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INTRODUCTION

Polymeric foams are cellular materials with wideplagations in insulating, packaging and
automobile industry because of their low weightghhistrength-to-weight ratio, good
insulating properties and high impact strengthttt@rmore, the steady increase of oil prices
in recent years led to an increase of plastic cddtsducing plastic foams can thus be an
alternative to decrease the amount of resin usedprg as the foam keeps acceptable
mechanical propertiésin this context, microcellular foams with a canied cell morphology
exhibit better mechanical properties over converiglastic foams with larger cells. It is
also noteworthy that foam stiffness is directlyatet! to foam density and cell regulafity
While traditional foaming processes have reliedhydrocarbon or fluorocarbon (CFC’s)
blowing agents, efforts are now devoted to use reavronmentally friendly gases.

In this study, we used supercritical £€&5 a physical blowing agent in a specifically gesd
single-screw extruder. This gas was chosen forrakveasons: it is cheap, non-toxic, inert,
non-flammable and it has easily attainable superali conditions (31.1 °C, 73.8 bar).
Moreover, CQ under supercritical conditions dissolves into ghhnumber of non polar
polymer matrixes to form a single-phase polymerggdsation. When the gas is injected at the
middle of the screw, it dissolves into the meltedlymer and forms a single-phase
polymer/gas solution. The melt viscosity is higlidgcreased during this step, due to the
plasticization effect of the gas. When the polym&s/ solution reaches the die, a sudden
decrease of pressure occurs. This induces a thgmaodc instability inside the polymer,
generating a large quantity of bubbles (nucleati®hg cell growth is observed until the foam
is frozen (when T <.

The morphology of the resulting foam depends oresdvparameters. The cell density is
mostly a function of the gas concentration inside polymer matrix and the pressure drop
rate€’, whereas the cell size is relied to the temperatfitee system, the time allowed for the
cell growth, the state of supersaturation, thesstrapplied to the polymer matrix and the
gas/polymer rheolody

This study reports on the continuous productionpofy(styrene-co-acrylonitrile) (SAN)
foams with supercritical carbon dioxide as foamaiggnt in a modified single-screw extruder,
which has never been described in the literatuteAteention was paid to the influence of the
temperature profile in the extruder on cell morpigyl and foam density. Cooling of the foam
at the exit of the extrusion line was also envisbg® it is proved that this treatment improves
the foam morphology by freezing the foam earliemider to avoid cell coalescenée



| - MATERIALS AND METHODS
Materials

SAN with an acrylonitrile content of 25 wt % (Lufar858N, BASF), was used in these
experiments. C&) used as foaming agent, was provided by Air Liqui@09.995 %).
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Figure 1 : Experimental setup used for the continuos production of SAN microcellular foams.

Experimental setup

A schematic diagram of the experimental equipmenshown in figure 1. Basically, it
consists of a single-screw extruder from Brabehd&8/25D) coupled with a gear pump. A
multi-stage screw with one feed section, two comsgmn sections and one mixing section
was especially designed for this application. Thémer is introduced through the hopper
and melted in the first compression section ofstrew. Carbon dioxide is compressed with a
syringe pump (ISCO 260D) and injected into the mgxzone at a constant volumetric flow.
In order to improve the gas dispersion inside tblymer, a high pressure melt pump and a
static mixer are fixed at the end of the extrudarrdd to increase the pressure and the
residence time of the matter inside the equipmespectively. The filamentary die is
cylindrical and its length can be adjusted witlt@ew to control the pressure drop fate

Experimental procedure

Polymer pellets are melted at 190 °C in the feed e first compression sections of the
screw. Carbon dioxide is injected at 150 bar abrastant volumetric flow rate of 0.5 ml/min.

After a short period of time, the operating tempae of all the heating jackets placed after
the gas injection is gradually decreased down @ @4thanks to the viscosity reduction of
the polymer/gas solution. The pressure at the gliglways adjusted to 300 bar. The foam
produced is cooled under ambient conditions owalsticooled by air flushing at the die exit

to freeze the foam earlier during its expansion.



Characterization of foams

Foams densities were calculated by measuring tightvend volume of the samples. The cell
structure was examined by Scanning Electron MiapgdSEM) with a JEOL JSM 840-A
apparatus. The fractured surface was metallizeld Rti{30 nm) before observation.

I - RESULTS AND DISCUSSION

We investigated the influence of two experimentaigmeters on the SAN foam morphology.
First, the temperature of the polymer/gas soluhas been gradually decreased down to a
minimum value of 143 °C in the die, the high pressuelt pump and the static mixer. Below
this temperature, the viscosity of the melt becoroes high and the torque of the pump
exceeds its maximum value. Under our experimergaditions, about 5 wt % of GQs
dissolved into SAN. The foams morphologies analysgdcanning electron microscopy as a
function of temperature are presented on figurevRereas figure 3 shows the samples
produced in the same conditions but directly codigair flushing at the exit of the die.

