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(ABSTRACT) 

In this study, the viscoelastic and morphological characterization of molded foams 

was the main focus. A series of molded foams based on toluene diisocyanate (TDI) and 

glycerol initiated polyethylene-oxide-capped propylene-oxide was studied in terms of the 

structure property features. The results were in many instances compared to those obtained 

on conventional slabstock foams based on TDI and glycerol initiated propylene-oxide. 

These comparisons were made to delineate and clarify distinct differences between these 

two different and very important systems. It was found that high temperatures and 

humidities "plasticized" the viscoelastic behavior of molded foams to a greater extent than 

that of slabstock foams; the molded foams displayed higher load decay values in the 

viscoelastic measurements than slabstock foams. 

In an attempt to understand these dramatic differences, the two types of “cross- 

links" (covalent cross-links and urea based phase separated hard segment domains) were 

evaluated. It was discovered that the structure of the hard segment domains dictated the 

foam's behavior, especially at elevated temperatures and humidity. Furthermore, it was 

found that the hard segment domains in slabstock foams had a much higher level of short 

range ordering. This was confirmed by wide-angle x-ray scattering (WAXS) and fourier 

transform infrared (FTIR) which revealed that the conventional slabstock foams had much 

more organized hard segment domains. It is thus concluded that the dramatic differences 

between the mechanical properties of molded and slabstock foams are due to the lower and 

weaker ordering of the hard segments in molded systems making these physical "cross-



links" more labile at higher temperatures and humidities. These morphological differences 

were shown to be due primarily to differences in the formulation components between the 

two studied systems. First, the ethylene-oxide capping used in the polyol of molded foams 

to increase the reactivity is known to also increase the compatibility between the hard and 

soft segments thus promoting some phase-mixing. Second, the addition of diethanolamine 

(DEOA) added in the molded foam formulation to decrease demold times by enhancing 

cross-linking clearly resulted in the prevention of the full development of the hard-segment 

domains. 

It was also found that the copolymer polyol particles (CPP), added to molded 

foams to increase load bearing capabilities, had a negative effect on the viscoelastic 

properties. The viscoelastic properties of the CPP containing foams were more time- 

dependent than those of the foams lacking these particles. As expected, the incorporation 

of these particles increased the initial load and decreased the initial strain over the foams 

lacking the particles suggesting that the initial stiffness of these materials was increased. 

However, over a period of time, the amount of this initial load that decayed was greater for 

the CPP containing foams and furthermore, at elevated conditions, the load decreased to 

levels below those of the CPP lacking foams. 

A series of slabstock foams was also studied to evaluate the effect of toluene 

diisocyanate (TDI) index on the physical properties, and morphology of the foams. 

Extraction experiments using dimethyl formamide (DMF) showed that increasing the index 

increased the level of covalent cross-linking with perhaps a maximum being reached at an 

index of 100. Viscoelastic measurements also supported the claim of increased cross- 

linking with TDI index. The initial load in load relaxation experiments systematically 

increased with increasing TDI while the percent decay in a three hour period decreased. 

Temperature and/or humidity "plasticized" the load relaxation behavior in all the foams 

studied indicating that the hard segment domain physical "cross-links" play a significant 

role in the properties of these materials. The morphology of the foams was also found to



be influenced by the TDI index. Small angle x-ray scattering (SAXS), differential scanning 

calorimetry (DSC), and dynamic mechanical analysis (DMA) all provided evidence that an 

increase in the TDI index promoted phase mixing. FTIR and WAXS showed that the short 

range ordering within the hard segment domains displayed a maximum at an index of 100 

and decreased as the index was increased. 

Finally, the influence of transient moisture conditions on the viscoelastic behavior 

was also investigated. In creep extractions, as the moisture conditions were cycled from 

low to high humidity while maintaining constant temperature, the compressive strain 

increased in subsequent steps where the strain levels under cyclic moisture conditions 

surpassed those observed at the highest constant relative humidity. This overall 

phenomenon of enhanced creep under cyclic moisture levels was attributed to water 

interacting with the hydrogen bonded structure within the foam. These hydrophillic 

interactions, principally promoted within the hard segment regions due to high hydrogen 

bonding, are disrupted causing slippage and increases in strain. As the foam is rapidly 

dried, regions of free volume are induced by the loss of water thus causing further 

increases in strain prior to the re-establishment of well ordered hydrogen bonding.
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Chapter 1 

1.1 Introduction 

A cellular solid derived from the Latin word "cell", meaning a small enclosed space, 

is the assembly of cells with solid edges or faces packed together. Cellular solids are made 

up of an interconnected network of solid struts forming the edges and faces of the cells. 

The simplest cellular solid is a two-dimensional array of polygons called honeycombs. 

Three dimensional packing of the cells are called foams. The foam is said to be open-celled 

if only the cell edges are solid, where the foam is closed-celled if the cell faces as well are 

solid. 

Cellular polymers are multiphase materials consisting of a polymer and a fluid 

phase, e.g. air. The majority of cellular polymers used in industry are polyurethanes, 

polystyrene, poly(vinyl chloride), and polyolifins. Polymer foams have been classified by 

their cellular morphology, mechanical behavior, composition, or cellular structure such as 

cell openness. In closed-cell foams, the gas phase is discrete and the polymer phase is 

continuous. In open-cell materials, both the solid and fluid phases are continuous. A 

schematic representation of the different types of cellular solids is shown in Fig. 1.1. The 

mechanical properties of cellular solids largely depend on the gas transport through the 

medium which, in the case of open-cells, flows freely through the medium, but in closed- 

cells, the gas transport takes place by diffusion through cell walls. 
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Cellular solids are also classified according to their stiffness, 1.e. rigid versus 

flexible. A rigid foam is one in which the polymer exists in the semi-crystalline or glassy 

amorphous state. A flexible foam is one in which the polymer matrix exists above the glass 

transition in the rubbery state. Rigid polyurethane foams are often subdivided according to 

their application such as load-bearing structural materials or non-load-bearing applications. 

Flexible polyurethane foams are classified as either slabstock foams or molded foams. In 

short, slabstock foams involve the pouring of the components on to large conveyers 

producing large semi-continuous blocks from which specific shape and size samples are cut 

for end use. In molded foams, the components are poured into a mold having the desired 

shape and size thereby eliminating the need for cutting. Further details on molded foams 

will be given in a later section. Within each category, these foams can be further classified 

as cold-cured foams also referred to as high resiliency (HR) versus hot-cured foams. This 

Classification also relates to the mechanical hysteresis which in the case of HR foams is 

between that of open-cell flexible polyurethane foams and that of rubber latex foam. 

A very important feature of cellular solids is their density or relative density, p* /Ps 

(foam density/solid density). Polymeric foams used for cushioning, packaging or 

insulation have relative densities between 0.05 and 0.2. As the relative density increases, 

the cell walls generally thicken and the pore space decreases. 

Polyurethanes are polymeric products of reactions between an isocyanate and a 

hydroxyl group or polyol. They are polymers which contain the urethane linkage. The 

first polyurethanes were discovered in 1937 by Otto Bayer and co-workers.! The first 

commercial polyurethane foams were developed in 1954 using a German technology which 

used an aromatic isocyanate and a polyester polyol. Two years later, the first polyether 

polyols were introduced which provided for a foam which was more durable and less 

affected by hydrolysis. In 1958, the more economic "one shot" foam technology was 

developed where the polyether polyols, catalysts, and silicone-based surfactants (which are 
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all needed to produce a quality foam) were combined all at once to produce foams with 

improved physical properties. 

1.2 Applications 

There are four major areas of application of cellular solids: thermal insulation 

packaging, structural use, buoyancy, and furnishings. Since plastic foams have a low 

thermal conductivity, they are used as insulation from coffee cups to insulation in booster 

rockets. Another advantage is their low thermal mass which allows them to be heated or 

cooled with a minimum amount of energy. Foams are also used in packaging since they 

can absorb energy of impact and undergo large compressive strains without subjecting the 

contents to damaging stresses. The ease of molding along with their low density also make 

foams ideal for packaging. Cellular solids such as wood, bone, and coral are all structural 

foams used to support large loads. Wood is the most widely used natural cellular structural 

material. However, increasingly, man-made foams are used in structural applications such 

as sandwich panels, made of plywood skins bonded to balsa wood cores and more recently 

glass or carbon-fiber composite skin with a rigid polymer foam core. These sandwich 

panels used in space vehicles, skis, yachts and portable buildings, provide excellent 

specific bending strength for lightweight materials. Cellular materials, primarily 

polystyrene, and polyethylene, are used as supports for floating structures and portions of 

boats such as the hull or deck. By controlling their density, a given buoyancy factor can be 

achieved. Another advantage is that these foams are much more damage tolerant than other 

flotation devices such as bags or chambers and when damaged they can still retain their 

buoyancy. 

Figure 1.2 is a block diagram illustrating the wide versatility and wide application 

of flexible polyurethane foams. As can be seen, the majority of flexible foams are used as 

cushioning in the furniture industry, but extend from vibration and sound dampening to 
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protective packing in packaging. By controlling the isocyanate and polyol, foams can be 

made ranging from soft low density foams to stiff high strength foams. 

In view of the wide application base of these materials, a fundamental 

understanding of these materials is necessary, specifically how the formulation ingredients 

and processing techniques relate to the foam properties. While there exists within the 

scientific literature a wide range of data describing the various aspects of polyurethane 

foams, work which correlates the microscopic structure to the final foam properties is very 

limited. Roughly a decade ago, a joint venture between Dow Chemical Co. and the 

research group of Garth L. Wilkes began which focused on the structure-property behavior 

of slabstock polyurethane foams. The work presented in this dissertation is a continuation 

of this venture and reflects two major industrial trends: the increased manufacture of the 

higher productivity molded foams rather than slabstock, and the elimination of auxiliary 

blowing agents such as chloroflourocarbon (CFC). The majority of this work focuses on 

the structure-property relationships of molded foams to correlate the observed behavior to 

formulation ingredients and ensuing morphology using molecular arguments. The 

viscoelastic properties are given great consideration since they best simulate the end use 

treatment of these materials. These observations are then related back to the structural 

morphology of the foams. In addition, the results are compared to data obtained on 

conventional slabstock foams as obtained by similar methodology. In addition to 

characterization of the molded foams, the influence of altering the index, or amount on 

isocyanate included in the formulation relative to the amount required, was also investigated 

on a series of slabstock foams. This study reflects the trend of eliminating CFCs which 

has necessitated alternative methods of producing soft, low density foams. A potential 

method involves using a low index and a high water content. 

The format of this dissertation begins with a literature review which presents 

relevant work carried out on mostly polyurethane foams. This review provides a good 

knowledge basis for the work that will be presented in this dissertation. While most of the 
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work that is presented is on foam, certain relevant features are portrayed by studies carried 

out on polyurethane elastomers and even cellular solids based on other polymers. Again, it 

is the intention of the author to emphasize specific conclusions that are based on molecular 

arguments especially with regard to mechanical properties. Many models have been 

presented, most empirical, which have shown good correlation with experimental data, but 

are limited in terms of physical meaning. A few have been presented here, but the focus 

has been on correlations to the molecular structure. Following the literature review, is a 

chapter describing the experimental materials and techniques utilized in this dissertation. 

Three chapters of results are then presented, beginning with a characterization of molded 

foams, followed by an investigation of a series of slabstock foams of varying index, and 

concluding with a small chapter presenting the influence of transient moisture conditions on 

the viscoelastic behavior. 
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Chapter 2 

2.0 #£=Literature Review 

In this chapter, a summary of previous work on polyurethane foams is presented. 

Observations on other polymer foams and also some results on polyurethane elastomers are 

presented to convey certain relevant ideas. For example, in section 2.3.4, the mechano- 

sorptive behavior of many cellular materials is presented in view that it will be thoroughly 

investigated for the first time on polyurethane foams in this dissertation. Some of the other 

topics which are presented include the chemistry, morphology, mechanical properties, and 

viscoelastic properties of polyurethane foams and elastomers and even some other foams. 

2.1 Chemistry 

The chemistry of polyurethanes is based on reactions of isocyanates with active 

hydrogen-containing compounds, common examples being hydroxyl or amine 

functionalities. The hydroxyl or amine nucleophile adds to the isocyanate by a nucleophilic 

attack on the positive carbonyl] carbon. 

In the formation of polyurethane foams, there are at least two competing reactions. 

The first, illustrated in Fig. 2.1a., is the polymerization or gelling reaction. Here, an 

isocyanate group reacts with an alcohol or hydroxyl group to produce a urethane through 
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(A) 

O O 
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R-N-C-O-CHa-R’ + R-N=C=O S>==—==" R-N-C-O-CH2-R’ 
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R 

Urethane lsocyanate Allophanate 

(B) 

~A 9 
R-N=C=O + R'-CH2-OH ————» R-N-C-O-CHo-R’ 

H 
Isocyanate Alcohol Urethane 

Figure 2.1. Reactions in urethane formation. (A) primary gellation reaction and (B) 
secondary reaction leading to allophanate. 
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an addition process with an exothermic heat of reaction of ca. 24 kcal/mole. When the 

alcohol is polyfunctional and the isocyanate is difunctional, a cross-linked polymer results. 

The urethane group can react further with an additional isocyanate to form an allophanate as 

illustrated in Fig. 2.1b. Allophanate formation can also cross-link the polymer. However, 

a significant amount is unlikely since high temperatures (>110°C) are required for this 

reaction. Also, steric hindrance and the catalysts generally used for foam production tend 

not to promote allophanate formation. 

The second and competing reaction is the blowing or gas-producing reaction. This 

reaction, shown in Fig. 2.2a., is known as the blowing reaction since the carbon dioxide 

formed serves to foam the polymer. This reaction is also exothermic releasing ca. 47 

kcal/mole of heat. This reaction initially produces a thermally unstable carbamic acid which 

decomposes to an amine and carbon dioxide. Diffusion of the carbon dioxide through the 

reacting medium causes expansion of the bubbles primarily nucleated upon mixing and the 

production of a foam. The amine further reacts with an additional isocyanate to give a 

disubstituted urea shown in Fig. 2.2b. Additional cross-linking can be achieved from the 

reaction of the disubstituted urea and an isocyanate to give a biuret shown in Fig. 2.2c. 

However, as for the allophanate, reversibility and the high temperature (>120°C) 

requirement for this reaction make any significant amount of biuret formation in the foam 

unlikely. 

2.1.1 Formulation Components 

The most common components used in the production of flexible polyurethane 

foam are listed in Table 2.1. 

2.1.1.a Polyols 
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Figure 2.2. Reactions in urea formation. (A) primary blowing reaction, (B) chain 
extension reaction, and (C) secondary reaction leading to biuret. 
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Table 2.1. 

Literature Review 

Basic Formulation Components for Flexible Polyurethane Foams 

  

  

    

Component Parts by Weight 

Polyol 100 

Inorganic Fillers 0-150 

Water 1.5 -5.5 

Silicone Surfactant 0.5 - 2.5 

Amine Catalyst 0.1- 1.0 

Tin Catalyst 0.0 - 0.5 

Additive Variable 

Auxiliary Blowing Agent 0-35 

Isocyanate 25 - 75   
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Nearly 90% of all flexible foams are produced using polyether polyols which are 

broadly grouped into the following categories: 

° polyoxypropylene diols, triols, or tetrols 

° ethylene-oxide endcapped diols, triols or tetrols 

° random and block polymers of the above 

° graft or copolymer polyols containing stable dispersions of solid such as 

styrene-acrylonitrile copolymers 

. Cross-linkers typically short-chain polyfunctional molecules such as 

diethanolamine 

Glycerol initiated polypropylene oxide polyols were initially used in the manufacture of 

flexible foams.3 Since then, polyols have also been based on polyethylene oxide, 

polypropylene oxide composition, polyethylene oxide endcapped polypropylene polyols, 

and finally a glycerol initiated copolymer from a mixture of polyethylene and polypropylene 

oxide.4 Polyether polyols are produced from reactions of organic oxides and initiators 

containing two or more active hydrogen groups. In the production of foams, glycerol is 

the most common initiator, however others are also used with functionalities as high as 8 

such as that of sucrose. The alkoxide undergoes ring opening in the presence of a base 

catalyst. Figure 2.3 shows a triol which is produced from polypropylene oxide initiated by 

trifunctional glycerol. Side reactions are also known to take place. For example, small 

amounts of water may be present and may react with an epoxide to form a diol. Another 

side reaction which can occur is the base catalyzed isomerization of polypropylene oxide to 

form allyl alcohol. This alcohol can also react with an epoxide. Thus, in determining the 

net functionality of the polyol, these side reactions must be taken into consideration. For 

example, increased amounts of unsaturation or monol (mono alcohol) concentration lead to 

lower polyol functionality. 

