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ABSTRACT
Properties of Rigid Foams for Application as Materials

for Light Weight Structures in Space
by

Huichen Chi, Master of Science
Utah State University, 1993
Major Professor: Df. John Robert Dennison
Department: Physics :

The mechanical and mesoscopic structural properties of rigid cellular foam made
of polystyrene have been investigated. Basic properties (e.g., density, total and available
porosity, permeability, surface area, isotropicity, and cell size and cell wall thickness
distributions) were measured. In most cases, alternative methods were used to determine
which methods were most appropriate for the type of samples we studied. Standard
compression and deflection mechanical tests were performed. The stress-strain curves and
related mechanical properties were found to agree with standard cellular structural models
of open-cell foams.

We investigatéd the effects of small (~ <5 aém) hydrostatic stress applied to foam
saméles for long periods of time (~ one day). We observed large changes (up to a factor of |
three) in the stress-strain diagrams, Young’s modulus, elastic collapsc stress, ultimate
strength, resilience, Poisson’s ratio, permeability, penetration depth, and available

porosity. Effects were most pronounced above 2 atm applied pressure differential, but



viii
were observed even for 1 atm loads. Short-term exposure to loads up to ten times as large
did not cause comparable changes. These changes were interpreted as resulting from
observed changes in the mesoscopic structure occurring near the surface using standard
cellular structural models.

This work was originally motivated by applications of foam as an inflating agent
and structural component of fiber-epoxy composite tubular struts tb be used in‘innovative
space structures. The key recommendations of this study, regarding such applications, are
fo closely monitor the effects on the mechanical properties of polystyrene foam of: (1) cell
structure and density inhomogeneities, and (2) pressure differentials which may be
encountered during deployment and curing.

(100 pages)



I. INTRODUCTION

This research has been motivated by the need to find appropriate foams for light-
weight space structures. Traditional construction projects in the space environment use
preformed components fabricated on earth and assembled in space. Flexibility in design is
limited and the cost is high. The innovative space structures proposed by the Thiokol
Corporation use foam-reinforced structures fabricated on location in space (Fig. 1). Foam
was chosen to fill the strut to give it strength and rigidity, and to inflate the strut (Fig. 2).

We have studied materials selection for such struts, which include the skin tube,

polymer binder, and foam. The purpose of this research is to look at one component, foam.

By studying certain properties and carrying out tests on some trial materials, we hope to
determine how to choose the best foams for this application.

The struts must be rigid to minimize vibration and maintain dimensional tolerance,
have low thermal expansion to withstand high temperature gradients in space, and have no
negative effects on the other components of the struts or the space environment (e.g. out-
gassing). Therefore, the most important properties are mechanical strength and rigidity.
Other material properties, such as density and porosity, are studied primarily with regard
to how they affect the mechanical properties. L

The foam materials being considered as the best for Thiokol’s application to struts
are acetone-swelled polystyrene, urethane foams, and silica sol-gels. Polystyrene foam
was chosen to be the first test material because it offers desirable properties as an
innovative material for application as a lightweight structure in space. It is found to
deploy well in a vacuum and it has a low density. Polystyrene is the material presently
being used at Thiokol to develop deployment methods and characterize the composite
foams.

In order to study the general structure and mechanical properties of foams, we
reviewed physics theories applicable to cellular foams in section TI, which provides insight

into and allows pfediction of the strength of these foams. In the study of the general



FIG. 1. Materials for innovative space structures. The apparatus shown at bottom right has been used at Thiokol to deploy foam
filled struts as shown at top right (across section of the strut is shown at center. related projects at Thiokol include Gossamer foam
structures(bottom left) and alternative struts (top left) (Reference from Thiokol Co.).
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4
structure of foams, density was found to be the most important aspect. Their light weight
makes foams the ideal load-bearing materials in space. Useful properties related to density
such as isotropy, open and closed cell structures, permeability, and porosity will be
discussed. Applicable theories including fractal dimension and percolation theory will
also be addressed in this section. Other essential characteristics of foam are their
mechanical properties, which are also reviewed in section II. In a previous study of
cellular solids and brittle foams, it wa§ found that depending on the type and orientation of

the external applied load, the foam cells underwent different types of deformation. 1

- Therefore, the discussion of mechanical properties of foams was grouped into two

categories: deformation by uniaxial loading and multiaxial loading.

Experimental measurements were developed to determine many of these
properties as described in section III. Necessary test equipment for these measurements
was determined for the chosen testing methods. Standard methods were used to study the
polystyrene foam characteristics, which included density, porosity, surface area, and
permeability. Testing equipment used for structural studies was either built or borrowed.

In the measurements of cell wall structure of foam, a pressure box was designed and built.

The measurements of mechanical tests were done at Thiokol’s testing laboratory. We also

started the measurement of the density gradient of both commercial polystyrene foam and
man-made polystyrene foam provided by Thiokol.

The results of measurements are compared with the requirements for our
applications in section IV. In the analysis of results, a summary of foam characteristics
will be presented that is based on the goal of fulfilling the requirements of material
selections as lightweight and strong materials. Also, determination of the mechanical
propertiés of foam will be compared to the result of a previous work done by Ashby. 1

A few additional measurements of foams as further research will be proposed in

section V. Alternate foam materials such as polyurethane and aerogels were selected and



some of their properties will be compared to the properties of polystyrene foams. The
density uniformity of polystyrene foam will be better understood by further tests. Other
properties considered useful are thermal properties and outgassing of foams.

Finally, the conclusions of this research will be presented. We will review our
results on the basic properties of rigid polystyrene foam with emphasis on the mechanical
properties and will discuss how our results relate to current theories of the mesoscopic
structure of foams. At the conclusion of this research, the following questions regarding

our particular application for foams will also be addressed: (1) Which foams are

-appropriate for our applications in lightweight space structures? (2) What did we learn

about the material selections process? (3) Are our evaluation methods and criteria
applicable to other potential foams? (4) Will the same evaluation methods be appropriate
for material selections for the other components of the struts? (5) How could the

evaluation process be improved? (6) Do theories help predict useful material properties?



II. REVIEW OF UNDERSTANDING OF FOAM STRUCTURES

In order to study the general structure and mechanical properties of foam, physics
theories applicable to foams will be reviewed. These theoretical bases will provide insight
into and allow prediction of the strength of foam.

In previous work on the foam structures, 2 foams were characterized as a skeletal
sfructure surrounding cells. For example, coffee cups and crash padding of an aircraft
cockpit are foam products in our everyday lives. A cell is a small component, an enclosed
Space. Porous materials are assemblies of cells with solid edges or faces, packed together
so that they fill space. A cellular solid is one made up of an interconnected network of solid '
struts or plates that form the edges and faces of cells. The cells are polyhedra ;hat pack
in three dimensions to fill space; such three-dimensional cellular materials are called foams.

The density of foam is related to the porous property, conductivity, and strength of
the foams. The low density, low thermal conductivity, and crushing ability of polymer
foams make them ideal load-bearing materials for structures in space. It is crucial to study
both the density of the foams and the cell wall strength to determine the best material for

the struts. In the applications of foams, the structural properties depend on the density and

. on the direction of loading. These two important aspects will be discussed in the following

sections. The properties of foam structures considered below are the relative density,

isotropy, open versus closed cell structure, permeability, porosity, and fractal dimension.
A. General Structure of Foams

1. Density
The most important aspect of the structure is the relative density r, which is the ratio

of the density of the foam to the density of the solid from which the foam is made.
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where p, is the density of foam, and p, is the bulk density. The bulk is the solid from
which the cell walls are made. Polystyrene bulk density is 1.05 g/cm3.1 Polymeric foams
for cushioning, packaging, and insulation have relative densities between 0.05 and 0.2.
When the cell-wall density of foam is ﬁnknown, it can be estimated with an error less than

15% based on relative density of the foam alone.

