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ABSTRACT: Poly(vinyl alcohol) (PVOH)/clay aerogel composites were fabricated by an environ-
mentally friendly freeze-drying of the aqueous precursor suspensions, followed by cross-linking induced
by gamma irradiation without chemical additives. The influences of cross-linking conditions, i.e.,
absorbed dose and polymer loading as well as density on the aerogel structure and properties, were
investigated. The absorbed dose of 30 kGy was found to be the optimum dose for fabricating strong
PVOH composites; the compressive modulus of an aerogel prepared from an aqueous suspension
containing 2 wt % PVOH/8 wt % clay increased 10-fold, and that containing 1 wt % PVOH/9 wt % clay
increased 12 times upon cross-linking with a dose of 30 kGy. Increasing the solids concentration led to
an increase in the mechanical strength, in accordance with the changes in microstructure from layered
structure to network structure. The increase of absorbed dose also led to decreased porous size of the
network structure. Cross-linking and the increase of the PVOH lead to decreased thermal stability. The
strengthened PVOH/clay aerogels possess very low flammability, as measured by cone calorimetry, with
heat, smoke, and volatile products release value decreasing as increasing clay content. The mechanism of
flame retardation in these materials was investigated with weight loss, FTIR, WAXD, and SEM of the

" P1C830

burned residues. The proposed mechanism is that with decreasing fuel content (increasing clay content), increased heat and mass

transport barriers are developed; simultaneously low levels of thermal conductivity are maintained during the burning.
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1. INTRODUCTION

Mackenzie and Call first reported montmorillonite clay aerogels
prepared using a freeze-drying method in 1950s."” The fibrous
montmorillonite structures obtained in this manner possessed
insufficient mechanical integrity for practical use. Van Olphen
investigated that the layers within clay aerogels are linked edge-
to-face much like a “house of cards”, due to opposite surface
and edge charges that exist in clays.> The porous clay
microstructure of these materials results from the grain
boundries of ice crystals produced during freezing, in which
the ice crystals grow and push clay particles aside to promote
parallel platelet alignment. Nakazawa et al. revealed that the
decrease in clay concentration and freezing rates results in the
morphological structure change from polygonal cells to thin
layers.*™¢
viscosities present little resistance to the growth of an ice
front, allowing for the formation of lamellar ice layers. For high-
viscosity solutions, growth of ice crystals is retarded by the fluid
viscosity, resulting in more fractal growth and secondary
crystallization of water and the generation of a greater number
of structural links between the aerogel layers. The lower
freezing rate allows the generation of large and fine ice crystals,
which is similar to that in low solution concentration.

Poly(vinyl alcohol) (PVOH) is a highly hydrophilic and

At low concentrations of clay, the suspension
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water-soluble polymer” and easily transforms to a hydrogel
through different techniques, such as freeze—thaw inducement
acid-catalyzed dehydration,'® radical
production,”’18 and chemical cross-linking (diacid, aldehyde,
and alkoxysilanes)."*™>* Accordingly, PVOH hydrogels are
widely used in drug delivery,”* contact lenses,” wound

of crystallization,® "

bandages,26 dressing tissue engineering,27 and cell immobiliza-
tion,”® due to its low toxicity, high water content, good
mechanical properties, and biocompatibility. Cross-linking
methods generally require long treatment times or harsh
reaction conditions, limiting their use.

PVOH is also used to strengthen clay aerogels through
solution blending.”® The mechanical properties of these
aerogels show power law dependence on aerogel density
(mainly based upon polymer loading). The mechanically
robust, foam-like composites have the potential to be used in
packaging, insulation, and absorbent fields.** PVOH is however
a flammable polymer with a limiting oxygen index (LOI) of
19.7,3*? which can require a low PVOH loading in PVOH/
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clay aerogels to address fire safety, in conflict with optimized
mechanical properties.

