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ABSTRACT

The Relationship of Cell Morphology, Density, and Mechanical
Properties in a Polyurethane Foam System

by
Michelle Cameron Nelson
Dr. Brendan O’Toole, Examination Committee Chair
Associate Professor of Mechanical Engineering
University of Nevada, Las Vegas

Polyurethane foam, used as a supporting or insulating material, is sometimes formed
in complex molds with significant variations in geometry and size. This work investigates
the relationships between cell morphology, density, and mechanical properties in a
molded polyurethane material using relatively small cylindrical molds. Understanding
these relationships will help mechanical designers analyze and predict the responses of
foam components accurately.

Three mold sizes are used to study changes in cell morphology (cell area, cell
diameter, aspect ratio, cell angle, cell edge length, cell face thickness, and cell edge
thickness), density, and mechanical properties (Young’s modulus, peak yield, and
collapse stress) with respect to vertical and radial positions. In addition, five time periods
(1-day, 2-days, 7-days, 30-days, and 90-days) arc used to determine aging effects on
density and compressive mechanical properties of small diameter molds. Finally,
theoretical equations are used to compare the experimental and theoretical density and

mechanical properties.
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CHAPTER 1

INTRODUCTION
1.1 Purpose of Study
Replacement foam for stockpile applications is currently being studied by the
Department of Energy. In stockpiles, foam is used to protect electronics and to provide
energy absorption. The stockpile is twenty to thirty years old, some components are
degrading, and others are replaced by improved components. The foam itself degrades or
the electronic modules fail and/or become obsolete and must be replaced. TDI (Toluene
Di-Isocyanate) is an older type of foam commonly used in the stockpile. This foam is
characterized fairly well, and its mechanical properties as a function of strain rate and
density are documented and understood to some degree [1]. It is becoming increasingly
difficult to produce new foam products with this material because of regulatory
constraints. The PU foam industry is moving away from TDI foams because they can be
hazardous to handle during fabrication [2] and can be harmful to the environment [3].
One new foam, ReCrete, is considered a promising candidate for replacement because it
is considered safer to manufacture than TDI. [4]. It is important to study mechanical
properties, morphology, and chemistry as a function of time to determine if ReCrete is
comparable to TDI. It is known that density will affect the mechanical properties of rigid
polyurethane foam [5]. The density of polyurethane foam is influenced by the cell

morphology or microstructure, which consists of cell size, cell edge length, cell face
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thickness, cell edge thickness and the anisotropy of the cells. Therefore, the morphology
plays an important role in the deformation behavior of the foam under loading. The
chemical makeup of the cell walls affects the stiffness and strength of the polymer
material as well, and chemical changes can play a major role in how these properties
change with time. Previous work has shown that mold size and processing temperature
affect the compressive mechanical properties of ReCrete foam [6, 7, 8]. Density
differences do not account for all of the variations in the mechanical properties. One
objective of this work is to determine if the cell morphology is causing the mechanical
property changes. A parallel project in the UNLV Chemistry Department is investigating
whether there are significant chemical changes that may also be affecting the mechanical
properties. The polyurethane foam studied in this work is processed under room
temperature conditions to examine cell morphology, density, mechanical properties, and

chemistry.

1.2 Research Objectives/Questions
1. How does cell morphology (cell size, cell edge length, cell face thickness, edge
thickness and the anisotropy of the cells) relate to density and mechanical properties?
2. Does the cell morphology, density or mechanical properties change significantly from
the bottom to the top of the mold or from the center to the outside of the mold?

3. Do the mechanical properties change significantly during the first ninety days of aging

at room temperature?
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1.3 Study Procedures and Methodology
Studies are performed to relate theoretical and experimental results, in addition to
relating morphology to density and mechanical results. A theoretical study is conducted
to estimate the density and mechanical properties of polyurethane foam using cell edge
length, cell face thickness, cell edge thickness, and the area fraction of the solid contained
in the cell edges. Three of these measurements mentioned are shown in Figure-1.1 in
addition to the cell diameter. The area fraction is calculated from these and other

measurements.