Effect of die temperature

SAN foams produced at high temperature (180 °Cewery irregular with undefined cell
morphologies (figure 2a). Pores seem to have cs#ldmuring foaming. This phenomenon
was well described by Park and co-workérsAt such a high temperature, cells have more
time to grow, leading to thinner walls. This favahe diffusion of the gas out of the cells
through the very thin walls. As a result, the puessnside the cells is reduced, and this leads
to cell collapse due to the too low melt strengthicl cannot withstand such porous structure.
The foam contraction is visually observable by ingkat the extruded foam diameter during
the continuous extrusion: the foam first expands then shrinks rapidly, leading to a poorly
foamed sample with a rough skin, which is consistéith the gas escape explanation. The
density of this foam is very high (0.8 g/ngsee figure 4), since the majority of the cetwé
collapsed.

Figure 2 : Microstructures of SAN foams produced atvarious extrusion temperatures, without cooling at
the end of the extrusion line : (a) 180 °C, (b) 17TC, (c) 160 °C, (d) 150 °C, (e) 145 °C, (f) 143 °C



When the temperature is decreased to 170 °C, p@me&sme more regular as a result of an
increase of the melt strength. The cell collapsthus limited. However, part of the gas still
diffuses out of the porous structures as indicétedhe rough aspect of the skin foam. This
explains the quite high density — 0.5 gferf these foams. Some cells are very big (up 8o 0.
mm in diameter), as a result of cell coalescena@aiming after a too long cell growth time.
The foam produced at 160 °C is characterized bylaegores that are mostly connected to
each other, giving rise to an essentially open gioroThis means that the viscosity of the
melt solution is not high enough to prevent celilescence. The average cell diameter lies
around a few hundreds of micrometers. The largeedse of the foam density down to 0.06
g/cn? proves that the majority of the injected £i® used for foam expansion and that gas
loss trough the foam skin is prevented under teesditions (smooth skin). When decreasing
the temperature to 150 °C, a well defined porouscsire is obtained and no more cell
coalescence is detected on the SEM pictures. Thsize goes from 100 to 300 um and the
foam density falls to 0.05 g/chr- the lowest value we reached for SAN. Indeedyrthér
decrease of temperature to 145 or 143 °C leaddigbtlg higher foam densities of 0.07
g/cn™, with similar foam morphology. This can be exp&nby a quick freeze of the foam
which stops earlier the cell growth. We can estaniiie critical volume expansion ratio,
V¢V, for the CQ/SAN system, with 5 wt % of gas, considering tha® % of the gas is used
for the foam expansién

ViV, = (polymer volume + gas volume)/polymer volume
=1 ilMmsan X dsan/dco
=1+ 0.851.08/0.0018- 31

where dan and &o. being the densities of SAN and €6t room temperature, are 1°Gghd
0.0018 respectively. The theoretical maximum expansidio realculated is about 31, but in
these experiments, we only achieve a maximum ofoRDincrease in SAN volume; this
means that not the entirety of €9 used for expandlng the foam.

~

Figure 3: Microstructures of SAN foams produced atvarious extrusion temperatures, with air cooling at
the end of the extrusion line : (a) 180 °C, (b) 17TC, (c) 160 °C, (d) 150 °C, (e) 145 °C, (f) 143°C



We can conclude that SAN foams with a regular molgyy are obtained when the
temperature of the polymer/gas solution is chosswden 150 and 143 °C before foaming.
This is due to a higher melt strength that prevémsgas loss and the cell coalescence during
foam expansion.
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Figure 4: Density of SAN foams versus die temperata, without and with external cooling.

Effect of air cooling

The same experiments were performed with applymagiaflush on the extruded foams at the
exit of the nozzle in order to limit the gas escéien the foam skin and get rid of foam
shrinking after its expansion. An improvement wagstexpected at higher melt temperature,
when gas loss is obvious. In this context, thecefté air cooling on foam density and cell
morphology was studied in the whole temperaturgeanvestigated. A striking influence is
observed at 180 and 170 °C, as the foam expanaimnis approximately doubled (figure 4).
The freezing of the foam skin has thus allowed @imtain the gas inside the foam thus
participating to the cell growth. However, only tieernal part of the foam was cooled down
and no beneficial effect was observed on cell cualece (figure 9a). Down 170°C, the
influence of air cooling on cell morphology is lesigvious as a similar density is observed
with or without air flush for a same temperaturs. $een on figure 4, in the range of 143-150
°C, foam densities were slightly higher under exaéicooling. This may be explained by a
restricted cell growth due to a faster freezinghaf foam. This set of experiments shows the
huge importance to homogenize the temperaturel@iofthe extrudate.

CONCLUSION

Low-density microcellular SAN foams have been sasfidly produced in a continuous
process using COas a foaming agent. We studied the effect of gnessive temperature
decrease of the polymer/gas solution on the foamphabogy, from 180 °C to 143 °C. At
high temperature, the produced foams were charaeteby a high density as most of the
cells collapsed due to the gas escape throughodra gkin during expansion. The decrease
of the processing temperature progressively suppdethe gas diffusion out of the foam as
well as cell coalescence thanks to a higher meltogity and foams with regular porosity
were obtained in the temperature range of 150-C43/\?e also demonstrated that cooling the
extruded foam at the exit of the nozzle with anflaish only reduces gas loss through the
foam skin at high temperatures, and allows to peepmams with low densities.



Nevertheless, this superficial and external coolwgs insufficient to prevent cell
coalescence during the foam expansion.

Further work will be undergone to investigate tHea of a nanoclay addition on SAN foam
morphology.
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