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Abstract

In this study, models for estimating the cell density of isotropic polymeric closed-cell
foams using the surface cell density were developed. The basic morphological unit cell for these
models is a gas-filled pentagonal dodecahedral cell cavity. The critical bubble lattice model was
introduced to associate the packing structure of the pentagonal dodecahedron cells with a face-
centered cubic (FCC) packing structure, and the cell density was estimated. This model was then
used to investigate the effect of non-perfect cell cross-sections as found in the micrographs of cell
densities of foams. Two cases were examined: first, the ideal case of a perfect cross-section
(FCC-PF), and second, the actual experimental case of a non-perfect cross-section (FCC-NPF).
The plot of cell density versus surface cell density from recently published data show the effect of
a non-perfect cross-section on the estimation of cell density within an FCC lattice with perfect
and non-perfect cell cross-sections. The percentage average absolute deviation (AAD) showed
that the non-perfect cell cross-section model reliably predicts the cell density of isotropic low
density foam with an AAD of 53.2%. The perfect cell cross-section model reliably predicts the
cell density of isotropic high density foam with an AAD of 68.8%. These new models are more
reliable than the conventional model, which gives AADs 405.9% for low density foams and
72.0% for high density foams. Furthermore, the isotropic foam index was introduced as a
parameter to indicate the isotropic foam behavior. The isotropic foam index of isotropic low

density foams is within the range of 0 and 0.895.
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Chapter 1

Introduction

1.1 Context and Motivation

Polymeric foams are made up of gas that disperses in a dense continuum liquid or solid
polymer. Gas bubbles nucleate and grow in the liquid polymer during production. The foam has a
microstructure that randomly distributed cells of various shapes and sizes filled the space
completely [1]. Polymeric foams exhibit many advantages over unfoamed polymers such as
higher in toughness, impact strength, stiffness to-weight ratio, and thermal stability, while lower in
density, dielectric constant and thermal conductivity [2-5]. From these reason, polymeric foams
are widely used in industry and in domestic applications such as packaging materials, insulation,
controlled release devices, filtration membrane, sports equipment, airplane and automotive parts
[6-7]. The advantages of microcellular structures led to the development of various foaming
techniques applied to such processes as batch foaming, thermoforming, continuous filament and
sheet extrusion, and injection molding [8].

The physical and mechanical properties of cellular foams are governed by two
parameters, i.e., bulk density and cell morphology [9]. The bulk density has been widely used as a
predictor of their mechanical properties due to the simplicity of measurement with high precision
methods ASTM D1622 and ISO 845 [14-15]. Cell size distribution of foam can be different in
three dimensions, causing difficulty of measuring foam morphology. Cell density and cell size are
main parameters in characterization of foam morphology, and affect to the cell size distribution
and uniformity of the structure that associated with the foam formation process [9-11]. Recently,
cell density was used as a main parameter to validate mechanical models for polymeric foams on
impact properties [12-13]. Moreover, cell density was used to approximate nucleation density that
refers to the number of nuclei in unit volume of unfoamed polymer, and used to describe the
nucleation process of foam formation with assumption of no coalescence and no breakup of gas
bubbles in bubble growth process [3, 9].

At present, the true cell densities of microcellular foams are still not well-estimated. The
estimation of cell density of isotropic foam has been using wildly with conventional stereological

average and material balance-based methods. The conventional stereological method is simple



and rough, the estimation is used the surface cell density that represent the population density of
the foam bubbles on micrograph as a parameter, then surface cell density would be converted to
3D cell density by the assumption that bubble dispersion is uniform in all direction. While, the
material balance-based model includes parameters that are more important, i.e., expansion ratio
and average cell size [2, 9]. However, the material balance-based method is being currently the
most reliable. Both the material balance-based and conventional models give similar results for
high density polymeric foams, while the different models do not give similar results for low
density isotropic foams [9]. However, in case of irregular or complex shapes of gas bubbles, the
estimation by material balance-based cell density method is difficult to define the sizes of gas
bubbles. ‘

This work studied in estimation of cell density in isotropic polymeric foams. Analysis of
foam microstructure including cell boundary was used to perform estimating cell density with
independent of sizes and shapes of the bubbles inside the cells. Surface cell density on micrograph
is a main parameter of the estimation. Similarity between cell microstructure of a foam and
atomic packing structure assists to estimate the foam cell density with the cell density estimation
of the atomic packing. Perfect and non-perfect cell cross-sections of pentagonal dodecahedral
foams were modeled to study the range of estimation due to uncertainty cross-section that affect

to surface cell density observed from micrograph. Furthermore, a new method of investigating

isotropic foam behavior was introduced.

1.2 Objectives

1. To develop a mathematical model for estimation of cell density by analyzing cell
structure and cell size, which independent to bubble shape, bubble size, or foam processing, for
both post-production isotropic high density and isotropic low density closed-cell foams.

2. To develop a method for characterization of isotropic polymeric foams behavior.

1.3  Scopes of the Study

1. This work only attempts to address issues directly related to the estimation of cell
density for isotropic polymeric foams. Attention is given to how to associate pentagonal

dodecahedral cell structure of foams with face-centered cubic (FCC) atomic packing structures.



2. This work attempts to develop a mathematical model that explains effects of foam
structure and cell cross-section on the estimation of cell density.

3. Effect of perfect and non-perfect cell cross-sections in estimate cell density of
pentagonal dodecahedron foams was studied to investigate the possible range of estimation.

4. Appropriated models and their parameters which accorded to experimental data for
isotropic high density and low density closed-cell foams will be used as the standard model for
each case, and used as the defined standard isotropic parameters for standard isotropic foams.

5. The method of analysis isotropic behavior of foam only attempt to develop a
parameter to indicate the deviation from standard isotropic foams. Theoretical range of deviation

for low density foams was also studied.

1.4  Assumptions of the Study

1. Cell density of foam equals to cell density of similarly atomic packed structure.
2. Characterization of cell density based on cell boundary is independent to bubble size

and bubble shape inside.

1.5 Limitations of Study

Limitations of study are reliability in characterizations of some parameters as follows:
1. Uncertainly measurable of true cell density.
2. Uncertainty estimation of surface cell density.

3. Non-uniform and non-isotropic cell microstructures of a foam sample.

1.6  Research Methodology

1. Identify the significant problems, objectives, scopes, and limitations of the study.

2. Study the theoretical background and literature review.

3. Develop the mathematical models for cell density estimation and isotropic foam
behavior indication.

4. Model the FCC-PF and FCC-NPF models and study range of estimation.
Test and validate the models and investigate its parameters.
Investigate the standard value for isotropic high density and low density foams.

Test the developed method of characterization of isotropic foam properties.

X =W

Conclude the results and write report.



1.7 Outcomes of the Thesis

1. A mathematical model for cell density determination of isotropic closed-cell foams
using surface cell density which is based on principle of material balance and foam microstructure
model.

2. An analytical method for characterization of isotropic polymeric foams.



Chapter 2

Literature Review and Theoretical Background

This chapter presents a literature survey on the theoretical studies and practices on cell
density determination in polymeric foams. It includes the backgrounds in polymeric foam
preparation, classifications of foams, foam properties, existing methods of cell density estimation,
background in atomic packing structure, and background in foam cell structural models such as

foam microstructure, and cell cross-section.

2.1  Background in Polymeric Foams

This section explains some backgrounds of polymeric foams. First, the background of
foam was introduced. Then, the basic concepts of cellular foaming process and classifications of

polymeric foams by various criteria were described.

2.1.1 Polymeric Foams

The word “polymeric foam” refers to gas voids dispersed in a dense continuum
hquid or solid polymer. Polymeric foams are three-dimensional polymeric cellular materials made
from an interconnected network of the edges and faces of cells [16-17]. The idea of preparing
polymeric foam with gas bubbles less than 100 pm in diameter was pioneered by Professor Nam
Suh at Massachusetts Institute of Technology in the 1980s, to introduce how to reduce the amount
of plastic used in mass produced items [18]. Polymeric foam is good for a wide variety of
applications. Polymeric foams have been widely used because of their beneficial properties such
as lightweight, thermal and acoustic insulation, and improved energy-absorption performance on
impact. At present, polymeric foams were prepared by batch, extrusion, injection molding,
extrusion blow molding, and thermoforming processes. The products of polymeric foaming
include insulation foam boards, pipes, retail packaging, cushioning inserts, automotive and
aircraft part housings, building supplies, casings for lighting, appliances, and electronics can be

produced with these processes [19].



2.1.2  Cellular Foaming Process

There are four steps involved in a cellular foaming process [20-21), as shown in
Figure 2.1 and explained as follows:

1) Gas Dissolution

Dissolution of gas in a polymer is to form a saturated gas/polymer solution by
pressure and/or mixing into solid and liquid polymer.

2) Cell Nucleation

Cell nucleation is driven by thermodynamic instability because of an increase in
temperature or a decrease in pressure, phase separation takes place between the polymer and gas
to form cell nuclei. Thermodynamic instability may result from an increase in temperature and/or
a decrease in pressure. If the bubbles are generated from a single homogeneous phase containing
no impurity or dirt, then the process is called homogeneous nucleation, If tiny particles are
present in the liquid, and if they assist in the formation of cells, then the process is called
heterogeneous nucleation, since the nucleation took place at a solid and liquid interface.

3) Cell Growth

After cell nucleation, gas bubbles increase size within the polymer; the bubbles
grow due to the diffusion of excess gas in the polymer. The viscosity of the polymer, the gas
concentration, the foaming temperature, and the amount of nucleating agent and its nature are
some of the variables that control the cell growth step.

4) Cell Stabilization

As seen 1n Figure 2.1, the cell growth process is stopped by a natural or an
imposed ending of the driving force for cell growth. Then, cellular foam is obtained. Cooling
becomes a natural way to enhance material strength to keep the foamed product stable. When

foaming is completed, the polymer is cooled into a solid stable state for applications.

Gas/polymer Nucleation Cell Growth

Solution

Figure 2.1 Cellular foaming process {20].



2.1.3 Classification of Polymeric Foams
Current systems of classifying types of foams depended on criteria of interest,
such as foam structure, foaming process, bubble shape, size distribution, and isotropic behavior.

The usually classification of foams can be done according to various methods thereof:

1) Classification Base on Foam Structure

A partition of solid foam is called a “cell”. Because solid foams are derived
from liquid ones, the shapes of solid foam cells and liquid foam bubbles are similar. There are
two types of cell in artificial foams: closed-cell and open-cell foams [1, 18, 22] (see Figure 2.3),
described as follows:

1.1) Closed cell foams has network of edges and faces still exist
separately in the cells like foam bubbles, as shown in Figure 2.2A. In closed-cell foams, most
cells have cell walls, the cell faces shared by the neighboring cells. Gas cannot flow through
these neighbor cells.

1.2) Open cell foams comprises only the network of edges without cell
faces, which only comprises a framework of struts being interconnected at the vertices of cells.

Gas can flow through neighbor cells, as shown in Figure 2.2B.

(B)
Figure 2.2 Schematic of (A) closed cell foams and (B) open-cell foams [22].

2) Classification Base on Cell Geometry

Cell geometry is one of main criteria in analysis of foam morphology. The
geometry of cells may be different, depended on foam formation and processing. There are
mainly four types of cell geometry thereof: spherical, ellipsoidal, regular polyhedral and irregular
polyhedral bubbles.



2.1) Spherical bubble, in Figure 2.3A, is a shape of ideal expansion
with uniform shear stress in all direction in bubble growth step [9], such as injected foams.

2.2) Ellipsoidal bubble, in Figure 2.3B, transformed from spherical
bubble due to non-uniform shear stress cause by extrusion process [9, 23].

2.3) Regular polyhedral bubble, such as hexahedron, octahedron,
tetrakaidecahedron, or dodecahedron, as shown in Figure 2.4.

2.4) Tregular polyhedral bubbles, the most of real cell geometry are
random, which are irregular polyhedral cells. Irregular polyhedral cells consist of irregular polygons

for each side of cells, as shown in Figure 2.5.

(A) (B)
Figure 2.3 Geometry of (A) spherical bubble and (B) ellipsoidal bubble.

V) (©) (D) ®
Figure 2.4 Various regular polyhedral unit cells of foams: (A) regular hexagonal or simple cubic,
(B) tetrakaidecahedron, (C) rhombic dodecahedron, and (D) pentagonal dodecahedron [23].

(A) B
Figure 2.5 (A) Cells extracted from the random foam and (B) skeletal drawing of their cells [24].

3) Monodispersed and Multidispersed Foams
Many types of foam are non-uniform in size due to different properties of
polymer bases such as melt temperature and viscosity and foam processing. There are main two

types of foams in classification by cell size distribution [25] as follows:



3.1) Monodispersed foams are uniform size distribution foams are the
foam which uniform in size with single peak of size normal distribution. The foam, which is
single size distribution, is called mono-size structure or monomodal foam, as in Figure 2.6A.

3.2) Bimodal foam is a multidispersed with two-size distributions
cellular structure, as in Figure 2.6B.

3.3) Multimodal foam is non-uniform multidispersed foam, which

consist of size distribution greater than two size distributions as in Figure 2.6C.

(A) (B) ©)
Figure 2.6 Four examples of microstructures generated with radical plane method: (A) mono-size

cells, (B) two-size cell distribution, and (C) multimodal cell size distribution microstructure [25].