As mentioned previously, the two most widely used commercial alkylene oxides are 

polypropylene and polyethylene oxide. In the case of polypropylene oxide, the resultant 
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CH»-OH CHp-0-(CHa-CH-O)— CHp-CH-OH 
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CH3 CH3 
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Figure 2.3. Formation of trifunctional polyol. 
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polyol has secondary terminal hydroxyl groups. When polyethylene oxide or 

polypropylene oxide endcapped with polyethylene oxide is used, the resultant polyol is a 

primary terminated hydroxy! which is illustrated in Fig. 2.4. Primary hydroxyl groups are 

generally ca. three times more reactive than secondary hydroxyl groups and are desirable in 

the production of molded foams where short production cycles are ideal. When a mixture 

of polypropylene oxide and polyethylene oxide is used, the result is a random copolymer 

polyol with improved water and isocyanate compatibility. The two epoxides can be added 

in sequential order to produce a block copolymer as shown in Fig 2.5. 

Polyols can be modified with fillers to produce open-cell foams of higher 

hardness.6./.8 The filler polymer is typically formed in situ through either a free radical or 

step addition polymerization of monomers. To prevent flocculation of the suspension, the 

particles are stabilized through a grafting process where either the base polyol or an added 

stabilizer molecule copolymerizes with the added monomer. The most common filler or 

dispersion in polyether polyols is produced through chain-growth polymerization where 

free-radicals are generated from an initiator molecule, typically an azo compound. These 

radicals can quickly react with the monomer to form undesirable high molecular weight 

polymer. To prevent this, low molecular weight chain transfer agents are often added 

which terminate the growing chain and initiate new polymer chain growth. The 

dispersions, originally based on acrylonitrile as the sole monomer, were used for the 

production of cold-molded high resiliency foam with increased hardness and strength. Due 

to deficiencies in certain properties such as flame resistance as well as a yellow appearance, 

styrene-acrylonitrile (SAN) mixtures are now used in place of acrylonitrile alone.> In this 

case more efficient stabilizer molecules are required since copolymerization of the styrene 

and acrylonitrile is more favorable than either of those with the base polyol. One method of 

stabilization used is the grafting of a macromolecule functionalized with a vinyl moiety 

which copolymerizes with styrene-acrylonitrile and the base polyol (the method utilized in 

the molded foams studied in this dissertation). Here, polymerization begins with a graft 
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Figure 2.4. Formation of primary hydroxyl derived from ethylene oxide. 
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Figure 2.5. | Formation of block copolymer polyol. 
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polyol where the backbone is the SAN copolymer chains and the teeth are the stabilizer 

molecules of the graft. As monomer and initiator are added, the comb polymers associate 

in a Spherical structure where the insoluble copolymer portion, SAN, lies inside and the 

Stabilizer chains extend outward. Once these particles have phase separated, 

polymerization occurs mainly inside these particles. During this stage, the particles grow 

from their initial size of 0.01-0.05 um to a final size of 0.3-0.5 um. High resiliency 

molded and sometimes slabstock foams are made with polyols having 10-40% solids and 

viscosities of 2500-4000 cp using this macromer process. 

Although not as common, other fillers or dispersions are utilized in the production 

of polyurethane foams. For example, dispersions of polyurea particles known as the 

polyharnstoff dispersion (PHD) is one commercial protocol.?:!9 These particles are 

prepared through step growth polymerization of a diamine with a diisocyanate which are 

dispersed in a polyether polyol. These polyurea oligomers quickly phase separate from the 

continuous phase as their molecular weight increases but are "naturally" grafted to the base 

polyurea through reaction of the diisocyanate to the polyol. Polyol grafting is thus lower 

than in the case of SAN polyols since the diamine - diisocyanate reaction is favored which 

also leads to a broader size distribution than achieved with the SAN dispersion. PHD 

polyols typically contain 20-30% solids and have viscosities of 3000-3500 cp. Along with 

polyurea particles, others such as polyurethane particles formed by the in situ reaction of an 

isocyanate with an alkanolamine and new epoxy fillers can also be utilized. 

In general, there are many important characterizing factors of polyols which can 

influence the final foam properties. Factors such as functionality, hydroxyl number, 

primary hydroxyl content, and reactivity are now briefly discussed. The functionality 

arises from the choice of initiator and is defined as the average number of reactive sites per 

molecule. In determining the functionality, the level of monol and the level of diol must be 

considered since small amounts of either quickly decrease the overall functionality from the 

usual value of 3.0. The hydroxyl number is the amount of reactive hydroxyl groups 
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available for reaction per gram of polymer and thus is related to the equivalent weight of the 

polymer. It is typically determined by the number of milligrams of potassium hydroxide 

equivalent to the hydroxy! groups found in one gram of sample. The primary hydroxyl 

content is a measure of the distribution of primary and secondary hydroxyl groups as 

typically determined by NMR. As will be demonstrated throughout this dissertation, this 

factor is a very important one since it strongly influences the kinetics of the gelation 

reaction and therefore many other aspects such as cell-openness and microphase separation. 

In fact, all three factors (functionality, hydroxyl number, and primary hydroxyl content) 

greatly influence the reactivity and thus the morphology of the final polyurethane foam. 

For example, while polyethylene-oxide capping provides the primary hydroxyls, it also 

increases the compatibility between the hard and soft segments and may promote some 

phase mixing. This has been observed by noting the cloud point of a solution of the polyol 

in a water-isopropanol mixture which decreases as the molecular weight of the polyol 

increases and increases with increasing amount of polyethylene oxide. This suggests that 

increasing the molecular weight promotes phase separation while increasing the 

polyethylene oxide content promotes phase mixing. The reactivity is qualitatively the rate at 

which the polyol undergoes reaction which can be ascertained using viscosity 

measurements. Figure 2.6a is a Brookfield Viscosity Test of viscosity versus time 

illustrating the effect of increasing primary hydroxyl content on a polyethylene-oxide- 

capped 5000 MW triol. As can be seen, increasing the primary hydroxyl content 

significantly increases the rate of viscosity rise. Figure 2.6b illustrates the effect of primary 

hydroxyl as well as the effect of chain terminating monol (unsaturation) on the late stages 

viscosity in a typical molded foam. The unsaturation decreases the viscosity since it 

decreases the overall polyol functionality and slows down the rate of gelation. Both factors 

can dramatically influence the quality of the foam since certain events during the foam 

evolution must occur in a systematic order and precise timing. For example, the covalent 
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gel point must occur just prior to cell opening in order for a good quality foam to be 

produced. The latter point will be presented with further detail throughout this dissertation. 

2.1.1.6 Isocyanates 

All of the isocyanates used in the foam industry today contain at least two 

isocyanate groups per molecule. The most widely used method of producing isocyanates is 

the phosgenation of an amine as illustrated in Fig. 2.7.0.1! Several side reactions which 

can take place are illustrated in Fig. 2.8. The two most widely used isocyanates are toluene 

diisocyanate (TDI) and diphenylmethane diisocyanate (MDI) where TDI is used more in the 

manufacture of flexible foams and MDI is used more in the production of high resiliency, 

semiflexible, and rigid foams as well as elastomers. TDI is usually available as a mixture 

(80:20, or 65:35) of 2,4 and 2,6 isomers shown in Fig. 2.9. The 80:20 isomer mixture is 

obtained from the double nitration of toluene followed by reduction to the amine and then 

phosgenation to the diisocyanate as illustrated by the block diagram in Fig. 2.10. Fora 

pure 2,4 isomer or a 65:35 blend, the reaction is stopped after the first nitration and the 

pure ortho- and pure para- nitrotoluene molecules needed to produce the desired 

isocyanates are obtained through crystallization procedures.!213_ The 2,4 isomer is more 

reactive than the 2,6 isomer primarily due to steric hindrance. The 65:35 isomer blend 

leads to higher load-bearing capabilities. Modified TDI or polymeric MDI reduces the 

hardness of the foam by interfering with the alignment or ordering of the polyurea hard 

segments and the foam's microphase separation. 

Diphenylmethane diisocyanate (MDI) is prepared from aniline, formaldehyde, and a 

phosgenation according to the scheme in Fig. 2.11. The reaction mixture, resulting from 

the phosgenation of the polyamide mixture, contains a distribution of di, tri, and higher 

functionality isocyanates. Polymeric MDI is more widely used than pure MDI primarily 

due to the high reactivity of the sterically free pure 4,4' and 2,4' isomers. Also, pure two 
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Figure 2.7: Formation of isocyanates. 
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ring isomers require optimization of the reaction for maximum production and costly 

handling of the solids. 

The stochiometric amount of isocyanate required to react with the polyol may be 

adjusted to achieve the required final properties as will be later shown. The amount of 

isocyanate used relative to the theoretical equivalent amount is known as the isocyanate 

index. Thus, an isocyanate index of 100 refers to just enough isocyanate to react with all 

the active hydrogen sources. Excess isocyanate can lead to increased covalent cross- 

linking by further consuming any unreacted polyol and thus increased hardness in the final 

foam. This specific point will be investigated in series of foams varying in index in 

Chapter 6. Generally, the isocyanate index in the production of flexible slabstock foams 

ranges from 105 to 115 where the hardness can be readily controlled although there is a 

current trend to use a lower index. Common isocyanate indexes in molded foams range 

from 85 to 110. A distribution of indexes can be used to achieve multiples zones of 

hardness as 1s sometimes desired in automobile seats with lateral support. 

2.1.1.c Water 

Water is used to react with the isocyanate and produce carbon dioxide and polyurea. 

The carbon dioxide diffuses into the reaction mixture and aids in foam expansion by 

expanding the bubble size. The majority of the bubbles are nucleated in the early stages of 

the process specifically the mixing stages. In addition to the gas expansion, the bubbles 

can grow through consolidation of bubbles, the degree of which depends on the early 

Stability of the growing bubbles. 

2.1.1.d Surfactants 
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The main purpose of a surfactant is to stabilize the rising foam's cell walls. 

Without the cell wall stabilization, the cells would coalesce leading to a collapse of the 

foam. This delay in the thinning of the cell walls is due to an increasing surface viscosity 

by the surfactant. Also, elasticity of the membrane, known as the Gibbs-Marangoni effect, 

helps maintain the cell and prevent rupture.!4 Along with this, however, a surfactant can 

also aid in the nucleation of bubbles during mixing and more importantly stabilize a 

growing bubble by basically lowering the bulk surface tension. Surfactants aid in 

nucleation by reducing the surface tension of the mixture and thus the energy required for 

bubble nucleation. This reduction in the surface tension also helps stabilize and promote 

growth of the bubbles. Finally, surfactants can also emulsify incompatible formulation 

ingredients. For example, the surfactant, as proposed by Rossmy et. al. disperses and 

incorporates the precipitated polyurea into the liquid reaction mixture. 15 

The amount of surfactant required for stable, quality foams displays a maximum or 

follows a bell-shaped curve. For example, insufficient amounts leads to coalescence, 

densification, splits, and "boiling" of the final foam. Increased amounts stabilize the 

mixture leading to well developed open-cell foams. Further increases in the surfactant 

amount overstabilizes the the cells leading to tighter, closed-cell foams with diminished 

physical properties. 

The majority of flexible foams are made from polysiloxane-polyoxyalkylene 

copolymer surfactants. Here, the polyoxyalkylene end of the surfactant is responsible for 

the emulsification effect, while the siloxane lowers the bulk surface tension. The synthesis 

of silicone-glycol surfactants as described by Bryant and Stewart is illustrated in Fig. 

2.12.16 First, sand is reacted with carbon and reduced to silicon. The silicon is then 

reacted with methyl chloride to produce a mixture of chlorosilanes. This mixture is then 

hydrolyzed to yield a substituted polysiloxane fluid which, in turn, is reacted with a 

hydroxyl-terminated polyglycol resulting in a silicon-oxygen-carbon type surfactant. A 

nonhydrolyzable type surfactant, derived from the reaction of the polysiloxane fluid with an 
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unsaturated polyglycol - i.e. an R group endcapped polyether repeat unit rather than a 

hydroxyl. The hydrolyzable surfactant would break apart when contacted with water into 

siloxane and polyol molecules and no longer act as a surfactant. 

2.1.1.e Catalysts 

The two most widely used catalysts are amines and organometallics. A 

combination of these are used to achieve a balance between the chain propagation or gelling 

reaction and the blowing reaction. These rates need to be controlled to assure that the gas is 

entrapped and allows the cell walls to develop sufficient strength and maintain their 

structure without collapse. 

Tertiary amines, the most common blowing catalysts, enhance the blowing reaction 

since they have a lone pair of electrons and can form complexes with both isocyanates and 

water. Since they are strong nucleophiles, they can attack the carbon of the isocyanate 

group and can form stable hydrogen bonds with water. The formation of an isocyanate- 

amine complex through a nucleophilic attack on the carbon, as proposed by Baker and 

Holdsworth, is shown in Fig. 2.13.17 Once the complex has formed, the nitrogen atom on 

the isocyanate group is activated and readily reacts with hydrogen atoms from water or 

polyol. Figure 2.14 shows the formation of an active hydrogen-amine complex as 

proposed by Farkas and Strohm which supports the observation that increased basicity 

increases the catalytic activity. 18 

The most widely used metal in organometalic catalysts is tin. These organotins act 

as Lewis acids interacting with the basic sites. Although many mechanisms exist for the 

activated complex formation, the one presented in Fig. 2.15 incorporates the observed 

synergism between organometallic compounds and amine catalysts.© Since tertiary amines 

are stronger Lewis bases than isocyanates and alcohols, their complexation to metal 

compounds such as organotins is likely. This complex reacts with a polyol to give a tin 
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alkoxide. A carboxylate group accepts the proton from the polyol allowing for an 

isocyanate to enter and react with the polyol. The catalytic species is regenerated and can 

further react with an additional polyol to propagate the polymer. 

As in the case of surfactants, the actual concentrations required must be determined 

experimentally and display an optimum for a desired set of properties. For example, when 

there is insufficient gellation, the expansion forces of the bubbles exceed the tensile 

strength of the cell walls and thus, foam splits may occur. This, however, can be 

compensated for by increasing the amount of organotin (usually stannous octoate for 

Slabstock foams) catalyst. Further increases in catalyst can lead to shrinkage as the foam 

begins to gel faster, giving extremely strong cell-windows and tight foams. 

High levels of catalysts, both amine and tin, are desired in molded foams to 

increase the rate of polymerization and cure in order to reduce mold occupation times. 

2.1.1.£ Blowing Agents 

Auxiliary blowing agents may be used to aid in obtaining desired densities and 

softness. These are usually low boiling solvents and are inert in the chemical reactions. 

Since these are high volatile solvents, they vaporize providing additional gas as they absorb 

heat from the exothermic reactions. The blowing agent traditionally used in achieving 

extra-low densities is chloroflourocarbon 11 (CFC 11). However, due to environmental 

concerns that CFC 11 is a suspected ozone depleting agent, replacements such as 

halogenated chlorinated flourocarbons (HCFC-123 and HCFC-141) are also being 

utilized.19,20 These HCFC's are reported to have a much lower ozone depleting potential 

and also allow for foams to display similar physical properties to those blown with CFC 

11. The drawback to HCFC's is that economical large scale production of these is 

difficult. 