P Cell Edge H
Cell Edge Thickness ¥ ’

?,*‘i; ‘

Cell Face
i % Thickness

- S

Figure-1.1: Measurements to Describe Foam Morphology

For experimental analysis, several batches of foam are made in short tubes (28.7-mm

diameter and 154.2-mm height) and tall tubes (28.7-mm diameter and 457.2-mm height)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



at room temperature free rise conditions. This means that the foam rises in a tube that is
open at the top so that the foam is unrestricted in the z-direction. These batches are used
for mechanical testing of 25.4-mm and 50.8-mm gauge length samples and for a cell
morphology analysis. The mechanical tests for the 25.4-mm samples are performed at 1-
day, 2-day, 7-day, 30-day, and 90-day intervals. However, the 50.8-mm samples are
tested at just the 2-day interval. In addition, a reference batch at room temperature free
rise conditions is fabricated in a large mold (178-mm diameter and 178-mm height) for a
theoretical comparison of the density, mechanical properties, and cell morphology. The
reference batch has minimal mold effects on the foam. This batch is used for mechanical
testing of 25.4-mm gauge length samples at the 3-day interval and for cell morphology
analysis of its middle section.

This work includes the collection of compressive mechanical properties (Young’s
modulus, peak yield, and collapse stress), cell morphology (cell diameter, cell edge
length, cell face thickness, edge thickness, aspect ratio, angle, and area of the cells) as it
relates to levels and radial positions, and theoretical calc11‘1ati0ns of the volume fraction,
density, Young’s modulus, and collapse stress. Measurements of cell morphology are
taken for sections that are perpendicular and parallel to the rise direction of the foam.
Coring analysis is a macroscopic way of determining density gradients in the foam
presented in previous work [6, 7, 8] and will be compared to the theoretical density

calculated using cell morphology.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.4 Paper Format

This thesis consists of seven chapters. Chapter 1 provides an introduction to the thesis
including detail on research objectives, study procedures, and methodology. Chapter 2
provides an introduction to mechanical testing theory on foams and includes a
background on the mechanical and chemistry aspects of the foam. The third chapter
provides a background on the morphology and imaging as well as definitions and
discussions on foam geometry and cell morphology. In addition, this chapter presents
theoretical equations that are used to calculate density and mechanical data using cell
morphology measurements. Chapter 4 presents the procedures for experimental testing
and analysis. This includes fabrication, processing, and testing. Chapter 5 details and
discusses the experimental results gathered from morphology analysis and mechanical
testing. A discussion of linking mechanical properties to morphology is provided in

Chapter 6. Finally, conclusions are supplied in Chapter 7.
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CHAPTER 2

MECHANICAL PROPERTIES AND CHEMISTRY BACKGROUND
2.1 Mechanical Properties of Foam

This section is devoted to explaining and defining the mechanical properties of foam.
There are three types of foams, elastomeric, elastic-plastic, and brittle foam. Elastomeric
foam deforms elastically during the plateau (collapse), and the deformation is recoverable
but non-linear. Foam that is elastic-plastic collapses plastically, and the strain is no longer
recoverable during the plateau (collapse). Elastic-plastic foams (ceramic foam)
experience brittle crushing during the plateau (collapse) [5]. The foam dealt with in this
thesis is called ReCrete which was developed at Sandia National Labs in Livermore,
California. Goods and Whinnery et al. show that Crete and, therefore ReCrete is an
elastomeric foam [1]. However, from other sources it makes more sense to consider
ReCrete as an elastic-plastic foam. The stress-strain curve of the ReCrete foam is shown
in Figure-2.1.

All foams have three important stages during axial compression as shown on a stress-
strain curve. These are linear elasticity, collapse plateau, and densification. The modulus
of elasticity is defined as the initial slope in the linear elastic portion of the stress-strain
curve as shown in Figure-2.1. The modulus is calculated as the stress divided by the
strain of the linear portion of the stress-strain curve. The second stage of foam

deformation is characterized by a relatively large deformation that occurs at a constant
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stress. During this stage, the individual cell walls in the foam are buckling (or
collapsing). This constant stress is referred to as the collapse stress or the collapse plateau
which is also shown in Figure-2.1. In some instances, the foam experiences a yield
strength that is slightly higher than the collapse stress. The peak yield stress is defined as
the maximum stress before the collapse phase begins. The final stage of foam
deformation begins after all of the individual cells have collapsed. At this stage, the foam
density has increased significantly because the axial compression may be up to 60-70%
and there is very little expansion in the radial direction. After this densification, the stress

rises rapidly with very small increase in strain [5].

ReCrete Polyurethane Foam

Stress, ¢

Strain, ¢

Figure-2.1: Stress-Strain Curve for ReCrete Polyurethane Foam in Compression

2.2 Previous Research at Sandia National Laboratories
Crete and ReCrete are two types of foam developed and tested by Steven Goods and

Leroy Whinnery at Sandia National Labs (SNL) located in Livermore, California. [1, 4,
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9]. The objective of studies performed at SNL includes creating a new foam that will
replace TDI (BKC 44402) and to perform tests on the new foams to insure they will hold
up in a weapon system application. Tension, compression, and impact tests are performed
to determine mechanical properties and energy absorption. Goods and Whinnery also
developed a formula to normalize the foam’s mechanical properties to density [1, 9].
Lastly, experimental work is related to theoretical values of Young’s modulus and
collapse stress found by using equations presented by Gibson and Ashby [1, 9]. In
addition to performing tests on Crete and ReCrete, TDI samples are subjected to thermal
aging to see how the mechanical properties of the foam age [10].