4) Classification Base on Isotropic Property
The term isotropic foam and derivatives there of means a cell whose size and
structure are essentially uniform in all directions, including periodic patterned cell structures.
Classification of foams by isotropic property can be collect in two groups as follows [26]:
4.1) Isotropic foams are the foam that their properties are isotropic and
their cell shapes are regular.
4.2) Non-isotropic foams are the foams that their properties are not

isotropic foams.

2.2 Characterizations of Foam Properties

In this section, characterizations of foam properties, i.e., bulk density, void fraction,
relative density, volume expansion ratio, average bubble size, surface cell density, cell density

and nucleus density, were introduced.
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2.2.1 Bulk Density
Bulk density 1s quite easy to determine with high precision method, following the
standards of ASTM D1622 and ISO 845:
(1) ASTM D1622 — Standard test method for apparent density of rigid cellular
plastics is used to investigate bulk density of foams (p;) [10].
(2) ISO 845 — Standard test method for cellular plastics and rubbers: is used to
investigate bulk density of polymer (p,). Density can be evaluated as the apparent overall density

(includes forming skins) or by apparent core density (forming skins removed) [11].

2.2.2 Void Fraction
Volume expansion ratio (€) represents the ratio of gas volume (V) and volume

of foam (V}), as in Equation (2.1).

7 550\ (2.1

2.2.3 Relative Density
Relative density (R;) represents the ratio between bulk density of foams (p;) and

bulk density of polymer (p,), as in Equation (2.2).

Rp =— 2.2)

2.2.4  Volume Expansion Ratio
The volume expansion ratio of the foamed (¢), defined as a parameter which

represent the ratio of expanded volume (V) and unfoamed polymer (V,), as in Equation (2.3).
Vi
p=—+ 23)
Vp
Expansion ratio can be measured by using the ratio of bulk density of polymer
and bulk density of foams, as expressed in Equation (2.4), with the assumption that mass of gas

less than that of polymer relatively.

p
o=—F @2.4)
Pr
Equations (2.2) and (2.4) give the relationship in Equation (2.5).
1
=— 2.5)

Rp
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In addition, the total volume of foam equals the volume of the polymer plus the

volume of gas bubbles, as in Equation (2.6).
Vr=Vp+Vg (2.6)
Consequently, combining Equations (2.1), (2.3) and (2.6) gives the volume

expansion ratio as a function of the void fraction, as in Equation (2.7).

b=—

1-¢

(2.7

2,2,5 Average Bubble Size
Average bubble size can be investigated using measured bubble diameter of each

cell (d) and the number of each cell diameter (n,), then calculate by Equation (2.8) [30]:
> (d;n;)
d-&XiTi/
2n; 238)
2.2.6 Surface Cell Density

Surface cell density (Ng) is a morphological parameter in determination of

number of cell (n) per unit area of interest (A) from micrograph, as in Equation (2.9).

n
Ny = X 2.9

Determination of cell density is not an exact operation because it is not possible
to measure the exact surface area (A) of the area of interest (AQOI) and the exact cell count (n).
Two techniques for estimation of surface cell density are known AOI size and known cell count
methods, as described below.

1) Known AOI size method

Known AOI size technique consists of tracing a shape of a known area, the
simplest case being a rectangle and counting the circumscribed cells. The difficulty of this
technique is to determine the proper number of cells to include in the cell count. As shown in
Figure 2.7, There are three possible cases:

1.1) Consider only the cells strictly circumnscribed in the AOI This technique
underestimates the true cell count, therefore underestimating the actual cell density, as minimum
surface cell density.

1.2) Consider all the cells overlapping the AOI. This technique overestimates
the true cell count, therefore overestimating the actual cell density, as maximum surface cell

density.
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1.3) Consider the cells strictly circumscribed in the AOI and inner part of the
cells overlapping the AOL This technique should represent more closely the actual case.

Unfortunately, it is difficult to determine the fraction of border cells to consider.

Figure 2.7 Known AOI size method: (A) strictly circumscribed gives minimum count (n=8),

(B) complete cells gives maximum (n=17) and (C) circumscribed fraction gives mean (n=12.5) [9].

2) Known cell count method

In known cell count technique, the exact cell count is known but the exact AOI
circumscribing the determined cells is uncertain. The exact value reasonably stands between two
identifiable extremes, as shown in Figure 2.8. There are two possible cases:

2.1) The smallest AOI case is limited by the outer limit of the counted cells.
This technique underestimates the true surface, as the maximum surface cell density.

2.2) The largest AOI case is limited by the inner limit of the adjacent
surrounding cells. This technique overestimates the true surface, as the minimum surface cell

density.

Figure 2.8 Known cell count method: (A) maximum surface cell density and
(B) minimum surface cell density [9].

In all cases, the maximum and minimum possible measured surface cell densities
were used to determine the averaged surface cell density.
The methods of both known cell count and known AQI size to determine surface

cell count give similar results within 20% uncertainty [9].
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2.2.77  Cell Density and Nucleus Density
When characterizing the number of cells (n) per unit volume, there is a
distinction to be made between nucleation density and cell density. Both represent a cell count but
they use a different reference for the volume [2, 9]. Nucleus density (N) is defined as the number

of nuclei (n) per unit volume of the original (unfoamed) polymer (V,), as in Equation (2.10).

N, =35 (2.10)

While cell density (N,), defined as the number of cells (n;) per unit volume of the foams (V) as
in Equation (2.11).

N (2.11)

Polymeric foams made by foaming processes usually possess a solid skin. It is

possible to thermoform the polymeric foam into different shapes without collapsing the cell

structure [25]. Considered that there is no coalescence and collapsed expansion in the bubble step,

as shown in Figure 2.9, the numbers of nuclei and foamed cells are equal (n,=ng).

Neat Polymer Expanded Fm

Nucleation Bubble Growth

(A) (B)
Figure 2.9 No coalescence and no collapsed expansion in bubble-growth step.

Combining volume expansion ratio in Equations (2.3) with nucleus density and-

cell density in Equations (2.10) and (2.11), lead to Equation (2.12).

N

o= N: (2.12)

Therefore, relationship between nucleus density and’ cell' density can be written in conventional

forms in Equations (2.13), as introduced in a work by C.B. Park [27].

N, =N:é (2.13)
The relationship between expansion ratio and void fraction, in Equation (2.7), lead to the estimating

cell density, which can be expressed in Equation (2.14) as introduced by K. W. Suh et al. [2].

_ Ny

°T1-¢

2.19

However, bubble coalescence and collapse can occur in real foaming process.

True nucleus density (N *) should be greater than or equal to the estimated nucleus density (N¥>N)).
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2.3 Review of Foam Microstructure Characterization

Nowadays, true foam microstructure can be observed by 3D scan technology using a
volume rendering technique used to display a 2D projection of a 3D discretely sampled data set,
as produced by a microtomography scanner, and image segmentation to remove the unwanted
structures from the image by adjusting volume-rendering parameters. Computed tomography scan
and x-ray microtomography are useful techniques that can be applied to observe the foam

microstructure. Then, cell dimensions and cell density can be measured.

2.3.1 Computed Tomography

Computed tomography (CT) is an imaging method using tomography created by
computer processing. Digital geometry processing is used to generate a 3D image of the inside of
an object from a large series of 2D X-ray images. The CT produces a volume of data that can be
manipulated, through a process to show various bodily structures based on their ability to block
the X-ray beam. The images generated are in the axial or transverse plane, orthogonal to the long
axis of the body, modern scanners allow this volume of data to be reformatted in various planes or
even as 3D volumetric representations of structures. Many scanned data are progressively taken
as the object is gradually passed through. Combining by mathematical procedures was known as
tomographic reconstruction. This increases the resolution of each volume element known as
Voxel. Then a Back Projection process essentially reverses the acquisition geometry and stores
the result in another memory array. Then, this data can be displayed, photographed, or used as

input for further processing [28].

23.2 X-Ray Microtomography

X-ray microtomography, imaging by sectioning, using waves of the x-ray energy.
A device used in tomography is called a tomograph, while the image produced is a tomogram.
X-rays is used to create cross-sections of a 3D-object that later can be used to recreate a virtual model
without destroying the original model. The term micro is used to indicate that the pixel sizes of
the cross-sections are in the micrometer range. These pixel sizes have resulted in the terminology
micro-computed tomography, micro-computer tomography, high resolution x-ray tomography, and
similar terminologies. Because microtomography scanners offer isotropic, or near isotropic,

resolution of images does not need to be restricted to the conventional axial images [29].
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Recently, M. D. Montminy et al. [30] used X-ray tomography and image processing
technique to identify the actual foam structures of open-cell polyurethane foams (Figure 2.10A),
including mean geometric parameters such as cell size, area of cell, and interior angle. Youssef and
Maire [31, 32] used the same technique to make a 3D solid model (Figure 2.10B), and this 3D

model was applied to finite element analysis to calculate effective properties.

(A4) (B)
Figure 2.10 (A) 3D image from X-ray tomography [25] (B) 3D model from CT technique [30].

24  Review of Existing Methods of Cell Density Estimation

In section 2.5, the techniques for observation of real cell microstructure were introduced.
However, since cost of operation in measurement is quite expensive, the simple methods of
estimation of cell density are preferred. Currently, the existing favorite methods of estimating cell
density are the stereological simple average method, material balance-based method, and the cell

density estimation of non-isotropic foams.

24.1 Stereological Simple Average Method
The stereological simple average method for estimation of cell density of
polymeric foams is simple and rough. This simple equation was developed by simple
stereological procedure and used widely as the conventional model of estimating cell density in
isotropic foams. The estimation of cell density uses the 2D surface cell density (Ng) as parameter
that can be observed from a single cross-sectional side from micrograph, as expressed in Equation

(2.15)
Ny =[NgE (2.15)

The stereological simple average method simple average method is appropriate to uniform

isotropic foams. The foam in question may be uniform or non-uniform dispersion.
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2.4.2 Material Balance-Based Method

Material balance based model also is convenient for characterization of cell
density, with the material balance-based method being the most reliable including important
parameters: volume expansion ratio (¢) and average cell size (d).

Cell density refers to the number of cells (n_,) in a unit volume of foam, as

cell

expressed in Equation (2.16).

n

N, =—=cil
T (2.16)
The number of cells equals the total volume of gas bubbles divided by the volume of a unit

bubble (V,,) as expressed in Equation (2.17).
Ve

ny =S 2.17)
1TV,
Equation (2.17) can be written as Equation (2.18).
1 (Vg
N/ N0
o~ VT (Vbb) 218
Substituting V,; from Equation (2.6) into (2.18) gives Equation (2.19).
1 (Vi-V
N == R
F V. ( v, ) (2.19)

Combining Equations (2.3) and (2.19) leads to the general form of the material balance-based cell

density model, as shown in Equation (2.20) [9].

1 1
Np=—r|l-=
> Vbb ( ¢) (2.20)

The volume of a unit gas bubble (V,,) is dependent on the bubble shape of foams.
For spherical bubble foams, V,, can be calculated by Equation (2.21).

d3
Vi, = 36— (2.21)

On the other hand, in the case of ellipsoidal bubble foams with idealized
dimension of longituditional axis of L, primary and secondary transversal axes of B and W,

respectively, as seen in Figure 2.11, V,, can be expressed b}'; Equation (2.22).

_aWBL
6

In practice, analysis of foam morphology from micrograph is two-dimensional

Vbb

(2.22)

analysis. The simple way to analyze is to approximate L~B. Volume of a unit gas bubble can be

calculated by Equation (2.23).
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2
y,, =B (2.23)

Figure 2.11 Dimension of an ellipsoidal bubble [9].

At present, the true cell densities of polymeric foams are still not well estimated,

with the material balance-based method being the most reliable.

2.4.3  Cell Density Estimation of Non-isotropic Foams
R. Gosselin and P. Jerschew [9] introduced the method to estimate cell density of
ellipsoidal foams with non-isotropic distribution or inhomogeneity, such as extruded foams, using
surface cell density of two perpendicular cross-sections: longituditional direction (N,) and
transversal direction (N,), as shown in Figure 2.12. The shape of ellipsoidal bubbles is assumed
to be spherical in longituditional cross-section (B=W) in Figure 2.11. Cell density of ellipsoidal

foam can be estimated by Equation (2.24).

N; =N, (Nz)% (2.24)

Flow Coof {0
direction l N, ggcfo 0 0
| 50° 000
00O o n
N, Injection Extrusion
0908
2353

Figure 2.12 Observation of two perpendicular cross-sections [9].

In addition, this estimating method is concerned with non-uniform distrtbution
of two perpendicular directions. The estimating results using this method are similar to material
balance-based method [9]. However, the difficulty of preparation of perpendicular samples for

morphological study is the main problem for this method.

71331
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244 Comparison of various estimating methods

The estimations of cell density using various methods are compared in Table 2.1.
True cell density of foam cannot be investigated by traditional techniques. The true cell densities-
of polymeric foams are still not well-estimated, with the material balance-based method being the
most reliable due to the principle of material balance. However, simple averaging method is
usually used for polyhedral foams. The true cell densities of microcellular foams are still being
not well-estimated, with the material balance-based method being the most reliable. Both the
material balance-based and conventional models give similar results for high density polymeric
foams [9], while the different models do not give similar results for low density isotropic foams:
However, in case of irregular or complex shapes of gas bubbles, the estimation by material

balance-based cell density method is difficult to define the sizes of gas bubbles.

Table 2.1 Comparison of various methods for estimation of cell density.