2. Isotropy

Isotropy implies that the structure and properties of a foam exhibit no preferred
direction. When the individual cells are uniaxial, the structural properties are isotropic, but
when cells are enlongated, the properties depend on alignment of the cells. Almost all man-
made foams are anisotropic. However, their cells can still be described by one of the regular
polyhedron, the tetrakaidecahedron. 1 The structure will be discussed in the next section.

We found it necessary to study both the isotropic foams and the anisotropic foams.
Studies of cork structure demonstrated the importance of the anisotropic nature of some

foams. Different strengths in the longitudinal and perpendicular directions of the cork make

it a good sealing material for wine bottles. This thesis starts with the research of commercial

polystyrene foams, and will present possible experimental processes for the anisotropic

foams.

3. Open and closed cell

A more important designation than the shape of the cells is the distribution of the
solid between the edges and the cell walls. Some foams are closed-cell foams (such as a
soap foam), others are open-cell foams (for example, sponges). Of course, some foams may
have both closed and open cells. If the solid of which the foam is made is contained in the

cell edges only, the foam is called open-celled. If the faces are solids too, each cell is sealed



off from its neighbors and it is called closed-celled (Fig. 3).

In the closed-cell foams, the solid material is distributed in Little plates which form
the faces of the cells. The walls are of approximately uniform thickness and are much
thinner than the edges. The edges have uniform cross section along their length, thickening
only when they meet each other. On the other hand, the solid material is distributed in little
beams that form the cell edges for the open-cell foams. The walls are retracted.into the
edges and the structure consists of a framework of struts in space.

Different models have been suggested to describe the distribution of the directions
of the cell edges in any cross-sectional area. The proper choice of equations depends on the
dimensionality of the structure and on whether a foam has open or closed cells.

The simplest model for a foam structure includes identical spheres uniformly
distributed in a solid matrix.! The open-cell and closed-cell foams are modeled in two
dimensions by a honeycomb, of which the edge length is 1 and the cell wall thickness is t
(Fig. 4). Assuming low relative density (that is t<<l), the relative density of an open-cell
foam is given by

g’i - i @
where the bulk material is contained in beams of length 1 and cross sections of t by t. The

relative density of a closed-cell foam is then

€)

where the bulk material is contained in plates of thickness t and area 1 by 1. The
proportionality constant depends on the details of the cell shape.
Polymers are foamed by introducing gas bubbles into the liquid monomer or hot

polymer, allowing the bubbles to grow and stabilize, and solidifying the whole thing by



Closed cell

Open cell

FIG. 3. Example of closed cell and open cell foams (after reference 1).
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FIG. 4. Structural model of homogeneous uniform foams.
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cross-linking or cooling.

A typical polymer foam is characterized by closed cells of a roughly uniform size.
But, even those with closed-cell faces behave structurally like open-celled foams because
surface tension draws much of the solid material into the cell edges during manufacture,
leaving a thin skin framed by thicker edges. When the foaming process places restrictions
on the ﬁow. of the polystyrene, the cells get elongated in the direction of free flow. Such
anisotropy of structure is common in low-density foams.

The distinction between open and closed cells is obvious from the micrographs, but

it can also be determined from the permeability of the foam to a gas or a liquid.

4. Permeability

Permeability is the property of a porous material which characterizes the ease with
which a fluid may flow through the material. It is defined frbm an empirical relation
demonstrated by Darcy in 1856.3 If v is the volume of fluid crossing unit area per unit time

under the pressure gradient dp/dx, for small v,

n¥ax "7 (4)

where k is the permeability and 7 is the coefficient of viscosity of the fluid. Itis found 3 that

Darcy’s law holds for R less than 5. A Reynolds number is defined as » = aan (where a is

~ the average pore size and p is the fluid density). To relate the permeability and the

fundamental properties of the medium, Kozeny’s equation is a good approximation to the

permeability of materials with few closed cells. 3 That is

b= L2
Sla-p?d . ©®

where p is the available porosity, and s is the total surface area of the particles in a unit

volume of the medium.
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5. Porosity
In the study of the structure of cellular solids, important parameters are porosity,
cell size, and cell shape. Mechanical properties depend on porosity and cell shape and only
weakly on the cell size. We also need to study the porosity of foams to determine the
permeability, as discussed above. Porosity is also an important parameter in describing
transport properties (e.g. mass, heat, and electrical conductivity).

Total porosity is the fraction of volume of voids per unit total volume, given as

Vvoids (6)

Vfoam -

p total =

From the relation of closed volume and available volume, we can derive that total
porosity is related to the relative density by

s | %

Diotal = 1- Py

oam

where P, is the total porosity, V,,,,, is the volume of all voids, and V,,,,, is the total
volume of foam.

Available porosity (the ratio of open cell volume to total foam volume) is known as
the open cell fraction, and is less than the total porosity. The trapped volume is the closed
cell volume, which is the total volume excluding the cell Walls and open cell volume.

Porosity can be measured by a great variety of methods.* A straightforward method
is to measure the bulk volume of a piece of porous material and compact the body so as to
destroy all its voids, and to measure the difference in volumes.

Another way to determine the porosity is by photographing a section of the porous

medium with a microscope, and then use a planimeter. The pore size distribution can thus

* be determined. Such visual methods of porosity determination have been applied by

Zavodovskaya (1937) to porcelain, by Dallmann (1941) to bread, and by Verbeck (1947) to
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concrete.” Difficulties will be encountered if the porous medium is dispersed. A dye can be
added to the impregnating materials so as to make the voids more visible.

Density methods include measuring the outside dimensions and weighing the piece
of material before and after crushing. A volumetric displacement method (use a non-
wetting fluid, e.g. mercury) measures the change in weight of a soaked porous medium
outside the liquid or measures the volume of liquid soaked into the foam.

A typicél method to measure i)orosity is the gas expansion method. It is a direct

measurement of the volume of gas contained in the open pore space. This can be achieved

. either by evacuating the air out of the specimen, or by enclosing the specimen of known

bulk vdlume and a certain amount of gas in a container of known volume under pressure,
then connecting this with an evacuated container of known volume. The new pressure of
the system permits one to calculate the accessible volume and available porosity from the
ideal gas law. The gas expansion method was originally employed by Washburn and
Bunting (1922).

One proposed method for the study of porosity is nuclear magnetic
resonance (NMR).6 The application of NMR spin-lattice relaxation measurements of water
contained in porous solids was investigated in the article as a possible tool for the
determination of pore structure. In principle, water contained in a pore will relax faster than
bulk water. The relaxation is partly caused by the interaction of the solid surface with fluid
molecules near the surface. Thus the relaxation rate provides direct information about the
surface-to-volume ratio. Therefore, the pore sizes in a porous structure can be determined.
According to the fast diffusion theory, there is a local averaging of the molecular relaxation
over regions, having dimensions of the order of this diffusion 1ength.7 Numerical laplace
inversion of the relaxation data provides information about the size distribution of the
pores, spatially averaged by diffusion over a length scale of several microns.

Another method for measuring the porosity uses ultrasonics. Ultrasonic
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characterization of porosity in composite materials and ceramics by time delay
spectrometry has been shown in papers. 8.9 In order for this method to be effective, the
material pore size was assumed. Each pore in these materials was considerably smaller than
typical ultrasonic longitudinal inspection wavelengths, and provides only negligible
scattering. The characterization was dor-m with optical microscopy, radiography, and
ultrasonic techniques. All of the techniques delineated the porosity distribution in varying
degrees and different ways. Porous study specimens with controlled void volume

percentages, pore sizes, and distributions have been produced using careful moisture and

- thermal management techniques. Measurements of ultrasonic attenuation have been made

at multiple frequency values utilizing time delay spectrometry (TDS).IO’ll Existing models
have been used to calculate apparent porosity volume percentages and pore sizes from the

ultrasonic data.

