NOTICE

- CERTAIN DATA
CONTAINED IN THIS

- DOCUMENT MAY BE
DIFFICULT TO READ

~IN MICROFICHE
PRODUCTS.



Dode ~G01105. 3¢
THE MECHANICAL BEHAVIOR OF MICROCELLULAR FOAMS

M. H. Ozkul*, J. E. Mark®, and J. H. Aubert**
*Department of Chemistry and the Polymer Research Center SAND--91-0125C
University of Cincinnati, Cincinnati, OH 45221-0172
**Sandia National Laboratories, Albuquerque, NM 87185 . DE91 006775
(v

ABSTRACT

The mechanical behavior of microcellular open-cell foams prepared by a thermally
induced phase separation process are investigated. The foams studied were prepared
from isotactic polystyrene, polyacrylonitrile, and poly(4-methyl-1-pentene) (rigid
foams), and polyurethane and Lycra (elastomeric foams). Their densities were in the
range 0.04-0.27 g/cm3. Conventional polystyrene foams were used for comparison.
The moduli and collapse stresses of these foams were measured in compression and
compared with the current constitutive laws which relate mechanical properties to
densities. A reinforcement technique based on the in-situ precipitation of silica was
used to improve the mechanical properties.

INTRODUCTION

Microceilular foams have primarily been developed for their use in inertial
confinement fusion in high energy physics laboratories [1]. Recently, however, the
possibility of using these foams in biomedical and drug release applications has also
been discussed [2]. The preparation technique and pore structure of microcellular
foams are different than those of conventional foams. These differences are a result of
using a thermally-induced phase separation technique. First, the polymer and solvent
are heated above their critical point to form a homogenous solution, then phase
separation is induced by lowering the temperature, and finally the solvent is removed
by either extraction or by vacuum sublimation, to produce a foam. The cells thus
formed are open and have dimensions of 0.1 to 20 um which are 10 to 100 times
smaller than that of conventional foams having the same density.

The constitutive laws for conventional foams have been previously formulated [3,4]
and are well understood. Under small strains, the wall elements perpendicular to the
applied force bend and the relative modulus depends on the relative density
according to the following equation for open-cell foams:
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where E; and Eg are the Young's moduli and p; and ps are the densities of the foam
and cell wall polymer, respectively. Here C4 is a constant which was found
experimentally to be nearly equal to 1 [4]. A theoretical model [5) predicted C1=0.91.
When the applied force increases, the walls parallel to the force begin to buckle
reversibly in the case of the elastomeric foams. The collapse mechanism and the
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United States Government. Neither the United States Government nor any agency
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assumes any legai liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
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turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof,
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.



resulting collapse stress are different for the rigid polymers; plastic hinges are formed
at the adjoining points of vertical and horizontal wall elements and the collapse stress

op is given by;
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—where oys is the yielding strength of the polymer and C, is a constant which was found
experimentally to be 0.30 [4]. For the closed-cell foams the membrane forces and the
pressure of the gas in the cells should also be considered.

The elastic mechanical properties of microcellular foams have been previously .

studied [6,7] by the models given above, and the constant C, in eq.(1) was found to be
smaller than the predicted value. In this study, an attempt was made to understand the
discrepancy between the theoretical and experimental results by introducing defects
into the structure of the foams by compressing the rigid conventional ones in the
plastic region. Large decreases in the modulus were observed during the reloading
experiment. k

The polymers used to make the foams are isotactic polystyrene (IPS), poly-
acrylonitrile (PAN), and poly(4-methyl-1-pentene) (TPX) (rigid foams), and
polyurethane (PU) and Lycra (elastomeric foams). The densities of foams are in the
range 0.04-0.27 g/cm3.

A technique based on the in-situ pracipitation of silica, which has been widely used
for the reinforcement of elastomers (8], was applied and the effect of the reinforcement
on the mechanical properties was also investigated. -

EXPERIMENTAL

The foams were prepared by using the solvents listed in Table I. The test samples
were prepared by putting them between two paralie! plates and cutting the part of the
sample protruding with a blade perpendicular to the plates. The irregularities on the
surface were removed by rubbing the sample between similar plates where each
surface of the plates were covered with sand paper. The dimensions of samples were
approximatly 10X10X8mm.

Compression testing of foams was carried out using an Instron Testing Machine
(1122 model) with a 1000 Ib load cell. The crosshead speed was 0.02 inch/min, and
the strain was calculated from the displacement of cross-head. The tests were made at

a temperature of 20°C +1°C. .