Literature Review 34



2.1.2 Molded Foams 

In view of the fact that the majority of this dissertation deals with molded foams, a 

small section regarding some details and distinguishing features is appropriate. Specific 

details and aspects of molded foams are addressed and compared to conventional slabstock 

foams throughout this dissertation. Molded foams, a relatively newer technology, are 

foams in which a certain amount of formulation mix is either poured into a heated mold that 

is then closed or injected into a closed mold. Nearly half of all polyurethane foams 

produced commercially are molded foams as opposed to slabstock foams. The majority of 

molded foams are used in transportation seating and trim parts. However, they are also 

used in packaging, furniture, and novelty items. The biggest advantage is that the foam is 

molded into the intricate shape desired and, hence, the need for cutting is eliminated. Also, 

molded foams can be produced with reinforcements or multiple zones of hardness. Molded 

foams do not differ from slabstock foams in just that they are produced in molds rather than 

in a semicontinuous process but, in fact, are considerably more complicated. Generally, 

higher-molecular-weight, more reactive polyols are used in molded foams for reasons of 

increased productivity. Along with a higher reactivity formulation, factors such as size of 

individual shot, release agents, mold temperature gradients and curing times also contribute 

to the complication. 

Molded foams are classified into two groups depending on how they were 

processed. The first, hot-cure, involves the application of heat to the mold to drive the 

reactions and decrease the cure time. The second classification, known as cold cure or high 

resiliency (HR) foams involves the use of a higher reactivity formulation so that no oven 

curing is necessary and less external energy is applied. The major differences between the 

two are illustrated in Table 2.2. 

The largest application of hot-cured molded foams is as a contoured cushion for 

automotive seating. Formulation in these foams, is typically based on a 3000-molecular 
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Table 2.2. General Characteristics of Hot-Cure and HR Molded Foams 

  

  

  

  

  

        

Hot-Cure HR 

Isocyanate 80/20 TDI 80/20 TDI 
Blends w/MDI 
Polymeric MDI 
MDI prepolymers 

Polyol 
Molecular Weight 2800-3500 4500-6500 
EO-Capped Yes Yes 
Copolymer Polyol Optional Optional 

Cure Oven 180-300°C 75-200 °C 
Temperature 356-572°F 165-392 °F 

Postcuring No Optional 

Mold Temperature 25-45 °C 50-70 °C 
at Pour 77-113 °F 122-158 °F   
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weight polyethylene-oxide-capped triol. HR foams use a 5000-molecular weight 

polyethylene-oxide-capped triol. In processing the hot-cured foams, the molds moving on 

conveyors begin with preheating to approximately 43°C, from which they proceed to the 

pour station where the molds are charged with the reaction mixture. The mold lids are 

closed and then the molds proceed to the radiant heat oven where they are heated to 

approximately 121°C followed by a hot air oven at approximately 54°C. Finally, the molds 

are stripped, waxed and cooled to bring them back to the initial state. A typical molding 

cycle takes 30 minutes. 

High resiliency foams have a dropping-ball-type resiliency (per ASTM D 3770-79) 

greater than 60%. Today, the term HR foams also refers to cold-cure foams. The greatest 

advantage of HR foams is that these foams have a superior support factor, ratio of 65% 

indentation force deflection (IFD) to 25% (IFD), relative to hot-molded foams or slabstock 

foams. Also, the amount of energy and time required for the HR process is considerably 

less. These foams are primarily based on 5000-molecular weight highly reactive 

polyethylene-oxide-capped polyether triols in combination with diamene cross-linkers. 

Grafted polymers and copolymers may also be included in the formulation. The 

formulation ingredients are mixed and dispensed into the waxed molds at a temperature of 

49 to 71°C. In the case where some heat may be added, as in the case of low density 

seating foams, the molds are heated to 93°C for approximately 3 to 10 minutes. The foam 

is then removed and the molds are waxed and cleaned. The foam's cells are then 

immediately opened usually by means of mechanical crushing to minimize shrinkage upon 

cooling. HR foams usually require less gellation catalyst since the polyols are highly 

reactive and also require more blowing catalyst to accelerate the foam expansion. The 

latitude of the mold temperature at pour is normally 57°C to 77°C. Below this range, cold 

collapse can occur leading to a densified core while above this range, the skin becomes 

loose and flaky and large voids develop. 
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2.1.3 Molded Foam Processing Technique 

Since the majority of this dissertation deals with molded foams, the process 

descrbed here is a typical molded foam process. The processing technique for conventional 

slabstock foams has been described in detail in other references and is briefly presented in 

Chapter 3.79 The majority of polyurethane foams are made by a "one-shot" process. The 

appropriate quantities of the chemical components are poured into a mixing head at 

controlled environmental conditions and agitation speed. At this point nucleation, 

controlled by bubbling air or nitrogen gas, begins. In less than one second, the nucleated 

liquid is dispensed into a preheated and waxed mold (for molded foams) where the bubbles 

begin to grow. The mold is preheated (usually to 38-49°C) to help prevent density 

variations due to temperature variations from the exothermic reaction. The mold lids are 

immediately closed and then conveyed to the radiant oven where they are heated to an 

internal surface temperature of ca. 120°C. During this induction or cream time (ca. 6-15 

seconds), which is defined as the time between the discharge of the liquid and the 

beginning of the foam rise, the bubbles begin to grow and the liquid changes color. The 

surfactants and catalysts play a major role during this period. For example, as the 

surfactant reduces the surface tension, the bubble loss is lowered. Also, as the catalysts 

increase the rates of reaction, the cream time is shorter and thus the cells are smaller and 

fewer. Following the cream time, the foam mixture begins to rise due to the expansion of 

bubbles in the blow direction from the evolution of CO. These bubbles continue to grow 

until they come into contact with each other to form planar membranes. Due to the 

exothermic nature of the reacting mixture, the temperature rises, and at ca. 100°C, the cell 

walls rupture releasing the entrapped gas - the process of which is known as the blow-off. 

In 100-200 seconds after mixing, immediately following blow-off, the foam has reached its 

full rise. As the remaining isocyanate continues to react, the temperature continues to 
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increase. At the end of curing, the molds are opened automatically and the foam is 

removed. They are then stored to further cure for a period of about a week.3,21,22,35 

2.1.4 Reaction Sequences 

With the use of FTIR, the reaction sequences in a foaming precess can be followed 

to a high degree of accuracy. Many researchers such as Rossmy et. al. and Bailey and 

Critchfield have confirmed observations of absorption bands at 1710 cm-!, 1660 cm:!, and 

1645 cm-! during the early stages of the water-isocyanate reaction.!5,.23.24 The band at 

1710 cm! was observed in the beginning of the reaction while the bands at 1660 cm! and 

1645 cm-! were observed at 50% and 75% of the rise time, respectively. It was proposed 

by both researchers that the band at 1645 cm:! is due to a disubstituted urea. Rossmy et. 

al. suggested that the band at 1710 cm-! is due to the soluble urea while the band at 1645 

cm-! is due to the insoluble urea. They also observed that as the reaction mixture went 

from clear to opaque, the IR shift went from 1710 cm-!, corresponding to monodentate 

urea reflecting weak hydrogen bonding, to 1645 cm-!, which reflects stronger hydrogen 

bonding. Hauptman et. al. and Hocker observed an IR shift from 1710 cm-! to 1645 cm-! 

when a diphenyl urea was dissolved in a good solvent (DMF) and then a poor solvent 

(THF).25:26 Bailey and Critchfield used gel/rise profiles to follow the foam process. A 

rise profile was initially observed showing a maximum in the rate of rise upon the first 

detection of the urea groups at 1645 cm-!. The suggestion that the water-isocyanate 

reaction occurs first was further supported by Illeger et. al. by following the relative weight 

loss of isocyanate and water.2/ 

Both investigators also agree that the isocyanate-polyol reaction occurs later in the 

reaction near blow-off. Rossmy et. al. reported observing a urethane band at 1725 cm~! at 

75% of foam rise while Bailey and Critchfield reported observing a slow increase in the 

urethane band at 1730 cm7!.23,24 This increase in the urethane absorption occurred for 30 
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min. after blow-off while no increase in the urea absorption was observed. Also, Bailey 

and Critchfield observed that the gel profile occurred during the period when urea 

formation was predominant and the rate of rise was decreasing. 

Van Gheluwe and Leroux used temperature profiles to follow the foam 

formation.28 They determined the rate of temperature rise as a function of varying water 

content and amine catalyst concentration. The temperature rate of the blowing reaction was 

generally greater than that of the gelling reaction primarily in the early stages of foam 

formation. Also, the rate of temperature rise increased with increasing water content. As 

this temperature rate began to level off for the blowing reaction, a steady increase in the 

temperature rate was observed for the gelling reaction. 

Recently, McClusky et. al. used FTIR, SAXS and viscosity profiles to follow the 

foam evolution specifically the sequential development of the network.27:30 They have 

divided the matrix formation into four stages beginning with the initial reaction stage. 

Here, they observed initially the development of non-bonded urea and urethane. The rates 

of urea and urethane development were found to be a function of water content where the 

rate of urea intensity increase was higher than the rate of urethane intensity increase as the 

water content was increased. No hydrogen bonding was observed in this initial stage. The 

second stage, beginning at ca. 1 min. following mixing, was the onset of monodentate urea 

(at ca. 1700 cm-! to 1640 cm-!) as observed by FTIR which occurred at ca. 40% 

isocyanate conversion. During this time, there is no phaSe-separation or viscosity rise. 

The hard segments are still, for the most part, soluble in the soft phase. At ca. 100 sec., 

substantial amounts of isocyanate have reacted (65% conversion) and the onset of bidentate 

hydrogen bonding (at ca. 1640 cm-!)was observed which reflects stronger, more stable 

multiple hydrogen bonds. Furthermore, SAXS data revealed phase separation and a sharp 

rise was observed in the viscosity in this third stage. McClusky et. al. referred to the final 

stage as an annealing stage where the foams slowly cool from their high temperatures and 

the ordering or perfection of the hard segment domains occurs. 
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A general conclusion from the presented research is that the isocyanate-water 

reaction occurs predominately in the early stages of the foam formation while the gelling 

reaction dominates when the foam has reached its maximum height. Also, it seems that the 

polyurea hard segments are initially soluble in the foam mixture and begin to precipitate out 

of solution at ca. 75% of the rise time suggesting polyurea aggregation via bidentate 

hydrogen bonding. 

2.2 Morphology and Structure 

The morphology of a flexible foam greatly influences the mechanical properties of 

the foam. In general, a typical polyurethane consists of a heterogeneous phase-separated 

morphology where discrete hard segment domains are dispersed within a continuous soft 

phase. The hard segment domains, resulting from the isocyanate-water reaction, are 

comprised of discrete polyurea segments which can form hydrogen bonds and phase 

separate from the continuous soft phase. In Fig. 2.16, which represents the phase- 

separated structure of a typical slabstock polyurethane foam, the hard segments are 

represented by the clustered thick lines which depicts them here as well ordered hard 

segment domains. These are covalently attached or entangled into the polyether or 

polyester soft phase. If a high water content is used in the formulation, the hard segment 

domains can aggregate and precipitate into polyurea "balls" or aggregates having a 

dimensions of about 3000 A as observed using TEM.§30 Due to the increased 

compatability brought about by the additional components, these polyurea precipitates are 

not usually found in molded foams as will be shown later in this dissertion. Various 

techniques have been used in evaluating and determining the structure, both macroscopic 

and microscopic, of polyurethane foams. A general overview of the various aspects of 

polyurethane foams are given as well as the techniques used. 
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2.2.1 Scanning Electron Microscopy 

Typical SEM micrographs of a slabstock foam are shown in Fig. 2.17 with the 

viewing direction parallel and perpendicular to the rise direction.39 As can be seen, the 

foam contains large areas of voids or open cells with a continuous solid phase. The open 

cells are crucial not only from a comfort point of view but also to prevent the foam from 

shrinking or distorting in shape. Also, there exists a geometric anisotropy where, parallel 

to the blow direction, the cells appear spherical. Perpendicular to the blow direction, the 

cells appear ellipsoidal in shape with the major axis aligned with the blow direction. This 

anisotropy leads to differences in the foam properties with the foam having better bulk 

properties along the blow direction. 

2.2.2 Transmission Electron Microscopy 

Transmission electron microscopy has been used to observe features at 

magnifications in the range of 10,000X to 100,000X. Figure 2.18 shows TEM 

micrographs of four slabstock polyurethane foams increasing in water content from 2 to 5 

with increasing foam number.?! Foam 1, micrograph (a), shows a grainy texture arising 

from most likely hard segment domains since it is not seen in the surrounding epoxy and 

since rough calculation of dimensions are within range of accepted dimensions. This 

micrograph does not show any distinct precipitate features as do the subsequent 

micrographs. Foam 2 (3 pph water content) shows the beginning of aggregations of 

polyurea precipitates. The white regions are the continuous soft phase and the dark regions 

are the precipitated urea rich aggregations. These regions are randomly dispersed and have 

a diameter of ca. 3000 A. As the water content is increased, the regions become darker 

with greater contrast suggesting that the urea precipitates increase in number, size and 

"richness". This is clearly evident in micrographs (c) and (d). 
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(a) 

  
Figure 2.17. Typical SEM micrographs of a conventional slabstock polyureathane foam 

(a) parallel to the rise direction and (b) perpendicular to the rise direction. 
[ref 33] 
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Figure 2.18: TEM micrographs of four slabstock polyurethane foams varying in water 
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2.2.3 Dynamic Mechanical Spectroscopy 

Dynamic mechanical spectroscopy (DMS) is a thermal analysis technique measuring 

the ability of a viscoelastic material to store and dissipate energy. The response of a 

multiphase polymer to an induced sinusoidal strain over a given temperature range can give 

information as to the stiffness and phase separation in the material. 

Spell et. al. used DMS to arrive at the soft segment glass transition, obtain a 

temperature-dependent modulus, and to observe the possibility of any other thermal 

transitions in flexible polyurethane foams.2? The DMS spectra are presented in Fig. 2.19 

where the storage modulus, which was normalized for all samples to an arbitrary value 

typical of modulus values for the noncellular material below the glass transition, and tan 

delta are plotted for a temperature range of -160 to 300°C. At low temperatures, the 

modulus is high and the foams exhibit elastic behavior. The sharp transition observed at 

-40°C represent the soft segment glass transition. Here, the modulus drastically decreases 

and tan delta drastically increases. The soft segment glass transition is highly influenced by 

its molecular weight. At even higher temperatures where hydrogen bond disruption 

normally occurs, a rubbery plateau is observed. The fairly flat response in this region 

suggests the existence of a covalent cross-link network and/or well ordered hard segment 

domains also referred to as physical "cross-links". Finally, at even higher tempertures (ca> 

230°C) a sharp decrease in the modulus is observed associated with thermal degradation. 

In Fig. 2.19, higher water content in the formulation leads to a higher modulus due 

to increased amounts of the hard segment phase from the water-isocyanate reaction. These 

urea segment domains act as fillers producing a rise in the system modulus. The rather 

insensitivity of the glass transition as well as the sharpness of the transition to different 

amounts of water content suggests that there is significant phase separation. 