6. Fractal Dimension

Recent developments in theoretical physics have allowed descriptions of the open
structural nature of a material in terms of the fractal dimension. Compact bulk material is
three-dimensional, while a material made of very thin membranes (e.g. soap bubbles) can
be said to be two-dimensional. Intuition suggests that foams, made of thick walls and
beams, have “dimensions” somewhere between two and three; the fractal dimension
provides a well-defined theoretical concept to quanﬁfy just such a phenomenon.

Obviously, the fractal dimension, which is related to such key structural properties
as cell size distribution and cell wall structure, may provide a valuable parameter for
theories characterizing the mechanical properties of foams. Relative density has been found
to be an essential parameter in describing the mechanical properties of foams. However,
density alone can not distinguish between a foam with few large cells and relatively thick
cell walls and a foam with many smaller cells and relatively thin cell walls. These two

extremes obviously can have drastically different mechanical properties. Not only can
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the fractal dimension distinguish these two cases, but it provides a natural method to
describe distributions of cell sizes and wall thicknesses.

The fractal dimension of a lignite coal has been measured using small-angle x-ray
scattering.12 The fractal dimension was determined to be 2.56 * 0.03. Fractal dimensions
are used to model] important properties of foams. For instance, a scaling relation was
developed for the fracture strength of a porous material or random network near the
percolation threshold. ! Involved parameters are porosity, elasticity and coherence length,

and fractal dimension. The diffusion of gases through foams with nonuniform cell sizes was

described using fractal models by Kimball and Frisch.! The fractal dimension and ways

to measure it will be discussed in this section.

Fractal dimensions have been studied for over 50 years, although the term "fractal”
was not invented until 1975 by Mandelbrot.1® The geometry of many natural objects
ranging in the size from the atomic scale to the size of the universe may be of the fractal
structure. A fractal is a shape made of parts similar to the whole in some way, a property
which is called self-similarity (Fig.IS).
d16

The fractal dimension d is defined™” by

d
r

NG = G @

0

where N(r) is the quantity obtained by measuring a fractal material with a measuring gauge
of size 1. For example, N(r) can be the number of particles of radius ry which lie within a
sphere of radius r centered on an arbitrary particle.

Small angle x-ray scattering (SAXS) and small angle neutron scattering (SANS)
have been found to be especially well suited for studying the fractal nature of disordered
systems, including polymers, aggregates of particles, and gc:ls.17

In discussions of the use of small-angle scattering to study fractals, it is important

to consider two types of fractal systems: mass fractals and surface fractals. Mass fractals,
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FIG. 5. Example of a surface fractal. The jéggcd curve is the self-similar fractal surface.
The spheres indicate the measurement of surface area as a function of the size of the

sphere.
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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

My gss (r) ~1° ©)
On the other hand, a surface fractal is a region with mass-fractal dimension dp,
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 I(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
4n . 6
q= n sin (5) (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) descﬁbing a mass fractal of fractal dimension d. The differential cross section is

MI'(d-1) sin(@)

c(q) ~ r: (11)

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-n"? (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.!® 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 (1‘(—‘12_—11)

S (q) ~ — (13)
q

The slope of a lqg-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



20
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 type 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 g,.

An analysis of the physical mechanisms responsible for the homogeneous
deformation of three-dimensional foams has been well established.2! 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 cﬁshing
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 openibell foam, the nonvertical beams will deflect by

c1F13

%= 2E1 (14

where c; is a factor which depends on the cell geometry, Eg is the Young’s modulus of the
solid cell wall material, I 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
£, = () (15)

where p_ is the density of the solid, and ¢, 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
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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:
3 - Cy8
O T+e0 (-0 a7
Mod¢l 2:
c = cl(cz—-e) (18)
Model 3:
¢, (1—¢ %)
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
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the stress level before densification. The parameter ¢, was dimensionless, and has different
meaning in different models. Also, c3 was dimensionless and described the densification
strain level.

The fourth model has a different structure. Parameters 1, c3 had stress units, and
Cy, C4 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.?! 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 jndicated 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.?! 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 measurefnents 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 1in 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 47114 |< 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 < < 13 |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 III. 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 III. 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 tﬁe density of the solid from which
the foam is made (usually called “bulk” or “neat” den-sity). 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/cm>. 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
vV, =2 Q1)
where V , is the volume of water displaced by foam, my is the mass of foam, and p  is the

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

V(Opo)

ps= v; @)

where V¢ 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/cm3. 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 III.B.1) with average cell wall thickness t and average cell radius . If we assume

uniform-walled spherical cells

d="=-___ -7 (23)

Using this method the foam density was found to be 0.06£0.03 g/cm3. The p{)or

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
IT.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 céui 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;Vgyg, where P; is the initial pressure -
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and

Vons = Vst Vit Vi (24)

where Vg is the total volume of gas handling system, V, is the small standard volume,
Vigv is the large standard volume, and V,, is the volume of manifold. The volume in the

pressure box can be written as

V

total

= 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, Vspace is the rest of the

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

v, =1
b P, ‘ (26)
After the valve is opened we have
PVons = Pr(Vous+ Vot Voacd) = PrVoust Viga=Vy— Vo) 27)

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

measured total volume of the foam sample V¢as
Vf =V +V, +V, » (28)
The total volume of voids can be calculated by

=V

total

Vv

voids

—Vb—V =V +V (29)

space c a
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The total porosity is Vyqiq5/ 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 mys, ) 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
A P,

X =

€)Y

where Ag 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
(=)
Py= (32)
a Vf .
Also, the trapped volume will be

Am
Ve=Vi=Vy— o (33)

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 1 g/cm3.
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,V
_f__a
1 4”7, (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

L Vymxhy A, |
gEn
Vy

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

Vv

a
P,=5 - (36)

~,

From these relations‘ 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+ 20m3/g outof 33+ 2 cm3/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
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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 Measuted | ejative Primary Source of
0 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

39
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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. 20 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, XCXDp

v =
(po—p) X (1+ ((c—1) x £))
Do

(38)

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-
Agf- 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 m2‘/g.

5. Hopeny—pemeability

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

T = (M - M f)

~Ap, (39)

where Mfo is the mass of foam when the available volume is filled with dye water, M¢is 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 (.25 mm in a week, which was much smaller than
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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)
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where p is the fluid density (10 3 kgm 3 for water), g is the acceleration of gravity, W is
the viscosity (1.002*10 3 kgm 1 -1 for water at 20 degrees C), n, is the effective or

available porosity of the medium (0.023 from Table 3), H is the depth of the fluid above

the sample (approximately 2 cm), P, is the ambient room pressure (approximately 0.8 atm

or 8240 mm H,0), and k is the permeability. This assumes that Hy is constant, the
penetration front is a step function with the partial pressure of the fluid changing form zero
to P abruptly, that there are no effects of wetting, and that the available permeability is
homogeneous throughout the sample.

The last two assumptions are known to present problems in our case. The doubling
of the penetration depth with the addition of a surfactant indicates that wetting does occur.
It would have been bettér to use a non-wetting fluid such as mercury, which is commonly
employed in permeability and porosity tests. However, this effect should not haye a large
effect on the relative changes in permeability as a function of treatment with pressure
differential. We expect the permeability to decrease with penetration depth as cell wall
damage is reduced. Thus we would expect the above model to overestimate  at large
times.

The predictions of Eq. 40 for the untreated foam with and without surfactant are
shown in Fig. 12; the permeabilities were determined to be (1.6 £ 0.6)*10'19 cm? and

(7.21+2) *10 19 om?, respectively. The predictions of Eq. 40 for the untreated foam and
the foam treated with 2 5 atm pressure differential are shown in Fig. 13; the permeability of
the treated foam was found to be (7.8 = 3) ¥10 -19 ¢m?. For comparison, the permeabilities
for clean gravel range from 103 to 103cm?, for clean sand from 107 to 10‘9cm2, for clay
from 10" to 10716 cm?, and for rocks from 1077 to 100 cm? A plot of permeability as a
function of applied pressure differential is shown in Fig. 15. This graph again demonstrates
an increase in structural damage with applied pressure differential.