The studies at SNL focus on foams with fairly uniform densities by using “cored”
samples. This is accomplished by using a large mold to form the foam and then cutting
out blocks from this molded sample. The blocks are then shaped into right circular
cylinders with the cylinder axis parallel to the direction of the foam rise. All samples
have a diameter of 28.7-mm and a height of 50.8-mm. None of the cylinders are taken
within 3-mm below the surface or contain skin. This type of sample is called a “cored”
sample because it is cored out from foam that is molded [1, 9, 10].

Crete and ReCrete are formulations of rigid polyurethane foam that were both created
at SNL. “As with other polyurethane foams, the reaction of the water with isocyanate
produces carbon dioxide that expands the foam™ [9]. The only difference between the two
formulations is the use of different isocyanates. Crete is made with Isonate 143L whereas
ReCrete 1s made with Rubinate 1680. Both were created for the same reason, namely to

replace the TDI prepolymer [1, 4, 10].
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Tensile and compressive tests are performed on foam samples of densities ranging
from 0.12- g/cm’ to O.6O-g/cm3. By doing this, a power law relationship is developed
between the mechanical properties and the densities. Equation 2.1 states that the modulus
is proportional to the density with an exponent of 1.7. In addition, Equation 2.2 states the
elastic collapse stress is proportional to the density with an exponent of 2.1. Tensile and
compressive tests show that the stress-strain curves are fairly close to one another and can
be considered identical. Therefore, Equation 2.1 can be used to normalize both tensile
and compressive moduli. It is also important to note that Equation 2.2 is used to
normalize yield stress as well as collapse stress. These equations are of particular

importance to rule out differences in density when trying to compare moduli of different

density foams [9].
E=p'’ Equation 2.1
Cel = pz'1 Equation 2.2

When comparing the tensile, compressive, and impact testing stress-strain curves, it is
evident that at a particular density, the compressive strength is lower than the tensile
strength, which is still lower than the impact strength [1]. However, impact testing causes
the foam to fail catastrophically unlike the failure modes for the slow strain rate
compressive testing [1]. In addition, the tensile and compressive testing shows that the
total energy absorption is much greater in compression than tension [9]. Interestingly, the
energy absorption through impact testing begins to decline after a certain density is
reached whereas through the compressive testing, the energy continues to climb with

increasing density [1].
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Thermal aging is performed on TDI (BKC 44402) at room temperature, 60°C, and
80°C conditions. Samples aged for three months show that mass decreases for samples
aged at 60°C and 80°C, but the mass actually increases for samples aged at room
temperature. Mass decreases are attributed to loss in surfactant whereas mass increases
are attributed to a possible absorption of moisture in the air. After aging samples for one
year it is shown that the impact properties decrease, but there is no clear effect for the
quasi-static mechanical properties. Impact testing reveals losses in toughness but minimal
changes in crush strength. Compression testing does not show clear evidence that aging
has any effect on the modulus or collapse stress. Tensile testing is the same with regard to
modulus, fracture strength and fracture strain. This thesis shows the effects of three
months room temperature aging on the mechanical properties of ReCrete. It is uncertain
whether the same results will surface since the samples used in the SNL study are cored
and in this study are molded [10].

Work at SNL also shows that mechanical properties correlate fairly well with
theoretical data when the density of the foam is known. The use of equations developed
by Gibson and Ashby show that the elastic modulus and elastic collapse stress of
experimental tests matches fairly well with theoretical calculations. This shows that it is
possible to relate experimental and theoretical properties. However, will this still hold
true when the density of the material is not known and is in fact calculated using
measurements of the foam’s cell walls and struts? In addition, is it possible to
theoretically predict properties for a smaller area of foam such as a 10-mm® area? This

thesis will try to answer these important questions [9].
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2.3 Previous Research at University of Nevada, Las Vegas

Polymer foam work performed at the University of Nevada, Las Vegas (UNLV) is
conducted by two separate and corresponding departments. The mechanical engineering
and chemistry departments work together to perform linked experiments relating the
chemical and mechanical properties of the foam. The first subsection below describes
work performed by the mechanical engineering department, and the second subsection
includes work perfo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>