Conventional Perpendicular
Method stereological simple Material balance P
\ stereology
averaging
Equation Equation (2.15) Equation (2.20) Equation (2.24)
Based principle stereology material balance stereology
Number of Parameters 1 3 2
Morphology parameter NgorA d N1, Nga
Bulk Density parameter - PF, Pp -
Application Available Available Available
for closed-cell
Application Available Not available Available
for open-cell
Applicati_o n Available Available Available
for spherical bubble
Application Not . .
for ellipsoidal bubble available Available Available
Assumption of ) . . . . .
bubble distribution uniform in 3D Uniform or non-uniform Uniform in 2D
Advantage Eass);;o f:g:{n;f \:lth Good for spherical Good for both isotropic
p & bubble and non-isotropic foams
method
Limitation Poor for Poor for leﬁcult of
. . . . perpendicular samples
non-isotropic foams non-isotropic foams .
preparation
Reliability Fair Good Good




19

2.5  Review of Space-Occupied Analysis

Space-occupied analysis is used to examine occupying area or volume of distributed
objects in 2D or 3D spaces such as voronoi tessellation method of constructing polygonal or
polyhedral cells of points, circles, and spheres [33-35], as shown in Figure 2.13. The space-
occupied analysis is also applied to the analysis of area-occupied or volume-occupied of the foam
bubbles, investigation of the cell structure and cell boundary of polymeric foams from the cross-
section observed from micrograph, and analysis of the cell shapes of various atomic packing
structures [36-38]. The idea of space-occupied analysis inspires this work to estimate cell density
by analyzing cell boundary of periodic foam structure, i.e., cell shape and cell size, which is
independent to bubble shape, bubble size, or foam processing, for both post-production isotropic

high density and low density closed-cell foams.

(A) ©

Figure 2.13 Voronoi diagrams of (A) points, (B) circles, and (C) spheres sets [17].

The structure of foam, shape of a unit cell, and the cell cross-section are main factors of
the estimation of cell density by analyzing cell boundary of periodic foam structure. Polymeric
closed-cell foams are typically pentagonal dodecahedral cells [39-40]. In analyses of transport
phenomena and finite element, perfect cell cross-sections, i.e., regular tetragonal cells or regular
hexagonal cells were used [41-43]. However,. generally, morphologies of polymeric foams observed
in micrographs displayed non-perfect cross-sections, which are usually pentagonal, hexagonal or
square, and are variously distorted with a non-uniform cell size and random cell distribution [39];

the cell cross-sections cannot represent their information in 3D.
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2.6 Background in Atomic Packing Structure Model

Atomic packing structure model [44] describes the orientation of atoms in crystal
structure. The unit cell is the smallest structure that repeats itself by translation through the
crystal. We construct these symmetrical units with the hard spheres. The most common types of
unit cells are the faced-centered cubic (FCC), the body-centered cubic (BCC) and the hexagonal
close-packed (HCP). Other types exist particularly among minerals. The simple cubic (SC) is
often for didactical purpose, but no material really has this structure. Unit cells of various atomic

packing structures are shown in Figure 2.14.

Hard sphere unit cell Reduced-sphere unit cell

(A)

®)

©

®)

Figure 2.14 Unit cells of variuos atomic packing structures [44].

Two important characteristics of a crystal structure are the coordination number
and the atomic packing factor (APF). For metals, each atom has the same number of nearest
neighbor or touching atoms, which is the coordination number. The APF is the fraction of solid

sphere volume in a unit cell [44], as expressed in Equation (2.25).

APF = volumeof a?omsin aunitcell (2.25)
total unit cell volume

Coordinate numbers and APFs of various crystal structures are shown in Table 2.2.
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Table 2.2  Unit cells of various atomic packing and their parameters [44].

Unit cell Coordination number APF
Simple cubic 6 0.5236
Body-centered cubic 8 0.6802
Face-centered cubic 12 0.7404
Hexagonal closed packed 12 0.7404

2.1 Foam Microstructure Models

2.71 3D Cellular Structure Models
Foam structure model is a 3D periodic cell frameworks used to describe
microstructure of foam cells. The shape of cells in foam microstructure is a regular polygon as in
(Figure 2.5), dependent on its cell packing structure [45]. Furthermore, 3D foam microstructure
model is used in finite element analysis to study mechanical properties of the foam. It translates
the non-periodic real foam model into periodic element based on 1dealized unit cells, also called

repeating unit, as shown in Figure 2.15.

Figure 2.15 Simulation of (A) random foam and (B) uniformed tetrakaidecahedron structure [45].

V. Shulmeister et al. [1] has modeled a foam microstructure as 3D frameworks
of cell struts. The initial distribution of the nuclei completely determines the original geometry of
the Voronoi tessellation and, hence, the strut framework. To create a regular space-filling cell
framework, a regular BCC packing of tetrakaidecahedron cells and a regular FCC packing of
tetrakaidecahedron rhombic dodecahedron cells packed distribution of nuclei are raised as

examples here, as displayed in Figures 2.16.
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BCC packing Tetrakaidecahedron cells
.t
(A) (®)
FCC packing Rhombic dodecahedron cell

©
Figure 2.16 (A) Tetrakaidecahedron based on body-centered cubic (BCC) distribution of nuclei

and (B) its subsequent strut framework. (C) Rhombic dodecahedron based on a face-centered

cubic (FCC) closest nuclei distribution and (D) its subsequent strut framework [1].

Similarity of periodic packing structure between atomic packing and cellular

microstructure can be shown in Table 2.3.

Table 2.1 Similarity of periodic structure between atomic packing and cellular microstructure.

Packing structure Repeating unit cell of cellular microstructure
SC Regular Hexahedron (simple cubic)
BCC Tetrakaidecahedron (Kelvin foam), regular octahedron
FCC Rhombic dodecahedron, pentagonal dodecahedron

Recently, unit cell models have proven to be useful theoretical tools for
understanding some of the key aspects of the mechanical behavior of cellular solids such as the
dependence of failure properties on relative density and on the failure mode of individual cells.
In contrast to an idealized unit cell, most cellular materials have inherent imperfections and

inhomogeneities in their microstructure [46].

2.1.2 2D Cellular Structure Models and Cell Cross-Sections
Two-dimensional cell model was used to describe cellular microstructure using
cell cross-sectional windows. Generally, random cell microstructures appear on micrographs, as
seen in Figure 2.17A. Simply periodic cell microstructure with repeating unit, such as tetragonal
or hexagonal cells, as shown in Figure 2.17B, can be used to model and to simulate the transport

phenomena of foaming process and 2D finite element analysis as well as 3D analysis [27, 46].
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Figure 2.17 Two-dimensional cellular structure models of (A) a realistic random microstructure

and (B) a periodic hexagon microstructure [27].

In order to analyze the cross-sections of idealized periodic microstructures,
perfect cross-sections are used as useful theoretical tools for analysis. The shape of repeating unit
cell windows depends on the assumption of 3D microstructure; regular tetragonal cell window for
simple cubic microstructure, and regular hexagonal cell window for tetrakaidecahedral or

dodecahedral microstructure, as shown in Figure 2.18.

o o o
° o0
olole
A) ®)

Figure 2.18 Two-dimensional periodic structures of (A) tetragonal and (B) hexagonal cells [41].

On the other hand, cell cross-sectional windows usually vary from perfect cross-
sectional windows as non-perfect cross-sections. In a previous study, K. Li et al. [42] presented
effects of cell shape and cell cross-sectional area vartations on the elastic properties of 3D open-
cell foams. K. M. Lewis et al. [39] presented a reliable mathematical relationship between the
observed cell cross-sectional window area and the average cell size, which has allowed the
realization of useful correlations for low density closed-cell foams. The observed cell windows
were usually pentagonal, hexagonal or square and were variously distorted, and all the cells were
assumed dodecahedral. The average cell diameter was calculated by the following Equation

(2.26) [39].

De = 2.1354 (Rf (2.26)
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In considering a periodic cell microstructure, cell cross-sectional windows model
can be applied to describe the cell microstructure, which was either perfect or non-perfect cross-

section of the foam structure.



Chapter 3

Mathematical Models

This chapter describes a comprehensive research on development of the mathematical
models in two parts: Part 1 describes how the estimation of cell density with critical bubble lattice
method developed, and Part 2 introduces the characterization of isotropic foam behavior with the

newly-developed isotropic foam index.

Part 1 Estimation of Cell Density using Principle of Critical Bubble Lattice

This part introduces how newly mathematical models was developed. First, the overview
of the development was introduced. Then, the principle of bubble rearrangement, the definition of
critical bubble and the concepts of critical bubble lattice model were introduced by representing
atomic packing structure. Analysis of variation of determined cell sizes with perfect and non-
perfect cell cross-sections was taken into account. Material balance-based cell density was
derived. Finally, estimation of material balance-based cell density using critical bubble lattice for

master equations are presented.

3.1 Overview of Mathematical Model Development

In this study, three previous physical models were studied: atomic packing model, 3D
foam structure model, and cell cross-sectional windows model. The integration of these models
was applied to develop a mathematical model for estimation of cell density of polymeric foams.
Figure 3.1 illustrates briefly how the mathematical model of cell density estimation using surface
cell density was developed. Solid-line blocks refer to recent models and dash-line blocks refer to
developed parts. First, the general form of the relationship between cell density and cell size with
function f, was presented by utilize of the newly-developed critical bubble lattice model that
assoctates foam structures with atomic packing structure models. Second, the general form of the
relationship between cell size and average cell cross-sectional windows area with function f, was
introduced. Finally, mathematics led these general forms to the master equation of cell density

estimation with surface cell density.
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Estimation of cell size

(Dc) with apparent cell

cross-sectional windows

. | area from micrograph (A)
i i -PerfectCross-Sections

Estimation of cell density (Ng) of foams

with parameter critical bubble size (D¢) - Nor-Petfact Cross.Sactions
N; = fDc) D¢ = f;(X)
. v

Mathematical model of the estimation of cell density (Ng) P
with the morphological parameter surface cell density (Ns) N, = £N;)

Figure 3.1 Integrating methodology of development of models for estimation of cell density.

At present, modeling of 3D structure of polymeric foams was studied wildly to describe
cell morphology such as bubble shapes and average cell size, to study transport phenomena in
foaming process, and to analyze mechanical properties of foamed materials with finite element
method. In this study, comparison between atomic packed structure and 3D foam structure at cell
structure and cell shape was studied. Critical bubble lattice model was then presented in association
of the foam structure of pentagonal dodecahedron (12-hedron) cells with face-centered cubic

(FCC) atomic packed structure.

3.2 Principle of Bubble Rearrangement

Generally, bubbles grow in all directions from random initiated nuclei, and gas bubbles
are dispersion randomly. The concept of bubble rearrangement rearranges randomly dispersed gas
bubbles into periodic structure pattern to simplify the methods of estimating cell density with
analysis of comfortable periodic structure. The same number of bubbles dispersed in the same
volume of foams or the same area of interest size led to the same cell number density; with
independent to bubble sizes, bubble shapes, or initial co-ordinate of dispersed bubbles; no change

in their cell density, as shown in Figure 3.2.

(A) (B)
Figure 3.2 Rearrangement of (A) thirty-nine random dispersed bubbles into (B) periodic volume-

equivalent hexagonal cell cavities, at the same area of interest size.
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3.3  Principle of Critical Bubble Lattice

In this section, the estimation of cell density using the critical bubble lattice method is
introduced to show how the analysis of cell structure can be used as the estimation of cell density
with independent of gas bubbles inside. Finally, the master equation for the estimation of cell

density with the critical bubble lattice was presented.

3.3.1 Definition of Critical Bubble
Critical bubbles are assumed the largest pseudo spherical gas bubbles that

expand full filling the 1sotropic cell cavities as shown in Figure 3.3.

Unit cells and its Unit cells and its
spherical bubbles critical bubbles

Tetragonal cell

Hexagonal cell

ANaa
AL

Figure 3.3 Cell cross-sectional windows with their bubbles.

3.3.2 Similarities between Atomic Packing Structure and Critical Bubble Lattice
The critical bubble lattice model was developed to describe uniform distribution
of gas bubbles in a periodic structure. The similarities between the critical bubble lattice and an
atomic packed structure were studied. The geometric properties of atomic packing were applied to
estimate the properties of the critical bubble lattice; for instance, the void fraction of the critical
bubbles equals the atomic packing factor (APF), and the cell density of both the critical bubble
lattice and an atomic packed structure are equal. The similarities between the atomic packing

model and the critical bubble lattice model are shown in Table 3.1.

Table 3.1  Similarities between an atomic packed structure and the critical bubble lattice.

Property Atomic packed structure Critical bubble lattice
Packing Spherical solid atoms in void space Spherical gas bubbles in polymeric resin
Volume APF, volume fraction of solid spheres in | Void Fraction, fraction of spherical bubble
fraction unit cell and total volume of unit cell in unit cell and total volume of unit cell

Cell density | Number of solid spheres per unit volume | Number of critical bubble spheres per
of cell unit volume of cell
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In brief, the critical bubble lattice explains the periodic packing structure of the
critical bubbles, similar to an atomic packed structure. This structure may be simple cubic (SC),
body-centered cubic (BCC), or face-centered cubic (FCC) packing. The cell cavities of low density
isotropic polymeric foams are typically pentagonal dodecahedral which its critical bubble lattice

are packed similarly to the FCC atomic packing structure, as shown in Figure 3.4.

(A) (B)
Figure 3.4 Schematic of (A) FCC atomic packing structure and (B) pentagonal dodecahedron

foam structure.