2.2.4 Differential Scanning Calorimetry 

Literature Review 46



  

  

     

     

     
    

  

  

  

        
  

1 10 3 B 
10° + 

: C 
a r —— 2PPH WATER 

10°L . 3 PPH WATER 
E 5 PPH WATER 
no 

E | § PPH WATER 
P~ < 

3 be 4 
10° +4 a 

. F ws 10 

@w &E z 
2) r r 

: 3 PPH WATER 
8 

10 2 PPH WATER 

10’ AL APAAR LARA AES 10 ARALARALLRAL LASALLE SAAR 

160 -110 -60 -10 40 . 90 140 180 240 290 16 -110 60 -10 40 90 140 199 240 290 
TEMPERATURE, °C TEMPERATURE, °C 

Figure 2.19. Normalized DMS spectra for slabstock polyurethane foams (a) storage 

modulus (b) tan 6. [ref 31] 

Literature Review 47 

 



Differential scanning calorimetry (DSC) has also been used to characterize slabstock 

polyurethane foams, primarily to determine the soft segment glass transition temperature or 

other thermal transitions.39 Typical scans of conventional slabstock foams are illustrated in 

Fig. 2.20 with scans conducted at 10°C per minute over the range of 120 to 350°C. The 

results from DSC for the soft segment Ty show slight variations to those of DMS which are 

attributed to kinetic differences arising from the different scanning rates. The broad 

endotherms beginning at ca. 200°C reflect the onset of pronounced chemical degredation. 

2.2.5 Wide-Angle X-ray Scattering 

Wide-angle x-ray scattering (WAXS) has been carried out to examine for the 

presence of any crystallinity or packing order of the hard segment domains.. Figure 2.21 

shows the x-ray diffraction patterns of four conventional slabstock polyurethane foams 

varying only in the water content as in the previous cases.30,31,32,40 All of the foams 

show a diffuse amorphous halo typical of liquid-like structures. However, for the 2 pph 

water content foams or greater, a scattering peak (actually ring) at 0.45 nm and a weaker 

peak (ring) at 0.59 nm are also displayed. The rings appear to sharpen with increasing 

hard segment content. The distinctness of the peaks indicates some degree of order, not 

just a maxima in the amorphous halos. Difractometer scans have also verified this by 

showing two discrete peaks representing an ordered structure.39 This increase in 

sharpness with hard segment content indicates that the local packing order of the hard 

segments in increasing. Tyagi and other authors have attributed the peaks to the short- 

range or paracrystalline ordering in the hard segment domains most likely arising from 

hydrogen bonding within the domains.32 In principle, the hard segment ordering can also 

arise from ordering within the urea aggregates observed in high water content slabstock 

foams using TEM. 
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Figure 2.21. WAXS patterns for four slabstock polyurethane foams varying in water 
content. [ref 33] 
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2.2.6 Small-Angle X-ray Scattering 

Along with wide-angle scattering, small-angle scattering has been used in 

understanding the morphology of polyurethane foams, primarily in obtaining the average 

size of the hard segment domains within the polymer matrix, the domain spacing, and the 

interfacial thickness.2?-38 The first such work on foams was carried out by Wilkes et. al. 

on polyurethane foams that varried in water content TDI index, polyol molecular weight, 

and polyurea filler content.38 They found that the foams with a high molecular weight 

polyol and polyurea filler content displayed the most distinct microphase separation. Upon 

altering the filler content, no appreciable change was observed in the SAXS profiles 

suggesting that the polyol molecular weight was the underlying factor. More recently, 

Armstead has evaluated the scattering characteristics of four slabstock polyurethane foams 

varying in water content (the same four foams shown in Figs. 2.17 - 2.21).32,33 Figure 

2.22 shows the SAXS profiles of intensity versus scattering angle for the four foams 

varying in water content from 2 to 5 obtained by Armistead. These profiles did not exhibit 

sharp peaks but rather shoulders that appear at approximately the same scattering angle for 

each. Although the exact reasons for the lack of sharp peaks are unknown many factors 

can bring forth the observed results. These factors include the scattering features not being 

of uniform shape or size, and not being consistently separated by the same distances. By 

the application of Bragg's law to the shoulders, the interdomain distance between the 

scattering particles was calculated and found to systematically vary from ca 89 to 96 A with 

increasing water content. Although, the numbers are only an estimate, they do show that 

the d-spacing increases with increasing hard segment content. These values as well as their 

increasing trend with water content are in agreement with what other researchers have 

reported.30,34,35,36 This suggests that the domains are increasing in size and thus the 

center-to-center distance is increasing. 
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Armstead et. al. also used the 1-dimensional and 3-dimensional correlation 

functions to compare the values obtained from the Bragg's spacing.?233 The difference 

between the two correlation functions is in the assumed geometrical factors. For example, 

the 1-dimensional correlation function gives the interdomain distance between two 

scattering centers assuming a lamellar morphology where the 3-dimensional correlation 

function gives an estimate of the center-to-center spherical particle spacing. From these 

results, the authors concluded that no long range order existed and that the hard segment 

domains again have a center-to-center spacing of 65 to 95 A depending on the hard segment 

content.32 

The thickness of the diffuse boundary between the hard and soft segments was 

calculated using Porod's law.32,33 This analysis gives an interfacial thickness parameter, 

6, which represents the half-width of the assumed Gaussian distribution of the diffuse 

boundary. The Porod's law analysis obtained by Armstead gave a © value of ca. 2 A for 

the 2 pph water content foam which systematically increased to ca. 5 A for the 5 pph water 

content foam.3233 McClusky et. al. reported numbers in the range of 4 - 7 A for roughly 

the same water content foams.39 This is attributed to the increasing lengths of the chain- 

extended hard segments which are more polydisperse with increasing water content and 

thus, a more ordered interface is less possible with such dispersity in hard segment length. 

SAXS has also been used to evaluete the degree of phase separation through an 

analysis of the invariant. The degree of phase separation is estimated by comparing the 

electron density variance for a completely phase separated system with the experimentally 

determined invariant. Armstead et. al. calculated the invariant as a function water content 

which showed to increase with increasing water content.33 Thomas et. al. also determined 

the invariant in a similar manner but for a series of foams with different cross-link 

densities.36 They found that the invariant and therefore the degree of phase separation 

decreased as the cross-link density was increased. This was attributed to the increased 

viscosity caused by cross-linking which restricted phase separation. 
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2.2.7 Fourier Transform Infrared 

Fourier transform infra-red (FTIR) spectroscopy utilizes radiation to characterize 

the chromophoric groups of a molecule. It is a widely used techniqe which provides 

qualitative and quantitative information on the chemical nature, structural nature, type and 

degree of branching, static order, conformational order, physical arrangement of polymer 

chains, state of order, and the type and degree of preferential orientation of the polymer 

chain to name a few. 

FTIR has also been used to obtain a better understanding of the morphological 

features in polyurethanes and polyurethane foams. More specifically, it has been used to 

study the degree of phase separation in polyurethanes. In the following cases, FTIR was 

used to characterize the phase separation and the hydrogen bonding as well as short range 

ordering among urea groups. 

Senich and MacKnight used FTIR to study hydrogen bonding in segmented 

polyurethane elastomers.36 The degree of interurethane hydrogen bonding and the 

enthalpy of hydrogen bond dissociation were used as indicators of phase separation both 

increasing with increased phase separation. Figure 2.23 shows the IR spectra at 29°C and 

98°C in the N-H (ca. 3300 cm-!) and the C=O (ca. 1700 cm-!) stretching regions. In the 

N-H region, a decrease in the bonded N-H absorbance was observed, along with a shift in 

the maximum from 3283 to 3290 cm-! at the higher temperature. The C=O absorbance 

displayed similar behavior to the N-H with the exception of the maximum not showing a 

shift. Senich and MacKnight also determined the integrated absorbances in the range 3180 

to 3470 cm-! (N-H stretch) and the range 1830 to 1630 cm-! (C=O stretch) at each 

temperature. The C=O band absorbance was independent of temperature up to a 

temperature of 100°C. The N-H band absorbance decreased linearly with temperature 

which was attributed a more sensitive extinction coefficient of the hydrogen bonded N-H 
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absorbance. In the case of the carbonyl absorbance, both the free and bonded carbonyl 

bands have the same extinction coefficient. The upturn at 100°C was attributed to a new 

C=O band arising from thermal oxidation. They also reported that at the reference 

temperature, the fraction of bonded N-H was much higher than the fraction of bonded C=O 

indicating some degree of phase mixing. 

Sung and Schneider examined the temperature dependence of hydrogen bonding in 

the N-H and carbonyl groups of a 2,4-TDI and a semicrystalline 2,6-TDI based 

polyurethanes and found that the nature of the soft and hard segments strongly influence 

the FTIR spectra and hydrogen bonding.*! Using curve resolving techniques, Sung and 

Schneider observed that the onset of hydrogen bond dissociation for the semicrystalline 

domains occurred around 60°C. Also, they found that 80% of the bonded N-H groups are 

bonded to urethane carbonyl groups which implies that almost all the urethane groups 

reside in the hard segment domains. With regards to the 2,4-TDI polyurethanes, Sung and 

Schneider found that at O°C 95% of N-H groups are bonded and that 50% of those are 

bonded to carbonyl groups; the rest being hydrogen bonded to the soft segment indicating 

an extensive degree of mixing of the hard and soft segments. Within the carbonyl region, 

they observed that at 0°C the bonded carbonyl (at 1720 cm!) was about equal to the free 

carbonyl (at 1740 cm-!). Furthermore, the onset of dissociation temperature was in the 

range of 40°C to 60°C depending, slightly lower than that of the 2,6-TDI based 

polyurethane. Koberstein, Gancarz and Clark used FTIR to investigate the effects of 

morphological transitions on the hydrogen bonding in polyurethanes.42 They, as with the 

previous authors found a strong dependence of hydrogen bonding on the morphology. 

They observed distinct changes in hydrogen bonding that coupled with the observation of 

morphological changes observed with DSC. 

Coleman, Lee, Skrovanek, and Painter performed FTIR temperature studies on 

poly(1,4-butylene hexamethylene-carbamate), a semi-crystalline polyurethane.43 As with 

previous researchers, Coleman et al. observed that the intensity of the bonded N-H 
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absorbance varied dramatically with temperature as shown in Fig. 2.24, where the sample 

was heated to 210°C and then cooled to 30°C. However, they did not attribute this to the 

transformation of bonded N-H groups to free N-H groups or vice versa, but instead to 

changes in the absorption coefficient which depends on the hydrogen bond strength. In the 

carbonyl region, three bands were observed. These are attributed to ordered hydrogen 

bonded carbonyl groups, disordered hydrogen bonded carbonyl groups, and free groups. 

As the temperature was raised, the ordered and disordered bonded bands decreased and 

gradually shifted to higher frequencies. At 150°C the ordered band vanished and the 

disordered band broadened. These two types of hydrogen bonding are similar as that 

observed in polyurethane foams with urea hard domains as will be soon demonstrated. 

FTIR temperature studies have also been carried out on polyurethane foams which 

due to the presence of urea groups are significantly more complicated than polyurethane 

elastomers. Most of the FTIR work that has been carried out on polyurethane foams relates 

to foam kinetics and development of its morphology as was described earlier. For, 

example, McClusky et. al. used FTIR to follow the development of the ordered (bidentate) 

and disordered (monodentate) urea domains during foam evolution.39 Recall that in the 

evolution of a foam, the first urea groups produced were observed to be soluble in the soft 

phase but shortly afterward began to phase separate into domains through initially 

monodentate hydrogen bonding and then later the more ordered bidentate hydrogen bonded 

domains. Table 2.3 and Fig. 2.25 show the carbonyl band assignments of the FTIR 

spectra of typical polyurethane foams.“4 It also simply illustrates the difference between 

monodentate and bidentate hydrogen bonding. Bidentate urea has been used to identify 

urea packing order, phase separation, and will be shown in this dissertation to correlate 

well with foam performance especially at elevated temperatures.45.46 Furthermore, 

McClusky et. al. evaluated and compared the ingredients of slabstock foams to those 

typically found in molded foams.39 Interestingly, they observed strong bidentate 

absorbance bands in the slabstock foams but only weak mondentate absorbance bands in 
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Figure 2.24. Temperature dependence of the bonded N-H region of semicrystalline 
polyurethane upon (A) heating and (B) cooling. [ref 43] 
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Table 2.3. Carbonyl Band Assignments 

  

  

  

  

  

  

    

Free Urethane 1730 cm-! 
Loosely Associated Urethane 1715 cm-! 
Hydrogen Bonded Urethane 1700 cm:! 
Free Urea 1715 cm"! 

1700 cm-! 
Loosely Associated "Monodentate” Urea 1670 cm-! 

1650 cm! 
Hydrogen Bonded “Bidentate" Urea 1640 cm-! 
Isocyanurate 1710 cm:!     
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the molded foams. This was attributed to the polyethylene oxide capped polyols and 

especially the additive, diethanol amine, a cross-linker, both of which are typically found in 

molded foams. These additives enhance the gelling reaction and are thus believed to 

interfere with the kinetics of the bidentate urea development. The work that will be present 

in Chapter 4 of this dissertation will evaluate this aspect further. 

Thomas et. al. used FTIR to study the influence of cross-linking on the 

morphology of flexible molded polyurethane foams and films, based on a 4800 molecular 

weight polypropylene oxide/polyethylene oxide blend, 4 pph water and toluene 

diisocyanate (TDI).3© Skorpenske et. al. also investigated the hard segment organization 

through FTIR analysis of the carbonyl region as a function of TDI index which as stated 

earlier influences the covalent cross-linking.4” Both groups of researchers observed slight 

decreases in the bidentate absorbance bands with increases in cross-linking suggesting that 

the increased cross-linking results in a greater degree of phase mixing or higher disorder of 

the HS domains. 

With respect to the thermal response of these groups in the carbonyl region, as 

expected hydrogen bonded bands decrease as the temperature is increased.46 However, 

due to the complexities and convoluted nature of the bands in this region, it is difficult to 

determine if shifts are occuring from bonded to non-bonded or vice versa. For example, as 

the temperature is increased, the free urea band is expected to increase and the bonded 

urethane band is expected to decrease. However, due to the close proximity of the two 

bands (1715 cm-! and 1705 cm-!) coupled with the broadening of the bands that occurs 

with temperature, deconvolution of these peaks to determine the contribution of each band 

to the overall band is very difficult. The fact that both bonded and nonbonded urethane 

groups display absorbance bands in this region further complicate the analysis. In general, 

it has been determined that temperature has an adverse effect on hydrogen bonding 

specifically within the hard segment domains. In addition, certain formulation ingredients 

such as cross-linkers, higher reactivity polyols, or polyol functionality, can alter the foam 
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formulation kinetics and can also influence the hydrogen bonding structure. In addition to 

their effects on the structure and morphology, it is important to determine their effects of 

the physical properties of the bulk foam. 

2.3. Mechanical Properties of Polyurethane Foams 

AS previously mentioned, the mechanical properties of polyurethane foams depend 

on the cell structure, morphology, and the chemical makeup of the foams. Basic physical 

properties include density measurements, indentation force deflection (IFD) tests which are 

a measure of the load-bearing properties of the foam, compression force deflection tests 

(CFD) which are similar to the IFD except that the sample size is different, compression set 

tests, stress-strain behavior, and tensile tests. Along with the mechanical properties, 

viscoelastic properties such as creep behavior, and stress-relaxation have also been 

investigated. These properties have been analyzed in terms of density, degree of openness, 

and the anisotropic shape as well as aspects of the of the solid portion of the foam such as 

cross-linking or morphology. 

2.3.1 Basic Foam Properties 

One of the most important properties of foams is density which is typically directly 

influenced by the water content. In addition to density, the water content strongly 

influences the physical properties as well since they are strongly dependent on the extent of 

microphase separation and perfection of the hard segment domains. Patten et. al. studied 

the effects of water content variations on the tensile strength, tear strength, and elongation 

of flexible polyurethane foams.>?:48 They reported that an increase in the water content 

resulted in an increase in these properties up to a limiting point (4 pph) whereby no further 

increase in the properties was observed. This enhancement in the properties was attributed 
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to an increasing hard segment content. Sung et. al. also observed the same trend on urea- 

urethane elastomers showing an increase in the modulus and tensile strength with 

increasing hard segment.49 

The indentation force deflection test (IFD) is another important property and, aside 

from density, is the most widely measured mechanical property. It is a measure of the 

force required to depress a small circular plate into the foam as illustrated in Fig. 2.30. 

