mass
due to an increase in the number of unsaturated ends
initially present. The mass loss rate results shown in
Figure 4 correspond to the three types of initiation; the
addition of nanosilica particles slightly reduced the

thermal stability of the nanocomposite sample at low
temperatures and slightly delayed random initiation
along the polymer backbone. However, it appears that
overall PMMA degradation mechanism was not sig-
nificantly modified by the addition of nanosilica par-
ticles.

Mechanical characterization

DMA was performed on two samples each of PMMA
and PMMA /nanosilica. Representative results are
shown for the two sets of samples in Figures 5(a) and
5(b), respectively. In these figures, storage modulus,
E’, loss modulus, E”, and loss tangent, tan($), are plot-
ted as a function of temperature. A relatively small
increase in E’ (at 30°C) was observed with the addition
of the nanosilica from (3.1 = 0.1) GPa for the PMMA
to (3.7 = 0.1) GPa for PMMA /nanosilica. A slight
decrease in glass transition temperature was observed
with nanosilica addition from (105 = 2)°C for PMMA
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Figure 4 Comparison of TGA and DTG curves of PMMA
and PMMA-silica samples.in nitrogen at 10°C/min.
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Figure 5 DMA results, plotted as E’, E”, and tan(8) as a
function of temperature, are shown for (a) PMMA and (b)
PMMA with 13% nanosilica by mass.

to (100 £ 2)°C for PMMA /nanosilica (this reduction is
probably due to residual solvent in the sample as
discussed later), and a greater enhancement in both
moduli was observed above this temperature. For
both sets of samples, changes in the slopes of E’ and E”
and a small peak in tan(8) were observed around 80°C.
These occurrences might have been caused by auto-
tension problems with the RSA II but might also be a
result of the presence of residual MEK, which has a
boiling point around 80°C. These effects appear to
have been more dramatic for the PMMA /nanosilica
than the PMMA, perhaps suggesting a higher amount
of MEK left in these samples.

Gasification characterization
PMMA

Observation of the sequence of events in the gasifica-
tion of the pure PMMA sample at a radiant flux of 40
kW /m? first revealed the appearance of small bubbles
bursting at the sample surface around 15 s after the
start of irradiation, followed by a rapid increase in the
number of bubbles bursting so that they covered the
entire sample surface after about 30 s. Around 120 s,
the sample surface acquired the appearance of a fluid
with larger bursting bubbles and with slight swelling
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as shown in Figure 6(Al). More vigorous bubbling
appeared for times greater than 120 s and the sample
became less viscous (more fluid in appearance). After
240 s, the surface was covered by large bursting bub-
bles and vigorous bubbling with a very fluid sample
continued as shown in Figure 6(A2). At the end of the
test, no significant amount of residue was left except a
thin, black coating on the container surface.

PMMA /nanosilica nanocomposite

The gasification behavior of the PMMA /nanosilica
sample was quite different from that of the above
PMMA sample. Many small, bubbles were observed
initially, but at about 60 s many white islands ap-
peared on the sample surface with vigorous bursting
of small bubbles around the islands. Around 120 s, the
islands became darker and irregular as shown in Fig-
ure 6(B1). It appeared that the islands were made of
coarse, granular particles. The coverage of the sample
surface by the islands continued to increase and a
random motion of granular particles on the sample
surface was often observed. At about 300s, the sample
surface was completely covered by coarse, granular
particles as shown in Figure 6(B3). Also, the sample
surface was slowly receding. At the end of the test, a
dark, coarse powdery layer was left in the sample
container. The fluid behavior observed for the PMMA
sample was not seen for this sample. The mass of the
residue was almost the same as that of the initial
weight of nanosilica and the thickness of the residual
layer at the end of the test was roughly half of the
initial sample thickness. The observed gasification be-
havior of this sample is very similar to that of the low
molecular weight PMMA /silica gel sample in our pre-
vious study.*!

The calculated mass loss rates from the measured
sample masses of PMMA and PMMA /nanosilica sam-
ples are plotted in Figure 7. The peak mass loss rate of
the PMMA /nanosilica is roughly 40% less than that of
PMMA. However, the mass loss rate up to 50 s and the
total sample mass loss (integrated values of the mass
loss curve) are about the same for both samples. These
trends are very similar to those of the low molecular
weight PMMA /silica gel sample.*!