Cross-linking methods are an effective means of increasing
aerogel mechanical properties. Pojanavaraphan et al.** prepared
cross-linked natural rubber clay aerogel composites through a
solution process using sulfur monochloride as the active agent;
the mechanical properties increased 26-fold compared to
control materials. In our previous studies, a facile fabrication
of poly(vinyl alcohol) gels and derivative aerogels were
reported, using water as solvent and divinylsulfone as cross-
linking agent, resulting in significantly enhanced mechanical
properties. The compressive modulus of aerogel containing 2
wt % PVOH/8 wt % clay (density: 0.1 g/cm®) increased 29-
fold upon cross-linking, for example.34 Chemical cross-linking
methods bring unavoidable drawbacks; obtaining homogeneous
blends of cross-linking agent and polymer/clay suspension in
high viscosity systems is difficult, resulting in low preparation
efficiencies and potentially residual unreacted cross-linking
agents. Irradiation-induced cross-linking could offer an
attractive alternative method for the enhancement of aerogel
properties and fabrication efficiency. In the present study we
report the production of strengthened PVOH/clay aerogels
without use of chemical additives. The cross-linking reaction of
PVOH/clay suspension was induced by gamma irradiation, and
then the resulting hydrogel materials were converted into
PVOHY/clay aerogels, via a freeze-drying method. By use of this
chemical-free cross-linking process, aerogels possessing high
mechanical properties, yet containing the relatively low PVOH
contents ideal for reduced flammability could be produced. The
morphologies, mechanical properties, combustion behaviors,
the mechanisms by which flammability is reduced and their
relationships of low polymer loading PVOH/clay aerogel are
reported herein for the first time, to the best of our knowledge.

2. EXPERIMENTAL SECTION

2.1. Materials. Poly(vinyl alcohol) (PVOH, Mw 31,000—50,000,
99% hydrolyzed) was purchased from Sigma-Aldrich. Sodium
montmorillonite (Na*-MMT; PGW grade with a cation exchange
capacity of 145 mequiv/100 g) was supplied by Nanocor Inc.
Deionized (DI) water was prepared using a Purelab flex 3 unit. All
reagents were used without further purification.

2.2. Hydrogel and Aerogel Preparation. Percentages of PVOH
and clay structural components are given as a percentage of DI water.
To produce an aerogel containing S wt % PVOH and S wt % clay for
example (noted as PSCS, where P stands for PVOH, C stands for
clay), S g of PVOH solid was dissolved in SO mL of DI water at 80 °C
overnight by stirring. Five g of Na*-MMT was blended with 50 mL of
DI water at high speed (20,000 rpm) to create clay suspension. The
resulting mixture of clay suspension and PVOH solution were poured
into polyethylene vials (diameter: 20 mm; height: 45 mm) and
aluminum mold (100 mm X 100 mm X 25 mm) and then irradiated
using a ®*Co source at the Institute of Nuclear Physics and Chemistry,
and the dose rate was 170 Gy/min; note, the vials did not influence
the irradiation of samples. The PSCS with required absorbed doses of
0, 10, 30, 50, and 100 kGy are coded as PSCS-0, PSCS-10, PSC5-30,
P5CS-50, and PSCS-100, respectively. Then the resulting hydrogels
and the control were frozen in a liquid nitrogen bath (~—196 °C).
The frozen samples were dried in a Beijing Sihuan LGJ-25C freeze-
dryer with a shelf temperature of 30 °C, where a high vacuum (1-5
Pa) was applied to sublime the ice. The freeze-dry process typically
was given 3—4 days to ensure complete drying.

2.3. Characterization. Densities of the aerogel samples were
calculated by measuring the mass and dimensions using an analytical
balance and a digital caliper. Compression testing was conducted on
the cylindrical specimens (~20 mm in diameter and height), using an
SANS CMT?7000 testing machine, fitted with a 10 kN load cell, at a

crosshead of 10 mm/min. Five samples for each composition were
tested for reproducibility. The initial compressive modulus was
calculated from the slope of the linear portion of the stress—strain
curve. The morphological microstructure of the aerogels and the
burned residue were characterized with a ZEISS EVO 18 special
edition scanning electron microscope at an acceleration voltage of 10
kV. The samples were prepared by fracturing in liquid nitrogen and
then sputter-coated with a thin layer of gold before testing. The
thermal stabilities (by thermogravimetric analysis, TGA) were
measured on a STA449C apparatus under a nitrogen flow (40 mL/
min). About 3 mg of samples was placed in a platinum pan and heated
from ambient temperature to 650 °C at a rate of 10 °C/min. The
combustion behaviors of cross-linked PVOH/clay aerogel and the
control were tested with an FTT cone calorimeter. Specimens with a
size of 100 mm X 100 mm X 25 mm were tested under a heat flux of
50 kW/m?. The heat, smoke, and volatile products release information
were recorded. The temperature of the sample bottom was also
recorded to evaluate the insulation property of aerogel. The residues of
the burned samples are marked as PSCS-Ob, PSCS-30b, P2C8-30b,
and P1C9-30b, respectively. The FTIR spectra of the burned residue
from different positions of sample were carried out with a Nicolet 6700
FTIR spectrometer. Wide-angle X-ray diffraction (WAXD) measure-
ments of MMT clay, aerogel, and the burned residue were performed
using an X-ray diffraction in a 26 range from 2° to 45°.