3.3.3 Identical Cell Density at the Same Cell Size
The concept of the critical bubble lattice introduces a useful principle for
characterizing the cell density independently from bubble shape or size. Figure 5 shows three
identical cell size foams are compared: uniform spherical, critical, and non-uniform bubbles, all
foams are the same cell size but their bubbles are different in shapes and sizes. It was shown that all
of the foam in Figure 3.5 could be represent the same critical bubbles as seen Figure 3.5B; the size
of critical bubbles signifies only the cell size. Moreover, these foams should have the same cell

density because these have the same cell boundary, independently from shape or size of the bubbles.

Uniform spherical Critical bubbles Non-uniform
gas bubbles gas bubbles

......

Figure 3.5 Identical hexagonal cells and the gas bubbles contained therein.

Furthermore, the cell density is identical at the same cell size, independent of gas
bubbles. The cell density of any uniform or non-uniform gas bubbles inside the same cell structure
are similar to the cell density of the critical bubble lattice (NF,CR), as expressed in Equation (3.1).

Ny = NF,CR G.1
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In practice, void fractions (€) were taken from the APFs of atomic packed structures,

while expansion ratios (¢) were calculated with these void fractions, as in Equation (2.7).

¢=1

1-¢

2.7

The theoretical limit of expansion in terms of critical void fraction (ecgr) and

critical expansion ratio (¢cg) of various cell structures can be shown in Table 3.2.

Table 3.2 Various cell structures and their theoretical limit of spherical expansion parameters [3].

Lattice Shape of Unit Cell gcr (-) dcr ()
sC Cubic 0.5236 2.0991
BCC Tetrakaidecahedron (Kelvin foam) 0.6802 3.1270
FCC Pentagonal dodecahedron (12-Hedron) 0.7404 3.8521

3.3.4 Material Balance-Based Cell Density Model using the Critical Bubble Lattice
In order to determine the material balance-based cell density of various foams,
both spherical and polyhedral bubbles must be examined. The combination of material balance-

based cell density in Equations (2.22) and (2.23) and critical bubble lattice model leads to:

1 1

N Rl ra 2.22

o [ 4») et
3
L (2.23)
6
It can be written in Equation (3.2).
6 1
N, =—}1-

. 7‘5(Dc)3 ( ¢CRJ 32

In Equation (3.2), the value of the critical expansion ratio was obtained from Table
3.2, which depends on the packing structure. Therefore, the general form of the cell density of

atomic packed structures with a new parameter, the periodic factor (), is given in Equation (3.3).

. (3.3)
F=7_ \3 .
(Dc)’
Various atomic packed structures and their periodic factors are summarized in Table 3.3.
Table 3.3 Various atomic packed structures and their geometric parameters.
Packed Structure Shape of unit cell Periodic factor, a (-)
SC Cubic 1
BCC Tetrakaidecahedron (Kelvin foam) 1.2990

FCal Pentagonal dodecahedron (12-Hedron) 1.4142
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3.4  The Relationship between Cell Size and Average Cell Window Area

It is important to note that it is not possible to measure the cell size (D) directly from the
micrographs. For this reason, the relationships between cell size and measurable parameters such
as surface cell density or average cell cross-sectional window area are studied.

Generally, the morphology of polymeric foams observed in micrographs displays non-
perfect cross-sections with a non-uniform cell size and random cell structures, as shown in Figure
3.6A-B. In order to determine cell size from the perfect or non-perfect cross-sections, the
relationship between the reference critical bubble size and the average cell cross-sectional
windows area was studied. The average cell cross-sectional window area (A), which represents

the overall area of interest (A) divided by the number of cells (n), is expressed in Equation (3.4).

(34

(A

©

Figure 3.6 Cell cross-sections of (A) low density foams [6] and (B) high density foams from

micrographs [11]; (C) perfect hexagonal cell windows.

The relationship between cell size and cell window area are studied in two cases: perfect
and non-perfect cell cross-sections. For the perfect case, cell windows are hexagonal and fully

cover their critical bubbles as shown in Figures 3.7 and 3.8A.

Figure 3.7 Schematic of (A) a pentagonal dodecahedral cell and its perfect cross-section, and

(B) perfect cell cross-section and its critical bubble.

In reality, non-perfect cell cross-sectional windows are usually appeared in pentagonal,

hexagonal or square are observed, as the dash-line windows presented in Figure 3.8B.
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(B)

A
Figure 3.8 Apparent cell cross-sectional windows and their critical bubbles for (A) a perfect cell

cross-section; (B) non-perfect cell cross-sections.

3.4.1 Perfect Cell Cross-Section
The perfect cell cross-sectional windows depend on the cell shape and foam
structure such as tetragonal cross-sectional windows for regular cubic cells and hexagonal cross-
sectional windows for pentagonal dodecahedral cells, as seen in Figures 3.5. In addition, the cell
size is equal to the size of spherical cross-section of the critical bubble, as seen in Figure 3.8A.
To evaluate the relationship between cell size (D) and average cross-sectional
cell window area (A) of a hexagonal cell, six combined triangles of a hexagonal cell and its critical

bubble were considered, as shown in Figure 3.9.

Figure 3.9 Schematic of a hexagonal cell window and its six combined equilateral triangles.

The relationship between D, and L can be obtained by trigonometry from the

equilateral triangle in Figure 3.9.

D./2
tan60°® = =€
< (3.5)
=2¢ (3.6)
ﬁ .

The area of the hexagonal window is equal to the sum of the area of six
combined equilateral triangles, as expressed in Equation (3.7).
— 1YD: YD,
A=6-—|=1=5
6(21 2 \ V5 ) G.7)
Finally, the mathematical relationship between cell size and average cross-

sectional cell window area for the perfect cross-section model was expressed in Equation (3.8).

D =1.0746 (;T);~ (3.8)
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34.2 Non-perfect Cell Cross-Section
In section 2.8.2, the reliable mathematical relationship between the observed cell
cross-sectional window area and the average cell size was introduced in a work by K.M. Lewis
et al. [39], which allow the realization of useful correlations for low density closed cell foams.
The cell windows are usually pentagonal, hexagonal or square and are variously distorted, and all

the cells are assumed dodecahedral. The average cell diameter is calculated by Equation (2.26).

D, =2.1354(AF (2.26)

3.4.3 The General Form of Mathematical Relationship between Cell Size and
Average Cell Window Area

To simplify the analysis of the relationship between cell size and cell cross-

sectional window area of either perfect or non-perfect cell cross-sectional windows from a

micrograph, as shown in Equations (2.28) and (3.8), the mathematical relationship between cell

size and average cell cross-sectional window area can be expressed with the apparent factor (x),

as seen in Equation (3.9).

)T (K);_ (3.9)

35 The General Form of the Model

The general forms of the estimation of cell density using cell size as a parameter by
Equation (3.3) and the estimation of cell size with average cell cross-sectional window area by
Equation (3.9) are combined. Then, the general form of the mathematical relationship between
cell density and surface cell density of foam can be written with a new correcting factor, isotropic

factor (p), as expressed in Equation (3.10).

3
Ne =[N} (3.10)
Where,
o= (3.11)
K

The isotropic factor in Equation (3.10) also exhibits as the correcting factor to adjust the
relationship between cell density and surface cell density for the conventional cell density model

in Equation (2.15).
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The mathematical model development of the estimation of cell density with the isotropic

factor is summarized in Figure 3.10.

3
N ='3'3'[Ns]7

» O Foam structure

Isotropic Factor:

-
—‘——

_______

————————

\~ -
< O Cell cross-section

Figure 3.10 Summary of mathematical model development of cell density estimation.

3.6 Summary of Estimation of Cell Density using the Critical Bubble Lattice

Method

1. The concept of bubble rearrangement is used to rearrange random dispersed gas
bubbles into a periodic structure, for applying perfect cell cross-section model to the estimation of
cell density of high density foam.

2. The critical bubble lattice model was developed to describe a uniform distribution of
gas bubbles in a periodic structure. Similarities between the critical bubble lattice and an atomic
packed structure were studied. A critical bubble is assumed to be the largest spherical gas bubble
that could fulfill a cell cavity, as seen in Figures 3.5B. The geometric properties of atomic
packing were applied to estimate the properties of the critical bubble lattice.

3. The unit cell is identical at the same cell size, as illustrated in Figure 3.5. Cell density
of foam is independent from size or shape of bubbles inside. The general form of cell density
estimation using the periodic factor (0) is shown in Equation (3.3). The value of periodic factor
depends on cell structure, as shown in Table 3.3.

4. The relationships between cell size and measurable parameters such as surface cell
density or average cell cross-sectional window area were studied. The general form of the
mathematical relationship between cell size and average cell cross-sectional window area using

apparent factor (x) is expressed in Equation (3.9).
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5. The general form of the mathematical relationship between cell density and surface cell
density can be demonstrated by using isotropic factor (¢). The value of isotropic factor can be
obtained from periodic factor () and apparent factor (k), as seen in Equation (3.11). The isotropic

factor also exhibits as the correcting factor for the conventional cell density model.

Part 2 Characterization of Isotropic Foam Behavior

This part introduces the characterization of isotropic foam behavior by comparing the

foam in question with the standard isotropic foam.

3.7  Characterization of Isotropic Foam Behavior with Isotropic Foam Index

First, the definition of standard isotropic foam, standard isotropic foam factor, and
standard isotropic cell density were introduced. Then, characterizing deviation of foam from the

standard isotropic foam was introduced using isotropic foam index.

3.7.1  Standard Isotropic Cell Density and Standard Isotropic Factor

Standard isotropic foam refers to the perfect isotropic foam with one of various

periodic structures. In the section 3.5, the general form of newly-developed model was introduced

as shown in Equation (3.10). Likewise, the standard foam has the standard isotropic cell density

(N, as shown in Equation (3.12), which can be investigated by using surface cell density and a
standard isotropic factor ().

N? =(po[Ns]% (3.12)

The value of a standard isotropic factor depends on the standard isotropic factor

and the natural of cell cross-sectional windows as the standard parameters, due to the foam

morphologies such as high density foam, closed-cell low density foam, or open-cell foam.

3.7.2 Isotropic Foam Index

The isotropic foam index (1) is defined to indicate a deviation from the isotropic
foam behavior, given as the logarithm of the ratio of the apparent isotropic factor (¢) and the

standard isotropic factor (@), as shown in Equation (3.13).

n= log[i) (3.13)

o



35

The standard isotropic factor @, in Equations (3.12) and (3.13) is dependent on
the foam structure, and affects to the appearance foam morphology on a micrograph. This factor
refers to the isotropic behavior of various foam structures. For complete isotropic foams, the
isotropic foam index is equal to zero.

Combining of Equations (3.10), (3.12) and (3.13), the relationship between cell
density and standard isotropic cell density can be written as in Equation (3.14).

Np =10"Ng (3.14)

In practice, the isotropic foam index can be evaluated by solving Equation (3.14),
obtained by taking logarithm of the cell density in Equation (3.10) or material balance-based cell
density divided by the standard isotropic cell density in Equation (3.12), as in Equation (3.15).

N
=log| —&- 3.15
et 2] 19

3.8  Summary of the Characterization of Isotropic Foam Behavior Using the

Isotropic Foam Index

1. Standard isotropic foam refers to the structure that is perfect isotropic foam structure
with one of various periodic structures.

2. Standard isotropic cell density (N;°) is the cell density of the standard foams.

3. Standard isotropic factor (¢,) is used for the estimation of isotropic foam using
surface cell density as a parameter, and the value of standard isotropic factor depends on the cell
structure or the appeared morphology from micrograph.

4. The isotropic foam index (1) was defined to indicate a deviation from the isotropic
foam behavior, given as the logarithm of the ratio of apparent isotropic factor () and standard

isotropic factor (). In practice, the isotropic foam index can be evaluated by Equation (3.15).



Chapter 4

Modeling and Validation of Models

This chapter describes a research conducted to achieve pentagonal dodecahedral foam
structured in FCC lattice with perfect cross-section (FCC-PF) and non-perfect cross-section
(FCC-NPF) models, as a case of examples, to describe precisely the effect of non-perfect cell
cross-section that can occur in realistic on cell density determination of high density and low
density foams. Then, the experimental data sources and methods of analyses were described and

compared with results from the model.

4.1 Models

The new-developed model of the cell density estimation in Equation (3.10) is used to
investigate the effect of non-perfect cell cross-section on the cell density estimation of pentagonal
dodecahedral foams in two cases: first, based on the FCC lattice with perfect cross-sectional
windows (FCC-PF), and, second, Based on the FCC lattice with non-perfect cross-sectional
windows (FCC-NPF). The parameters of each model were summarized and calculated from

Equations (3.3), (2.28), (3.9) and (3.11), as shown in Table 4.1.

Table 4.1 Conventional and newly developed models and their parameters.

Foam structure Cell cross-section Isotropic
Model Periodic Apparent
i : Factor
Assumption factor () Assumption factor (x) ()
Conventional model ‘ - - - - 1
FCC-PF FCC lattice 14147 | Perfect 1.0746 1.1398
cross-section
FCC-NPF FCC lattice 14142 | Non-perfect 21354 | 0.1453
cross-section

4.1.1 Cell Densities of Low Density Foams
Because the cell cross-sections of low density closed-cell foams may appear
uncertainly within perfect and non-perfect cross-sections, cell densities of low density foams
should be between FCC-PF and FCC-NPF models, the plot between surface cell density and
surface cell density shows the isotropic foam region for low density foam, the region between the

values those calculated by the FCC-PF and FCC-NPF models, as seen in Figure 4.1.
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Figure 4.1 Plot of cell density at surface cell density and theoretical isotropic foam region for

tsotropic low density foams.