The BET method was described in the section on surface area measurements.2® The
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specific available surface area was found to be 5.4 m?/ g using the BET method. 28 Darcy
determined the permeability by an equation (Eq. 5), which related the available porosity,
available surface area, and permeability. The permeability for our untreated foam samples
was calculated tobe (3£0.5) x 1076 m2 using Kozeny’s relation. 3 The uncertainty is that
the relation of the surface area measured with the BET method and that used in Kozeny’s

relation makes this determination of permeability of limited use.

B. Structural Studies

'1. Cell wall structure

Celis are the basic mesoscopic structural unit of foam. Many properties, including
most mechanical properﬁes, depend on the size, shape, and distribution of sizes of these
cells and on the thickness and geometry of the cell walls. Thus, it is important to measure
the cell size distribution and cell wall thickness distribution when characterizing foams.
The cell size distribution and cell wall thickness distribution were measured to help -
understand the strength of cell walls and the transport properties. The methods used in
this research to measure the distributions were the microscopy and photography methods.

The most direct method was to photograph a section of foam with a microscope
and measure the cell size and wall thickness (see Fig. 16). A similar method was to
photograph a block of foam with a macroscopic lens and to magnify the prints of observed
foam cells (see Fig. 17). The cell structure was observed nonuniform, but similar to a
hexagon. Both cell size distributions and cell wall dimensions Were fit with Gaussian
distributions. The average cell radius was 1.1 +0.3 ‘mm (see Fig. 18). The cell radius
distribution had a FWHM of 078 % 0.04 mm. The average cell wall thickness was
0.04 £ 0.01 mm, which was about one thirtieth of the size of a cell (Fig. 19). The cell wall
thickness distribution had a FWHM of 0.029 £+ 0.002 mm.

Base on the average dimensions, the relative density was estimated to be
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FIG. 16. Micrograph of polystyrene foam.
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FIG. 17. Photograph of polystyrene foam. The cell structure has been highlighted by

coloring the foam surface.
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0.06+0.03, using the method described in section III.A.2. This is 70% greater than the
accepted value, suggesting that either the measured thickness was in serious error or that
the cell walls were not of uniform thickness and large portions were thinner than our
measurement indicated. The latter is consistent with the idea that the beams were thicker
than the central portions of the wall due to surface tension effects during wall formation.

Alternate methods to measure these distributions include small angle x-ray
scattering, light scattering, adsorption isotherms, and ultrasonic methods. These
experiments were not accomplished in the limited time. However, the light scattering
method for studying the foam structure will be discussed in details later in the section on
density gradients (section III. C.). A brief discussion of the small angle scattering method,

of adsorption isotherms, and ultrasonic method were given in section II.

2. Pressure box tests

A series of measurements was designed to study structural properties of foam
samples subjected to an external pressure or vacuum. Each sample was held at the applied
pressure for ~ 24 hours. The major apparatus used was a pressure box (Fig. 9). We
hypothesized that cell wall damage induced by the pressure treatment would have a
significant effect on the mechanical properties of the foam. Damage from cell wall
buckling or rupture of the thin central part of the cell wall may be caused by a pressure
differential between the interior and the exterior of the céll. The external applied pressure
varied from vacuum to ~ 5 atm. We estimate the pressure inside the cell walls as 1' +0.5
atm. The equilibrium vapor pressure of the solvents used in the foaming process at room
temperature is typically 0.5 té) 1 atm. The foaming process is done with the resin at
elevated pressures, so it is not unreasonable to expect the initial trapped gas to be above 1
atm. Outgassing measurements (see section V. D.) suggest that the cell walls allow slow
gas diffusion (on the order of hours or days) and that the cells were at approximately 1

atm.
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The pressure box inside dimensions are 10*15*3.85 cm3, with a volume of
577 +25 cm?. It was equipped (refer to Fig. 9-11) with a gas inlet port, a vacuum port, a
ballast volume, pressure gauges (including an ion gauge, a vacuum thermocouple gauge,
Si manometers, and Bourdon gauges), temperature gauges, and a temperature controller
(using a 50 € resistance heater, monitored by thermocouple and RTDs, and controlied to
within 1 K). This box was designed to operate in a pressure range of micro torrs to 10 atm,
and in the temperature range of -23 to 177 degrees C. The system was interfaced to a
computer with an ADC board for automated data collection. The vacuum system used a
mechanical pump and a diffusion pump with an ultimate pressure of 10° torr.

The gas expansion method was applied to study the structure of polystyrene foams,
which included five steps: ”_

a. We calibrated the syStem volume, which included the pressure box and the
fittings. The pressure box was connected to the gas handling system (GHS), which was
equipped with a large and a small standard volumes. The large standard volume was 292.03

cm?®, the small standard volume was 39.4 cmS, and the manifold volume was 46.5 cm°. By

| expanding gas from V0 to V1

PO,
Vln = VO x (P—l;) (41)

where V1 included the fill line and GHS volumes, VO was the volume of GHS, PO was the
initial pressure of the GHS, and P1 was the expanded pressure of the GHS and the fill line
to the pressure box. |

Expanding further into V2, we have

PL,~P2,\ (Tpb2,\ .
Vzn‘( P2, )X(Tghszn)x n 42)

where V2 includes V1 and the ballast volume on the pressure box; P2 is the expanded
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pressure of the GHS, fill line, and the ballast volume; Tpb?2 is the temperature of the
pressure box; and Tghs2 is the temperature of the GHS. |

Finally, expanding into V3 we have

P2,—P3 Tpb3
V3n=( n )x( P ")xvzn+vzn 43)

P3, Tghs3,

where V3 includes V2 and the pressure box; P3 is the final pressure of the whole system
with every valve open; pr3 is the final temperature of the pressure box; and Tghs3 is the
final temperature of the GHS.

Notice that the temperatures used here are inl degrees Kelvin. The volume of the gas
handling system (including the large sténdard volume, small standard volume, and all the
valves) was measured as 377.93 cm>. The measurements were repeated several times. The
avefage volume of the fill line was 9.206 cm3. The average volume of the ballast was
435.457 cm>. The average volume of the pressure box was measured by this method as
603.646 cm’. |

b. One block of untreated foam (at ambient pressure) was placed in the pressure box
at a time. The samples were initially of the same size.

c. Nitrogen gas was let into the system to predetermined high pressures. The initial
pressure, the balanced pressure, and the temperature of the pressure box were recorded.

d. The ideal gas law was used to calculate the available volume from the final

pressure of the gas in the pressure box. The relation between available volume and applied

| pressure can be found as follows

v = (}T":———-"—)(VZ—VI) (44)
n atm

assuming P, = 1 atm, where P; is the applied pressure, Pgis the final pressure; and V1 and

V2 were defined in the calibration of pressure box. Note Pfand Plare gauge pressures. By
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knowing the exact inner volume of the pressure box and the foam volume, the available
volume of foam can be calculated.

¢. The estimated available volume versus pressure differential curve is plotted in
Fig. 20. _

Foam samples treated by different pressures were taken out of the pressure box and
found to be cﬁrved (see Fig.21). This showed the nonuniformity of compression by
applied pressure on the foams. The pictures showed that under high pressures, the cut

surfaces contracted much more than the uncut surfaces. The higher the applied pressure,

-the smaller the curvatures, and the more the volume shrinkage (Table 4). The radii of

curved top surfaces and bottom surfaces were measured. It was verified that the cut
surfaces were the ones with smaller curvatures

A measure of the anisotropy of the strain in the cut and uncut surfaces is given by

81./1
81,/1

(99 (-]

-1

Anisotropy = =
IL,-1

(45)

& o|ln o

= Qo

where I and 1 are the lengths of the cut and uncut surfaces after the applied pressure
differential, 1c0=lu0 is the initial length, and &/ = /-1 A plot of anisotropy versus

pressure differential is shown in Fig. 22.