3. RESULTS AND DISCUSSION

Preparation and Properties of Irradiation-Induced
Cross-Linked PVOH/Clay Aerogels. Irradiation-induced
cross-linking of polymer solutions are commonly used to
fabricate hydrogels, such as those of PEO, starch, and
PVP.>7** PVOH hydrogels prepared via irradiation have also
been reported,”**’ requiring no use of chemical cross-linking
agents. All the samples containing clay and PVOH in this study
were demonstrated to generate aerogels with stable, workable
structures after cross-linking and freeze-drying (Figure 1),

Figure 1. Gamma irradiation-induced P5CS-30 hydrogel composites
(a) and the derivative aerogel (b).

whereas cracks or shrinkage occurred in neat PVOH (P10)
upon irradiating; clay clearly stabilizes the cross-linked aerogel
structures (and in fact stabilizes the samples prior to irradiation,
as can be seen with the specific modulus of the polymer-only
aerogel; clay and/or irradiation strengthens the structure). The
degree of mold shrinkage obtained for the sample excluding
clay was considerably greater than those containing clay, as
well. The aerogels containing high Na*-MMT loadings, PSCS,
P2C8, and P1C9, exhibited very low levels of shrinkage during
the freeze-drying process, with a typical diameter of 18.5—19.0
mm, compared to 20.0 mm of the diameter of vial mold.

The compressive stress—strain curves of the PSCS with
different absorbed doses are shown in Figure 2. The majority of
stress—strain curves followed the basic form of classical rigid
porous foam behavior, which is a linear elastic deformation at
low strain, followed by a densification region beyond the yield
point.***" The stress—strain behaviors of the aerogels do not
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Figure 2. Example strain—stress curves of PVOH/clay aerogels.

change appreciably with increasing absorbed dose but lose their
ductility. The detailed density, compressive modulus, and
specific modulus for irradiation induced strengthened PVOH/
clay aerogel composites and the control sample are presented in
Table 1. For the control samples, neat PVOH (P10) shows
good mechanical properties due to the high density for the
shrinkable dimension; however, the specific modulus is lower
than the majority of aerogel samples containing clay. The
mechanical properties of polymer/clay aerogels decrease

significantly with decreasing polymer content. The compressive
moduli decrease from 4.56 MPa of PSCS-0 to 0.41 MPa of
P1C9-0, the latter lacking usable mechanical properties.
Irradiation-induced cross-linking was utilized to strengthen
the aerogels, enlarging the workable concentrations in which
polymer content could be low enough for better fire-resistance.
Accordingly, the morphological structure changes from net-
work to layered structures for the clay-containing samples, as
shown in Figure 3. The aerogels show denser structures after
irradiation, with the exception of P1C4-30, which contains very
low levels of solids. In our previous study,**" it was found that
the morphological structure changes from layered structure to
network structure with increasing solution viscosity. At high
solution viscosities, the aerogel materials tend to be porous with
small cell sizes. In this study, liquid nitrogen was used to freeze
the samples instead of a solid carbon dioxide/ethanol bath, in
which the higher degree of supercooling leads to higher density
of nucleates, generating network structure of the resulting
aerogels even for the control sample.’ Both increasing the
concentration of polymer/clay in water or cross-linking the
polymer are the effective ways to increase the suspension
viscosity. Thus, the microstructure of the aerogels changes from
a layered to network structure after being cross-linked; cross-
linking in turn leads to greater structural integrity, leading to
enhanced mechanical properties, as we have previously
reported.%*!

