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which are typically aggregates of subunits, are structures for which the mass inside a
spherical surface with radius r and with its center at a point in the mass-fractal center is

given by

Mg (1) ~1° ©)

On the other hand, a surface fractal is a region with mass-fractal dimension dmas
that is embedded in a space of Euclidean dimension D=3 and is bounded by a fractal surface
with surface-fractal dimension d. 18 The fractal properties extend throughout a mass-fractal
system but are bound only of fractal systems. Surfaces demonstrate fractal properties only
on length scales much smaller than the diameters of the mass fractal aggregates. Many
properties of fractal systems can often be described by quantities that are proportional to a
power of another quantity. 17

In particular, the intensity 1(q) of the SAXS and SANS of many disordered systems
(including polymers, aggregates of particles, and aerogels) has been found to be

proportional to a negative power of

4t . O
q = —-sin(3) (10)
where q is the momentum transfer, A is the x-ray wavelength, and e is the scattering angle
(refer to Fig. 6). |
Shaefer et al. have used light and x-ray scattering to study the colloidal aggregates
of silica particles. 19 Consider a general distribution of particles in the material with density

p (r) describing a mass fractal of fractal dimension d. The differential cross section is

MTI (d—1)sin (%—1—)—)
5 (g) ~ = i

where M is the mass of the material, and I (d— 1) is the gamma function.20
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If the solid is bounded by a fractal surface, the density distribution is proportional

to three-dimensional power of the cube size. The density-density correlation function

p(r) =V—nr™¢ (12)
where V is the volume of the scattering sample, n is the proportionality constant of the
fractal surface, and d is the Hausdorff dimension of the surface.18 The Hausdorff dimension
is the fractal dimension measured under the condition that any detail smaller than the unit
of measurement is not counted. Using this result and carrying through the calculations, the

surface contribution to the differential cross section was found as

ANT (5 — d) sin (5("7"2)

o (q) ~ — (13)
q

The slope of a ng-log plot of the scattering intensity versus scattering angle
determines the surface fractal dimension.2% Note that this relation is linear (and d well
defined) only over a range of length scales for which the material is self-similar (that is for
which it can be described as a fractal).

Fractal dimensions of surface fractals can sometimes be measured by molecular
adsorption on fractal surfaces. The number of molecules to cover the set is a function of the
size of molecules. Reference 20 describes the considerable research done to determine the
small scale surface roughness (0.4 nm to the pore size) of porous solids, usually expressed
as a surface fractal dimension. This is normally determined using either molecular tiling via
the change in surface area as a function of the adsorption probe size, or small angle X-ray
or neutron scattering. When the roughness of the surface is on the order of the film
thickness, the volume of the vapor adsorbed is measured. If the pore size is on the order of
the film thickness, the poré size distribution can be determined. Plotting the log of the film

surface area as a function of the adsorbed film volume, the surface fractal dimension can be
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obtained from the slope of the linear region. In the nonlinear region, the pore size

distribution can be determined.

B. Mechanical Properties of Foéms

In order to use foam as a material in load-bearing structures, it is important to
understand its mechanical properties. In a previous study of cellular solids and brittle
foams, it was found that depending on the iype and orientation of the externally applied
load, the foam cells undergo different types of deformation.?!

Consider a foam sample under uniaxial compression, in the two-dimensional

" model. The axial beams will be under pure compression, while the oblique beams will have

some bending stresses induced in them (see Fig. 8). We will start with the discussion of

uniaxial loading on foam.

1. Deformations by uniaxial loading

Analyzing foam is difficult: the cell walls form an intricate three-dimensional
network which distorts during deformation in ways which are hard to identify. We begin
the study of foam structure by gaining a basic understanding of the mechanics of two-
dimensional honeycombs (see Fig. 4).

If the honeycomb is compressed in-plane (the plane of Figures), the cell walls at
first bend, giving linear elastic deformation. Atlower strains than €, the cell walls collapse |
and the internal volume of the cells disappears. The densification occurs on the steep part
of the stress-strain curve just below €.