Results are usually plotted as force versus indentation. The force is measured upon loading 

and unloading which gives an indication of hysteresis. Tabulated results are given as 25% 

IFD, 65% IFD, 25% return IFD, and % hysteresis return. The percentages represent the 

amount of deflection relative to the original height. The ratio of the 65% to 25% IFD value, 

known as the support factor or sag factor, gives an indication of the cushioning factor. A 

sag factor of 2.8 is considered sufficient cushioning. The hardness of a foam is shown to 

decrease with increasing water content due to decreasing density.3,22,50,51,52 Although 

increasing water content increases the hard segment content which leads to an increased 

modulus, the decreased density is the more dominant factor. However, if the density is 

normalized out, the higher hard segment foams do display higher hardness. Patten also 

showed that by holding the density constant through the use of a physical blowing agent, 

the hardness did increase with increasing water content. Along with water content, the 

isocyanate and the polyol structure can affect the hardness. An isocyanate index higher 

than 100 (an index of 100 is sufficient to react with all the active hydrogen atoms) can lead 

to harder foams due to additional cross-linking and the possible formation of biuret and 

allophanate structures provided that other conditions are favorable. In polyol structures, 

the molecular weight and functionality both influence the hardness. As both increase, so 

does the foam hardness. Finally, as expected, the cell geometry and its anisotropy affect 

the hardness. When loaded along the major axis of the ellipsoidal geometry, the foam 

displays a higher level of hardness. 
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The compression force deflection (CFD) test is similar to the IFD except that in the 

CFD test, the entire foam sample, usually having dimensions of 4"x4"xl", is 

compressed.53,94,55 First the sample is conditioned by compressing it twice to 25%. 

Then, following a 10 min recovery period, the sample is compressed to 50% of its original 

height and the load is recorded after 60 sec. 

2.3.2 Stress-Strain Behavior 

Stress-strain loading is carried out to determine the foam modulus, transitions in the 

deformation mode, as well as mechanical hysteresis. Figure 2.27a is an illustration of the 

compressive stress-strain curves for an elastomeric open-celled foam which has been 

divided into three regimes by Gibson and Ashby as well as others.1:55,56.57 The first 

region is known as the linear elastic bending region. In this region, which occurs in the 

first 5-10 % strain, the cell walls begin to bend. The Young's modulus, E, is the initial 

Slope of the stress strain curve and thus calculated in this region. The following region, 

known as the elastic buckling region, represents non-linear buckling of the cells, 

specifically the cell struts. Rigid foams would exhibit nonelastic deformation and plastic 

yielding in this second region. The last region is known as the densification region. Here, 

the cells completely collapse and opposing cell walls touch. Further strain compresses the 

solid portion itself thus giving dramatic increases in Stress. 

The response of an open-celled foam loaded in tension is shown in Fig. 2.27b. As 

with compression, the initial linear elastic response is caused by cell wall bending but here 

the linear region is longer. The non-linear region is smaller and finally, in the case of 

tension, the sample ruptures at higher strain levels. 

In modeling the linear elastic behavior of a foam, many researchers have derived the 

expressions for the Young's modulus, the shear modulus, and Poisson's ratio, in terms of 

the solid modulus, and the relative density, defined as the foam density divided by the solid 
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density.°©-6 The mechanism of linear elasticity depends on whether the cells are open or 

closed. If the cells are open, the mechanism is a bending of the cell walls where if the cells 

are closed the mechanism is stretching of the cell membranes along with compression of the 

cell fluid. Gibson and Ashby have provided as excellent treatise on the mechanical 

properties of foams, some of which is presented here. 

2.3.2.a Open Cells 

A foam has been modeled as a cubic array of membranes of length 1 and square 

cross-section of side t by Gent and Thomas and more recently Gibson and 

Ashby.>658.59,60 This simple geometric shape is shown in Fig. 2.28a. The dimensions | 

and t are related to the relative density by 

P .. (£) 
p, \1 2.1 

where p' is the foam density and pg is the solid density. Young's modulus for the foam is 

calculated from the linear-elastic deflection using standard beam theory with a given 

deflection 5 and load F as shown in Fig. 2.28b. When this cubic array is subjected to a 

compressive force, F, a deflection 6 occurs. This deflection was related to the force and 

the Young's Modulus of the solid by 8 = FI3/EsI (E,; = Young's Modulus and I = second 

moment of area) and defining the stress o as F/l2 and the strain € as 5/1, the Young's 

modulus was determined. Young's modulus was then defined in terms of the solid foam 

modulus and the reduced density as 

FE p" 2 

=o) s p s 2.2 
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where Cj is a geometric constant which was experimentally determined to be unity. Again, 

this model is valid at small strains only since this model is only applicable in the linear 

elastic region. The shear modulus is calculated in a similar way to give 

* * 2 

=C,| — 
G, Ps 23 

where C2 has been experimentally shown to equal 3/8. From the relationship between the 

shear modulus and Young's modulus, Poisson's ratio can be defined as 

v* = G —] 

2C, 2.4 
  

which is equal to ca. 1/3 for the given values of C; and C2, consistent with many 

experimental observations. Since this ratio is the negative ratio of the lateral strain to the 

axial strain which are proportional to a single bending deflection, it is a constant affected 

only by the cell geometry. 

Although this analysis contains many approximations such as double counting the 

density at the cell corners and the neglecting of the axial and shear displacements of the cell 

walls, Gibson and Ashby have shown that the simple models correlate well with the data. 

For example, Fig. 2.29 compares the model for Young's modulus to experimental data of 

various foams where the solid line represents the theory and the points represent actual 

data. 

Foams can be and usually are compressed or stretched to strains much larger than 

the limited 5% for linear elasticity. Since the application of foams inherently places them 

under strains greater than 5%, this elastic but non-linear deformation 1s very important. 

Figure 2.28c illustrates a structural model undergoing elastic buckling. As in the case of 

linear elastic deformation, the behavior depends highly on the nature of cell openness. The 
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Figure 2.29. Comparison of theory to experimental data for Young's modulus. Solid 
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first step in this analysis was to calculate the force at which a cell edge begins to buckle and 

was done using Euler's formula 

2 ee 

Fis = wed 
l 2.5 
  

where n2 is the degree of constraint at the ends of the column and I is the second moment 

of area. The elastic collapse stress, 6*e], was written as the force divided by the cross- 

sectional area, F/12. Relating the second moment of area to t4 and introducing the relative 

density gives for the stress 

* * 2 

On ©) 
E, Pp, 2.6 

Gibson and Ashby introduced a density correction for reduced densities greater than 0.3 

where the cell corners account for a significant part of the volume 

o #\2 2 \y2\? 

eac(2)u(E) 
Ss Dp, Ps 27 

Figure 2.30 is an illustration comparing these two models to experimental data for the 

  

elastic collapse stress which is plotted against the relative density. The solid line represents 

the theory while the points represent experimental data. The curves show very good 

agreement between the two. 

At even larger strain levels beyond buckling, opposing walls of the cells crush 

together and the cell wall material is compressed. At this point, the stress rises steeply and 

the slope approaches E; foam at a limiting strain of €p. The cell walls come together at a 

strain described by 
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Again, Gibson and Ashby have demonstrated with their own as well as others that these 

simple models correlate well with experimental data. 

2.3.2.b Closed-Cells 

Although flexible molded foams are designed as open-cell foams, they inherently 

have many closed-cells even after mechanical crushing. Gibson and Ashby have extended 

their analysis to closed-cell foams as well, however, only a very brief sampling is provided 

to portray certain relavent ideas. While the foams evaluated in this dissertation are open- 

celled, the significant amount of closed cells that they contain are sufficient to contribute to 

the displayed physical behavior. Closed cells are much more difficult to model due to the 

added mechanisms involved when compressed. For example, the cell membrane can 

contribute to the stiffness of the foam, or due to the surface tension of the fluid, the 

membrane can be thinned leading to rupture during deformation. Gent and Thomas as well 

as Skochdopole and Rubens proposed that the Young's modulus for closed-cell foams is a 

sum of three contributions.59.69 The first contribution is the same as that in open-cell 

foams, cell-edge bending. The second contribution is provided by the compression of the 

cell fluid which was calculated using Boyle's law. The third contribution to the modulus is 

the stress exhibited by the cell membranes. As a closed-cell foam is compressed, the 

bending cell edges cause the cell faces to stretch. 

The compression stress-strain behavior of flexible foams was investigated by 

Rusch. He used four different foams to evaluate the effects of the structural features on 

this behavior. Two were low density reticulated polyurethane foams, Q and L, with Q 
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having a higher density. Another was a high density rubber latex foam with an irregular cell 

structure, R and the fourth was a nonreticulated polyurethane foam containing some closed 

cells and an irregular cell structure, E. The stress-strain behavior of each is shown in Fig. 

2.31. From his analysis he concluded that the specific cell geometry has a great effect on 

the compressive stress-strain behavior. This is evident from the response of curves Q and 

L compared to curve R. Curve R from the rubber latex foam displayed only a slight 

transition into the buckling region but continued to increase with a large slope. The density 

and the cell size also showed considerable influence on the stress-strain behavior as 

evidenced by comparison of curves Q and L. As expected, the transitions from bending 

region to the buckling region and from the buckling region to the densification region occur 

at higher stress values for the higher density foam. Also, when a certain amount of closed- 

cells exist, the foam not only exhibits higher stresses at any given strain but continues to 

increase throughout the buckling range. One surprise is that the Young's Modulus appears 

independent of the nature of the cellular structure and density. 

The stress-strain behavior in tension, illustrated in Fig. 2.27b, is similar to that in 

compression except that fracture can occur in tension. In tension, the modulus is 

determined by cell edge bending as with compression. At higher deformations however, 

buckling does not occur as in compression, but instead, the cell edges rotate towards the 

tensile axis and the bending moment acting on them decreases. At a strain of ca. 30%, the 

cell edges are substantially aligned in this direction and further deformation extends them 

axially. 

Thomas et. al. evaluated the influence of cross-link density on the tensile stress- 

strain properties of a flexible polyurethane foam.36 They noted that the nature of the solid 

portion of the foam also influenced this behavior in addition of the global cell geometry. 

Recall that both parameters are incorporated in the models provided by Gibson and Ashby. 

The higher level of cross-linking resulted in an increase in stress as a function of strain. 

The authors noted very little effect on the Young's modulus by altering the polyol 
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functionality. The effect of cross-linking was more pronounced at higher elongations and 

at the point of failure. The higher cross-linked sample displayed a lower stress and 

elongation at break. 

2.3.3 Viscoelastic Properties 

The viscoelastic properties of foams are extremely important since they are a 

measure of a foams durability and recoverability. The load of these materials for a 

viscoelastic measurement is similar to the type of loading they undergo in an actual 

application such as seats. Furthermore, the viscoelastic properties are sensitive to the 

nature of the polymer. The structure and morphology dictate the type of response the foam 

will have and are influenced by both the covalent network and the hard segment domains or 

physical network. Measurement of these properties can thus provide an excellent 

evaluation of the network of the material. 

The viscoelastic behavior of foams is characterized primarily through investigation 

of the stress relaxation and creep response as well as compression set. The first involves 

measurement of the time-dependent stress decay under a constant strain while the second 

involves the measurement of the strain under a constant load. Along with these, 

compression set and fatigue tests are conducted. Compression set is a measure of the 

deformation of a foam after it has been compressed at a given set of conditions. It is 

usually expressed as a percentage of the original compression. Along with indentation 

force deflection (IFD), it is one of the most widely measured properties and from a practical 

point of view may be the most important. Fatigue, another viscoelastic measurement, is 

usually reported as a percent indentation force deflection loss. This type of measurement is 

somewhat uncommon and is not undertaken in this dissertation. Again, the two main 

techniques focused on are stress relaxation and creep. Compression sets were also 

measured for comparison. 
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2.3.3.a Stress Relaxation 

The viscoelastic properties of polymeric materials are often represented by 

relaxation curves. Stress relaxation curves have been used for the prediction of the 

cushioning factor of polyurethane foams. As mentioned above, the stress relaxation 

behavior is a measure of the stress decay under a constant deformation. Relaxation curves 

can be expressed by a generalized Maxwell model 

Y(t)= SA, exp(-t/7,)+ Y. 
i=l 2.9 

where Y(t) is the decaying parameter, Y... is the asymptotic residual value, Aj is a constant 

characteristic of the material, and 7 is known as the relaxation time.©5 Many methods exist 

for evaluating relaxation data and arriving at the characteristic constants. Many polymer 

materials including polymer foams exhibit non-linear viscoelastic behavior in which the 

properties depend on the deformation history. 

Tobolsky and Andrews have proposed that when materials are subjected to an 

external stress, "certain regions of elementary molecular movements” exist that allow 

readjustments to accommodate the stress. In the case of an elastomer such as natural 

rubber under an external stress, portions of the molecular chains between cross-links 

elastically uncoil and to some extent secondary bonds are broken and reformed in relaxed 

positions.69 Secondary bonds, at low temperatures, initially contribute to the stiffness, but 

over time, will relax and reform in new positions producing a gradual decay in stress until 

equilibrium stress is reached. Ferry has added that at long-times, relaxation is related to the 

existence of branched structures in the presence of entanglements.’0 These dangling ends 

can eventually relax to an unperturbed conformation. Curro and Pincus investigated the 

long time relaxation behavior of natural rubber elastomers.’! In this investigation, they 
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used de Gennes' reptation theory for a single branched chain with topological constraints. 

For example, the mechanism by which the dangling chain ends equilibrate is viewed as a 

modified reptation process within a constraining tube. The theory presented by Curro 

predicts that certain parameters such as the asymptotic modulus E... and the relaxation time 

T> are functions of the cross-link density. This was confirmed by Dickie and Ferry where 

their experimental results on natural rubber showed a similar relationship.72 

Hsiue, Chen, and Yeong-Kang investigated the relationship between the stress 

relaxation rate and domain structure of two thermoplastic elastomers, styrene-butadiene- 

styrene block copolymers (SBS) and 1,2-syndiotactic polybutadiene (1,2-PB).’> Although 

these are not polyurethane systems, they have a common characteristic of domain 

morphology. They found that the structure of the domain whether it be amorphous as in 

SBS or crystalline as in 1,2-PB, has a significant effect on the stress relaxation. 

Turner examined the stress relaxation behavior of reaction injection molded (RIM) 

polyurethanes.’6 He studied the influence of the hard segment domain structure and the 

influence of a glass fiber filler. The samples with the crystalline hard domains displayed 

higher stress levels and lower stress relaxation over the samples with amorphous hard 

domains. A similar phenomenon was observed with filled systems versus the non-filled 

systems. Glass fiber reinforcement increased the stress values and decreased the stress 

relaxation. Finally, Turner noted that in all systems, an increase in temperature caused 

increased stress relaxation and increased relaxation rates. 

Dzierza and Seymour et. al. have shown that the relaxation process in polyurethane 

elastomers is dominated by the viscoelastic soft segment.’3,74 Furthermore, they found 

that the relaxation process is also dependent on the functionality and molecular weight of 

the polyol. A higher molecular weight or functionality both lead to decreases in the level of 

relaxation. They also found that the hard segments exhibit little resistance to the relaxation 

and increases in the hard segment content lead to greater relaxation. 
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Morimoto et. al. examined the effect of different expansion ratios on the flexural 

stress relaxation of glass-fiber-reinforced and non-reinforced rigid polyurethane foams.’7. 