The compressive moduli of the cross-linked material first
increases and then decreases with increasing absorbed doses of
radiation. The compressive moduli of PSCS increase from 4.56
MPa of control, to 9.41 MPa of P5C5-10, then to 11.43 MPa of
P5CS5-30; it then decreases to approximately 9 MPa for PSC5-
50 and PSC5-100. Thirty kGy appears to be optimal for the
majority of the samples, representing a balance between radical-
induced cross-linking and overall radiation-induced material
degradation. At high absorbed doses, radiolysis becomes the
main effect, leading to the decrease of compressive moduli.
Another possible reason for the decreased mechanical property
is the decreased elasticity with increased absorbed dose. The
morphological microstructures of PSCS with different absorbed
doses are shown in Figure 4. For the control sample without
irradiation, a network structure with irregular pores is evident
from the SEM images; pore sizes of approximately 10 ym are

Table 1. Mechanical Properties of PVOH/Clay Aerogels”

sample property P10 PSCS
control modulus 4.40 + 140 456 =1
density 0.229 + 0.010 0.093 + 0.
M/d 19.26 + 6.46 49.04 + 1
10 kGy modulus 921 + 1.88 941 £ 0,
density 0.128 + 0.00S 0.085 + 0.
M/d 7193 + 12.37 111.86 + 4.
30 kGy modulus 1520 + 1.39 1143 £ 0.
density 0.148 + 0.013 0.086 + 0.
M/d 102.92 + 0.24 133.22 + 4.
50 kGy modulus 4.01 £ 049 8.99 + 2
density 0.138 + 0.006 0.086 £ 0
M/d 29.07 + 3.42 10391 + 2
100 kGy modulus 520 + 0.38 930 £ 0
density 0.138 + 0.015 0.093 + 0.
M/d 38.21 + 5.21 99.54 + 2.

.10
.003
3.02
.32
.002
91
.13
.004
.94
S1
.001
7.46

.002
44

“Moduli in MPa, densities in g/ cm’, specific moduli (M/d) in MPa-cm®/ g

16229

P2C8 P1C9 P1C4
1.38 + 0.22 041 = 0.24 0.06 + 0.01
0.084 + 0.006 0.091 + 0.002 0.045 + 0.003
1627 + 1.93 444 + 2.51 1.33 + 0.2§
3.67 + 1.14 115 £ 0.19 0.095 + 0.071
0.084 + 0.002 0.083 + 0.002 0.043 + 0.006
43.65 + 13.57 13.80 + 2.15 1.37 + 0.79
13.18 + 1.26 4.92 + 3.01 1.26 + 0.24
0.083 + 0.002 0.083 + 0.001 0.043 + 0.001

159.36 + 13.27 59.25 + 36.07 29.46 + 4.86
4.54 +2.26 9.46 + 3.44 0.97 + 0.09
0.083 + 0.002 0.083 + 0.002 0.043 £ 0.001
54.61 + 27.38 102.72 + 62.77 22,77 + 2.48
4.46 + 1.58 4.53 + 0.60 1.14 £ 0.61
0.084 + 0.002 0.080 + 0.001 0.043 + 0
53.31 £ 20.09 56.35 £ 7.25 33.53 =+ 13.93
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Figure 3. SEM micrographs of PVOH/clay aerogels.

evident for the composites samples dosed with 10 kGy; for the
samples dosed with 30 kGy, more regular structures with pore
sizes of 5 to 10 um were evident. As the absorbed dose was
increased to 50 kGy, the resulting aerogels exhibited
significantly decreased pore sizes, down to about 2—5 pm; at
100 kGy, pores 1 um or less were observed. The degree of
cross-linking is known to increase with increasing absorbed,*?
leading to decreased pore sizes in the aerogels, quite likely due
to restricted chain mobility and therefore difficulty in
accommodating the ice fronts which grow during freeze-drying.

Thermal Stability. The thermal stabilities of strengthened
PVOH/clay aerogels and the control sample were investigated
by TGA, Figures 5 and 6, and Table 2. Both PVOH and clay
easily absorb water due to the existence of abundant hydroxyl
groups and ionic character. Thus, the first weight loss stage is
caused by the desorption of water, Ty s, which decreased with
increasing clay content. The absorbed dose of y radiation did
not have an obvious impact upon the first weight loss stage.
The second weight loss step is observed to begin at about 190
°C, Tgq 0% which is associated with the decomposition of

Figure 4. SEM micrographs of PSCS aerogels with various absorbed
doses.
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Figure S. TGA weight loss and DTG curves of strengthened PVOH/
clay aerogels.