4.1.2  Cell Densities of High Density Foams

According to the experiment in recent work by R. Gosselin and P. Jerschew
(2005) as discussed in the section 1.1, material balance-based and conventional simple average
models have shown the similar result of cell density. Therefore, isotropic factor (¢) should be
near to 1; therefore, prefect cross-section model (FCC-PF) can be used in the estimate cell density
of high density foams. In case of high density foams, the rearrangement of the random
distribution of the spherical bubbles into a periodic pattern of hexagonal cells is considered to
simplify the analysis. In reality, bubbles grow from the nuclei dispersed in the polymer matrix
until contact with neighboring bubbles causing their transformation from spherical bubbles into
polyhedral cavities. The rearrangement of random nuclei (Figure 4.2A) into a periodic pattern is
performed before the bubble growth step (Figures 4.2B-4.2D), with the assumption that no
deflation or collapse of the bubbles occurs. For this assumption, the number of nuclet and the
number of cells should be equal; in other words, the cell densities of randomly dispersed spherical

bubbles and periodic structured bubbles inside the same cavities of interest should be equal.

°o°o (Yo 0@
o= anaa = @@(%@ =

(A) (B) © (D)

Figure 4.2 Distribution of gas bubbles in the same cell cavities of interest: (A) random dispersed

spherical bubbles, (B) rearranged bubbles in periodic cavities of 2D hexagonal cells, (C) spherical
bubble growth, and (D) polyhedral bubbles completely filling the cell cavities.
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The cells are typically pentagonal dodecahedral cavities and the periodic pattern
of the nuclei and the bubbles is the FCC lattice. Thus, the 2D hexagonal cells model can be used

to represent the cell boundaries, similar to the FCC-PF model.

4.2  Methodology for Validation of Models

This section describes how to test and validate the new-developed model. Extracted
essential parameters from published data that used in the calculations of material balance-based
cell density, i.e., cell size, expansion ratio, and surface cell density, were used to test the theoretical
maximum limit of the estimation of cell density using FCC lattice model, to test the range of
estimation between FCC-PF and FCC-NPF models, and to investigate the standard isotropic foam

factors for isotropic high density and isotropic low density foams, as described below.

4.2.1 The Collection of Recently Published Data
The collection of published data presents the published data. These data were
used to extract the essential parameters in analysis, 1.e., surface cell density, average bubble size,
and expansion ratio. The recently published data of interest are collected for high density and low

density foams both microcellular and conventional scale as follows:

1) Microcellutar foams:
1.1) Low density microcellular foams:
(1) Polyethersulfone foams, H. Sun et al. (2000) [47].
(2) Polyphenylsulfone foams, H. Sun et al. (2000) [47].
1.2) High density microcellular foams:
(1) Acrylonitrile-butadiene-styrene foams, E. Murray et al. (2000) [48].
(2) Polyvinylchloride foams, V. Kumar and J. Weller (1993) [49].
(3) Polycarbonate foams, V. Kumar and J. Weller (1994) [50].

2) Conventional foams:
2.1) Low density conventional foams:
(1) Polystyrene foams, P. Srichay and P. Methakul (2005) [51].
2.2) High density conventional foams:
(1)  Polypropylene foams, P. Spitael and C. W. Macosko (2004) [52].
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4.2.2 Extracted Parameters from Available Published Data
Generally, recently studies reported their experimental data in terms of density of
polymer, density of foam, and nucleus density. In this work, volume expansion ratio and surface cell
density are required for the calculation of material balance-based and conventional stereological cell

densities.

1) Volume Expansion ratio

Volume expansion ratio is calculated from the ratio between density of polymer
and density of foams as the inverse of relative density. Volume expansion ratio of foam was
investigated by the ratio of densities of polymer and foam in Equation (2.4).

p
¢$=-2
Pr

(2.4)

Alternatively, the inverse of relative density can be applied to calculate volume expansion ratio,

as shown in Equation (2.5).

¢ %S 2.5)

2) Evaluation of Extracted Surface Density
The nucleus densities reported in recently published data are calculated by
Equations (2.13) or (2.14).

N, =N;¢ (2.13)

Ne
—€

z

N

(2.149)

o

—

Where, stereological cell density (N;) can be calculated by Equation (2.15).
N, =[N} (2.15)

Thus, this study extracts the surface cell density (N) using the Equation (4.2).

N, =[N°]z (4.2)

4.2.3 Estimation of True Cell Density
Material balance-based cell density calculated by Equation (3.9) was applied to
estimate true cell density, and plotted in the scattering plot of cell densities versus surface cell

densities. The cell density of foam was calculated using the material balance based-model, which
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calculates with parameters average apparent bubble size and apparent volume expansion ratio, as

shown in Equation (4.3).

Ng = T(l 'E) 4.3)

4.24 Method of Analysis for Testing and Validation of the Models
Testing and validation of the models is to test the theoretical maximum limit of
the estimation of cell density using FCC lattice model, to test the range of estimation between
FCC-PF and FCC-NPF models, and to investigate the standard isotropic foam factors for isotropic

high density and isotropic low density foams, as described below.

1) Plot the Relationship between Cell Density and Average Cell Size

The plot of cell density versus average cell size is perform in semi-logarithm
scale to study the FCC lattice as theoretical maximum limit of estimation. The cell density in the
scattering plot is material balance-based cell density as described in section 4.2.1, while average

cell size is perfect cross-sectional cell size which calculated by Equation (4.1).

2) Plot the Relationship between Cell Density and Surface Cell Density

The plot of cell density versus surface cell density is pérform in logarithm scale
to study of the theoretical range of estimation using new-developed model and its validation for
the sample models: FCC-PF and FCC-NPF. The cell density in the scattering plot was material
balance-based cell density as described in section 4.2.1. Surface cell density is extracted from

conventional cell density or nucleus density from recently published data.

3) Investigation of Standard Isotropic Factor

The data of microcellular high density and microcellular low density foams were
collected to investigate the standard isotropic factors of isotropic high density and isotropic low
density foams. The investigation was performed by analyzing the scattering plot of cell density
versus surface cell density, as in section 4.2.3. Then, percentage average absolute deviation
(%ADD) was used to measure the accuracy of the models by measuring the deviation of the

calculation by the model (x,,) from experimental data (x,,), as calculate by Equation (4.1).

Xexp ~ X cale
%AAD = )——;—ca‘ix 100 (4.1)
exp
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A model which has lower %ADD is better accuracy and appropriate to be a standard isotropic

factors for high density or low density foams.

4.3  Experimental Procedure

Two experiments for characterization of isotropic foams and non-isotropic foams were
set-up and results are predicted by the new-developed model. Polyethylene foams were prepared
for the case of isotropic foams, and sisal fiber/polypropylene composite foams was prepared for

non-isotropic foams. Preparations of the foam samples are described below.

4.3.1 Preparation of Polyethylene Foam Samples
Polymer blends consist of two based polymer from Thai Polyethylene co., Itd. :
(a) polymer-A has melting temperature of 135 °C bulk density 0.954 g/cms, and (b) polymer-B
has melting temperature of 140 °C bulk density 0.949 g/cms. Both grades of polymer are mixed
with nucleating agent by extruder at 150 °C to produce polymer blend pellets, with different
compositions as shown in Table 4.2. The polymer blends are foamed in high pressure vessel of
12 MPa at 250°C with oil-bath temperature control by using foaming apparatus as explained in

section 4.3.3.

Table 4.2 Compositions of polymer blends.

Sample Pognmoz‘A PO(I‘YN?ZT)-B Nucle?;i}l;)rg) agent
X01 85 15 0
X02 85 15 0.4
X03 85 15 1
X04 85 20 0
X05 85 20 04
X06 85 20 ’

432 Preparation of Composite Foam Samples
Regarding preparation of non-isotropic foams, sisal fiber/polypropylene
composite foams are prepared to be the non-isotropic foam samples. Polypropylene pellets

Moplen HP500N from HMC Polymer are mixed with 0 and 20 phr of sisal fibers and maleic
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anhydride grafted polypropylene (MA-g-PP) of 0, 2, 5 and 10 wt%. Sisal fiber, polypropylene, and
MA-g-PP are mixed in the internal mixture at 190 °C for 10 minutes. Then the mixes are casted
by compression molding at mold temperature of 230 °C for 45 minutes. The composite foam
samples are produced by physical foaming process using carbon dioxide as the foaming agent at

12 Mpa 165 °C for 2 hours.

Table 4.3 Compositions of sisal fibers reinforced polypropylene composites.

Sample Sisal fiber MA-g-PP
(phr) (Wt%)
Y01 0 0
Y02 20 0
Y03 20 20
Y04 20 5.0
Y05 20 10.0
4.3.3 Foaming Apparatus

Foaming apparatus for preparation of the foam samples in Sections 4.3.2 and
4.3.3 consists of CO, vessel, high pressure pump, high pressure vessel, silicone oil bath,

temperature controller set, propeller, and piping system, as shown in Figure 4.3.

CO, vessel

Valve Valve Valve
V-1 V-2 V-3
5&} 11:&} :{:8(} Pressure
gauge
) Propeller
High pressure
vessel I
Themmocouple ( ' —t —3
] - o
; Oil bath
____________ l Heater !
High pressure pump Temper.alure
ISCO SFX 200 controller

Figure 4.3

Foaming apparatus in preparation of foam samples.
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The foaming procedure was explained as follows:

1) Put a polymer/composite sample into the aluminum rack (Figure 4.4).

Figure 4.4 Aluminum rack.

2) Open a top end of high pressure vessel (Figure 4.5) and load the aluminum

rack into.

Bottom-end

Figure 4.5 High pressure vessel.

3) Cover the high pressure vessel, connect to the valve V-3 piping system as in

Figure 4.6, and check for leak test.

' Pressure gauge

Figure 4.6 Valve V-3 piping system and a foaming high pressure vessel.
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4) Connect the valve V-3 piping system to the ISCO SFX 200 high pressure

pump (Figure 4.7), as in Figure 4.3.

e §

e §

Figure 4.7 ISCO SFX 220 high pressure pump.

5) Provide the temperature-controlled oil bath and propeller as seen in Figure

4.8. Then, program the foaming temperature set point to the temperature controller.

Figure 4.8 High pressure vessel in temperature controlled o1l bath.
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6) Clear the cavity in the high pressure pump by press RUN button on the high
pressure pump controller to compress the piston of the pump until the volume is about 2-3 ml.

7) Feed carbon dioxide from the CO, vessel to the high pressure pump: close
the valves V-2 and V-3, open the valve V-1, and press the REFILL button until the volume of the
pump equals to 250ml, then press STOP button.

8) Compress carbon dioxide gas in the pump to increase pressure: close the
valve V-1, press button A to program the set-point pressure and press the ENTER button, then
press RUN button. The pump operates until the pressure equaled to the set-point.

9) Open the valves V-2 and V-3 to increase and maintain the pressure of the
high pressure vessel.

10) Put the high pressure vessel into the temperature controlled oil bath and start

timing.

11) Operate the foaming apparatus system according to scheduled foaming time.

12) Close the valves V-2 and V-3, and then carry off the high pressure vessel
from oil bath.

13) Unscrew the joint between valves V-2 and V-3 to separate the piping system
of high pressure vessel.

14) Open the valve V-3 to release pressure of the high pressure vessel suddenly
to foam the polymer/composite sample.

15) Uncover the top-end of the high pressure vessel and pick out the foam sample.

434 Methods of Characterization
Final foam samples were cracked with cryogenic cracking in liquid nitrogen.
The samples were then observed the morphologies using scanning electron microscope (SEM) to

measure average bubble sizes, average cell sizes, and surface cell densities, as explained below.

1) Study of Foam Morphology using Scanning Electron Microscope

Morphological study of a polymeric foam sample is to analysis the cell size and
the cell structure of a foam sample from SEM micrograph. A foam sample was prepared by
cryogenic cracking in liquid nitrogen, then gold conductive coated with SC 7620 sputter coater as
in Figure 4.9, and study foam morphology by using LEO 1455VP scanning electron microscope

as in Figure 4.10.



46

Figure 4.9 SC 7620 sputter coater.

Figure 4.10 LEO 1455VP scanning electron microscope.

2) Estimation of Surface Cell Density using ImageJ

ImageJ is an open-source freeware application, a public domain Java image-
processing program, which designed with an open architecture that provides extensibility via Java
plug-ins. For example, the surface cell density of a polyethylene foam sample in Figure 4.11 was

measured.

waf

B o Rl . i
200pm EHT = 6.00kV WD= 35mm  SigndA=SE!  Daste 31 Jul 2008
= 100X Scan Speed = 8 Time :14:17:48

o L - - -

Figure 4.11 Morphology of foam sample from micrograph.
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The procedures of the investigation of surface cell density using ImageJ were
described as follows:

1) Identify cells of interest and boundary as in Figure 4.12.

Figure 4.12 Twenty six identified cells of interest (blacked point) and boundary (dashed line).

2) Set scale.
2.1)  Use the Straight Line Selections tool, lines the ends of scale bar in

micrograph, as in Figure 4.13.

Figure 4.13 (A) Straight Line Selections tool and (B) a scale bar of micrograph.

2.2) Go to menu Analyze, and then select Set Scale, as in Figure 4.14.