The results showed that a higher expansion ratio reduced the flexural modulus in both the 

reinforced and non-reinforced materials. This was expected based on the work of Gibson 

and Ashby. The stress relaxation increased with higher temperatures and a higher 

expansion ratio for the non-reinforced system. The expansion ratio was believed to 

influence the molecular weight between cross-links, Mc, where the higher expansion ratio 

increased Mc and thus decreased the number of elastically active chains. 

Doherty and Ball reported that the viscoelastic decay of stress in slabstock foams 

increased with higher water content foams.’8 They related the decay to time by the 

following equation 

AL = At* 2.10 

where t is the time, AL is the percent loss of a dimension such as stress and A and X are 

constants. The constant X is coupled with the relaxation rate and was shown to increase 

with increasing water content in the formulation and thus increasing hard segment content. 

The stress relaxation behavior of flexible water-blown foams has been recently 

studied by Moreland.’? Four foams, varying in hard segment content, were investigated 

including the effect of temperature and humidity on their behavior. Figure 2.32 shows the 

effect of temperature on the stress relaxation on a 2 pph water content foam. As the 

temperature was increased, the stress levels increased and the relaxation decreased up to a 

temperature of 100°C for where the stress sharply decreased. This increase initially was 

consistent with rubber elasticity theory which predicts an increase in stress with 

temperature for a network simply given as 

#),-(2) OT ),y al ry 
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Also, the stress decay rate decreased up to a temperature of 100°C. Moreland stated that 

this decrease indicates that the stress relaxation approaches equilibrium faster with 

temperature. This is believed to be due to a faster relaxation of the soft segment chains and 

hydrogen bond dissruption in the hard segments. Above 100°C, the stress relaxation 

increased significantly. Moreland attributed this increase to the dramatic disruption of 

hydrogen bonds, and in addition, to some chain scission which may be taking place 

primarily in the urethane linkage. In terms of the hard segment content, an increase in the 

stress levels as well as the amount of relaxation, was generally observed with an increase in 

hard segment content. Also, the amount of stress decay as a function of temperature was 

higher for the higher hard segment content foams. This is also evident in Fig. 2.33 which 

shows the effect of temperature on a 5 pph water content foam. At temperatures below 

100°C, the influence of temperature on the high hard segment content foam was 

significantly different than that for the low hard segment content foam. Here, the stress 

levels decreased with increasing temperature for all temperatures above room temperature. 

This was attributed to the effect of temperature on the additional hydrogen bonding as a 

result of the higher hard segment content. Furthermore, since the hard segment content is 

higher, the lower soft segment content decreases the elasticity effect which induced the 

increases in Stress with the 2 pph water content foams. In this 5 pph water content foam, 

the hard segments contribute more to the initial stiffness of the foam than in the 2 pph water 

content foam, and thus when the hydrogen bonding is weakened by temperature, greater 

Stress relaxation occurs. Finally, Moreland also noted that increases in the relative 

humidity lowered the stress levels and increased the stress relaxation, similarly to 

temperature but to a lesser extent. This observation was attributed to the water acting as a 

placticizer, primarily in the hard domains, promoting slippage. The influence of humidity 

was lower as the hard segment content increased. 

Recently, Thomas et. al. evaluated the influence of cross-linking of molded 

polyurethane foams on a number of properties, one of which is stress relaxation.7© The 
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amount of cross-linking was varied by altering the polyol functionality through the 

introduction of mono-functional species. The data was fit to a power law relationship 

which was used to evaluate two foams varying in cross-linking. While the initial stress 

values were essentially the same, the relaxation rates were clearly different. These 

differences were also evident at longer times where the more cross-linked foam exhibited 

less decay. The power law exponent (related to the relaxation rate) was also lower 

confirming that the rate of relaxation and the amount of relaxation was lower for this higher 

cross-linked foam. They also pointed out that the hard segment domains have an 

overwhelming effect at room temperature since varying the polyol functionality produced a 

rather small effect. 

2.3.3.b Creep 

Along with stress relaxation, creep is also a common and very important property in 

evaluating the viscoelastic behavior. Creep is also important since it closely resembles the 

type of loading these materials undergo in actual applications. The creep behavior of a 

foam strongly depends on the solid portion of the foam. Many solid polymers are linear 

viscoelastic where the strain at any given time is proportional to the applied stress. At large 

Strains or long times, the system may become nonlinear viscoelastic behavior where the 

Strain is no longer just a linear function of the stress. As with stress relaxation many 

empirical equations for the linear and nonlinear viscoelasticity have been proposed.82-86 

The examples from the literature presented here are chosen to relay certain ideas relavent to 

the present document. 

Nolte and Findley compared the creep behavior of solid polyurethane to that of the 

foamed rigid polyurethane.8© They found that for stress levels no greater than two-thirds 

of the plastic yield strength, the creep strain of the foam could be described as the creep 

strain of the solid portion multiplied by the ratio of the initial stiffness of the solid to that of 
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the foam. At higher levels of stress, where the foam began to display non-linear behavior, 

this simple method under-predicted the measured creep Strains. 

Huang and Gibson have recently analyzed and provided a model to describe the 

linear and non-linear creep of rigid polyurethane foams.8! Their derivation is based on the 

dimensional analysis used by Gibson and Ashby to model Young's modulus of an 

isotropic foam with linearly elastic cell-wall material and a geometric structure as shown in 

Fig. 2.28a. As presented earlier in Section 2.3.2.a, the Young's modulus was given as 

E p’/\ 
‘Ye, ~ </ a, 22 

Huang and Gibson then described the linear viscoelastic behavior in which the solid cell 

wall material creeps as 

, ran 0, €,=(e7+m't" )— 
( Ie 2.12 

where Es is Young's modulus of the solid portion and 0; is the stress of the solid portion. 

This was then used to derive the following equation describe the strain of the foam which is 

of the same form as the previous equation 

€(0,t) =(e’ +m") 2.13 

This was compared to experimental results obtained for four densities of rigid polyurethane 

foam by measuring their creep response when loading in shear and was found to display 

good agreement where the creep strains are predicted to within 10%. 

D'Amore et.al. studied the flexural creep behavior of high density polyester 

foams.?0 They showed that the void content had no practical effect on the viscoelastic 
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response of the foam. Also, the exponent n used in Findley's and Huang's work was 

shown to increase with temperature. They found that while the foam modulus did depend 

on the void content, the visocelastic behavior was independent of the void contant. In 

another study by D'Amore et. al., the flexural creep behavior of glass reinforced polyester 

foams at different temperatures, fiber (filler) content, and foam density was investigated.?! 

Figure 2.34 shows the creep compliance as a function of time carried out at different 

temperatures. The compliance, calculated from the deflection and geometrical factors, 

increased with increasing temperature as shown. As can be seen, both the creep 

compliance and the creep rate systematically increased with increasing temperature. 

D'Amore et. al. also applied time-temperature superposition to the data of Fig. 2.34 thereby 

shifting the curves to obtain long time prediction of the data. The master curve, shown in 

Fig. 2.35, was constructed using horizontal shifts. These results were compared to 

transition state theory to check the validity of the shifting process which gives the 

temperature dependence of the shift factor. If the mechanisms are the same in each case, 

the data should follow a linear relationship providing a unique activation energy. D'Amore 

carried out such an analysis for the neat resin, unreinforced foam and reinforced foam; all 

fitting one line and having one activation energy. The authors interpreted this by 

Suggesting that the void content and fiber content have no effect on the viscoelastic 

response. However, the master curve of the 45% reinforced foam appears to be lacking in 

continuity and thus the validity of such should be questioned. 

Alperstein et. al. also investigated the creep behavior of reinforced rigid 

polyurethane foams; more specifically, the effects of density, glass fibers, temperature, and 

stress on the compressive creep of rigid polyurethane foams.?2 As the temperature was 

increased, the creep rate was much higher along with the strain levels. The creep rate was 

assumed to follow an Arrhenius type relation with temperature. The activation energy was 

determined from the slope of the creep rate versus 1/T and was found to decrease with 

increasing stress. Finally, they did observed a slight decrease in the creep rate with 
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increasing filler content and with increasing density. The filler was more effective in the 

higher density foams. 

Campbell investigated the compressive creep behavior of flexible polyurethane 

foams and the effect of polyol molecular weight and water content on the creep rate.80 

Comparing the creep rate of two foams; a high resiliency (cold-cure) foam and a hot-cure 

foam, the high resiliency foam displayed a much higher creep rate. For both foams, a 

higher stress (larger initial strain) led to a higher creep rate up to a deflection of 20% to 

30% where it goes through a maximum. This deflection range where the creep rate is the 

highest is in the range where buckling occurs as described by Gibson and Ashby.°’ At 

further increases in the initial deflection, a decrease in the creep rate was observed. This 

deflection dependence of the creep rate is shown in Fig. 2.36, which is a plot of the creep 

rate versus initial deflection. Campbell qualitatively explains this phenomenon using the 

analogy of the buckling of a column. This buckling mode of failure is illustrated in Fig. 

2.37. As the column is initially loaded, it will store much of the energy. Further loading 

causes the column to fail leading to large increases in strain. Cambell suggested that based 

on these results caution must be taken when evaluation of the processing or chemical 

aspects of the foams as how they influence the creep behavior. 

In varying the density of the foam by packing the mold, changing the water content 

or changing the blowing agent content, Campbell found that only the altering of the water 

content had an influence on the creep behavior. More specifically, he concluded that 

increasing the water content caused an increase in the creep rate. Also, the creep rate was 

reduced following a 2 hr. postcure over that after a 20 min. postcure. Finally, Campbell 

tested the creep recovery of foams by first subjecting them to 400 hrs of dynamic 

compression loading and then testing them. The results showed a marked increase in the 

creep rate. Another sample was loaded for 2 hrs, unloaded for 4 hrs, loaded for 2 hrs and 

unloaded for 16 hrs. This process was repeated four times and tested, and also repeated 

seven times and tested. Here, the results showed an increase in the strain levels but a 
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decrease in the creep rate for the sample that had undergone seven cycles over that which 

had undergone four cycles. 

Moreland monitored the compressive creep behavior of flexible slabstock 

polyurethane foams for different loads, temperatures and relative humidity.7? In Fig. 2.38, 

the compressive creep behavior is shown for two foams varying in hard segment content. 

Moreland reported that in all cases the behavior displayed a short induction period as 

shown by these curves. Following this initial induction period, the behavior was rather 

linear with log time for the three hour period. As evident in Fig. 2.38, as the hard segment 

content was increased, the creep rate also increased which was attributed to an increase in 

hydrogen bonding and their disruption. The creep rate displayed a strong dependence on 

the initial strain similar to the findings of Campbell. More specifically, the creep rate 

displayed a maximum with initial strain (at ca. 40%) which was attributed to cell buckling. 

As mentioned earlier, the buckling of the struts occurs in the range of 10% to 60% strain. 

Outside this range, the creep behavior is independent of cellular structure as suggested by 

both Campbell and Moreland. From the initial buckling of the strut, the creep rate simply 

increases as the localized strain increases. 

The effect of temperature on the creep behavior was also investigated by Moreland. 

He first observed a non-linear creep response in logarithmic time at temperatures of 100°C 

or above. The creep rate initially decreased and then increased with temperature. Moreland 

claimed that the decrease in creep rate indicates that the approach to equilibrium is 

accelerated. The amount of viscoelastic decay increased with increasing temperature. The 

effect of temperature was greater as the hard segment content was increased that was 

attributed to more hydrogen bond disruption. At temperatures greater than 100°C, the 

amount of creep and the creep rate increased dramatically and with greater effect on the 

lower hard segment foams. This was attributed to additional mechanisms such as chain 

scission occurring 1n the urea and urethane groups. 
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As for the effect of relative humidity, Moreland reported that increasing relative 

humidity resulted in an increase in the creep rate. This behavior was more significant for a 

lower hard segment content foam. The increased humidity allows for water to act as a 

“plasticizer” allowing for further chain slippage to occur primarily at higher temperatures 

where the hydrogen bonds within the hard segments are weakened. This, in turn, allows 

for the penetration of water. 

2.3.3.¢ Compression Set 

Compression set experiment is most widely measured property in evaluating the 

viscoelastic nature of foams since it best simulates end use. Typically, a compression set 

test involves compressing a foam sample to either 50, 75, and 90% of the sample's original 

height and held there at 70°C for 22 hr.© The sample is then removed and allowed to 

recover for 30 min. The results for slabstock foams are reported as a percentage of the 

original thickness where for molded foams, the results are given as a percentage of the 

original deflection. 

Compression set has been studied by several authors most of which have evaluated 

the formulation components such as water content or environmental conditions such as 

humidity.?3-98 For example, Herrington and Klarfeld have studied the effects of 

temperature, humidity, and water content on the compression set properties of a series of 

molded foams.?3 They found that as the temperature was increased, the compression set 

level also increased. If the samples were treated to high humidity prior to the compression 

set experiment referred to as humid aged compression set (HASET), the compression set 

levels were dramatically increased and increased further as the temperature was increased 

during the humid aging. They also found that as the water content was increased, the 

compression set also increased in agreement with the trend reported by Patten and Seefried 

as well as Saotome.?4,9> Herrington and Klarfeld attributed this behavior with the help of 
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ATR spectroscopy to urea concentration; more specifically, hydrogen bond disruption. At 

high temperatures and humidity, intermolecular hydrogen bonds are disrupted by the water 

forming new hydrogen bonds. During the compression set process the foam is stressed at 

rather high temperatures (ca. 70°C) disrupting the new hydrogen bonds with water 

molecules driving the water away and leaving behind free volume which allows for chain 

slippage. The authors also noted that the isocyanate index had no influence on the 

compression set and that the foams exhibited recovery of the compression set which was 

enhanced at higher temperatures. 

Terry also carried out compression set tests on flexible polyurethane foams.?6 

Figure 2.39 represent the results where the compression set in plotted as a function of time 

under compression for three different temperatures and three different levels of deflection. 

Each curve showed a yield point where the slope dramatically changed from horizontal to 

vertical. As can be seen, the tests conducted at higher temperatures and higher deflections 

allowed for levels of compression set to be reached in shorter times consistent with 

previous authors. Also, any changes in temperature or deflection did not affect the location 

of the yield point in terms of the level of compression set but only the time to reach this 

point. The compression set was attributed to a decay in the restoring forces which come 

about from potential energy created where anchor points are strained. These anchor points 

are attractive forces between adjacent molecules such as covalent cross-links or secondary 

bonding forces such as hydrogen bonds. When the strain energy, for example, is greater 

than the activation energy for viscous flow, the potential energy decays. New secondary 

forces are now formed in the compressed state resisting the restoring forces and which after 

a period of time approach the magnitude of the restoring forces and a new equilibrium is 

formed. Thus, following removal of the load, no or little recovery occurs near the yield 

point. Terry was able to fit the data to a hyperbolic curve from which he calculated the 

compression set for a different set of conditions. He was also able to relate and predict the 

Critical time (time to reach yield point) for one set of conditions to that of another. Terry 
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also conducted some stress relaxation studies on the same material. From the relaxation 

data, he was able to relate the stress relaxation to the compression set in terms of the initial 

and final loads and the initial and final heights of the foam. From this, Terry concluded 

that the same mechanism governs both stress relaxation and compression set. 

Recently, Skorpenske et. al. presented a treatise on compression set and its 

mechanism. They found that both the physical "cross-links" and covalent cross-links can 

be used to describe this phenomenon. When evaluating the influence of TDI index on 

compression Set, they observed an abrupt transition at ca. 100°C where the lowest index 

foam displayed the greatest compression set. Above or below this temperature, the 

differences between foams of different index foams were small. Again a higher hard 

segment content, higher temperatures and higher humidities increased the amount of 

compression set. A discontinuity was observed in the compression set data at ca. 100°C 

where the set dramatically increased. This was attributed to stress yielding of the hard 

segment domains. When the humidity was increased, the temperature at which this 

discontinuity occurred decreased due to the "plasticizing" effect. They found that by 

annealing the samples thereby improving the hard segment organization, the compression 

set improved. The covalent network of the foam impacted the recovery phase where the 

recovery is induced by the elastically active covalently cross-linked chains and which 

increased with increasing temperature. Finally, Skorpenske et. al. discovered that the 

cellular structure (density, cell-openness) had no bearing on the compression Set. 