PVOH (onset decomposition temperature). The cross-linking
of polymeric materials usually contributes to their thermal
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Figure 6. TGA weight loss and DTG curves of PSCS aerogels with
various absorbed dose.

Table 2. TGA Data of Freeze Dried PVOH/Clay Aerogels

Ty 50 T3 10% T3 max dw/dT residue

samples  (°C) (°C) (°C) (%/°C) (%)
P10-30 104.0 201.5 279.0 141 7.8
PSCS-0 82.0 2434 264.0 0.87 48.7
PSCS-10 72.0 223.5 256.0 0.83 47.7
PSCS-30 71.0 221.0 258.9 0.73 46.3
PSCs5-50 75.1 217.6 260.1 0.73 474
PSCS-100 69.6 194.6 257.1 0.58 45.7
P2C8-30 77.1 245.0 269.5 0.12 75.3
P1C9-30 55.0 267.1 292.1 0.051 81.5
P1C4-30 78.1 250.6 270.0 0.075 782

stability;**"**** however, the onset decomposition temper-
atures of the cross-linked PVOH/clay aerogels decreased
monotonically with increasing absorbed gamma irradiation
doses, probably the result of PVOH radiolysis. It is interesting

to note that the maximum decomposition temperature did not
change significantly with increasing absorbed radiation;
however, the maximum weight loss rate decreased with
increasing dose, most likely due to the decreased chain
mobility of photo-cross-linked materials. The final residue
weights were not influenced by the degree of irradiation. The
gamma irradiation overall had a minor effect upon the thermal
stability of these materials, whereas increasing levels of clay
(relative to polymer) did increase their stabilities.

Combustion Behavior. The combustion behavior of cross-
linked PVOH/clay aerogels and control samples was studied
using cone calorimetry, which is widely used to predict the
combustion behavior of materials under actual fire conditions.
The relevant data of PVOH/clay aerogels, such as time to
ignition (TTI), peak of heat release rate (PHRR), mean PHRR,
total heat release (THR), time to peak of heat release rate
(TTPHRR), total smoke release (TSR), mean specific
extinction area (mean SEA), and fire growth rate (FIGRA,
can be used to evaluate their flammability), are summarized in
Table 3.

TTI, the time required to ignite the sample during cone
calorimeter tests, is thought to correlate with combustible gas
products from degraded polymer reaching a critical concen-
tration.*® In this study, P5C5-0, P5C5-30, and P2C8-30
exhibited very short TTI values, less than S s. The addition
of silicates leads to decreased TTI in most cases, probably due
to the catalysis effect of clay to the decomposition of polymer,
and the rapid temperature increase on the surface of
nanocomposites.46 For the P1C9-30 material, however, no
open fire was observed throughout the entire testing period
under 50 kW/m? of heat flux, indicating an extremely low fire
risk (also reflecting the low levels of combustible gases
present). Figure 7 shows the heat release rate (HRR) of
strengthened PVOH/clay aerogels and the control. P5SCS-0,
P5C5-30, and P2C8-30 burned rapidly after being ignited, with
the peak of heat release rate of 140.1, 137, and 73.8 kW/m?,
respectively. The HRR then decreased to extremely low values
with further increasing clay content. It is noted that the HRR of
the cross-linked sample (PSCS5-30) decreased compared with
the control sample (PSCS-0), probably because of the
decreased chain mobility and increased difficulty in decompos-
ing the network chain structure to combustible gas products. It
is obvious that the only fuel in the aerogel is PVOH, thus the
heat release depends on the proportion of PVOH. When the
PVOH content further decreases to 10% (P1C9-30), the
sample did not appear to ignite with very low PHRR of 10.7
kW/m? The corresponding mean HRR values are 28.3, 24.1,
4.12, and 0 kW/m? for P5C5-0, PSC5-30, P2C8-30, and P1C9-
30, respectively.