The effect of sample height/lateral dimension ratio on the results was tested and
none was observed. The samples were also tested in different directions and no
obvious difference was obtained, indicating that the foams are isotropic. Although the
samples showed long term relaxation, the effect of strain rate on the modulus over a
range of an order of magnitude was not seen.

Extruded closed-cell polystyrene foams (provided by the E and C Company,
Cardena CA) were compressed to produce defects in the structure. For each
compression ralio a different sample was used, and after preloading the sample was
left for recovery, and then reloaded. The moduli and collapse stresses were
determined from the loading and reloading experiments.
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Silica Reinf I

The TPX, PU, and Lycra samples were held immersed in tetraethioxysilane (TEOS)
for 24 hours. The other samples were placed in TEOS vapor for the same period of
time. The hydrolysis of TEOS (with diethyl-amine as catalyst) was carried out
according to the reaction

Si(OC2Hs)4 + 2H20 — SiO2 + 4CoHsOH 3)

-

-

which results in the precipitation of silica particles into and onto the polymer. The

amount of silica precipitated was calculated from the difference between the densities
before and after the treatment.

Table.! Foam and poilymer properties

Foam _Polymer
Foam  pygemd) Solvent Method Pslgiem?) Eg(MPa) Oys (MPa)
IPS350 0.162 1-chlorodecane Gelation/with  1.11[9] 5600 [10] 148 [11]
IPS 351 0.155 , extraction
IPS 352 0.168
IPS 353 0.094
IPS 354  0.099

IPS444 0.137 _ 1-chlorodecane _Gelation/extrac. _
PAN 221A 0.040  Maleic anhyride Sublimation 1.18[7] 3400([7] 83[12]
PAN 247 0.092

PAN 389 0.081 Dimethylformamide  Gelation/

PAN 391 0.058 and ethylene slyrol  extraction

PAN 444 0.052

TPX 101 0.046 Decalin and Gelation/ 0.83[7] 1250 [7]
___1-dodecanol extraction .
Lycra-23 0.225 Dimethylacetamide Gelation/ 1.20[13,4] 45[13,4)
'I:H 0.234 - M20 extraction 1.20 [4] 45 [4]
0.274

TEST RESULTS and DISCUSSION

A double logarithmic plot of relative modulus versus relative density for the
microcellular foams is given in Fig.1, together with the prediction of the theory (eq.1)
for conventional foams. A least squares linear regression analysis gives a slope of
2.29 and the constant C,=0.38, which are predicted by the theory to be 2 and 1,
respectively.The similar plot of the relative collapse stress versus relative density for
rigid foams is given in Fig.2. Linear regression gives a slope of 1.85 and C,=0.15. The
theoretical curve of eq.(2), which has slope of 1.5 and C,=0.3, is also given in this
figure.

The experimental data lie well below the theorstical curves in both Figures 1 and 2.

The Eg and o values given in Table |l were taken from the literature. The importance of

the value of Eg chosen has been previously mentioned [7], where the higher the value
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Fig.1.Variation of relative modulus with Fig.2.Variation of relative collapse stress
relative density. The solid line is eq.(1). with relative density.The solidline s eq.(2).

also true for the og values, but it appears that choosing even the lowest values for Eg

and os is not enough to approach the predicted curves. Williams [6] measured the
moduli of microcellular TPX foams by using the penetration method, and he explained
the lower values of the modulus by a fraction of non-contributing material, and the
ineffiency of the contributing mass. He also observed that the foams having a loose
and randomly distributed structure have lower values of the modulus than those which
have an orderly distributed polymer structure. Jackson et al. [7], using the dynamic
tension-compression measurements, found the constant C4 to be 0.16 in eq.(1). They
concluded that the imperfect cell geometry and the inefficient use of polymer in making
up the cell microstructure were responsible for the discrepancy from the theory. They
also added that the frizible foams might have been damaged during the cutting and
mounting process.