Figure 4.14 Set scale submenu in the analyze menu.
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2.3) The Set Scale dialogue displays. Distance in pixels was set automatically
with the length of scale bar. Set known distance and unit of length as shown in micrograph (200

um), as in Figure 4.15, and then click OK.

Distance in Pixels:

Known Distance: }‘2001
. Pixel Aspect Ratio:

Unit of Length: micrometer

Click to Remove Scale |

<«

I~ Global
- Scale: 0.830 pixels/micrometer

i
i
i

oK | cancal] |

Figure 4.15 Set scale dialogue.

3) Measure the area of boundary.

3.1)  Use the polygon selections tool shown in Figure 4.16A, to select boundary

of interest for measuring the area of interest, as Figure 4.16B.

Yo e i }f Ly
Process Analyze Plugins Window Help

0] 2|@emis 0] 410|211 7]

Figure 4.16 (A) Polygon selections tool on toolbar and (B) boundary of the cells of interest.
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3.2) Go to menu Analyze, and then select Measure, as in Figure 4.17.

Anshra Darticlas

Figure 4.17 Measure submenu in the analyze menu.

3.3) The results dialogue displays as in Figure 4.18 (in unit square of the unit

set in set scale step before).

498993.159 141854 0 255

Figure 4.18 Result of measuring area of interest in Results dialogue.

4) Calculate the surface cell density.
Surface cell density of a foam was calculated with the number of identified cells
(n) in Figure 4.13 and area of the boundary of interest (A) as shown in the results dialogue in

Figure 4.19. The calculation of surface cell density was followed Equation (2.9).

NS = X (29)

For example, the calculation of surface cell density was shown as below.

Il

Number of cells (n) seen in Figure 4.12 26 cells

498,993 um’

Il

Area of interest (A) seen in Figure 4.18

Surface cell density (Ng) 26/498,993 cell/ pmz

5.21X10° cell/pm’

5.21X10° cell/um’ l 1X10" pm’

I 1X10" cm’

5.21X10’ cell/cm’

3) Measurement of Bulk Density using Electronic Densimeter
Bulk densities of polymer and polymeric foam samples were measured by using

an electronic densimeter MD-2008S by A&D co. Itd. with density resolution 10.001 gcms, as shown
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in Figure 4.19. The electronic densimeter applies Archimedes’ principle of buoyancy force to
investigate density of a sample using water as the reference liquid.

Procedures of measuring bulk density of a sample were described as follows:

(1) Turn on the electronic densimeter before measuring for 10 minutes.

(2) Set zero.

(3) Put the sample on the top of electronic densimeter and then press button A
for weighting the sample in atmosphere and save data as shown in Figure 4.19A.

(4) Put a sample in water under the metallic rack as shown in Figure 4.20, and
press button A again for weighting in reference liquid water, save data and compute the bulk
density.

(5) The bulk density of the sample displays on monitor as seen in Figure 4.19B.

(6) Pick out the sample from electronic densimeter.

Figure 4.19 Electronic densimeter MD-200S: (A) Weighting sample in atmosphere, and

(B) Displayed bulk density of the sample after weighting in water.

Figure 4.20 A metallic rack for weighting a sample in water.
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4.3.5 Method of Analysis
Essential parameters of interest in experiment are expansion ratio, cell size,
surface cell density, material balance-based cell density, and isotropic foam index. These

parameters are estimated as follows:

1) Expansion ratio

Expansion ratio is measured with assumption that mass of gas less than of
polymer relatively by using the ratio of bulk densities of unfoamed polymer and foam, obtained
by Equation (2.4).

PP
o (2.4
PF

2) Average Cell size
Average cell size is measured from micrograph and calculated by using simple

average bubble size as seen in Equation (2.8).

dzgn" 2.8)

3) Surface cell density
Surface cell density is investigated with the known cell count method, which
identifies cells of interest (n) and measures cell cross-sectional windows area of these cells (A),

and then calculated by Equation (2.9).

(2.9)

4) Material balance-based cell density
Cell density of foam is calculated with material balance based-model, obtained by

Equation (1.3).

nd? 1
N, = T(I_EJ (4.3)

5) Isotropic Foam Index

Isotropic foam index of a foam is calculated by Equation (3.15).

e Iog(NF) (3.15)

N
Where

Nj = (po[Ns]§ (3.12)



Chapter 5

Results and Discussion

5.1 Characterization of Cell Density with Principle of Critical Bubble Lattice

5.1.1 Reliability and Scope of Material Balance-Based Cell Density Estimation

using the Critical Bubble Lattice Method

At present, the true cell density of polymeric foams cannot be quantified. The
most reliable predictive model is the material balance-based model. Equation (2.20) can be used
directly for high density foams. For low density foam, the material balance-based model can be
used by modifying it in terms of the critical bubble lattice, as shown in Equation (3.2). The
critical bubble concept, as illustrated in Figure 3.5, can be applied to not only high density and
low density closed-cell foams, but also open-cell foams by considering them as low density
closed-cell foams with a pseudo-wall thickness. Therefore, the material balance-based model with
a critical bubble lattice can be applied to all foam morphologies, independent of bubble shape or

size by analyzing the cell boundaries.

5.1.2 FCC Lattice as the Maximum Limit of Estimation

The FCC lattice (0=1.415) was considered to be the maximum value for cell
density estimation compared with previous experimental data [47-52]. Figure 5.1 illustrates the
actual periodic lattice structures of both conventional and microcellular foams; agreement with
the model of the foams having typically pentagonal dodecahedral cells packed in an FCC lattice.
The good fit of experimental data to the model indicates that the FCC lattice can be applied to
these foams, although some of the experimental data falls below the line for the FCC model. The
periodic factor a refers to the periodic structure of foams. Because the FCC lattice is the densest
packed structure of equally-sized spheres, it is the theoretical upper limit for the estimation of cell
density of isotropic foams. Thus, o < 1.414 is the theoretical limit condition for cell density

estimation in Equation (3.3).
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Figure 5.1 Relationship between cell density and average cell size of

(A) microcellular foams and (B) conventional foams.

5.1.3 Theoretical Range of Estimation of Cell Density for Isotropic Foam

To investigate the cell density of polymeric foams using Equation (3.10), cell
cross-sectional windows must be considered, which may be perfect (k=1.0746) or non-perfect
(x=2.1354). In the case of perfect cross-sections with pentagonal dodecahedral cells (¢=1.1398)
arranged on an FCC lattice, the calculation results in the maximum cell density. Because of
uncertainty in cell cross-sectional windows which may either be perfect or non-perfect, the value
of apparent factor can fall in the range 1.0746 <x <2.1354 (-). Assuming pentagonal dodecahedral
cells on an FCC lattice, calculation result from Equation (3.11) may appear within 0.1453 < ¢ <
1.1398 (-), as shown in Figure 4.1. Using the same cell size, the calculated cell density of an FCC
lattice with a perfect cross-section window (upper estimation limit) is about ten times greater than

the cell density calculated with a non-perfect cross-section window (lower estimation limit).
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5.14 Effect of Non-Perfect Cross-Section on Cell Density Estimation for Isotropic

Microcellular Low Density Foams

The FCC-PF model has the maximum value of the area of hexagonal windows,

while the FCC-NPF model has a smaller value of the area of hexagonal windows. The calculated

cell densities that ignore this effect are overestimated. Thus, the true cell density should be

between the values calculated for the FCC-PF and FCC-NPF models. This hypothesis was

investigated by comparing it with the experimental data from previous studies by H. Sun

et al. [47). Their foam morphologies are shown in Figure 5.2.

Figure 5.2 Morphologies of microcellular low density foams: (A) a PES foam and (B) a PPS

foam in a study of H. Sun et a/.(2000) [47].

Most of the experimental data fell in between the two boundaries, as shown in

Figure 5.3. The cells were highly isotropic. Only a few experimental data fell outside the range of

estimation.

1E+14

]
1E+13

A
1E+12
1E+11

1E+10
1E+9

Cell Density (cell/cm?3)

1E+8

1E+7

1E+6
1E+4 1E+5 1E+6 1E+7 1E+8 1E+9
Surface Cell Density (cell/cm?)

Figure 5.3 Relationship between surface cell density and cell density of microcellular low

density foams.

PES foams, H. Sun et al (2000)

PPS foams, H. Sun et al (2000)




55

As a result, the percentage average absolute deviation shows that the FCC-NPF
model is reasonable to predict the cell density of isotropic low density microcellular foams
(AAD=53.2%), which is more reliable than either the conventional model (AAD=405.9%) or the
FCC-PF model (AAD=473.5%).

The deviation of cell cross-sectional window area appeared due to the effect of
deviation in measuring the surface cell density, as shown in Figure 5.3. Some unobservable cross-
sectional area (A*) did not appear. As a result, the true cell density (N*;, ), as shown in Equation
(2.22), was less than that calculated using the FCC lattice with perfect cross-section windows

model, as in Equation (5.1).

3
Niop = 11398 [A :‘A,}Z (5.1)

In case of conventional low density foams (10-100 pm cell size), polystyrene
foams by P.Srichay and P. Methakul [51] were analyzed with the same methods in microcellular
forms. The results show that cell densities of the foams were within FCC-PC and FCC-NPF as in
Figure 5.4, similar to microcellular low density foams. Some of the experimental data deviated
from the assumed range of estimation, which may be caused by non-isotropic effects due to
extrusion process.

1E+12

16411 O  P.Srichay, P. Methakul (2005)

1E+10

FCC-PF model
1E+9
----- FCC-NPF model
1E+8
1E+7

1E+6

Cell Density (cell/cm?)

1E+5

1E+4
1E+3 1E+4 1E+5 1E+6 1E+7 1E+8
Surface Cell Density (cell/cm?)

Figure 5.4 Relationship between surface cell density and cell density of conventional low

density foams.

5.1.5 Effect of Unobservable Cell Boundaries on Cell Density Estimation for
Isotropic Microcellular High Density Foams
For high density foams, a comparison between the cell density from previous

experimental data [48-50] (their foam morphologies are shown in Figure 5.5) and the estimation
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result of both the conventional and developed models are shown in Figure 5.6. It can be seen that
the cell densities measured in all of the previous experiments are higher than those calculated

using the FCC-PF model, which is the theoretical maximum.

(A) (B) (©
Figure 5.5 Morphologies of high density foams: (A) ABS foam by E. Murray et al. [48], (B) PVC

foam by V. Kumar and J. Weller [49] and (C) Polycarbonate foam by V. Kumar and J. Weller [50].

Because of variations in the measured surface cell density due to improper
identification of cell window boundaries, it is difficult to identify cell boundaries in high density
foam, resulting in a lower apparent cell count than the true value. Some unobservable cells (n*)
did not appear in the area of interest on a micrograph, and therefore the cell count is lower than
the true value (n+n*), the surface cell density is estimated too low, and the estimated cell density

(Np) is less than the true cell density (N*.,,), as seen in Equation (5.2).
\ n S E
NS 1.1398[—73‘—} (5.2)

Thus, the true cell density should be greater than the calculated result using the FCC-PF model

*
(Ng<N*).
1E+14
O  E.Murray et al (2000)
1E+13 3
- A V.Kumarand J. Weller (1993)
£ 1E+12 o
§ O V.Kumar and J. Weller (1994)
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2 1E+10 3
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o ]
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1E+6 1
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Surface Cell Density (cell/cm?)

Figure 5.6 Relationship between surface density and cell density of microcellular high density

foams.
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In Figure 5.6, a comparison of the conventional and the two newly developed
models indicate that the FCC-PF model (AAD=68.8%) gives the lowest deviation from the
experimental data, while the conventional model (AAD=72.0%) and the FCC-NPF model
(AAD=95.8%) deviate more from the experimental data. Therefore, the FCC-PF model
appropriately predicts the cell density of an isotropic high density foam.

Furthermore, conventional high density polypropylene foams by P. Spitael and
C. Macosko [52] were analyzed with the same methods in microcellular high density foams. As a
result in Figure 5.7, material balance-based cell densities as true cell densities of foams were
greater than the FCC-PF model, similarly to microcellular foams. Their foam morphologies are in
Figure 5.8.
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O  P.Spitael, C. Macosko (2004)
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Figure 5.7 Relationship between surface density and cell density of conventional high density foams.

200 um
Figure 5.8 Morphology of a conventional high density P foams by P. Spitael and C. W. Macosko

(2004) [52]. Top row: 1-mm-diameter die, 10-mm land length. Bottom row: 2-mm-diameter die,

10-mm land length.
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5.2  Characterization of Isotropic Foam Behavior with Isotropic Foam Index

5.2.1 Standard Isotropic Factor
In practice, the apparent isotropic factor ¢ can be derived from regression of the
graph of surface cell density versus cell density. In chapter 4, isotropic foam index is introduced
and calculated using Equation (3.15). The values of the isotropic factor for both spherical and
polyhedral bubbles are discussed. Isotropic high density foams are found to be in a good
correlation with the FCC-PF model, and the standard isotropic factor (Qoup) 1s 1.1398. On the
other hand, the FCC-NPF model appropriately predicts the cell density of the isotropic low

density foams, and the standard isotropic factor (Qorp) 1s 0.1453.