The THR of P5SC5-0, PSC5-30, P2C8-30, and P1C9-30 are
18.5, 16.3, 2.5, and 0.26 MJ/m?, respectively (Figure 8). The

Table 3. Burning Parameters of PVOH/Clay Aerogels®

PHRR mean HRR TTPHRR
sample TTI (s) (kW/m?) (kW/m?) (s)
P5Cs5-0 4 140.1 28.3 15
P5CS-30 S 137.1 24.1 20
P2C8-30 2 73.8 4.12 15
P1C9-30  no flame 10.7 0 15

THR FIGRA TSR mean SEA residue
(MJ/m?*) (W/s) (m*/m?) (m*/kg) (%)
18.5 9.3 139.6 112.6 78.7
16.3 6.9 182.3 113.4 76.4
2.5 4.9 258.5 333 90.5
0.26 0.7 15.0 254 94.1

“TTI = time to ignition; PHRR = peak heat release rate; HRR = heat release rate; TTPHRR = time to peak heat release; THR = total heat released;
FIGRA = fire growth rate; TSR = total smoke released; SEA = specific extinction area.
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Figure 7. Heat release rate of PVOH/clay aerogel as a function of
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Figure 8. Total heat release of PVOH/clay aerogel as a function of
burning time.

heat release of aerogels is attributed to the PVOH according to
the aforementioned discussion. However, the THR is not
proportional to the PVOH content, indicating the incomplete
combustion of aerogel sample. In fact, the underneath of the
cone calorimetry samples, protected from fire by their low
thermal conductivities, appeared unchanged after burning
(Figure 9).

Another parameter for evaluating the fire behavior is FIGRA,
which is defined by the ratio of PHRR to the time at which
PHRR has been reached. This coeflicient contains information
on both the effect of time and heat release in a fire, providing
information on flame spreading rate, the scale of a fire, and the
flammability of the material. The FIGRA of PSCS5-0 was
measured at 9.3 W/s, which decreased to 6.9 W/s of PSC5-30,
then to 4.9 W/s of P2C8-30, and finally to an extremely low
value of 0.7 W/s of P1C9-30, indicating that the strengthened
PVOH/clay aerogels have very low tendency to burn with high
concentration of clay.

Figure 10 shows total smoke release (TSR) as a function of
burning time. It can be seen that the smoke emitted during
polymer combustion is significantly decreased with increasing
clay content, from 182.3 for PSCS-30 to 25.5 for P2C8-30 and
then to 15.0 m*/m? for P1C9-30, consistent with the SEA
values in Table 3. Smoke can represent a greater danger than
fire itself, leading to rapid suffocation; the low levels of smoke

16232

P1C9-30

Figure 9. Photos of PVOH/clay aerogel residues after burning in cone
calorimeter; left top, right bottom.
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Figure 10. Total smoke release of PVOH/clay aerogel as a function of
burning time.

release from these aerogels supports their potential utility for
consumer goods design.

The volatile products during burning are illustrated in Figure
11. The CO and CO, release seems related to the clay content.
It is obvious that both gas products decrease significantly with
increasing clay content. Another phenomenon observed is the
decreases in CO and especially in CO, production with cross-
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Figure 11. Release rates of main volatile products of PVOH/clay
aerogel as a function of burning time: a. carbon dioxide, b. carbon
monoxide.

linking of the polymer. The mass loss of the samples as a
function of burning time is illustrated in Figure 12. The weight
loss occurs almost immediately once ignited, with a rate which
appears to be proportional with the polymer content. The
theoretical weight residue from burning would be expected to
be similar to that of the clay content; this estimate was found to
be low, and greater than expected quantities of residues
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Figure 12. Mass loss of PVOH/clay aerogels as a function of burning
time.
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remained. For the PSCS aerogel, for example, 75 wt % residue
remained after combustion, compared with its 50 wt % of the
theoretical value. The mass loss rates are in accord with the
photos of the residues (Figure 9), which shows the samples
were not burned completely. The top layer (fire side) of the
sample turns black with char residue, while the bottom stays
visibly unchanged. The results obtained with P2C8-30 and
P1C9-30 were even more striking, quite different from most
polymer samples, which generally leave little char residue unless
they are highly flame retarded.*’~*°

Mechanism of Flammability Reduction. FTIR was used
to examine the residues in different sample positions (Figure
13). The spectra show decreased organic content (characteristic
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Figure 13. FTIR spectra of A, B, C, and D, stands for PSCS-30, the

residue of PSCS-30 in the bottom, middle, and top layer of the sample,
respectively. The FTIR spectrum of MMT is also listed as control.

peak: 1000 cm™, which corresponds to the C—O band) and
confirmed the inhomogeneous and incomplete decomposition
of the samples. WAXD was carried out to investigate the MMT
clay within the aerogel composites (Figure 14). The clay
showed a diffraction peak with 26 at 7° (corresponds to the d-
spacing of MMT clay),”" ™ which slightly decreased to 5°
when incorporated into polymer, suggesting the existence of
exfoliated inorganic layers throughout the polymer matrix.>*
The characteristic diffraction peak almost disappeared after
burning, indicating a structural change for MMT clay. The
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Figure 14. WAXD patterns of MMT clay, P2C8-30, and P2C8-30b.
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photos and SEM results of the present study show that aerogel
composite structures remain mostly intact after burning, even
though the initial MMT structural features are lost (Figure 15).
This structure information suggests that the materials may
retain their useful properties, such as low thermal conductivity
which results from porous structures.