An analysis of the physical mechanisms responsible for the homogeneous
deformation of three-dimensional foams has been well established.?! It relates a well
defined mechanism with each mode of deformation. For elastomeric foams, four different
deformation modes were identified: linear elasticity, nonlinear elasticity, elastic collapse,

and various manners of fracture.
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‘At low strains, elastic foams deform as linearly elastic bodies, followed by a plateau
of constant-stress deformation. This plateau is further extended because of the cfushing
together of neighboring cells to a region of densification (Fig. 7). Thus, the elastic moduli
of these materials, which are assumed as orthotropic substances, are related to the bending
stiffness of the elements composing the cell walls, whereas the elastic collapse of these
materials is caused by elastic buckling of these elements and the plastic collapse is
conducted by plastic hinges formed iﬁside these elements (Fig. 8).1 In the region of elastic

buckling the material exists in two states at almost the same stress: the linear-elastic and the

. densified states. As the strain is increased the beams thicken at almost constant stress until

the entire material has reached the dense state.

'The magnitude of the initial modulus, i.e. the slope of the first part of the stress-
strain curve, is related to the relative density of foam.2? 23 If a force F is applied vertically
to an open?bell foam, the nonvertical beams will deflect by

_GF r :
= DEJ a4
where c; is a factor which depends on the cell geometry, Eg is the Young’s modulus of the
solid cell wall material, 1 is the second moment area, and 1 is the cell dimension. Ashby’s
article showed there are simple relations between the relative Young’s modulus (defined as
E/E) and relative density and between the relative stress and relative density. The rélation

of the first modulus and relative density can be calculated to be

E__ P
£~ 20, 13

where p_ is the density of the solid, and c, is a proportionality constant, which was found to
be one for many polymer foam materials.

In similar research,2* a simple power-law relationship between various
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Fig. 7. Deformation mechanics in foams. In the linear elastic region (Region 1) cell wall

bending occurs. Beginning at the plastic yield stress o™ .; for elastic-plastic foams, there is
a plateau in the stress-strain curve where cell walls buckle (Region 2), yield, and then
fracture (Region 3). Finally densification of the foam occurs as the cell walls are crushed

together.
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Fig. 8. Example of cellular solids under uniaxial stress: (a) axial stress, (b) oblique stress.
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mechanical properties and density for polymer foams has been indicated. For instance, the

Young’s modulus relates density by
E-~p" (16)

wheré n=3 for closed-cell foams, and n=2 for open-cell foams. In all cases, the values of n
were higher for stiffness than strength. The slope in a linear log-log plot of relative stress
and relative density determihes n.

Other proposed models used to fit experimental stress-strain data were purely
empirical relations of stress to either engineering or Hencky's strain.?> These models were
presented in the study of compression data of bread and polyurethane foams.

Model 1:

8

S = T+ 60 (6—0) an

Mod;l 2:
0= e1(zp) (18)

Model 3:

¢, (1—¢ )

= T (19)

Model 4:
G = €7+ cye™ (20)

where o is the stress, and ¢ is the strain.

In the first three models, ¢; was a scale factor with unit of stress, which represented



25
the stress level before densification. The parameter c, was dimensionless, and has different
meaning in different models. Also, c; was dimensionless and described the densification
strain level.

The fourth model has a different structure. Parameters 1, c3 had stress units, and
Cy, ¢4 were dimensionless. Thé first term represented the elastic yielding nature of the
impact spohge and the second was related to its densification.

A recent report 25 showed the fit of the four models to compression data of bread

and polyurethane foams, and the fourth model was identified as superior.

2. Deformation of foam by biaxial
and multiaxial loads

It has been observed that tensile and compressive stresses result in failures of beams
of the cells, which are oriented parallel to the direction of external load.2! Different types
of deformations caused by different types and orientations of the external applied load on
the foam cells have been studied. An early paper 21 indicated that a polystyrene foam
subjected to biaxial loading failed by the maximum principal stress criterion, and it
suggested arectangular failure surface. In a more recent study of the failure mode of foams,
the author introduced a model of the eHiptic paraboloid failure surface.2! This newer model
is valid for both anisotropic and isotropic brittle cellular foams under multiaxial loading.

