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INTRODUCTION

Polymer foam is a special polymer composite with gas as
filler. It has been applied in many fields such as cushion
materials, thermal insulation materials, sound-proof materials
and absorbing materials for the properties of light weight,
thermal and electrical insulation, big surface area, efc'.
However, most polymer foams, e.g. polyethylene, polypro-
pylene and polystyrene, are non-polar, limiting their appli-
cations in some absorption and separation fields.

Poly(vinyl alcohol) is a polar polymer with excellent
mechanical properties, heat-resistance properties and
absorption properties. So poly(vinyl alcohol) resin has been
used to produce various products like fibers, films and adhe-
sives. Poly(vinyl alcohol) foam is of great interest, because it
is polar, multi-functional, environmental-friendly and is likely
to be used as biodegradable packaging materials, absorbents
for heavy metal ion and carriers of wound dressing, etc*®.

Great efforts have been made to develop poly(vinyl
alcohol) foam, but the conventional methods are almost based
on aqueous solution and gel due to the close melting point
and decomposition temperature of poly(vinyl alcohol), which
makes the thermal processing of poly(vinyl alcohol) very
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difficult. For example, Hofelmnn et al.” prepared modified
poly(vinyl alcohol) sponge from the aqueous solution of poly-
(vinyl alcohol) by introducing the strong inorganic acid and
formaldehyde as catalyst and cross-linker respectively. By
aqueous method, Zhu prepared poly(vinyl alcohol) foam for
medical health using glyoxal and sodium carbonate as cross-
linker and chemical blowing agent respectively®. Delvaux
et al.’ prepared the light weight mineral poly(vinyl alcohol)
foam by dissolving phosphoric acid, wollastonite and calcium
carbonate salt in poly(vinyl alcohol) solution. The blowing
agent, carbon dioxide, in this system was produced through
the chemical reaction between phosphoric acid and calcium
carbonate salt. However, all above wet processes had the disad-
vantages of long production period (over 5 h), high cost and
the residual of chemical blowing agent and cross-linker, thus
restricted the commercial applications of poly(vinyl alcohol)
foam. Freeze-drying or freeze thaw techniques for the foaming
of poly(vinyl alcohol) gel were also comprehensively studied.
Lozinsky et al.'""" prepared foamed poly(vinyl alcohol) cryogels
through freeze-thaw-induced gel formation and studied the
effect of low-molecular-weight admixture on the foaming, as
well as the effects of surfactants on the properties and structure of
gas-filled poly(vinyl alcohol) cryogels. Smith et al.'* developed
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poly (vinyl alcohol) and poly(acrylic acid) (PAA) based cryo-
foam for potential wound healing applications. The results
showed that the different concentrations of PVA/PAA affected
the thermal transitions of the cryogels/cryofoams, which might
be applied in drug delivery system.

Thermal foaming is undoubtedly a simple, efficient and
environmental-friendly technology to prepare poly(vinyl
alcohol) foam. Based on molecular complexation and plasti-
cization, our research group has obtained the thermal proce-
ssing window for poly(vinyl alcohol) by adopting an amido-
contaning compound with complementary structure to poly-
(vinyl alcohol), together with water, to weaken the inter- and
intra-hydrogen bonding among the hydroxyl groups of poly-
(vinyl alcohol), confine its crystallization, depress its melting
point and increase its decomposition temperature'*'. It should
be noted that water is an important part of the invented modifier
for poly(vinyl alcohol) and takes the key role in the realization
of the thermal processing of poly(vinyl alcohol). Moreover,
water is a kind of low-cost, environmental-friendly, non-
flammable, non-toxic and clean blowing agent and has been
practically used in the preparation of polymer foams, such as
starch foam, polystyrene foam, plastic/wood composites foam
and thermoplastic elastics foam, efc.'”?, among which the
fine dispersion of water is still a challenge due to the weak or
non-polarity of the matrix. But for our hydrophilic poly(vinyl
alcohol) system, water can disperse in poly(vinyl alcohol) at
the molecular level due to the strong interactions between water
molecules and the hydroxyl groups of poly(vinyl alcohol),
making it possible to form uniformly foam.