2.3.4 Mechano-Sorptive Behavior 

The effect of transient moisture sorption on the mechanical properties of 

hygroscopic materials is termed mechano-sorptive behavior.9® Transient moisture 

conditions can affect the performance and mechanical properties of many materials and are 

of importance where materials are used for structural purposes. This phenomenon was 
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noted and systematically studied nearly thirty years ago primarily on wood and wood based 

products.??:!00 More recently, studies have extended to paper, specific fabrics, natural 

fibers, and synthetic fibers, all of which have a common characteristic of molecular 

hydrogen bonding.!01 Cyclic moisture conditions have been found to greatly increase the 

creep level over the creep level at the highest constant moisture content in the same time 

period as is shown in Fig. 2.40 where Hearmon and Patton showed the effect of cycling 

moisture on the deflection of Beech wood.!02 Humphries and Schniewind observed this 

effect in Douglas-fir columns where the creep level was two orders of magnitude higher 

under transient moisture conditions than that observed when in a high constant humidity 

environment.!03 Hunt showed that in wood based panels, creep levels were three orders 

of magnitude larger under cyclic moisture content than under a high constant moisture. !04 

Very recently, Wang and Dillard conducted similar tests on Kevlar® fibers and Kevlar® 

composites.!9! They found that the level of creep was approximately 50% greater in 

cycling humidity and that the slope of a plot of creep versus log time, or the creep rate, 

increased dramatically when the moisture content was cycled either to lower or higher 

levels. Transient moisture conditions have also been noted to reduce the creep rupture life 

leading to failures in shorter times and lower loads. For example, Schniewind found that 

the creep rupture life of Douglas-fir beams was reduced by an order of magnitude when the 

moisture was cycled. 105,106 

Many mechanisms have been proposed, yet one which fully explains such behavior 

has not been provided. However, the most widely accepted is that the entering and 

departing water molecules temporarily alter the localized hydrogen bonded structure - a 

common feature to all materials displaying the mechano-sorptive phenomenon. Based on 

this mechanism, originally proposed by Gibson, absorption of moisture disrupts the 

original bonds allowing for slippage.!97 Hoffmeyer and Davidson have proposed a "slip 

plane” mechanism.!08 After having observed failures at distinct planes through polarized 

microscopy, they proposed that the number of slip planes is affected and proportional to the 

Literature Review 97



  

      
  

= 
O 
te 30 

tu 
— Specimen Broken 

thi ClIemm “Perm 
O 77 | 2emm 
=! L-— 6Omm —4 

S 207 ---- Wetting cycle(93%R.H.) (s 

UL —— Drying cycle {- 

: f a 3/8 Pmax nf 
Qo 
Fr 

a a) wf 
n SL ver <i 4 max 

Bf an ph Ll 
i wa ‘s Creepat 93%R.H. 

us 0 ,_ 3/8Pmax 

u =O 10 20 30 

o TIME (day) 

Figure 2.40. Creep and delayed failure of beech wood under cyclic moisture conditions. 

Literature Review 

{ref 102] 

98



amount of moisture change. In the case of Kevlar fibers, Wang and Dillard proposed a 

"crystallite rotation and slippage" mechanism.!0! This mechanism proposes that during a 

absorption process, water molecules disrupt the hydrogen bonds which, in turn, allows for 

flow units (crystallites or molecular chains) to slip relative to each other and rotate towards 

the loading direction. Van de Put proposed that the mechano-sorptive behavior is due to 

the onset of "holes" or flow units which allow for an increase in molecular mobility. !09 

2.4 Summary 

Although polyurethane foams are found in many applications, the majority of them 

are used in furnishings. These foams are produced via the reactions between isocyanates, 

water, and polyols. From these reactions, CO? gas is given off which blows the foams 

resulting in a cellular structure. If both the solid phase and fluid phase are continuous, the 

foam is said to be open-celled. The morphology of the solid portion is typically a 

heterogeneous phase-separated morphology where discrete polyurea hard segment domains 

are dispersed within a continuous soft phase. These domains enhance the mechanical 

properties of the foam by acting as virtual "cross-links". These hard segments are strongly 

hydrogen bonded, usually between an N-H group and a carbonyl group. The hydrogen 

bonds also have a great influence on the mechanical properties. 

There is an enormous amount of literature on polyurethanes and on their mechanical 

properties. There is also a large amount of literature concerning modeling, specifically on 

basic properties such as modulus and stress-strain properties on cellular solids in general. 

However, there is a relatively small amount of literature on the viscoelastic behavior of 

flexible polyurethane foams and an even smaller amount on molded polyurethane foams 

which is increasingly the process of choice in the production of polyurethane foams. The 

next few chapters describe the objectives of the present research as well as the results and 

conclusions which aim to characterize and relate the structure, morphology, and the 
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viscoelastic behavior of molded polyurethane foams to obtain a better understanding of 

these materials as presently exists for conventional slabstock foams. 
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Chapter 3 

3.0 EXPERIMENTAL MATERIALS AND METHODS 

3.1 Materials 

In evaluating and pursuing the structure-property behavior of flexible polyurethane 

foams, the foams to be studied were formulated such that certain components were 

systematically varied to provide trends and allow for their influence on the bulk properties. 

To accomplish this, many series of foams were made, both molded and slabstock, where in 

each series a specific ingredient was varied. These samples reflect the activities of the 

evolving polyurethane foam industry which is rapidly moving to quicker, more efficient 

production cycles. In addition, certain formulation ingredients, such as auxiliary blowing 

agents, are in the process of being eliminated thereby requiring other methods of 

influencing cell-openness and density. Overall, 19 foam samples were made utilizing 

basically two techniques described below. The main area of interest within this research 

concerned the structure-property of molded foams. As mentioned earlier, the molding 

process as well as certain formulation additives in this class of foams provides many 

advantages over slabstock systems but at the same time also produces more challenges. 

The molded samples of flexible water-blown polyurethane foams were made with a 

Hi-Tech RCM 30 foam machine at Dow Chemical in Freeport, Texas. This operation 
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consists of two hydraulic pistons to dispense the liquid components to the mixing head. 

The formulation components presented in Table 3.1A were prepared in two storage tanks, 

A and B. The A side consisted of the isocyanate. The B side consisted of the polyols, 

water, surfactants, and catalysts. Each stream consists of an adjustable orifice which 

allows for control of the impingement pressures into the mixing head. For example, the 

pressures were 1500 psig and 2100 psig for the B side and A side, respectively for the 2 

pph water content foams. For the 4 pph water content foams, they were 2040 psig and 

1785 psig for the B side and A side, respectively. After mixing, the mixture was poured 

(having a 6 sec. shot time) into a heated aluminum mold having dimensions of 

15"x15"x4.5". This mold was heated to 140°F (60°C) before the foam mixture was 

dispensed into it. In 1.5 min. following the appearance of completed rise, the mold was 

then placed in an oven at 250°F (121°C) for 2.5 min. after which the foam was removed 

and immediately mechanically crushed. The mechanical crushing was accomplished by 

passing the pads through two steel rollers three times which is a common industrial practice 

for molded foams. The nomenclature of the samples presented in Table 3.1A is as follows: 

the letter "F" denotes a foam sample, the letter "m" denotes a molded foam sample, the 

third letter denotes the copolymer polyol used - "o" refers to no CPP utilized, "c" refers to a 

conventional CPP, "e" refers to an experimental CPP, and finally the number denotes the 

water content. 

As mentioned in Chapter 2, a major objective when formulating molded foams is to 

decrease demold times thus increasing productivity. In view of this goal and other inherent 

challenges associated with molded foams such as cell opening, a higher number of 

components are utilized thereby making the overall formulation and reaction scheme more 

complex than that used for the simpler conventional formulations of slabstock systems such 

as those studied by Armstead and Moreland within this document.33:79 The molded foams 

studied in this dissertation used a blend of polyols where the base polyol in each foam was 

a 5000 g/mole molecular weight polyethylene oxide capped polypropylene oxide polyol that 
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Table 3.1A. Formulation Components of Molded Foams 

% 

lb/ft   
The values in the table designate the formulation amounts in terms of pph by weight of 
polyol. 

The functions of each of the chemicals listed above are as follows: V4703 - 5,000 
molecular weight glycerol initiated ethylene oxide capped propylene oxide; CPP - 
copolymer polyol particle based on styrene-acrylonitrile, these react into the network but 
are essentially reinforcing fillers (Table 3.1 (b). for greater details); Water - blowing agent; 
DEOA - diethanol amine, a cross-linking agent; Y-10515, DC-5244 - stabilizing and cell 
opening surfactants, respectively; DC-5169 - a surfactant used to control and eliminate 
basil cells(large irregular cells just beneath foam surface); DABCO 33LV, NIAX A107, 
NIAX A4 - tertiary amines primarily used for gelling, surface cure and blowing catalysts, 
respectively; XUS 16053 - cell opening polyol; and TDI - an 80/20 blend of the 2,4- and 
2,6- isomers of toluene diisocyanate. 

Table 3.1B. Copolymer Polyol Formulations 

opolymer Polyo ontro men 
(Fmc4, Fmc4 (Fme4, Fme2 

aSe rolyo 

  

Values designate weight percentages. 

* Stabilizer used in control copolymer polyols is isocyanate capped triol and the stabilizer 
used in the experimental copolymer polyols is an isocyanate capped diol. 
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was initiated using glycerol. The polyethylene oxide capping was used in view of its more 

reactive primary hydroxyls which are 3x faster than the secondary hydroxyls provided by 

polypropylene oxide. This polyol contained ca. 20% EO capping which provided ca. 90% 

primary hydroxyls. Blended with the base polyol was a styrene/acrylonitrile copolymer 

dispersion phase commonly referred to as a copolymer polyol (CPP) which resulted in ca 

12.5% solids in the final foam. The make up of the CPP dispersion is shown in Table 

3.1B which reveals that a stabilizer was included to improve wettability and dispersity of 

the particles and to some degree covalently grafts the particles to the base polyol. The two 

types of copolymer polyols used varied in the stabilizer molecule; functionality of and 

amount. As can be seen in Table 3.1B, the control copolymer polyol, V4925, utilized an 

isocyanate capped triol as the stabilizer while the experimental copolymer polyols utilized 

an isocyanate capped diol as the stabilizer. The inclusion of copolymer polyols is carried 

out to improve the firmness of the foams. Specifically, the indentation force deflection 

(IFD), one of the most widely measured properties of foams in industry is typically ca. 

25% higher than that of foams lacking the particles. They also improve the processing 

latitude, demold times, and other mechanical properties such as tensile properties. The 

processing latitude is very important since a correct balance of the gelling and blowing 

reactions is required to produce a viable foam. Any disturbance to this balance can result in 

either complete collapse or severe shrinkage depending on the sequential occurrence of the 

gelling and blowing reactions. In view of the shorter production cycles, diethanolamine 

(DEOA) is added to increase the amount of cross-linking thereby providing a cross-linked 

polymer at the time of cell-opening which is crucial for stability of the foam. As can be 

seen in Table 3.1A, only a small amount by weight of DEOA is added relative to the 

amount of polyol. However, because of the much lower molecular weight of DEOA, the 

amount of functional groups supplied by the DEOA approaches the amount supplied by the 

polyol. For example, 2g of 105 molecular weight DEOA molecule gives nearly the same 

amount of functional groups as 100g of a 5000 molecular weight polyol molecule. The 
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inclusion of DEOA has some adverse effects such as reducing cell openness and the 

processing latitude requiring more extensive cell opening measures. These measures are 

reflected in the number of surfactants and catalysts used. For example, two stabilizing and 

cell opening surfactants are utilized. A common gel catalyst used in slabstock foams, 

stannous octoate, is Omitted here which is not surprising since both the EO capping and 

DEOA enhance gelling. Instead, three catalysts, which are basically tertiary amines, are 

included which are generally regarded as blowing catalysts although they do have some 

minimum influence on the gelling reactions. The two other very important formulation 

components are water and the isocyanate. The isocyanate utilized was toluene diisocyanate 

(TDI) and was varied according to the water content. The higher water/TDI content foams 

had a lower density as the amount of CO? was increased. As will be shown in later 

chapters, the higher water/TDI content foams also contained a higher hard segment 

concentration. In addition, the TDI included relative to the weight amount required is 

referred to as the TDI index. In the molded foams, the index was 100 thereby signifying 

that just enough TDI was present to react, in principle, with all the active hydroxyls. 

The molded foams lacking the copolymer polyols, whose formulation components 

are also given in Table 3.1A, were formulated to evaluate the influence of the CPP 

particulates. While the omitting of the CPP particles was the major difference, there were 

also some other minor variations which were necessary in order to produce a quality foam. 

The lack of the CPP dispersion required that an additional surfactant be utilized, DC-5169, 

which is regarded as a surfactant that eliminates basil cells, large irregular cells beneath the 

surface. In addition, the amount of XUS 16053, a proprietary additive which aids cell 

opening, is higher than in the experimental CPP containing foams. The other components 

are roughly the same in concentration as in the CPP containing foams. 

Conventional slabstock water-blown foams which are used for research and 

development are produced using laboratory box-foaming machines The conventional 

slabstock foam sample utilized in this study as a basis for comparison to the molded foams 
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was also made at Dow Chemical in a box-foaming operation. The ingredients utilized for 

this foam are shown Table 3.2. Here the components were prepared in three cycles; 

premix cycle, tin catalyst cycle, and isocyanate cycle. The specific process was as follows. 

First the polyol, surfactant, water, and amine catalysts were mixed for 30 sec. at 900 rpm. 

using a pin type 8 hp electric mixer. The tin catalyst was then added and the components 

were mixed for an additional 30 sec. Finally, the isocyanate was added and mixing took 

place for 5 sec at 1200 rpm at which point the components were poured into an open box 

having dimensions of 15"x15"x12" and allowed to cure. Following pour, the cream time, 

the amount of time it takes the mixture to begin to rise after pour, was noted which is 

typically ca. 10 - 15 sec. The so called rise is completed in ca. 150 - 200 sec. following the 

pouring of the components into the box. As the foam cools it continues to cure, the time of 

which strongly depends on the size of the foam pad. For example, commercial foams 

which can have dimensions of 50' x 10' x 5' exhibit higher temperatures for longer times 

than the experimental foams produced here. Furthermore, the temperatures of molded 

foams which are considerably smaller in size are even lower and cool rapidly. Typical 

maximum temperatures for a 4 pph water content slabstock foam are ca. 160°C (reached in 

ca. 50 min. following mixing) whereas typical maximum temperatures for a 4 pph water 

content molded foam are ca. 140°C (reached in less than 2 min.). 

Compared to the molded foams, the slabstock foams utilized fewer and simpler 

components in its formulation. The polyol was a 3000 molecular weight, all polypropylene 

Oxide initiated with glycerol. Although slower reacting, this polyol is more hydrolytically 

stable and less expensive and since time is not as much of an issue in fabrication, it is 

generally the polyol of choice for conventional slabstock systems. The isocyanate used 

was an 80/20 blend of the 2,4 and 2,6 isomers of toluene isocyanate, the same used in the 

molded foams. The water content was 4 pph which required ca. 50 pph of TDI at an index 

of 110 which is common for conventional slabstock foams. Two catalysts were utilized; 
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Table 3.2. Formulation Components of Slabstock Foams 

  

Density lb/ft 

The values in the table designate the formulation amounts in terms of pph by weight of 
polyol. 