5.2.2  Testing of Isotropic Foam Behavior — Investigation of the Isotropic Foam Index

In Figure 4.1, the plot of cell density and surface cell density is a very useful tool

to determine whether the foam in question is isotropic or non-isotropic, or how it deviates from
isotropic foams. The isotropic foam index (@) has been introduced to describe this behavior.
Isotropic foam index was evaluated by Equation (3.15) and depended on the standard isotropic cell
density (N,°) from Equation (3.12) and the true cell density (N,), which is the material balance-
based cell density. In the previous section, the standard isotropic factor of high density foam is
found to be 1.1398, and isotropic microcellular foam is found to deviate from the FCC-PF model.
The range of isotropic behavior between the model and the experiment is calculated. The result
indicates that isotropic low density foams behave in a manner between the FCC-PF and FCC-NPF
models, and the isotropic foam index of low density foams should be within the range of 0 and

0.895.

5.3 Validation of Models

5.3.1 Polyethylene Foam Samples
Polyethylene foams were prepared. Their foam morphologies were shown in
Figure 5.9. All of the foam morphologies are mono-size polyhedral foams, the cell sizes were in
range 23.8 — 56.1 um, volume expansion ratios were in range 2.67 — 7.61 g/cm3, and surface cell

densities 6.08x10* — 1.78x10° cell/cm’. Foam properties were shown in Table 5.1.
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Table 5.1 Properties of polyethylene foam samples foamed at 150°C 12 MPa for 2 hours.
Sample PO(IZVIS;FA Polyrr;er.B Nuséza:]tting De:::ssiitr): of Defr:nos'»;tmy of Ex;r):tr;(s)ion Si;l: zlexrrlfsai:;a
O 1 O by | (gem) | @emd) | O | um) | (cellem’)
X01 85 15 0 0.948 0.256 3.70 23.8 | 1.78E+05
X02 85 15 0.4 0.944 0.124 7.61 56.1 6.08E+04
X03 85 15 1 0.936 0.200 4.68 37.0 | 1.39E+05
X04 80 20 0 0.946 0.298 3.17 32.6 1.13E+05
X05 80 20 0.4 0.943 0.210 4.49 373 1.37E+05
X06 80 20 1 0.936 0.351 2.67 455 9.24E+04

Figure 5.9 Foam morphologies of polyethylene foam samples:

(A) X01, (B) X02, (C) X03, (D) X04, (E) X05, and (F) X06

Foaming apparatus produce a foam sample with free-rise process to make
1sotropic foam. Cell cross-section shows that Sample X02, X03, X05, and X06 were symmetry in
bubble shape. Sample X01 and X03 were non-symmetry in shape and could be non-isotropic.

Figure 5.10 illustrates the plots of material balance-based cell density versus cell
size to compare the developed model. The experimental cell densities were near to the FCC lattice
model, which is the theoretical maximum limit of the estimation of cell density. This is in

agreement with the discussion in section 5.1.1.
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Figure 5.10 Relationship between cell density and cell diameter of polyethylene foam samples.

Figure 5.11 illustrates the relationship between cell density and surface cell
density of polypropylene foam samples. The experimental cell densities, which were estimated by
the material balance-based model, were between the values those calculated by the FCC-PF and
FCC-NPF models. For isotropic foam, i.e., samples X02, X03, X5, and X06. Most of the
experimental data fell in between the two boundaries, in agreement with the discussion in section

p % B 4

1E+11

———— FCC-PFmodel
----- FCC-NPF model
O Experiment

1E+10

1E+9

1E+8
1E47
1E+6

Cell Density (cell/cm?3)

1E+5

1E+4
1E+3 1E+4 1E+5 1E+6  1E+7
Surface Cell Density (cell/cm?)

Figure 5.11 Relationship between cell density and surface cell density of the foam samples:

X02, X03, X05, and X06.

For sample X01 and X03, the relationship between cell density and surface cell
density of non-isotropic foam samples, some of the experimental cell densities deviated from the

range of estimation as seen in Figure 5.12.
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Figure 5.12 Relationship between cell density and surface cell density of the foam samples:
X01 and X03.

5.3.2 Composite Foam Samples
The experiment for testing of composite foam samples in section 4.3.2 was
investigated. Morphologies of sisal fiber-reinforced polypropylene composite foams are shown in
Figure 5.13. The non-isotropic foams are caused by non-uniform orientation of sisal fiber and

cross-linking effect of MA-g-PP.

1) Effect of Sisal Fiber on Foam Morphology and Isotropic Properties

In Table 5.2, expansion ratio of PP mixed with sisal fiber was less than neat PP
about 4 times cause by foam microstructure due to the existence of sisal fiber. Sisal fiber affects
mono-size distribution. Expansion ratio was decreased with decreasing of cell size [46].
Furthermore, when compared with the bulk density of unfoamed PP resin, the bulk density of PP
mixed with 20 phr of sisal fiber was greater than neat PP about 4%. Because bulk density of sisal
fiber of 1.26 g/cm3[53] is greater than that of PP resin, effect of increasing of bulk density of

composite can be expected as the sisal fiber increases in amount.

Table 5.2 Properties of sisal/PP composite foam samples foamed at 165°C 12 MPa for 2 hours.

Sisal | MA- | Density | Density |Expansion| Cell Wall Surface |Secondary Secl::l);dary
Sample | fiber | g-PP | of resin | of ft ti ize |thickness| densi [l size; | NP
ample | fiber | g of resin| of foam | ratio size |thickness| density | cell size donsily

(pho)| (%) |(@em’)| @em’) [ () | (um) | (wm) |(eellem’)| (um) | A

Y01 0 0 | 0.904 | 0.196 4.52 43 1.2 1.92E+10| 774 3.84E+06

¥02 | 20 0 | 0.955 | 0813 1.17 6.2 1.7 |9.36E+08 - -

¥03 | 20 2 | 0934 | 0.541 1.73 17.1 25 1.83E+08 - -

Y04 | 20 5 | 0929 | 0.580 1.60 18.5 20 |2.83E+08| 185.1 |3.40E+04

YOS5 | 20 |10.0| 0.947 | 0.578 1.64 28.5 6.5 |4.08E+07| 1689 | 7.70E+04
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Figure 5.13 Morphologies of foam samples: (A) neat PP, (B) 20phr sisal fiber/PP composite
foams, (C) 98%PP 2%MA-g-PP, (D) 95% PP 5% MA-g-PP and (E) 90% PP 10%MA-g-PP,

foaming at 165 °C, 12 MPa for 2 hours.

In morphological study of composite foam samples, the results showed that cell
structure of neat PP was bimodal with average primary cell size of 4.3 um and average secondary
cell size of 77.4 pm, as shown in Figure 5.13A. On the other hand, cell structure of PP mixed
with 20 phr sisal fiber composite foam was uniformly mono-size with average cell size of 6.2 pm,

which was closed to the average primary cell size of neat PP foam, as shown in Figure 5.13B.
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Mixture of sisal fiber in PP resin may increases crystallinity of sisal fiber-dispersed PP resin
because sisal fiber is formed from cellulose microfiber. Adhesive force between the fiber and PP
resin causes the viscosity of resin increases [54]. Moreover, celluloses at surface of the fiber
polymer behave as nucleating agent. For these reasons, nucleation and expansion of gas bubbles

are uniform, bimodal structure did not appear.

2) Effect of MA-g-PP on Foam Morphology and Isotropic Properties

Table 5.2 shows that MA-g-PP affects the volume expansion ratios increase about
1.4 times. All of the sisal fiber/PP mixed with MA-g-PP composite foams have volume expansion
ratios about 1.6 (-), while sisal fiber/PP composite without MA-g-PP has 1.17 (-). MA-g-PP was
used as a compatibilizer between the reinforced sisal fiber and PP resin. Mixing MA-g-PP into sisal
fibers/PP resins causes the viscosity of the sisal fiber/PP resin to increase and the expansibility of
gas bubbles to decrease [55]. In addition, cell size and population density of secondary bimodal
bubbles at 10 %MA-g-PP are greater than of that 5%. These may be caused by cell collapsing
effect. That is, popular density and cell size of secondary bimodal bubbles increase with increasing
amount of MA-g-PP. Some gas bubbles are larger than no-collapse-expanse gas bubbles, and
bimodal foam structure can appear, as in Figures 5.13B and 5.14C at MA-g-PP greater than 5%.
Gas bubbles that their pressures are less than surface tension of the resin can collapse; the gas inside
those can diffuse to their neighbor bubbles. Moreover, because solubility of CO, dissolved in
MA-g-PP is less than in PP, solubility of CO, in bulk resin decrease. From this reason, Increasing of
amount of MA-g-PP causes nucleus density of nuclei in the resin to decrease, average- distant
between nuclei and average wall thickness to increase.

In conclusion, mixture of sisal fiber, polypropylene and MA-g-PP in preparations
of composite foams affects to uniformity of morphologies of foams, with mono-distributed
microstructure. Bulk density, expansion ratio, cell size and wall thickness increase with increasing
of MA-g-PP. Fially, sisal fiber and MA-g-PP cause deviation of isotropic properties in

composite foams.

3) Test of Isotropic Foam Property
The plot of cell density at cell size, Figure 5.14 shows that the experimental cell
densities were below those from the FCC lattice model, which are the theoretical maximum limit

of the estimation of cell density.
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Figure 5.14 Relationship between cell density and cell diameter of composite foam samples.

Figure 5.15 illustrates the relationship between cell density and surface cell
density of isotropic foam samples. Some of the experimental data deviated from the range of

estimation because of non-isotropic effects caused by sisal fibers and MA-g-PP.
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Figure 5.15 Relationship between cell density and surface density of composite foam samples.

In conclusion, the results from the testing for isotropic and non-isotropic foam
samples show that the range of estimation between FCC-PF and FCC-NPF models can be used to

characterize the isotropic foam behavior of low density foams.



Chapter 6

Summary, Conclusions, and Suggestions

6.1  Summary of Contributions .

1. The newly-developed critical bubble model is used to analyze cell structure for
the estimating cell density with uniform or non-uniform distribution of gas bubbles. Similarities
between critical bubble lattice and atomic packed structure are considered. The equation of cell
density estimation for the atomic packing model is applied to the periodic foam structure model.
The cell density of foam is equal to cell density of the similarly atomic packed structure, which is
independent to shape and size of the gas bubbles inside the cells, or foaming process.

2. The concept of bubble rearrangement is used to rearrange random dispersed gas
bubbles into a periodic structure, for applying perfect cell cross-section model to the estimation of
cell density of high density foam.

3. Periodic pattern of foam microstructure can be indicated with periodic factor (o).
Cell cross-sectional windows appear uncertainly within perfect and non-perfect can be indicated
with apparent factor (k). The general form of the mathematical relationship between cell density
and surface cell density can be demonstrated by using isotropic factor (¢p). The isotropic factor also
exhibits as the correcting factor for the conventional cell density model.

4. The FCC lattice with perfect cell cross-section model (FCC-PF: a=1.4142,
k=1.0746, ¢=1.1398) and FCC lattice with non-perfect cell cross-section model (FCC-NPF:
0=1.4142, ¥=2.1354, ©=0.1453) were developed to study the effect of cell cross-sections on cell
density estimation of pentagonal dodecahedral foams.

5. Standard isotropic foam refers to the perfect isotropic foam structure. Standard
isotropic cell density (N;°) is the cell density of the standard isotropic foams. Standard isotropic
factor (@,) is used for estimation of isotropic foam using surface cell density from cell cross-
section as a parameter. The value of standard isotropic factor depends on cell structure or
appeared foam morphology from micrograph. The isotropic foam index (1)) is defined to indicate
deviation from the isotropic foam behavior, given as the logarithm of the ratio of apparent
isotropic factor and standard isotropic factor. In practice, the isotropic foam index can be

evaluated by taking logarithm of the ratio of the cell density and standard isotropic cell density.
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6.2 Conclusions

1. The cell density of an isotropic polymeric closed cell foams is possibly within
the range of those predicted by the FCC-PF and FCC-NPF models (0.1453<¢<1.1398) due to
uncertainty of the apparent cell cross-sections of pentagonal dodecahedral cells.

2. The FCC-PF model was appropriate to predict the cell density of an isotropic
microcellular high density foam with reliability of 68.8%AAD, which is more reliable than either
the conventional model (AAD=72.0%) or the FCC-NPF model (AAD=95.8%).

3. The FCC-NPF model was appropriate to predict the cell density of an isotropic
microcellular low density foam with reliability of 53.2 %AAD, which is more reliable than either
the conventional model (AAD=405.9%) or the FCC-PF model (AAD=473.5%).

4. The standard isotropic factors of high density and low density foams are 1.1398
and 0.1453, respectively.

5. The range of estimation between FCC-PF and FCC-NPF models can be used to
characterize the isotropic foam behavior of polymeric foams. The isotropic foam index of an

isotropic low density foam is possibly within the range of 0 and 0.895.

6.3  Suggestions

Future researches could be:
1. The validation for open-cell foams should be conducted.
2. The other cell structure such as tetrakaidecahedron cells with BCC lattice, which
is one of typically cell structures of open-cell foams, should be studied.
3. More accurate method of measuring the true cell density of low density foams
should be developed and applied.
4. Criteria and ranges of isotropic foam index for acceptable bounds of deviation

from isotropic foam should be studied.
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Appendix A

Experimental Data from Recently Studies and Calculations of

Surface Cell Density and Material Balance-Based Cell Density

Low density microcellular foams:
- Polyethersulfone foams, H. Sun et al. (2000) [50]
- Polyphenylsulfone foams, H. Sun et al. (2000) [50]

High density microcellular foams:
- Acrylonitrile-butadiene-styrene foams, E. Murray et al. (2000) [51]
- Polyvinylchloride foams, V. Kumar and J. Weller (1993) [52]
- Polycarbonate foams, V. Kumar and J. Weller (1994) [53]

Low density conventional foams:

- Polystyrene foams, P. Srichay and P. Methakul (2005) [54])

High density conventional foams:

- Polypropylene foams), P. Spitael and C. W. Macosko (2004) [55]
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Appendix B
Percentage Average Absolute Deviation of

Conventional, FCC-PF, and FCC-NPF models
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Table B.1 Percentages average absolute deviations of conventional, FCC-PF, and FCC-NPF

models of microcellular low density foams.