Based on our invented thermal processing technology of
poly(vinyl alcohol)" and taking the advantage of the multi-
functions of water, poly(vinyl alcohol) foam with uniform cell
structure was successfully produced by thermal extrusion using
water as both plasticizer and physical blowing agent*'**. In
this paper, we further systematically studied the effects of the
thermal processing parameters including initial water content
and foaming temperature on the foaming of poly(vinyl alcohol)
and discussed the mechanism of cell nucleation and growth.

EXPERIMENTAL

Poly(vinyl alcohol)1799 (polymerization degree:1750
+ 50, hydrolysis degree: 99 mol %) was purchased from the
Sichuan Vinylon Works, SINOPEC (China). The modified
poly(vinyl alcohol) was prepared according to the pre-litera-
ture®. Deionized water was used throughout the experiment.

The moisture content of modified poly(vinyl alcohol) was
prepared by adding a certain amount of water and then letting
it completely seeping into poly(vinyl alcohol) at ambient
temperature in a sealed container. The water content in modi-
fied poly(vinyl alcohol) pellets was 19.7, 22.7, 25.5, 28.2 and
32.9 wt %, respectively.

A fixed amount of the modified poly(vinyl alcohol) was
first placed into a foursquare mold and then loaded in a hot
press at the set temperature and clamping force and heated for
a certain period. After that, the clamping force of hot press
was immediately released to form pressure difference to make
modified poly(vinyl alcohol) foamed. At last, the mold was
quickly taken out and quenched down to the room temperature

for removing the poly(vinyl alcohol) foam from the mold.
The set temperature was 160, 170, 180, 190 and 200 °C,
respectively.

Characterizations

Differential scanning calorimetry (DSC): A NETZSCH
- TA 204(German) instrument was used to measure the melting
behaviour of the modified poly(vinyl alcohol). About 6 mg
sample was sealed in differential scanning calorimetry stainless
steel pans with the torque of 3.5 N m in order that the water in
the modified poly(vinyl alcohol) can't volatilize from the pan
and the measurements of samples were performed by heating
from ambient temperature to 250 °C at a heating rate of 10
°C/min under nitrogen atmosphere.

Scanning electron microscope (SEM) observation: The
cellular morphology of poly(vinyl alcohol) foam was observed
on an Inspect (FEI, Japan) scanning electron microscope
Instrument. The samples were first freeze-fractured and then
sputtered through gold coating.

Pressure drop measurement: The vapor pressure and
foaming temperature in modified poly(vinyl alcohol) was
measured by a digital transducer with both pressure and tempe-
rature sensor equipped in the cavity of the mold. Pressure drop
was the difference between the measured vapor pressure
and the atmospheric pressure. The accuracies of the pressure
sensor and temperature sensor were + 0.01MPa and + 0.1 °C,
respectively.

Foam characterization: The mean cell size and cell
density were characterized according to the method of Kumar
and Suh®. The mean cell size was obtained from scanning
electron microscope photos and the cell density (Ny) and the
number of the cells per cubic centimeters of the foam was
calculated by Eq. (1)*:

an 3/2
Nf{ . } (1)

where n is the number of the cells observed from scanning
electron microscope photos, A is the area of the photos (cm?)
and M is the magnification factor.

The apparent density of poly(vinyl alcohol) foam was
measured by weighing a sample and calculating its volume.
Five samples were selected to obtain the average. Expansion
ratio of poly(vinyl alcohol) foam was calculated using the
density ratio of unfoamed material to the foamed.

The tested samples of poly(vinyl alcohol) foam were
stored in sealed containers at 22 °C and with 50 % relative
humidity for one week before test.