3. Mechanical tests

To test the strength of foam samples and verify the applicability of Ashby's
model (mentioned in the previous chapter) and to invéstigate the effects of the applied
pressure differential, mechanical compression and defiection tests were done to test for
strength decrease due to the applied pressure differential. The mechanical tests were done
at the Thiokol Corporation laboratories.

a. Compression test. In the compression tests (see Fig. 23), six foam samples
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FIG. 21. Compression of six polystyrene foam samples treated with pressure differentials.



Table 4. Radii of the curved foam surfaces.
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0.85 (368)

: ; Relative Strain
e, | s | Grewstes | vome | etive | anoropy
(atm) (radius) (mm) | (radius) (mm) (%) colm?2)

-1 0.5 (625) 0.5 (625) 0 0.028 1.00
0 0.5 (625) 0.5 (625) 0 0.028 1.00
1 0.7 (447) 0.45 (695) 5 0.029 1.56
2 0.8 (391) 0.35 (893) 4 0.029 2.29
3 0.40 (782) 14 0.033 2.29
5
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62

treated under different pressures were tested, which were originally of identical height (5
cm). The samples were compressed by a constant rate of external forces. The maximum
stresses were identical (4.1 MPa or 41atm). The samples were compacted to almost
identical maximum strains of ~ 0.9.

The stress-strain curves for compression of the treated samples (see Fig. 24) have
three regions, which were consistent with the Ashby's model of cellular foams (see Fig.5).
If one compareé the different curves, the elastic collapse stress 0‘; ; (maximum stress in the

linear elastic region) decreases with increasing applied pressure (see Fig. 25). The linear

. elastic region and the plateau are much smaller for the samples treated with over 2 atm of

pressure differential. The slope of the linear elastic part is the Young's modulus, which
characterizes the strength of foam structures (Fig. 26). 'I‘he Young’s modulus decreases
éigniﬁcantly above a pressure differential of 2 atm, indicating significant damage for larger
pressure differentials. Table 5 lists the Young’s modulus E and the reduced Young’s
modulus E/E,, where E (2650 MPa) is the Young’s modulus of bulk polystyrene,2? Table |
5 also lists the elastic collapse stress 6, and the relative elastic collapse stress 0"’: , /Eg. The
elastic collapse stress is the point at which elastic buckling of the cell walls begins, that is,
the point where the compression stress-strain curves (Fig. 20) deviate from the initial linear
elastic behavior. This is plotted versus applied pressure differential in Fig. 27.

It is common for samples to bulge in the middle, producing barrel-shaped
distortions during compression tests. During our compression procedurés, the foams
distorted in different directions depending on the applied pressure differential. Sample one
was treated under vacuum; it distorted in the typical barrel fashion. Here, the pressure of
the voids inside the foam was higher than the applied vacuum outside the foam, which
would cause the cell walls to buckle outward. Differently, sample two was treated with no
pressure differential; it did not distort apparently in any direction during the compression

test. Here, the pressure inside the voids was the same as outside. By contrast, the outer cell
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Table 5. (a) Compression and (b) deflection tests of polystyrene foams. Note that p,1s 1.05

g/cm? (Table 2), Eg is 2650 MPa (Ref. 23).

g{gfssure. Original gg?nx;rrléggilons Relative Iégilig;se 1]{3?112%26 Young's Relatixze
( am?;entlal (}éfrlght (max. strain) {Density | Stress |Collapse i\ﬁg:)lus lﬁ\{/&uc;lugluss
(cm) (MPa) | Stress

-1 5.01 2.77 (55.3%) }0.031 0.59 0.00022 5.9 0.0023
0 5.22 4.43 (84.9%) |0.028 0.61 0.00023 |6.2 0.0023
1 5.20 4.57 (87.9%) |0.029 |0.57 0.00022 | 5.8 0.0022
2 5.24 4.54 (86.6%) |0.028 0.59 0.00022 7.1 0.0028
3 4.99 4.56 (91.4%) 10.032 |0.42 0.00016 | 2.5 0.0009
5 4.89 4.43 (89.0%) |0.034 {0.22 0.00008 | 1.7 0.0006

Pressure ITJéItli;nﬂgte Maximum

differential strength Displacement

(atm) (kPa) (cm)

-1 26.3 0.91

0 25.6 1.24

1 264 1.09

2 26.5 1.14

3 18.5 1.45

5 10.6 221
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28. Photographs of barrel-shaped distortions of polystyrene foams.
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FIG. . crographs of six compressed polystyrene foam samples treated with pressure
differentials from -1 to 5 atm. Micrographs from top to bottom and left to right have applied

pressure differentials of -1 atm, 0 atm, 1 atm, 2 atm, 3 atm, and 5 atm, respectively.
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walls were buckled inward when they were under high pressure differentials. Samples
numbered three to six all showed inverted (concave) barrel-shaped distortions during the
compression tests (Fig. 28). Micrographs of treated samples (see Fig. 29) showed cell
walls buckled outward when a vacuum was applied. Increasing inward buckling and
eventual cell wall rupture were observed in micrographs of samples treated with applied
pressures of up to 5 atm.

Another phenomenon was that the foam samples did not recover elastically to their
initial sizes even after the applied pressure was removed. Each treated sample was
subjected to a maximum load of 4.1 MPa (for only a few minutes) during the compression
test, which resulted in strains of ~90% for all samples (see Fig. 22 and Table 5). After
several days the samples had recovered some or most of their initial height. This recovery
was due to the elastic resilience of the foam via an anelastic respohse. Figure 27 (a) shows

the strain (elastic plus plastic strain) 8/

max’ Jo &t maximum applied stress and the strain

after recovery (plastic strain only) (6/,,.,,.re4) 7/ o 2 @ function of applied pressure
differential. The difference of the maximum strain and recovered strain divided by the
maximum stress is a measure of the fraction of the elastic strain component of the
maximum strain [see Fig. 27 (b)].

Note the amount of plastié deformation is much greater for sample treated with
pressure differentials in excess of 2 atm (0.2 MPa). It is important to realize that much
higher stresses applied for a short tlme during the compression test do not cause extensive
plastic deformation; it is only stresses above 2 atm applied for long periods of time that
cause such deformation.

b. Deflection tests. In the deflection tests (see Fig. 22) one side of the foam sample
was pulled and rotated at the same time. Therefore, the inner side is under tension, while

the outer side is under compression. The external applied force was multiaxial. The
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maximum angle of deflection is

000 = o [M(x)dx 46)

where x is the displacement along the length L of the sample, M is the internal moment, and
Iis the moment of inertial. Apply the boundary condition d=0 at x=0. Therefore, at the

center line (x=L/2), the Young’s modulus is

ML? |
E=3r5, @n
where the deflection is
8(x) = [8(x)dx (48)

Samples were broken when the maximum tolerance of force was reached (Table 5).
The stress-strain diagrams were linear (with smali oscillations). The slopes of the plots
decreased as the applied pressure increased. The ultimate strength of foam samples
decreased dramatically, when the pressure differential of the foam exceeded 2 atm (Fig.
30). In the microscopic pictures of the broken cross sections of the foams, the homogeneous

deformation of cell walls are shown (see Fig. 29).

C. Density Gradients

"In order to study the macroscopic and small scale density variations and the
structural integrity of foams, a series of simple optical measurements was designed. These
experiments are based on the measurements of the transmission, reflection, and scattering
of the visible light by polystyrene foam samples.