However, it will not be discussed in detail in this thesis.
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III. EXPERIMENTAL RESULTS

In this section, experimental measurerﬁents were developed to determine many
properties as described in section 1. Necessary test equipment for these measurements was
determined for the chosen testing methods. Standard methods were used to study the
polystyrene foam characteristics, which include density, porosity, surface area, and
permeability. The measurements of cell wall structure of foam were designed; a pressure
box was designed and built; the measurements of mecharﬁcal tests were made in Thiokol’s

testing laboratory.
A. Foam Characterization

1. Material selection and sample preparation
Polystyrene foams were chosen to be the first test material because they deploy well
in vacuum, and they are lightweight materials. These properties make them ideal load-

bearing structures in space. The compositions of three different commercial polystyrene

- foams have been tested by inductively coupled plasma (ICP) analysis at the USU Soil

Science Laboratory to determine trace element concentrations. These polystyrene samples
include a bulk sample, a block of white foam, and a block of green foam. Table 1 shows
that these samples all have the same trace elements (mostly Na, Al, and Zn), but with
different concentrations. However, the primary eiements in organic compounds (C, O and
H) were not tested by ICP. The green foam differs from the white foam primarily by the
dye, which does not affect the tests we performed. Therefore, we chose the white
polystyrene foam as the sample tested for all subsequent measurements. The melting point
of polystyrene foam used was found to be about 135 to 140 degrees C. Alternate materials
are discussed in section V. A.

We choose to study samples of commercial polystyrene foam rather than use foam
prepared by Thiokol. The Thiokol foam density, pore size distribution, homogeneity, and

isotropicity varied significantly for different deployment methods and even from run to



Table 1. Trace analysis of commercial polystyrene foams by ICP analysis.

(where < indicates element below the detection limit)

Element Al B [Ca |[Cd|Co |[Cr Cu (Fe [K [Mg |Mn
Concentration |mgkg|--- {--%- |--- |--- |mg/kg |----|---|-% |---—--- -
Bulk Chip 27 441003 [< < |2 45123 |< 10.01 |<
White foam 25 481003 |< < |3 45121 |< 10.01 |<
Green foam 21 801003 |< |k |3 4714 |< 10.01 |<
Element Mo |Na Ni [P [Pb S Se |Sr Zn
Concentration |--- |mg/kg {----|--%- |mg/kg |--%- |------ mg/kg |--—--
Bulk Chip <. |91 < |« |« < |3 |08 113.4
White foam < 259 < 10.01 |< < |3 |34 9.0
Green foam < 154 |< 001l | |5 35 7.0
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run under controlled conditions; this made a systematic characterization of the material
and mechanical properties difficult. The commercial foam was found more homogeneous
and isotropic than the Thiokol foams, but similar in other respects. The commercial foam
density was somewhat lower than the typical Thiokol foams. The mean (number-average)
molecular weights of the commercial and Thiokol foams were measured to be 1.52%10°
g/mole and 1.77* 10° g/mole, respectively, using high pressure liquid chromatography
(Varian 5000) employing a size-exclusion column (Polymer Laboratories, 300*7.5 mm,
5 W particle size). The polydispersities were 1.94 and 2.02, respectively.

Because of the plastic property of commercial polystyrene foam, it is difficult to
cut the foam accurately without crushing the cell walls. Different methods were tried. The
most uniform shape of foam was obtained by using a band saw. The error in measuring the
dimensions of the block that fits in the pressure box was less than one millimeter for ~5%
volume uncertainty. Cutting the foam does cause damage to the cell wall structure, as is
evidenced by the curvatures induced by applied hydrostatic pressure (section IIL. B. 2).
However, this damage does not extend too far in from the surface. Measurements of
the extent of open cell (penetration depth) using the imbibition method (section II. A. 5)

showed little difference between cut and uncut surfaces.

2. Properties of polystyrene foam-Density
Since the relative density characterizes the cell wall strength, the most important
property of the foam in determining its mechanical properties is the relative density. The

relative density is the ratio of the density of the foam to the density of the solid from which

the foam is made (usually called “bulk” or “neat” density). A foam with a smaller relative

density is typically better as a lightweight structure component material than a denser
material.
In the study of the relative densities, we used different experimental methods to

measure the densities of bulk and foam. Gravimetric, compression, and dissolution .
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methods were used to study bulk density. The gravimetric, Archimedes', and microscopy
methods were used to détermine foam density.

The most direct method is to measure the volume and mass of a piece of foam. An
electronic balance (Ohaus, model E400I) with an accuracy of 0.01 g was used. The density
of foam determined by the gravimetric method was 0.032 £+ 0.002 g/cmd. The primary
source of uncertainty was the volume méasurement. '

The Archimedes’ method includes three steps: First, measure the height of the water
in the beaker and its mass; second, float the foam on the water, measure the height increase
of the water, and weigh the beaker and foam again; third, apply pressure on the foam until
it is totally immersed in water and then measure the mass and water level increase.