RESULTS AND DISCUSSION

Ascribing to the extremely close melting point and
decomposition temperature of poly(vinyl alcohol), thermal
processing of poly(vinyl alcohol) has always been a challenge
worldwide. The usual method to realize the thermal processing
of poly(vinyl alcohol) is to decrease its melting point or
increase its decomposition temperature by adding some
plasticizers*.

Water was reported a best plasticizer for poly(vinyl alcohol).
In present water plasticized poly(vinyl alcohol) systems, the
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addition of water weakened the intra- and inter-molecular
hydrogen bonding of poly(vinyl alcohol) by forming new
hydrogen bonding with its hydroxyl groups and expanded the
free volume of poly(vinyl alcohol) as well as confined its
crystallization, thus reducing its melting point. The more the
water content was, the bigger the plasticizing effect of water
on poly(vinyl alcohol) and the more the melting point of
poly(vinyl alcohol) decreased. Fig. 1 showed the DSC heating
curves of the modified poly(vinyl alcohol) with differential
water content. In order to effectively prevent the evaporation
of water from poly(vinyl alcohol) matrix and exactly measure
the melting point of modified poly(vinyl alcohol), the high-
pressure stainless steel pan was used. Obviously, with the
increase of water content, the melting temperature (T.,) of the
modified poly(vinyl alcohol) continuingly decreased. When
water content was 9.1 wt. %, the T, of the modified poly(vinyl
alcohol) was reduced to about 185 °C and was further reduced
to about 145 °C with 22.7 wt. % water content. The decrease
of the melting point of poly(vinyl alcohol) provided the
possibility for the thermal foaming of poly(vinyl alcohol).

Endo
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Fig. 1. DSC heating curves of the modified poly(vinyl alcohol) (a) 9.1wt.
%, (b) 16.7 wt. %, (c) 22.7 wt. %, (d) 28.6, wt. %, (e) 33.3 % wt. %,
(f) 37.5 wt. %

Effect of moisture content on foaming properties of
poly(vinyl alcohol) foam: As well known, the blowing agent
was mainly consumed in the following three aspects during
the foaming process, i.e. bubbles forming, diffusing and resting
in polymer matrix. In our research systems, the bubbles mainly
formed during the evaporation of water, so moisture content,
which was directly related to the amount of the evaporated
water when foaming temperature was fixed, was the important
factor to be discussed.

Fig. 2 presented the effect of initial water content on the
expansion ratio and the apparent density of poly(vinyl alcohol)
foam at the foaming temperature of 180 °C. Obviously, the
expansion ratio of poly(vinyl alcohol) increased with the increase
of initial water content and reached the maximum when water

content was 22.7 wt %, i.e. 5.5, then decreased with the further
increase of the initial water content. Contrarily, the apparent
density of poly(vinyl alcohol) foam first decreased with the
increase of the initial water content and got to the lowest when
water content was 22.7 wt %, i.e. 130 kg/m’, then increased to
300 kg/m® when water content further increased to 32.9 wt %
due to the collapse of the bubbles resulted from the excessive
vaporization and the depressed melt strength.
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Fig. 2. Effect of initial water content on the expansion of poly(vinyl
alcohol) (foaming temperature: 180 °C)

Fig. 3 showed the cell morphology of poly(vinyl alcohol)
foams with different initial water content formed at the fixed
temperature of 180 °C. Apparently, poly(vinyl alcohol) foam
with the more homogeneous cell structure was obtained with
22.7 wt % initial water content in modified poly(vinyl alcohol).
At low initial water content (19.7 wt %), the swelled water
steam was limited in the melts and the distribution of cell sizes
was wide due to the high melt strength of modified poly(vinyl
alcohol) (Fig. 3a), while the initial water content increased to
28.2 wt %, the vapor pressure in system could be promoted
but the melt strength was not enough to sustain the expanded
bubbles, thus deteriorating the cell structure. This phenomenon
became more serious when the initial water content further
increased to 32.9 wt % ascribing to the excessive plasticizing
effect of water, which largely reduced the viscoelasticity of
the modified poly(vinyl alcohol) and caused the coalescence
and collapse of the bubbles. Only when initial water content
was 22.7 wt %, the melt strength of the modified poly(vinyl
alcohol) was suitable for both the bubbles' nucleation and
growth.