The optical transmission method was used to study the density gradients and the
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inhomogeneity of foams. The sets of experiments performed used photographic and laser

transmission methods.

1. Photographic method

The photographic method is a direct way to show the density gradient of the
polystyrene foams. A foam sample placed on a film was exposed for a long period of time
under controlled light and then developéd. This method was also applied to the Thiokol
strut samples. Density variations of both the commercial polystyrene foams and the

Thiokol strut samples were studied. .

2. Laser transmission method

The purpose of this set of experiments was to use laser light transmission to map the
density of polystyrene foam (both commercial and the Thiokol foams). The experimental
apparatus is shown in Fig. 31. The light sourceisa 1 mW HeNe laser at 633 nm wavelength.
An optional beam expander is used to produce large radius columnated beams (~0.5 to 5
cm diameter). An adjustable diaphragm limits stray light and the size of the expanded
beam. An alignment screen is used to assure normal incidence on the sample. An optional
lens is placed in front of the detector to focus the transmitted light into the detector. A
collimating light shield and a detector aperture limit the light incident on the photocell
detector. The Meteorologic 45-540 photometer has a dynamic range of 10° from 30 nW to
30 mW. An analog output from the photorﬁetcr is fed into a computer via an A/D interface
board. Data collection is triggered by the keyboard. |

More details of designed optical measufements of foam will be placed in the

proposed future work section.
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FIG. 31. Block diagram of apparatus for optical measurements of foams.
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IV. ANALYSIS OF RESULTS
In this section, applied experimental methods are evaluated and the results are
presented and analyzed. These analyses have the goal of determining the requirements for

material selection of lightweight and strong materials.

A. Summary of Foam Characteristics

Originally, the commercial polystyrene foam is nearly isotropic: therefore, its
structure and properties have no directionality. It is characterized by closed cells of a
roughly uniform size. However, it is believed that surface tension draws much of the solid
material into the cell edges during manufacture, thus the closed-cell faces behave
structurally like faces of open-cell foams. Also, during material preparation and the tests
performed, foam surfaces were either cut or pressed by different methods. These external
forces change the foam cells to become anisotropic, which can also be characterized by
open-cell models.

Among the chosen experimental methods for studying density, the gravimetric
method gives the best result of bulk polystyrene density. Compression test yields the
highest uncertainty because of the uncertainty of the bulk volume measurement. Both
Archimedes’ method and the gravimetric method give results close to the tabulated density
of polystyrene foam. The density of polystyrene bulk is about 30 times the density of foam.
This result matched the ratio of cell size and cell wall dimension, which will be mentioned
later. Based only on density considerations, foams fit the requirement of being a lightweight
material.

All the methods used for measuring total porosity lead to high values in excess of
90%; therefore, foam was shown io be a highly porous material. Of these methods, the
pressure-volume curve gives the result with smallest uncertainty. The miéroscopy method
yields the highest uncertainty, which comes from the uncertainty of cell size distribution

and cell wall dimension. The average total porosity showed that most of the foam volume
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was composed of voids. The average available porosity was much smaller than the total
porosity, which showed that only a few voids near the sample surface were open to the
environment. Imbibition method was found a better method for studying available porosity
than the Archimedes’ method. However, the Archimedes’ method can be improved by an
accurate measurement of foam volumc-.

The low permeability (3*10'6 m'2) reflected the small available porosity, and
proved the cell structure of polystyrene foam was essentially closed. The author found that

it was easier to wet the foam surfaces by adding a surfactant to the imbibing water. The

. amount of water with a surfactant trapped in available volume was about twice the amount

without surfactant. By repeating the experiment, this result of imbibition method was
proved reproducible.

Only the BET method was used to study surface area; a large available surface area
was obtained.

Microscopic examination of foam samples found that both the cell size distribution
and cell wall thickness distribution were Gaussian. The average cell size is approximately

30 times of the average cell wall dimension.

B. Mechanical Properties

The mechanical properties of commercial polystyrene foam samples were studied
using a standard compression test and a deflection test. In general, all our results were
consistent with those reported by previous investigators and were modeled well by the
theories of Ashby and others reviewed in section-II. B. The stress-strain curve for the
untreated foam exhibited the three regions of linear elastic deformation, plastic plateau of
deformation, and densification predicted by Ashby. Our measured values of relative
Young’s modulus, relative elastic stress, collapse stress, and densification strain limit were
all in the expected range. The deflection test exhibited an ultimodulusmate stress in the

expected range. In summary, we can say that the mechanical properties of the untreated



77
foam samples had values in the expected range, were well understood based on theoretical
models, and were acceptable for our proposed application as materials for struts for

innovative space structures.

C. Effects of Applied Hydrostatic Pressure

A series of experiments was performed to study the foam characteristics,
mesoscopic structure, and mechanical properties of foams when they were subjected to a
modest hydrostatic pressure differential for a long period of time on the order of 24 hours.

We hypothesized that cell wall damage induced by the applied pressure differential would

" havea significant effect on these foam properties. The effects of such an applied pressure

differential are of particular importance to our applications in space, since we expect that
there may be a similar pressure differential between the interior of the foam cells and the
space vacuum environment during deployment and curing of the struts.

Significant effects in almost all properties tested were observed when the pressure
differential exceeded 2 atm. There were indications that effects still existed at more
moderate pressure differentials. Changes in properties at modest pressure differentials,
particularly mechanical properties, such as Young’s modulus, relative elastic collapse
stress, and ultimate strength, can have crucial determinantal effects on our proposed
applications and musf be examined carefully. The changes in macroscopic properties due
to applied pressure differential were consistent with changes observed in mesoscopic
structure of the treated foam samples and foam cells. The importance of long-term exposure
to hydrostatic pressures was also demonstrated; application of much higher uniaxial
stresses (up to twenty-five times the 2 atm threshold) for short periods of time did not
produce the same effects. We will now review the changes observed due to applied pressure
differential.

The permeability (Fig.10), penetration depth (Figs. 13 and 14), and available

volume (Fig. 19) all showed a continuou§ change with increasing applied pressure
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differential, with a maximum change of more than a factor of two. It should be noted that
these properties also showed a similar change when a negative pressure differential
(vacuum) was applied. These results can be understood as the result of structural damage
in a thin region near the surface of the foam samples due to cell wall buckling or rupture of
the thin central part of the cell wall. Micrographs of treated foams (Fig. 29) confirmed this
type of cell wall damage occurred.

Stress-étrain diagrams of conipression tests of the treated foam samples (Fig. 23)>

also showed pronounced differences for both positive and negative pressure differentials.

. Above 2 atm applied pressure differential, both the Young’s modulus (F1g 25) and the

elastic collapse stress (Fig. 24) showed pronounced decreases. At 5 atm pressure
differential, both these crucial properties decreased by approximately a factor of three.
Foams treated with applied pressure differential not exceeding 2 atm were found to have a
fairly high resilience, recovering approximately 75% from short-term uniaxial compressive
stresses in excess of 40 atm (see Fig. 27). Samples subjected to higher applied pressure
differentials showed virtually no resilience. This implies that most of the deformation due
to the applied pressure differentials up to 2 atm was elastic, while above this applied
pressure differential the deformation was plastic.

Mechanical deflection tests also showed the effects of the applied pressure
differential. This was a more complicated test than the compression test and it exerted stress
along all three axes. The ultimate strength in deflections reduced significantly above
applied pressure differentials of 2 atm and decreased by a factor of 2.5 at 5 atm applied
pressure differential. The elastic modulus [as reflected in the slope of the deflection test
stress-strain cufves (Fig. 23)] also showed a similar trend.