The moduli and collapse stresses of preloaded extruded polystyrene foams are
given in Table Il, together with the prestrain values and permanent strains obtair 4
after the preloading. Permanent strains appear to be small enough not to cause a
significant densification. When the amount of prestrain increases, so does the number
of defects produced in the structure, which results in a decrease in the modulus . For a
prestrain of 65%, the modulus drops to 13% of its original value. The initial linear
portion of the stress-strain curve shows a break before reaching the collapse stress,
indicating a kind of buckling, and under large prestrains, the collapse stress
disappears. Under moderate prestrains, the collapse stresses were not influenced
very much by this process. '

In Fig. 3 the stress-strain curves for the microceliular foams are given. For both rigid
and elastomeric foams, the plateau regions of the curves show no horizontal or flat
portion. Instead, they increase continuously with the strain. Similar behavior has been
observed for the highly preloaded extruded polystyrene foams described in Fig. 4. The
length of the horizontal portions of the curves decrease when the applied prestrain
increases, and finally for higher values of prestrain it disappears entirely.

The dramatic decrease in the modulus of preloaded conventional foams and the
similarity between the stress-strain curves of these foams and the microzeilular ones

Table 1I. The Change of Modulus and Collapse Stress with Prestrain
Prestrain(%): 11.0 152 202 301 399 51.4 650
Permanent strain(%) : 5.0 74 9.1 98 1563 161 16.8

Efina/Eintia: 086 060 049 022 0.19 0.16 0.13

Ofinay/Oinitia) - 099 100 098 103 103 1.13 -
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Fig.3. The stress- strain curves of microcellu- Fig.4. The stress-strain curves of
lar foams. A:PU; B:Lycra; C:TPX 101; D:PAN 391; preloaded extruded polystyrene foam
E:IPS 351.The scale of the vertical axis is arbitrary Prestrain(%): A;0; B:11; C:20.2; D:30.1; E:65.0

indicate that the lower values obtained in the mechanical response of microcellular
foams might be due to the defects produced in the structure during production. These
defects might appear as nonuniform wall elements, cracked and broken elements, or
plasticaly deformed elements which are formed because of the non-uniform
temperature distribution present in the foam during the cooling process. Also any

- shrinkage that occurred during the removal of the solvent might be another reason.
The explanation based on the damage occurring during the shaping of samples might
be true for only the lower density and friable foams, but it is not the case for the
elastomeric or high density rigid ones which are tough enough to be shaped without
causing any damage.

The modulus and collapse stresses of the microcellular foams which are reinforzed
by the in-situ silica precipitation method are given in Table |ll. it appears thai both
moduli and collapse stresses increase by the treatment, indicating that the modulus
and yield strength of rigid polymers, and the modulus of elastomeric ones are increased
by this method. However, the ratio of the increase in the mechanical properties with the
increase in the densities is greater for the elastomers than for the rigid ones. The
samples showed shrinkage in different extents during the treatment process, and the
increase in the densities after the treatment is partially due to this shrinkage.

CONCLUSIONS

The moduli and collapse stresses of microcellular foams were compared with the
current constitutive laws of conventional foams. Although the square dependence of
the modulus and the 1.5 power dependence of the collapse stress on relative
densities predicted by the theory appear satistactory, the experimental data lie well
below the predicted curves. It is concluded that the defects formed during the
production are responsible for the riscrepancies from theory. In-situ silica
reinforcement is a convenient method to increase both the moduli and collapse
stresses of microcellular foams.
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Table lll. Properties of Silica Reinforced Foams

Foam Density Shrinkage  Si02 E/'/Ey O4'/O,
(gem3) - (vol.%) (wt.%)

IPS350 0.296 43.0 5.2 4.2 49
0.271 36.4 5.2 37 4.6
IPS351  0.244 34.3 4.9 1.9 25
0.175 7.7 5.1 1.5 1.5
IPS352  0.284 31.0 13.0 3.3 -
IPS353  0.120 20.1 2.3 1.5 1.5
0.119 17.4 29 1.8 25
IPS354  0.145 24.3 156.2 4.4 3.6
PAN 389 0.257 60.0 26.7 9.9 17.0
0.142 31.0 23.2 3.1 3.1
0.113 13.8 11.0 1.9 1.7
0.107 8.0 7.5 2.0 1.9
PAN391  0.122 45.0 19.1 24 22
TPX101  0.267 57.0 174.0 12.6 13.3
PU 0.474 33.6 13.9 54 64
0.345 17.7 16.3 3.6 4.0
0.332 23.3 43 = 26 2.6
0.270 10.0 22 1.9 1.5
LYCRA  0.344 21.0 202 6.1 53
0.330 8.0 435 5.7
0.303 10.4 25.0 28 3.2
0.269 11.1 7.0 2.6 2,

" Substcript "t"shows the treated foam properties and 6 shows the collapse stress.
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