By balancing the buoyancy force and applied force, the volume of water displaced
by bulk and closed cells can be calculated. The foam density can be determined by the

following equations:.
m
V,= L 1)
where V; is the volume of water displaced by foam, my is the mass of foam, and p s the

density of water (assumed to be 1 g/cm3). Therefore, p s is the density of foam,} which is

V(OPQ)

Pr= v @)

where Vg is the volume of foam. The polystyrene foam density was measured by using
Archimedes’ method to be 0.030 + 0.002 g/cm3. The primary source of uncertainty
resulted from volume measurements.

The gravimetric method for the bulk density is the same as for the foam density. The
bulk density was 1.06 +0.02 g/cm? by this method.

In the dissolution method, methylene chloride (CH,Cly) was used to dissolve the
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foam so that all voids could be eliminated. To make sure that no bubbles are trapped in -
the polystyrene when it is cured, a known mass of polystyrene foam is dissolved, and the
solution is centrifuged and then put under vacuum. After the solvent completely
evaporated, the test tube containing the polystyrene was filled with water. The masses of
water with bulk polystyrene and of water only (filled to the same level) were compared.
From this, the bulk density under STP (at room temperature and one atm) was 0.57 £ 0.03
g/cm3. This is much smaller than the gravimetric result and suggests that some bubbles
were still in the bulk.

The other method used to determine bulk density was compression. A block of foam
with known initial volume and mass was compressed with a hand press and the volume of
the pressed foam was measured. Only when enough pressure is applied to break all cell
walls is this measurement accurate. The result obtained was 0.25 +0.08 g/crn3. In this
case, not all voids were removed. After the external force was removed, the foam elastically
recovered (see Table 2).

The foam density can also be estimated based on microscopy measurements (see
section II1.B.1) with average cell wall thickness t and average cell radius ry. If we assume

uniform-walled spherical cells

(4wry) =
Pr_ Ve _ _4_0_3 _ 53_"‘_ 23)
Pp Vr §nr(3) To

Using this method the foam density was found to be 0.06+0.03 g/cm3. The pBor

agreement suggests the approximation of cell geometry used here is not accurate.

3. Property of foam-porosity
The porosity of foam characterizes the strength of a cell network and the transport
properties such as mass, heat, and electrical transport. Total porosity is the ratio of volume

of voids to the total volume. Different methods have been developed to measure porosity,



Table 2. Polystyrene density: (a) bulk density, (b) foam density.

Measured | Random Primary
Method Valu% Error Source of
g/cm g/cm3 | Uncertainty
Gravimetric 1.06 0.02 (2%) volume
measurement
Compression 0.25 0.08 (30%) | volume
measurement
Dissolution 0.57 0.03 (5%) volume
measurement
Tabulated 1.05 - ---
Density
Measured Random Primary
Method Value Error Source of /
g/cm3 g/cm3 Uncertainty
Gravimetric | 0.030 0.002 (5%) | volume
measurement
Archimedes | 0.030 0.002 (8%) | volume
measurement
Microscopic | 0.06 0.03(50%) | cell wall
dimension
Tabulated 0.032 --- -
Density

31
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such as the gravimetric, dissolution, microscopy, NMR, and ultrasonic methods for total
porosity. In our researc-h, the methods used were the gravimetric, dissolution, and
microscopy methods. The NMR and ultrasonic methods have been used on other materials
such as ceramics instead of foams. They were described in the review section (section
IL.A), but no results were obtained for our samples.

The most direct metﬁod is to measure the bulk density of a piece of foam. By

knowing the bulk density from the density measurements and the foam density, total

porosity can then be obtained. This method gave 93 £ 5% total porosity.

The dissolution method measures the volume of polystyrene before and after
dissolution. It was described in the density measurement; the toial porosity was 97 + 10%.

Another way to determine fhe porosity is by photographing a section of porous
material with a microscope, and then use a planimeter. A dye was added so as to make the
voids more visible. Using this microscopic method, the cell size and cell wall thickness
distributions can also be determined. Therefore, the volume of total voids and the volume
of foam can be estimated by assuming a spherical shape of the voids. The total porosity of
polystyrene foam obtained by the microscopic method was 95+ 28 %.