An interesting macroscopic effect was observed while the treated foams were under
maximum compression testing. While the untreated sample did not exhibit any appreciablé

barreling (i.e. had a very small Poisson’s ratio), the treated foams behaved diffefently (Fig.
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26). The foam sample subjected to a vacuum exhibited significant barreling with a positive
Poisson’s ratio. Most samples treated with a positive pressure differential, however, had an
hourglass shape, exhibiting a negative Poisson’s ratio. The effect was more pronounced

with increased applied pressure differential. We hypothesized that this macroscopic effect
follows from the response of the mesoscopic foam cells to applied pressure differential. A
negative applied pressure differential would cause the closed cells near the surface of the
sample to buckle outward, while a pdsitive pressure differential would cause these cells to

buckle inward. Once the applied pressure differential was removed, the cells would

. presumably return to nearly their original shape. However, the long-term application of the

hydrostatic pressure could cause the cells to weaken, perhaps by creep, and hence exhibit
a propensity to buckle in the same direction when the uniaxial stress was applied. It must
be noted that this barreling effect was not uniformly observed; some surfaces did not
exhibit the buckling described here, although it was extremely rare for any treated surfaces
to exhibit a behavior opposite to that described. Such irreproducibility may result from
surface damage of the foaxﬁ due to effects other than applied pressure differential (i.e.
damage due to cutting the foam as discussed below).

Another interesting macroscopic phenomenon we observed was the tendency for
foams to develop a curvature when subjected to applied pressure differentials (Fig. 20). The
curvature was more pronounced with higher applied pressure differentials. The anisotropy
of the stress on the upper and lower curved surfaces was shown in Fig. 21. This
phenomenon was finally attributed to damage of the cells near the surface of the foam

sample induced by cutting the foam. We hypothesize that the cell wall strength was much

- weaker for the cut than uncut surfaces. Hence, when the applied hydrostatic load was

removed, the cut surfaces recovered much more readily and this produced the observed

curvatures.
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V. PROPOSED FUTURE WORK
As with most research, as many questions were raised as were answered by the

work presented here. Several extensions of our present research will be proposed in this

- section. First of all, alternate foam materials will be discussed. Further optical

measurements studying density variations of bulk foam samples will be the next topic.

Other useful properties such as outgassing and thermal properties will also be addressed.

A. Alternate Foam Materials

Polystyrene foam was chosen to be the first test material because it is lightweight
and it deploys well in a vacuum. Two alternate lightweight materials have also been
considered, which are polyurethane foam and aerogels. Different material properties make
them potential alternative materials for struts.

Most properties of polyurethane foams are similar to those of polystyrene foams,
but they do not deploy as well as polystyrene foams. In general, polyurethane foams
(especially high density foams) have better mechanical properties than polystyrene foams.
Polyurethane foam density typically ranges from 0.02 to 1 g/crn3; 2 polystyrene foams
typically range from 0.01 to 0.3 g/cm3. 22 Rigid polyurethane foams have been produced
by expansion into a vacuum as high as 10° torr. However, at high pressures for the ambient
vacuum the foams have reduced mechanical properties. At pressures above 1073 torr,
polyurethane will not produce sustainable foams. Unfortunately, vacuum conditions in
space (due primarily to outgassing) exceed this critical value, limiting use of polyurethane
foams in space. Work is presently underway at Thiokol to overcome this problem by using
different blowing agents and viscoSity mixtures.

Polyurethane foams have already found some other applications in space.
Polyurethane foam has been studied in a project of Thiokol Corporation and the University
of Alabama at Huntsville. Polyurethane foam was studied and applied in 1963 to the

engineering and development of rigidizable shelters for gas in space environments and
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solar collectors.30

Aerogels were first made from silica in 1930’s by S. S. Kistler.3! By extracting fluid
from a wet gel under pressure and at a high temperature, he produced extremely light
materials. They possess great potential for applications due to their high porosity (98%),
low thermal conductivity, uniform index of refraction, and good acoustic properties. 32

The delicated aerogel skeleton is built between 2 and 50 nanometers. A
phenomenon in aerogels called percolation refers to thermal conductivity by the gel body.
In order for pércolation to occur, the gel body must be coherent. When studying
percolation, aerogels were found to exhibit fractal properties.

Aerogels have very favorable strength-to-weight ratios and are very rigid. Silica
aerogels are particularly resistant to damage from atomic oxygen. However, the tendency
of aerogels to change their shape when they are subjected to a constant, applied external
load makes them subject to creep. Also, silica aerogels are very brittle. 320ne su ggestion to
minimize this effect is to extract adsorbed water after the aerogel is made.

Aerogels are also expensive and difficult to fabricate (especially in space) using
present methods. We were unable to locate a commercial source of aerogels using the
Material Referral System & Hotline.

The most common type of aerogel is made of silica. Metal aerogels have also been
made. Recently, aerogels have been made from polystyrene.32 These polystyrene aerogels

may overcome many of the negative attributes of aerogels discussed above. Their further

development bears close attention.

B. Density Uniformity and Cell Structure Studies
with Optical Scattering
Our group has begun a series of simple optical measurements that are designed to
study the macroscopic and small scale density variations and the structural integrity of

foam samples. Some of these experiments will also provide indirect information on the
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cellular structure of the foams. The relative density of the foams and the cell wall structure
and size distribution have been shown to be the key parameters in understanding the
mechanical properties of foams.23 Density inhomogeneity is key to the yield strength and
failure of the composite struts. This set of experiments is based on measurements of the
transmission, reflection, and scattering of visible light from bulk and foamed polystyrene

(both commercial and Thiokol) samples.

1. Adsorption coefficient of bulk polystyrene
This experiment is designed to measure the adsorption coefficient of bulk
polystyrene in transmission and the reflection coefficient of a polished surface. Bulk

samples have thickness from 50 pm to 1 cm. The transmitted light intensity is modeled by
I(x) = (Uy-Tpe (49)

where I is the incident light intensity, o is the adsorption coefficient, x is the sample
thickness, and Iy, is the reflected intensity. Another set of experiments varies the surface
roughness while maintaining the sample thickness to investigate the dependence of I on
surface roughness. These experiments provide a basis with which to compare the optical

. scattering of foam samples.

2. Light transmission and reflection
of polystyrene foam
Optical transmission tests of light through rigid foam samples are primarily to study
the uniformity of foam density. For typical absorption of light or weakly scattering media,
the transmission depends on the sample thickness exponentially. In this case, the optical
scattering of foam and bulk samples with the same surface density would be the same,
irrespective of the foam density (sample thickness) or cell wall structure. However, Durian

et al. found transmission through non-rigid foams with liquid film walls showed an inverse
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proportionality to the sample thickness.33 The proportionali;y constant can be found by
using samples of different thicknesses. This is a “classic signature of diffusive light
propagation.” In the limit of sample thickneés L>>1* the transport free path and assuming

no adsorption, the diffusion model of light predicts

W[
th«

T= (50)

where 1* is also shown to be a measure of (linearly proportional to) the average void size.

Thus light transmission studies of foam can also yield information on the cell size

~distribution.

3. Transmission through compressed foams

As discussed above, the diffusive light propagation model predicts that the
transmission should depend linearly on the average cell size through the parameter I* (see
Eq. 50). By contrast, the simple absorption model predicts that transmission depends only
on the total amount of polystyrene in the beam, independent of the density or cell size. One
way to change the average cell size of foam sample is to compress the foam, although the
exact dependence of cell size on compression is not known and is probably not too
reproducible. However, measurements of the transmission versus sample compression
should clearly distinguish between these two models in a qualitative manner.

The purpose of this experiment is to study the effects of foam density and average
cell size on the optical transmission of foam. This information will be used in subsequent
experiments to detemﬁne foam densities from optical transmission for inhomogeneous
foam samples from struts. Samples of several initial densities and thicknesses will be

studied.