Material balanced | Conventional FCC-PF FCC-NPF
Sample | based cell density | cell density | %AAD | cell density | %AAD | cell density | %AAD
(cell/em®) (cell/cm®) (cell/cm®) (cell/em®)
A0l 3.34E+10 2.52E+10 24,63 | 2.87E+10 14.10 | 3.66E+09 89.05
AQ2 2.09E+10 5.76E+10 17548 | 6.56E+10 | 213.99 | 8.37E+09 59.97
A03 8.25E+09 3.54E+10 | 328.78 | 4.03E+10 | 388.72 | 5.14E+09 37.70
A04 3.06E+09 1.92E+10 | 52620 | 2.18E+10 | 613.74 | 2.78E+09 9.01
A0S 1.40E+09 1.50E+10 | 97143 | 1.71E+10 |1121.21 | 2.18E+09 55.68
A06 - - - - - - -
AQ7 - - - - - - -
A08 - - - - - - -
A09 - - - - - - -
BO1 - - - - - - -
B02 1.91E+11 1.91E+11 0.21 | 2.18E+I1 1422 | 2.78E+10 85.44
B03 4.28E+10 1.62E+11 278.67 | 1.85E+11 331.60 | 2.35E+10 4498
B04 1.97E+10 8.68E+10 | 340.57 | 9.89E+10 | 402.16 | 1.26E+10 35.99
BO5 1.11E+10 1.23E+11 |1006.82 | 1.40E+11 1161.5 | 1.79E+10 60.82
Average 405.87 | Average 47348 | Average 53.18
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Table B.2 Percentages average absolute deviations of conventional, FCC-PF, and FCC-NPF

models of microcellular high density foams.

Material balanced | Conventional FCC-PF FCC-NPF
Sample | based cell density | cell density |{%AAD| cell density |%AAD| cell density [%AAD
(cell/cm?) (cell/cm®) (cell/em?) (cell/cm’)
Co1 3.14E+11 2.37E+11 2457 | 2.70E+11 14.03 | 3.44E+10 | 89.04
C02 5.45E+11 145E+11 73.44 | 1.65E+11 69.73 | 2.10E+10 | 96.14
C03 3.11E+11 8.11E+10 7393 | 924E+10 | 7028 } 1.18E+10 | 96.21
C04 1.18E+12 8.45E+11 2840 | 9.63E+11 18.40 | 1.23E+11 89.60
Co5 6.49E+11 4.18E+11 3554 | 4.77E+11 2652 | 6.08E+10 | 90.63
Co06 3.64E+11 4,56E+11 2536 | 5.20E+11 4289 | 6.63E+10 | 81.79
Cco7 5.07E+11 2.55E+11 4964 | 291E+11 4260 | 3.71E+10 | 92.68
Cco8 4.54E+11 1.13E+11 75.17 | 1.29E+11 71.69 | 1.64E+10 | 96.39
C09 3.34E+11 3.60E+10 8921 | 4.11E+10 | 87.70 [ 524E+09 | 98.43
C10 7.86E+11 3.71E+11 52.85 422E+11 46.25 5.39E+10 93.15
C11 3.90E+11 5.82E+10 85.08 | 6.63E+10 | 82.99 | 846E+09 | 97.83
Ci12 7.12E+10 2.45E+10 6565 | 279E+10 | 60.84 | 3.55E+09 | 95.01
C13 4.13E+13 1.38E+13 6647 | 158E+13 | 61.79 | 2.01E+12 | 95.13
Cl4 1.77E+11 3.96E+10 77.60 | 4.52E+10 | 7447 { 5.76E+09 | 96.75
Cl15 1.76E+11 1.00E+10 94.30 1.14E+10 | 93.50 1.46E+09 99.17
Cl6 6.02E+13 5.32E+12 91.16 | 6.07E+12 | 89.92 | 7.73E+11 98.72
C17 1.24E+13 3.92E+11 96.84 | 447E+11 96.40 | S5.70E+10 | 99.54
D01 2.02E+08 1.83E+07 90.92 | 2.09E+07 | 89.65 | 2.67E+06 | 98.68
D02 3.95E+08 6.51E+07 83.51 | 742E+07 | 81.21 | 9.46E+06 | 97.60
D03 6.44E+08 1.78E+08 7230 | 2.03E+08 | 68.42 | 2.59E+07 | 95.97
D04 7.75E+08 1.61E+08 79.26 | 1.83E+08 | 76.36 | 2.34E+07 | 96.99
D05 1.29E+09 3.31E+08 7432 | 3.78E+08 } 70.73 | 4.81E+07 | 96.27
D06 1.18E+09 3.17E+08 73.16 | 3.61E+08 | 69.41 | 4.60E+07 | 96.10
D07 1.19E+09 3.38E+08 71.61 | 3.85E+08 | 67.64 | 4.91E+07 | 95.88
D08 2 48E+09 4.35E+08 8246 | 4.96E+08 80.00 | 6.32E+07 | 9745
D09 2.26E+09 1.34E+09 40.54 | 1.53E+09 | 3223 | 1.95E+08 | 91.36
D10 2 47E+09 9.00E+08 63.57 | 1.03E+09 | 5848 | 1.31E+08 | 94.71
D11 7.06E+08 1.63E+08 76.95 | 1.85E+08 | 73.73 | 236E+07 | 96.65
D12 1.50E+09 1.50E+08 89.99 | 171E+08 | 8859 | 2.18E+07 | 9855
D13 1.34E+09 2.69E+08 79.94 | 3.06E+08 | 77.14 | 391E+07 | 97.09
D14 3.35E+09 8.41E+08 7490 | 9.58E+08 | 7139 | 1.22E+08 | 96.35
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Table B.2 Percentages average absolute deviations of conventional, FCC-PF, and FCC-NPF

models of microcellular high density foams. (cont.)

Material balanced | Conventional FCC-PF FCC-NPF
Sample | based cell density | cell density | %AAD | cell density | %AAD | cell density | %AAD
(cell/em®) (cell/em?) (cel/em®) (cell/em®)

EO01 5.22E+08 1.20E+08 76.96 | 1.37E+08 73.74 | 1.75E+07 96.65
E02 4.60E+12 1.79E+08 | 100.00 [ 2.05E+08 { 100.00 | 2.61E+07 | 100.00
E03 1.54E+09 5.05E+08 67.23 | 5.75E+08 62.65 | 7.33E+07 95.24
E04 1.81E+09 6.25E+08 6547 | 7.12E+08 60.64 | 9.08E+07 94.98
EO5 3.47E+09 7.50E+08 78.39 | 8.55E+08 75.36 | 1.09E+08 96.86
E06 1.60E+09 8.75E+08 4531 | 9.97E+08 37.67 | 1.27E+08 92.05
EO7 2.16E+09 8.72E+08 59.65 | 9.93E+08 54.01 | 127E+08 94.14
EO08 8.86E+09 3.73E+09 57.95 | 4.25E+09 52.07 | 5.41E+08 93.89
E09 2.87E+10 1.11E+10 6142 | 1.26E+10 56.03 | 1.61E+09 94.39
E10 3.19E+10 1.02E+10 6790 | 1.17E+10 63.41 | 1.49E+09 95.34
Ell 2.68E+09 3.56E+08 86.70 | 4.06E+08 84.84 | S5.18E+07 98.07
El12 1.55E+10 8.20E+08 9471 | 9.34E+08 93.97 | 1.19E+08 99.23
E13 3.50E+09 1.44E+09 58.84 | 1.64E+09 53.08 | 2.09E+08 94.02
El4 1.09E+10 4.31E+09 60.48 | 4.91E+09 54.95 | 6.26E+08 94.26
El5 1.27E+10 1.61E+09 87.34 | 1.83E+09 85.57 | 2.34E+08 98.16
El6 9.46E+09 2.56E+09 7291 | 2.92E+09 69.13 | 3.72E+08 96.06
El17 2.39E+09 2.25E+09 5.74 | 2.57E+09 743 { 3.27E+08 86.30
E18 4.82E+09 1.33E+09 72.46 | 1.51E+09 68.61 | 1.93E+08 96.00
E19 1.01E+10 1.14E+09 88.69 | 1.30E+09 87.11 { 1.66E+08 98.36
E20 2.80E+09 2.71E+08 90.33 | 3.09E+08 88.98 | 3.94E+07 98.59
E2Y 3.13E+09 2.38E+07 99.24 | 2.72E+07 99.13 | 3.46E+06 99.89
E22 5.69E+09 2.57E+09 5475 | 2.93E+09 48.42 | 3.74E+08 93.42
E23 4.86E+09 1.31E+09 73.13 | 1.49E+09 69.37 | 1.90E+08 96.10
E24 4.14E+09 6.13E+08 85.19 | 6.99E+08 83.11 | 8.91E+07 97.85
E25 2.80E+09 2.71E+08 90.33 | 3.09E+08 88.98 | 3.94E+07 98.59
E26 1.63E+09 2.94E+08 81.99 [ 3.35E+08 79.47 | 427E+07 97.38
E27 2.52E+09 3.54E+08 85.95 | 4.04E+08 83.98 | 5.15E+07 97.96
E28 1.52E+09 2.25E+08 85.20 | 2.56E+08 83.13 | 3.27E+07 97.85
E29 7.38E+08 8.88E+07 87.97 | 1.01E+08 86.29 | 1.29E+07 98.25
E30 1.77E+09 1.42E+08 9195 | 1.62E+08 90.83 | 2.07E+07 98.83
Average 72.01 Average 68.80 [ Average 95.81
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Table B.3 Percentages average absolute deviations of conventional, FCC-PF, and FCC-NPF

models of conventional low density foams.

Material balanced |Conventional FCC-PF FCC-NPF
Sample | based cell density | cell density | %AAD | cell density | %AAD | cell density { %AAD

(cell/em®) (cell/cm’®) (cell/cm®) (cell/cm®)
FO1 3.89E+08 8.87E+07 7721 | 1.01E+08 74.02 | 1.29E+07 96.69
F02 9.17E+08 9.69E+08 572 | 1.10E+09 20.50 | 1.41E+08 84.64
F03 7.71E+08 L72E+09 | 122.69 | 1.96E+09 153.83 | 2.49E+08 67.64
F04 4,00E+08 1.37E+09 | 241.72 | 1.56E+09 | 289.49 [ 1.99E+08 50.35
F05 6.17E+06 3.1 5E+07. 41074 | 3.59E+07 | 482.14 | 4.58E+06 25.79
F06 2.98E+06 1.46E+08 |4795.78 | 1.66E+08 548021 | 2.12E+07 | 611.36
FO7 5.04E+06 1.45E+07 | 186.90 | 1.65E+07 | 227.01 | 2.10E+06 58.31
F08 7.96E+08 2.56E+09 | 221.77 | 2.92E+09 | 266.75 | 3.72E+08 53.25
F09 1.65E+09 9.26E+08 43.87 | 1.06E+H09 36.02 | 1.35E+08 91.84
F10 8.19E+07 7.59E+08 | 827.18 | 8.66E+08 | 956.80 | 1.10E+08 34.72
F11 2.52E+09 1.72E+09 31.77 | 1.96E+09 2223 | 2.50E+08 90.09
F12 1.02E+09 1.24E+09 2170 | 1.41E+09 3871 | 1.80E+08 82.32
Fi3 2.17E+09 1.88E+09 1342 | 2.14E+09 1.31 1 2.73E+08 87.42
Average 538.50 Average 619.15 Average 110.34
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Table B.4 Percentages average absolute deviations of conventional, FCC-PF and FCC-NPF

models of conventional high density foams.

Material balanced | Conventional FCC-PF FCC-NPF
Sample | based cell density | cell density | %AAD| cell density [%AAD | cell density |%AAD
(cell/em®) (cell/em®) (cell/em®) (cell/em®)
GO1 6.04E+06 2.09E+06 65.39 | 2.38E+06 60.55 3.04E+05 94.97
G02 6.64E+06 2.76E+06 5837 | 3.15E+06 5255 | 4.02E+05 93.95
G03 - - - - - - -
G04 3.24E+07 7.68E+06 | 76.29 | 8.76E+06 72.97 1.12E+06 96.55
GOS 8.04E+06 3.05E+06 | 62.00 | 3.48E+06 56.69 | 4.44E+05 94.48
G06 6.88E+06 2.99E+06 56.48 | 3.41E+06 50.39 | 4.35E+05 93.68
G07 2.42E+H06 1.79E+06 | 25.97 | 2.04E+06 15.62 | 2.60E+05 89.24
G08 7.17E+06 3.50E+06 5125 | 3.98E+06 4443 | 5.08E+05 92.92
GO09 - - - E - L -
Gl10 6.18E+06 2.44E+06 60.47 | 2.78E+06 54.94 | 3.55E+05 94.26
G11 2.36E+06 1.90E+06 19.34 | 2.17E+06 8.07 | 2.77E+05 88.28
G12 6.28E+06 1.64E+06 73.86 | 1.8TE+06 70.21 2.38E+05 96.20
Average 54.94 Average 48.64 Average 93.45




Appendix C

Experimental Data
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