Foaming mechanism: For the modified poly(vinyl alcohol)
foaming systems, the driving force for bubble nucleation and
growth was the pressure drop between the atmospheric
pressure and the vapor pressure, which was mainly determined
by the evaporation of water. Fig. 4 showed the variation of the
vapor pressure under different initial water content when the
volume of foaming mold cavity and temperature kept constant.
Obviously, the increase of initial water content accelerated
the water evaporation, thus enhancing the vapor pressure in
the sealed cavity and leading up to the higher pressure drop
for foaming.
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Fig. 3. Effect of initial water content on the cell morphology of poly(vinyl alcohol) foams (a) 19.7 wt %, (b) 22.7 wt %, (c) 28.2 wt %, (d)
32.9 wt %, T = 180 °C, X50)
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Fig. 4. Effects of initial water content on the vapor pressure (foaming
temperature: 180 °C)

According to the classical nucleation theory, the pressure
drop usually determined the cell size and cell density of the
foams*?°. Usually, the increase of the pressure drop facilitated
the nucleation and the growth of the bubbles and induced the
formation of the foam with the high nucleation density and
small cell size”’. However, the effect of pressure drop induced
by initial water content on the cell size and cell density in this
study, which was shown in Fig. 5, didn't fully conform to the
classical nucleation theory. In water plasticizing poly(vinyl
alcohol) system, with the increase of initial water content, more
water would evaporate to enhance the vapor pressure, which
surely led to the high pressure drop and was beneficial for the
expansion of poly(vinyl alcohol) matrix. But when foaming
temperature was fixed, the initial water content influenced not
only the pressure drop but also the melt strength of poly(vinyl
alcohol) matrix. Besides as the blowing agent, a part of water
also acted as the plasticizer during the foaming processing.
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Fig. 5. Effect of pressure drop induced by variation of initial water content

on the cell size and cell density of poly(vinyl alcohol) foam (foaming
temperature: 180 °C)

High initial water content also meant the excess residual water
in the foaming system, which would decrease the melt strength
of poly(vinyl alcohol) matrix and result in the coalescence
and deterioration of the bubbles. In the optimal condition,
poly(vinyl alcohol) foam with 170 um cell size and 6.5 x 10’
cell/cm’ cell density was obtained.

Conclusion

In this paper, a novel thermal processing technology for
preparing poly(vinyl alcohol) foams using water as both
plasticizer and physical blowing agent was reported and the
effects of moisture content on the cell morphology of
poly(vinyl alcohol) foam as well as the mechanism of cell
nucleation and bubble growth were investigated. The results
showed that initial water content was the governing parameter
for the nucleation, growth and stability of the bubbles. The
increase in initial water content was favorable to the expansion
of the foam, but when a large amount of water was involved,
the volume expansion ratio of poly(vinyl alcohol) foam was
reduced due to the vigorous coalescence of the bubbles. Accor-
ding to the analysis of the effect of pressure drop induced by
initial water content on the cell morphologies of poly(vinyl
alcohol) foams, increment of the pressure drop facilitated the
nucleation and growth of the bubbles. But the contraction of
the bubbles occurred at over high saturation pressure because
the low melt strength of modified poly(vinyl alcohol) couldn't
maintain the growth of the bubbles. The optimum cell structure
of poly(vinyl alcohol) foam with the cell size 170 pm and cell
density 6.5 x 107 cell/cm’ respectively was obtained when
initial water content was 22.7 wt % at the foaming temperature
of 180 °C.
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