Heat release rate characterization

The heat release rates of the PMMA and the PMMA /
nanosilica sample are shown in Figure 8. The addition
of the nanosilica reduced the peak heat release rate of
the PMMA sample to roughly 50% of the pure PMMA
value, but ignition delay time and the total heat re-
lease (integrated values of the heat release rate curve)
are about the same for both samples. The trends of the
measured mass loss rate (burning rate) curves (not
shown) are very close to those of the heat release rate
curves and thus the calculated specific heat of com-
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Figure 6 Selected sequence of video images of gasification phenomena of PMMA and PMMA /nanosilica samples in N, at
40 kW/m?. A column: PMMA at 120 s (A1), 240 s (A2), and 300 s (A3); B column: PMMA /nanosilica at 120 s (B1), 240 s (B2),
and 300 s (B3). The container of the PMMA sample was held by four small wires to avoid its movement.

bustion (measured heat release rate divided by mea-
sured mass loss rate) is 24 = 2 M] /kg for both types of
sample. Furthermore, the trends of the heat release
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Figure 7 Effects of nanosilica addition on mass loss rate of
PMMA at 40 kW/m? in nitrogen.

rate curves are very similar to those of the mass loss
rate in nitrogen, as shown in Figure 7. The PMMA/
nanosilica sample residue after Cone calorimeter tests
was a gray layer consisting of coarse, granular powder
accumulated at the bottom of the sample container.

DISCUSSION

The unchanged specific heat of combustion and the
similarity of the heat release rate curve to the mass loss
rate curve in nitrogen for both the pure PMMA sample
and the PMMA /nanosilica sample suggest that the
reduction in heat release rate by the addition of nano-
silica is mainly caused by the chemical and physical
processes in the condensed phase rather than in the
gas phase. It has been found that two important phys-
ical processes in the condensed phase are required to
reduce significantly heat release rate by the addition of
micron scale fused silica and silica gel. They are the
accumulation of the added silica on the burning sam-
ple surface and complete coverage of the sample sur-
face by the silica?**' It appears that the required
processes were achieved most effectively by the in situ
formation of a silica network reinforced by char to
form a protective layer as a heat insulation and a
barrier of evolved degradation products.*' The flame-
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Figure 8 Effects of nanosilica addition on heat release rate
of PMMA at 40 kW/m?. The dashed lines were the results of
three replica of nanocomposites made at three different
times.

retardant effectiveness of the addition of nanosilica
particles (by 13% mass) to PMMA is adequate, but not
as good as that of the addition of silica gel to PMMA
(60-70% reduction in peak heat release rate). The ob-
servations of the gasification of the PMMA /nanosilica
indicate the fact that the nanosilica particles tend to
accumulate and coagulate near the sample surface,
forming loose, granular particles instead of a tight
continuous silica network. Since the PMMA /nano-
silica sample surface was covered by loose granular
particles, part of the sample surface was still exposed
to the external radiation through the granular particle
layer and also the barrier performance of the layer to
contain the degradation products of PMMA was not
effective. Therefore, the addition of nanoscale silica
particles to PMMA satisfied one of the two require-
ments but not both requirements. One possible ap-
proach to forming in situ silica network during gasifi-
cation could be to enhance the formation of crosslinks
among the particles by appropriate surface treatments
of nanosilica particles.

CONCLUSION

Transparent PMMA nanocomposites were success-
fully made by in situ radical polymerization of MMA
with colloidal silica particles having an average diam-
eter of 12 nm. TEM and AFM analyses of the nano-
composites indicate well-dispersed areas and areas of
greater silica particle concentration without clustering.
The addition of nanosilica particles (13% by mass) did
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not significantly change the thermal stability—it made
a small improvement in modulus, and it reduced the
peak heat release rate by roughly 50%. The flame-
retardant mechanism of the addition of the nanosilica
particles to PMMA is inferred to be the coagulation of
the particles and the accumulation of loose, granular
particles near the sample surface to form a protective
layer as a heat insulation and a barrier for evolved
degradation products. Since the PMMA /nanosilica
sample surface was covered by loose granular parti-
cles, part of the sample surface was still exposed to the
external radiation through the granular particle layer.
Therefore, flame-retardant effectiveness of the addi-
tion of the nanosilica particles in PMMA is not as good
as the addition of silica gel in PMMA, which forms an
in situ silica network to cover the entire sample sur-
face. We note that better flame retardancy might be
achieved by surface treating the silica particle to en-
hance the formation of the silica network.
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