A typical method to measure the available porosity is the gas expansion method. It
is a direct measuremeﬁt of the volume of gas contained in the open pore space. This céh be
achieved either by evacuating the air out of the foam, or by enclosing a foam sample of a
certain volume in a container (the pressure box) (Fig. 9) which has a known volume.
Connect the pressure box with another container (gas handling system, GHS) (Fig. 10) of
known volume, then fill in the GHS with a certain amount of nitrogen. After the valve
between pressure box and GHS is opened (Fig. 11), the balanced pressure of the system
permits one to calculate fromideal gas law the gas volume that was originally in the porous

material. The initial amount of gas is proportional to P;V g, where P;is the initial pressure -
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and

Vons = Vst Vi + Vi (24)

where Vgpg 1s the total volume of gas handling system, Vg, is the small standard volume,
Vigv 1 the large standard volume, and V|, is the volume of manifold. The volume in the
pressure box can be written as “

Vtotal = Vb + Vc + Va +V (25)

space

where Vy, is the volume of bulk polystyrene in the foam sample, V. is the closed cell
volume of foam, V,, is the available volume or open cell volume, Vpace is the rest of the

unoccupied volume in the pressure box. Apply the tabulated value of bulk density p, into

Vp = == | (26)

After the valve is opened we have

PiVGHS = Pf(VGHS + Va + Vspace) = Pf(VGHS + Vtotal - Vb - Vc) @7

where Py is the final pressure. This can be used to determine V.. Then V,, is found from the

measured total volume of the foam sample Vgas

Vf = VC+ Va+ v, » (28)

The total volume of voids can be calculated by

=V

total ~

1% Vb—V =V +V (29)

voids space c a
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The total porosity is Vygigs/ V and the available porosity is V, / V¢. Using this
method, the total porosity is 95 = 4%, and the available porosity is 1.5 + 0.3%. The
uncertainty is mostly from the measurement of the volume of pressure box.
Another way of measuring the porosity is the imbibition method. The imbibition
method measures the change in mass of a soaked foam outside the liquid and the volume

of liquid that was soaked up. Let

Am = m g, —m; (30)

where myg, ) is the total mass of the soaked foam. Assume the volume of the open cells is

very small compared to the total foam volume. The penetration depth of the imbibing liquid
is

Am

Afpw

X =

(1)

where A is the total surface area of the foam sample block, and p_ is the density of the

imbibing liquid. The available porosity will be

Am
(=)
a Vf .
Also, the trapped volume will be
Am
w

The available porosity obtained by this method was 2.3 & 0.07 %. The trapped
volume was 30+ 1 cm? out of 40 + 2 cm? of total foam volume (75% of total volume).
An innovative method used for the study of porosity of foam is the Archimedes’

method. The foam sample of known mass and volume was immersed in water and forced
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(by an applied weight) totally under the water level. Take the density of water to be 1g/cm>.
Assume the ratio of the foam volume to available volume is equal to the ratio of the

foam available surface area to total surface area.

A Vv
A Y
ATV (34)

where Afo is the surface area of foam without the open cells.

- In order to find V,, we need to calculate the rise of water level x after the foam was
forced into the water (since this change will be very small, the uncertainty in displacement
is the major source of error in this method). The buoyancy force is balanced by the

gravitational force produced by trapped volume. For

Vo= g~ (35)
(7))
vV
f
using x (A, — A}) = Vf— V,» where use was made of Eq. 26, and Ay, is the cross area of
the beaker which contains foam sample and water. The available porosity is given by the
definition

P =

a

(36)

'~;<| a<

From these relau'onsy we found the total porosity ;vas 96 * 8 %, the available
porosity was 16 + 10%, and the trapped volume of a unit weight was calculated to be
30 + 2cm’/g out of 332 2 cm/g (91% of total volume).

Generally speaking, the results obtained from different methods for the total and

available porosity and trapped volume all agree with each other except for the dissolution

- method (see Table 3). The inaccuracy of data from dissolution method is mostly caused by

the existence of persistent voids. The results showed that most of the polystyrene foam



Table 3. Porosity of polystyrene foams: (a) total porosity, (b) available porosity.

Random Error

Measured - Primary Source of
Method Value% ggézgt‘g nty%) Precision
" Gravimetric 93 5 (5%) volume of bulk
Dissolution 97 10 (10%) volume of bulk
Microscopy 95 28 (30%) cell wall
dimensions
Archimedes 96 8 (8%) volume of bulk
Pressure-volume 95 4 (4%) volume of pressure
curve box
Random Error .
Method %,daiﬁselged (relative llznmrgzlli'gnSource of
° uncertainty%)
Imbibition 2.30 0.07 3%) available volume
Archimedes 16 10 (60%) foam volume
measurement
Pressure-volume 1.5 0.3 (20%) volume of pressure
curve box
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consists of voids in the form of closed cells.