Figure 15. SEM micrographs of PVOH/clay aerogels and burnt
residues.

It is intriguing to determine why the bottom of the sample
was well protected from the effects of a large fire within the
calorimeter. The bottom temperatures of the samples were
monitored when burning in a cone calorimeter, with the results
shown in Figure 16. Except for PSCS5-0, which cracked and
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Figure 16. Temperature change of the sample bottom in cone
calorimeter tests.

registered an increase in bottom temperature to 450 °C, the
temperatures of aerogel samples (PSCS-30 and P1C9-30)
increased only to 150 °C, less than the decomposition
temperature of polymer, which therefore protected the
underneath of the aerogels from degradation.

Cone calorimetry tests show that irradiation-cross-linked
PVOH/clay aerogels possess inherently low flammabilities, with
their heat releases attributed primarily to their polymer content.
The heat release, smoke release, and volatile effluents of the
four compositions tested all decrease significantly with
increasing clay concentrations, leaving residue with little
changes in dimensions after burning. Cross-linking of the
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polymer further lowered the aerogel flammability, likely
because of decreased chain mobility and increased difficulty
in decomposing the network chain structure to combustible gas
products. The reduction of flammability was especially
pronounced for P1C9-30, which exhibited no open burning
and extremely low production of gaseous reaction products.
The following mechanisms can be proposed to explain the
flammability results of this study:

(1) Fuel content decreases with increasing clay concen-
tration. Silicate clays are noncombustible, hence with fixed total
mass, increasing weight fractions of clay would naturally lead to
decreased total release of heat, smoke, and other decomposition
products, the main contributors to flammability. (2) MMT clay,
itself, is a good heat insulation material with thermal
conductivity as low as 0.03 W/mK, making it promising in
many applications;>® clay provides heat and mass transport
barriers and therefore further reduces flammability. With its
large surface/volume ratio, clay provides tortuous pathways for
the oxygen and volatile decomposition products within the
aerogel structure during combustion. Once ignited, it takes a
longer time for the polymer underneath to decompose, and
then the volatile effluents come out of the polymer matrix, thus
decreasing the burning rate and the peak of heat release rate
and suppressing the smoke and volatile effluents with increasing
clay concentration. (3) The low thermal conductivity of the
polymer/clay aerogels protects the polymer underneath (side
opposite of the ignition source) from decomposing. The
porous nature of the material endows it with very low thermal
conductivity,*® which combined with a high concentration of
noncombustible clay in the aerogel maintains its structure
largely unchanged during a fire.

4. CONCLUSIONS

Chemical-free fabrication of strengthened poly(vinyl alcohol)
(PVOH)/clay aerogel composites via gamma irradiation was
demonstrated, using water as solvent and an environmentally
friendly freeze-drying process. The irradiated aerogels exhibit
significantly increased compressive moduli compared to control
materials, similar to those of rigid PU foams. Thirty kGy was
found to be the optimum absorbed dose for fabricating strong
PVOH composite for most samples. The microstructure of the
aerogels becomes denser with increasing absorbed dose and
PVOH content. TGA testing surprisingly shows that thermal
stability of the aerogels decreases slightly with increasing
irradiation doses, probably due to radiolysis of PVOH, but
increases with increasing clay content. Cone calorimetry testing
indicates that strengthened PVOH/clay aerogels possess
extremely low flammabilities, due to the low PVOH content
(fuel content) coupled with irradiation-induced cross-linking
(chain mobility). The proposed mechanism is that the inherent
inflammability of the clay filler, the tortuous path for
combustion gases within the aerogel, and the low thermal
conductivity of these materials all combine to produce the low
flammability observed. Such low flammability aerogels with
good mechanical properties are promising materials for both
structural and consumer uses.
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