4. Transmission and density contour maps of

foam-filled struts
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The purpose of these experiments is to use the transmission through cross sections
of foam-filled strut samples to determine the cross-sectional density profile. In evaluating
the structural integrity and thermal properties of homogeneous foam-filled struts, it is
essential to determine the cross-sectional density profiles. A transmission contour map of
each 1-cm thick section along a strut can be measured, which can be converted to a three-
dimensional density contour map of the strut.

To study the cell size distribuﬁons directly, photographs should be taken of each
section of the strut to correlate cell size distributions.

An alternate method to measure the transmission of light through the cross sections
is the photographic method. Sheets of photographic paper (with the samples sitting on
them) are exposed to a uniform light source in controlled dark room conditions. A similar
method uses an expanded HeNe laser beam, which is the same size as the cross sections, to

take long exposure photographs using a camera or a video camera and a digitizer.

5. Fractal dimension of foams from elastic
light scattering

Micrographs of polystyrene foam show that the cell structure can be described by a
typical fractal model. The most important factor to characterize a fractal structure is the
fractal dimension. The fractal dimension of a material is related to the density, pore size,
cell wall thickness, and strength of cell walls (refer to section II. A). If the fractal
dimension of foam can be measured, it may allow prediction of important structural
properties of foam.

The fractal dimension of materials can be measured by small angle scattering or
elastic light scattering. The theories were presented in section II. Small angle x-ray
scattering can be used to examine samples with characteristic length of about 1000 A or
less. The difference between small angle x-ray scattering and elastic light scattering is the

different sources of light. Elastic light scattering using visible light examines samples with
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larger characteristic length scales. Because foam structure behaves like mass fractal, the
absolute value of the slope of intensity-to-transferred momentum plot is the fractal

dimension.

C. Thermal Properties

The most important thermal properties of foam as a component of struts applied in
space are thermal conductivity and thermal expeinsion. Thermal conductivity determines
the ability to transfer heat from one part of a strut or structure to another. This is essential

knowledge to determine what thermal gradients can be established due to unequal heating

of different parts of the structure. Thermal expansion can introduce significant stress on the

structure. Unequal strains due to thermal gradients can cause thermal stability problems for
the structure. Thermal cycling can cause failure due to fatigue. Unmatched thermal
expansion of different materials in the composite struts can also lead to weakened or failed
bonding between the materials. Colleagues in the USU Mechanical Engineering
Department have joined this project to study the thermal stability of foams and composite
struts.

In order to have rigid struts of long duration, low thermal conductivity and small
thermal expansion are required. The thermal conductivity (under steady conditions) of a
homogeneous material is the rate of heat flow through a unit area of a unit thickness per unit
temperature gradient in the direction perpendicular to the cross-sectional area. The thermal

conductivity can be defined such that

=IO

(1)

2| 3¢

where x is the mean specimen thickness, A is the area of the metered section of the main
heater plate, and T is the steady-state mean temperature difference across the two

specimens.34 The most difficult parameters to determine experimentally are probably the
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temperature differences across the specimens T. The correction of T depends on plate-to-
specimen thermal contact, on unidirectional heat flow, and on thermocouple calibration.
The coefficient of linear thermal expansion should also be measured for the foam by itself

and for the composite strut as a whole.

D. Outgassing

Outgassing is expected to have a significant influence on the space environment and
on the surface characteriétics of thermal control coatings and optical surfaces. In our study
of the porosity of foam, we found the trapped volume in the foam takes most of the foam
volume. The presence of this trapped gas complicates efforts to measure the outgassing due
to evaporation or sublimation of the polystyrene itself. Therefore, several experimental
methods are proposed to measure the outgassing of foam.

The basic idea is to measure the equilibrium vapor pressure of the foam over arange
of temperature. This temperature must be lower than the melting point of foam, which is
about 135 to 140 OC at STP for polystyrene foam. The experiment can be performed by
placing a block of foam in the pressure box.

One way to measure the outgassing of foam is by controlling the pressure of the
system and observing the change of pressure versus temperature. Begin by pumping on the
system by a mechanical pump and a diffusion pump for some time to determine the lowest
attainable pressure. Record the pressure and temperature until the pressure stabilizes. After
the pressure reaches its stable point, shut the vacuum valve and record the equilibrium
pressure as a function of temperature. This can be done for a bulk polystyrene sample rather
easily. However, gas escaping frofn the trapped volume in the foam makes this prdcedure
difficult.

Another way to measure the outgassing of foam is to change the temperature of the
system. The temperature of the system can be increased or decreased using a temperature

controller and an ice bath (an alcohol/dry ice bath or a liquid nitrogen bath). Recording the
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pressure-time curve for each temperature determines the equilibrium vapor pressure.
Applying the ideal gas law to these data allows one to calculate the amount of gas released
by the outgassing of foam.

Preliminary attempts to measure outgassing were unsuccessful due to escape of gas
from the trapped volume. Even after pu;llping on foam samples for more than 24 hours, the

pressure in the box always rose to near 1 atm after 6 to 24 hours.
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V1. CONCLUSIONS

The results of the measured properties of commercial rigid polystyrene foam in this
material selection process will be reviewed and the applicability of physical theories will
be discussed. The selection process will be evaluated by the applicability on other
lightweight materials presented and on other components of the struts. The improvement
of the material selection will also be proposed. A

| Basic properties of a simple urﬁform polystyrene foam (e.g. density, total and

available porosity, permeability, surface area, isotropicity, and cell size and cell wall

- thickness distributions) have also been studied. During material preparation and the tests

performed, external forces change the foam cells from isotropic to anisotropic, which can
be characterized by open-cell models. Among the chosen experimental methods for
studying density, the gravimetric method gives the best result. The pressure-volume curve
gives the result with smallest uncertainty in the porosity measurements. High values of total
porosity show that polystyrene foam is a highly porous material. Low permeability proved
the cell structure of polystyrene foam was essentially closed. Based only on density
cOnsidcréu'on, foams fit the requirement of being a lightweight material.

. Standard éompression and deflection tests were performed. The stress-strain curves
and related mechanical properties of foams treated under different pressure differentials
were studied. In the series of experiments designed to study the foam mesoscopic structure,
significant effects in Young's modulus, relative elastic collapse stress, and ultimate
strength were observed when the pressure differential exceeded 2 atm. Another important
phenorﬁenon found was the barreling of foam samples under positive and negative pressure
differentials, which relates to the Poisson’s ratio. We also observed the curvatures of a foam
sample when subjected to applied pressure differentials in the pressure box. The anisotropy
of the stress on the cut and uncut surfaces showed the damage of the external cells in the

sample preparation process. Thus the pressure differential in the foam deployment
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procedure was found to be the essential aspect of determining the strength of struts.

Most of our results were consistent with those reported by previous investigators
and were modeled well by the cellular structural model of open-cell foams. We can
conclude that the mechanical properties of the untreated foam samples were acceptable for
our proposed application as materials for struts for innovative space structures.

Two alternative lightweight materials, polyurethane foam and aerogels, have been
considered. The evaluation methods and criteria need to adjusted when they are applied to
pblyurethane foams and aerogels. Different mechaniéal properties and constrains of these
two materials mentioned in section V. A. limit the applied pressure to below 1073 torr. At
high pressures, polyurethane has reduced mechanical properties, and aerogels are
subjected to creep. Therefore, fine pressure measuring devices need to be built to find the
critical value of thedpressure differentials.

This work was originally motivated by applications of foam as an inflating agent
and structural component of fiber-epoxy composite tubular struts to be used in innovative
space structures. Since the tube is highly porous and rigid, the evaluation methods of
pblystyrcne foam presented may be appropriate for other components of the struts such as
the composite tube. However, the composition of the tube needs to be investigated.

The evaluation process can be improved by tracing the manufacturing procedure
of the commercial polystyrene foam (for the impact on density inhomogeneity and surface

damages) and by closely monitoring the effects from the pressure differentials.
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