4. Foam property-surface area

To help characterize the porosity and outgassing, it is necessary to measure the
surface area of the foam. Two methods, the BET method and vapor pressure isotherms,
have been considered.

The multimolecular adsorption‘ theory of Brunauer, Emmett, and Teller, referred to
as the BET method, has occupied a central position in adsorption studies.?® This is because
this method yields a useful two constant equation from which surface areas and
approximate heats of adsorption can be readily calculated. The specific surface area of a
solid is defined as the surface area per unit mass. The monolayer capacity is defined as the
quantity of adsorbate that would be required to cover the adsorbent with a

monomolecular layer only. The specific surface and the monolayer capacity are related by

2 =0269%x0, Xv, 37)
where o, is the area in square angstroms which one adsorbed molecule would occupy in the
completed monolayer, and v, is the volume which one adsorbed molecule would occupy

in the completed monolayer. The BET equation is

. vV, XCXp

(o—p) X (1+ ((c=1) x 2Y) 8
Dy

where v is the volume adsorbed at relative pressure, ¢ is a constant characteristic of
the absorbate-absorbent pair, pg is the saturation vapor pressure, and p/pg is the relative

pressure.
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This equation is capable of describing the adsorption isotherms. By knowing that a
clear surface is thermodynamically unstable to adsorption because the surface tension
decreases with increasing adsorbate particle density, the adsorption isotherm can be
obtained by plotting the surface strain with respect to the adsorbate vapor pressure. The
value of v, can be calculated from the slope of the BET isotherm. Based on the BET
method done at the USU Water Research Laboratbry, the total specific surface area of
polystyrene foam was 5.4 £ 0.3 m2/g (this is the surface area 6f the available volume only:
Ag- Afo). For comparison, note that high surface area powders such as MgO smoke or
éxfoliated graphite have specific surface areas of 2 to 50 m2/g, soils have specific surface
areas of 50 to 250 mz/g, and sol-gels and aerogels have extremely high specific surface

areas of 100 to 1000 mQ‘/g.

5. Property-pex;meability

Permeability is the property of a porous material that characterizes the ease with
which a fluid may flow through the material. The imbibition method and BET‘ adsorption
isotherm were used to measure the permeability of foam.

The imbibition method was described in detail in the section on porosity
measurements. In the permeability measurements, a foam sample was immersed in water
containing a dye. The foam sample was weighed before it was immersed, and again after a
week. The penetration depth is found by
_ (Mp-Mp

T

(39)

where Mfo is the mass of foam when the available volume is filled with dye water, Mgis the
mass of empty foam only, and A is the total surface area of foam sample.
The foam was cut open and the depth that the dye water penetrated was measured.

The penetration depth of dye water was 0.25 mm in a week, which was much smaller than



42
the dimensions of the foam sample (2.5%2.5*2.5 cm). In repeated experiments, data was
shown reproducible (refer to lower curve in Fig. 12). This result showed the closed-cell
structure of polystyrene foam.

Further tests for permeability of foam were also performed. When a surfactant was
added to the dyed water (a few drops of liquid soap in ~ 500 ml water), the penetration
depth doubled (Fig. 12). This result demonstrates the fact that adding a surfactant helps to
wet the foam surfaces, because it increases the surface tension.

There was also a difference in the penetration of treated foams and untreated foams.
Treated foams had been subjected to either an external applied pressure of from 1 to 5 atm
or to a vacuum (refer to section III.B. 2 for further details). These pressure treatments may
have damaged or broken the cell wall, thereby increasing the available volume. When the
imbibition method was applied to treated foams [especially the one prepared under the
highest pressure (5 atm)], the penetration depth was found to be about twice that of an
untreated foam. The plots of penetration depth versus time elapsed for foams treated by low
applied pressures were similar to each other (Fig. 13).

The penetration depth approached a saturation limit T (Fig. 13) at long times.

We postulate this was related to the available volume becoming filled with imbibing liquid.
The saturation depth, defined as Ty, is plotted versus applied pressure in Fig. 14. The
increase in saturation volume with applied pressure differential confirms that damage was
done to some cell walls, thereby increasing the available volume.

The penetration depth as a function of time can be 'related to the permeability of a
material. Bear and Irmay show?’the depth of the penetration front { () of a fluid through a

porous medium in time t is given by

PE.,. _ P, ;
(H0+ﬁ)