The functions of each of the chemicals listed above are as follows: V3100 - 3,000 
molecular weight glycerol initiated propylene oxide polyol; Water - blowing agent; TDI - a 
blend of isomers of toluene diisocyanate; BF-2370- a silicone surfactant; T-9 - a tin 
catalyst commonly known as stannous octoate; and DABCO 33LV- tertiary amine 
primarily a blowing catalyst. 
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stannous octoate (T-9) which is regarded as a gelling catalyst and triethylenediamine in 

dipropyl glycol (DABCO 33LV) which is regarded as a blowing catalyst. Finally, a 

silicone surfactant (BF2370) was utilized. As can been seen less surfactants and catalysts 

are needed to balance the reactions and produce a quality foam. This is mostly due to the 

fact that no additives are incorporated other than the basic three components. 

Other foams were formulated to evaluate the influence of specific formulation 

ingredients used in molded foams. Specifically, those formulation components were 

DEOA and the polyethylene oxide capped polyols. The foam systems developed from 

varying these components are regarded as model systems since they can be neither 

Classified as molded nor slabstock foams. The two series of foams were formulated using 

the box-foaming operation described above but one series incorporated ingredients typically 

found in molded foams such as the EO capped 5000 molecular weight polyol. The other 

series utilized typical slabstock ingredients with minor modifications. The first series 

consisted of three foams labeled FeD-x where the variable "x" denotes the DEOA content in 

pph and the "e" suggests that EO capped polyols were used. The formulation components 

of each are listed in Table 3.3A. As can be seen, the DEOA content is varied from 0 pph to 

2.0 pph. Similar to the molded foams discussed above, the polyol was a 5000 molecular 

weight glycerol initiated EO capped polypropylene oxide polyol. Here, a lower amount of 

polyethylene oxide capping was used than in the molded foams. Approximately 5 - 10% 

Capping was used resulting in ca. 70% primary hydroxyls. Polyol V4701 is considered a 

rather low reactivity polyol for molded foams relative to V4703 which is considered a high 

reactivity polyol. Again, one surfactant, one gelling catalyst and one blowing catalysts 

were used since a lower reactivity polyol was utilized. As the DEOA level was increased, 

the tin level was adjusted (decreased) accordingly as was the TDI. For this series, samples 

FeD-0 - FeD-2, the TDI index was 103, between that of the highly reactive molded foam 

components and that of the conventional slabstock foams. 

The second series of foams formulated with varying amounts of DEOA were made 
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Table 3.3A. Formulation Components of Foams Utilizing EO Capped 
Polyols Varying in DEOA Content 

  

The values in the table designate the formulation amounts in terms of pph by weight of 
polyol. 

The functions of each of the chemicals listed above are as follows: V4701 - 5,000 
molecular weight glycerol initiated ethylene oxide capped propylene oxide; DEOA - 
diethanol amine, a crossliking agent; Water - blowing agent; DC-5169 - a surfactant used 
to control and eliminate basil cells; T-9 - a tin catalyst commonly known as stannous 
octoate; DABCO 33LV - tertiary amine primarily a blowing catalyst; and TDI - a blend of 
isomers of toluene diisocyanate. 

Table 3.3B. Formulation Component of Foams Varying in DEOA 
Content 

  

The values in the table designate the formulation amounts in terms of pph by weight of 
polyol. 

The functions of each of the chemicals listed above are as follows: V2100 - 3,000 
molecular weight glycerol initiated propylene oxide polyol; DEOA - diethanol amine, a 
crossliking agent; Water - blowing agent; DC-5169 - a surfactant used to control and 
eliminate basil cells; T-9 - a tin catalyst commonly known as stannous octoate; DABCO 
8264 - tertiary amine primarily a blowing catalyst; and TDI - a blend of isomers of toluene 
diisocyanate. 
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using a conventional polypropylene oxide polyol. These are labeled as FD-x where again 

the variable "x" denotes the DEOA content and whose value is given in Table 3.3B along 

with the other formulation components. Here the “e" is omitted to denote that no EO 

Capping is present. The polyol utilized in this series of foams is the same as that used in the 

conventional slabstock foam, a 3000 molecular weight glycerol initiated polypropylene 

oxide system. The other components are the same as those used in the FeD-x series. 

The final study undertaken in this dissertation reflects the trend to eliminate 

auxiliary blowing agents and produce soft low density foams utilizing a high water content 

and low TDI index. This study therefore involved varying the TDI index from 85 to 110 

and determine the influence on the structure-property behavior of a series of slabstock 

foams formulated in a box-foaming operation. The foams were formulated using a 

relatively new polyol which is presented with the other components in Table 3.4. The 

polyol was initiated using a blend of glycerol and sucrose resulting in a nominal 

functionality of ca. 3.2. The oxide was a copolymer of polypropylene oxide and 

polyethylene oxide where the EO content was ca. 13% and the primary hydroxyl! content 

ca. 35%. The water content was held constant at 6 pph as were the silicone surfactant and 

amine catalyst at 1.1 and 0.12 pph, respectively. The tin catalyst was varied according to 

the TDI index. 

3.2 Experimental Techniques 

The majority of this work involved molded foams and specifically characterizing 

these materials in terms of their structure-property behavior and the interaction between this 

behavior and specific formulation ingredients. Many techniques were used to characterize 

the cellular structure, morphology and viscoelastic behavior of these foams such as 

scanning electron microscopy (SEM), transmission electron microscopy (TEM), 
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Table 3.4. Formulation Components of Slabstock Foams Varying in 
TDI Index 

- X 

Density lb/ft 

  

The values in the table designate the formulation amounts in terms of pph by weight of 
polyol. 

The functions of each of the chemicals listed above are as follows: Polyol - 2700 molecular 
weight triol utilizing sucrose/glycerol initiator blend; Water - blowing agent; TDI-a 
blend of isomers of toluene diisocyanate; BF-2370- a silicone surfactant; T-9 - a tin 
catalyst commonly known as stannous octoate; and DABCO 8264- tertiary amine primarily 
a blowing catalyst; and TDI - a blend of isomers of toluene diisocyanate. 
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differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), small angle 

X-ray scattering (SAXS), wide angle x-ray scattering (WAXS), fourier transform infrared 

(FTIR), solvent extraction, tensile and compression stress-strain, load relaxation, creep, 

and compression set. A number of these techniques were used to determine the influence 

of DEOA as well as TDI index on the specific properties mentioned above. 

3.2.1 Scanning Electron Microscopy 

The cellular structure of these foams was evaluated and compared using scanning 

electron microscopy (SEM). Thin slices (3 - 4 mm) of foam were first obtained using a 

razor blade which were then adhered to aluminum stubs using silver paint. After ca 24 hr. 

for drying, a thin layer of gold was applied to the surface of the foam using a SPI model 

13131 sputter coater. Micrographs were taken using a Cambridge Sterioscan model 100 

operating at 20 kv and at a magnification of approximately 30x. In some cases, the 

micrographs were obtained on a Philips model 505. 

3.2.2 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) was used for two reasons. One, to 

evaluate the size distribution and dispersity of the copolymer polyol particles. The other 

objective concerned with the effect of DEOA on the precipitated urea based structures 

which have been reported to exist in certain slabstock foams as discussed in Chapter 2.33 

The same procedure was used for both cases. Thinner samples were cut in a similar 

manner to those for SEM. From these samples, very thin sections were cryogenically 

microtomed by the investigator using a diamond knife on a Reincart Junt model FC40 

ultramicrotome operating at -90°C. Ethanol was used to collect the sections onto 600 mesh 

copper grids. Some micrographs were taken using a Zeiss 10CA transmission electron 
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microscope equipped with a LaBg electron gun operating at an accelerating voltage of 80 

kv. Others were taken using a scanning transmission electron microscope (STEM) 

operating at an accelerating voltage of 80 kv. 

3.2.3 Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry (DSC) was used to observe thermal transitions. 

The thermal scans were obtained using a Seiko model 5200. The samples were first cooled 

to -140°C and then heated to 140°C, held there for 5 min., cooled again to -140°C, and 

finally heated again to 140°C all at 10°C/min. 

3.2.4 Dynamic Mechanical Analysis (DMA) 

Dynamic mechanical analysis (DMA) was carried out using a Seiko model 210 in 

the tension mode. The samples were heated from -100°C to 140°C at a rate of 1°C/min. 

from which the storage modulus (E’) and tan 6 data were collected at a frequency of 1 Hz. 

The sample dimensions were approximately 6.8 x 6.8 x 25 mm with a grip-to-grip distance 

of 10 mm. 

3.2.5. Small Angle X-ray Scattering (SAXS) 

Some qualitative features of microphase separation were evaluated using small 

angle x-ray scattering (SAXS) the scans of which were obtained with a Philips model 

PW1729 generator operating at 40 kv and 20 ma. The smeared data were collected using a 

Kratky camera with nickel filtered CuKo radiation having a wavelength of 1.542A passing 

through a slit collimator (0.03 x 5mm). The detector used is a Braun OED 50 position- 

sensitive platinum wire detector. The raw data were corrected for parasitic scattering and 
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normalized using a Lupolen standard. The foam samples were cut approximately 10 mm 

thick and compressed to ca. 3 mm. This was done to increase the amount of material 

exposed to the x-ray beam. They were placed in the x-ray beam approximately 25 cm from 

the detector. 

3.2.6 Wide Angle X-ray Scattering (WAXS) 

Wide angle x-ray scattering (WAXS) patterns were obtained using a Philips x-ray 

generator model PW1720, a Statton camera and a fine focus tube with nickel filtered CukKa 

radiation having a wavelength of 1.542A. Foam samples were cut approximately 10 mm 

thick and compressed to approximately 3 mm. The sample-to-film distance was 8 cm and 

exposure times were ca. 10 hr. 

3.2.7 Fourier Transform Infrared (FTIR) 

Fourier transform infrared (FTIR) was used to study the hydrogen bonding within 

the hard segments of the foams focused on within this dissertation. the relative degree of 

order of the hard segments of the molded foams and slabstock foams and how this local 

order is influenced by the specified formulation variables. The spectral profiles were 

obtained on a Digilab FTS-40 spectrophotometer equipped with an attenuated total 

reflectance (ATR) cell. For each sample, 64 scans were averaged taken in the range of 

4000 cm-! to 400 cm-! with a resolution of 4 cm-!. All scans were normalized to the 

absorbance of a CH stretch at 2945 cm-!. The regions studied were: the amide I region 

(1620 - 1800 cm-!), the N-H region (3100 - 3500 cm-}), and the isocyanate region (2200 - 

2400 cm-!). 

3.2.8 Extraction Studies 
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Extraction experiments were carried out on selected samples to qualitative determine 

the level of cross-linking and how it is influenced by specific formulation ingredients. 

Samples of various shape and size (< 0.15 g) were cut from the center of the foam bun, 

dried under vacuum at 40°C and weighed. The samples were submerged in DMF (ca. 10x 

by volume) for a period of 48 hr. The samples were then removed from the DMF, dried 

under vacuum at 40°C for approximately 24 hr. and finally at 80°C for approximately an 

additional 48 hr. The weight of the samples was taken incrementally throughout the drying 

process. 

3.2.9 Load Relaxation Measurements 

Load relaxation experiments were performed using a similar procedure as that used 

and described by Moreland which was originally designed to mimic the ASTM procedure 

used for IFD testing.”? Samples, having dimensions of 3.5"x 3.5"x 1", were cut from the 

foam bun using a band saw equipped with a "wavy edge" saw blade. Each sample was 

first dried under vacuum and at 40°C for 3.5 hr to give each sample an equal level of 

moisture. The samples were then placed in an environmental chamber preset at the testing 

conditions for ca. 60 min. The environmental chamber was purchased from Russells 

Technical Products and was equipped with a Watlow 922 microprocessor which controls 

temperature in the range of O°C to 300°C and humidity in the range of 0 to 100%. The 

chamber was fit into the Instron frame (shown in Fig. 3.1) equipped with a model MDB-10 

compression load cell manufactured by Transducer Techniques. The load cell was 

positioned within an aluminum cup having a small hole through which the arm attached to 

the load cell can pass into the chamber for which the foam sample can rest. The cup 

protects the arm and thus load cell from large lateral movement which can damage the load 
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Figure 3.1. Tlustration of load relaxation apparatus. 
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cell. Also illustrated in Fig. 3.1, this cup is also fitted with a line which provide a cool air 

purge to maintain temperature due to the load cell's sensitivity to temperature . The analog 

Signal was converted to a digital signal using a QuaTech model ADM12-10 A/D converter 

from which the signal was sent to a computer. 

Using a 2" indentor, initially at rest, the samples were twice compressed to 70% 

and released at a rate of 350 mm/min. After five minutes the samples were compressed to 

65% strain at which point the load was immediately monitored via computer. The onset of 

densification for typical polyurethane foams occurs at approximately 65% compression 

above which relaxation occurs within the solid polymer independent of cellular structure. 

3.2.10 Compression Creep Experiments 

Compression creep experiments were carried out using a device consisting of a twin 

shaft assembly with a freely moving carriage manufactured by Thompson Inc. which is 

shown in Fig. 3.2 along with the environmental chamber. Attached to this carriage is an 

arm which extends into the environmental chamber and is capped with a 2" indentor. This 

indentor is initially set in contact with the top surface of the foam that is resting on a plate. 

Also attached to this carriage is the capillary of a linear voltage displacement transducer 

(LVDT) used to monitor any displacement in the thickness of the foams. The analog 

voltage signal is sent to a computer equipped with an A/D card converting it to a digital 

signal which is then converted to strain via a calibration procedure. As can be seen in Fig. 

3.2, also attached to the carriage is a pulley system that enables the user to vary the applied 

load from approximately 100 g to 5 kg. Conditioning of the samples was carried out in a 

similar manner to the samples used in the load relaxation measurements. First, the samples 

were dried followed by a one hour conditioning in the environmental chamber. Following 

that, the arm with the indentor was allowed to freely drop compressing the foam while the 

strain was monitored. 
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Figure 3.2. Illustration of creep apparatus. 
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3.2.1] Compression Set and Recovery Experiments 

The procedure used for the compression set experiments was a non-ASTM 

procedure but was designed to reflect the load relaxation measurements. The samples were 

cut into dimensions of 2" x 2" x 1" in. and dried under vacuum for approximately 3.5 hr. 

They were then placed in the environmental chamber at the designated environmental 

conditions for one hour following which they were compressed to 65% for 3 hr. In 

completing the process, the samples were removed and placed in an oven Set at 40°C after 

which thickness measurements were made. 

Recovery experiments were carried out on the samples which displayed the greatest 

amount of compression set, specifically those carried out at 100°C-98%RH, in an attempt 

to recover some of the set. These samples which displayed considerable compression set 

were allowed to recover at room temperature for ca. a month. They were then placed in an 

oven at 100°C for one hr. This was done in an attempt to disrupt the hydrogen bonding 

and allow the elastically driven recovery to occur to relate it to the microstructure of the 

foams. Finally, the thickness of the foams were measured and the compression set 

calculated. 

3.2.12 Compression and Tensile "Stress"-Strain Determinations 

Compression load-strain measurements were conducted using the identical 

experimental setup used in the load relaxation measurements. An Instron frame equipped 

with a 10 lb compression load cell was utilized in conjunction with an environmental 

chamber. The 3.5"x 3.5"x 1" samples were first dried under vacuum and at 40°C for 3.5 

hr and placed in an environmental chamber at 30°C-35%RH for c.a. 60 min. The samples 
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were then compressed at 15 mm/min. to ca. 80% strain and released. Data were collected 

using a computer as was done for creep and load relaxation. 

Tensile stress-strain measurements were conducted using an Instron model 1122 

equipped with pneumatic grips and again linked to a computer with an "in-house" program 

written in basic for data collection. The dogbone samples had dimensions of 2.8 x.6.7 x 

24 mm with a grip to grip distance of 10 mm stretched at 3.6 mm/min. 

3.2.13 Mechano-sorptive Experiments 

The experimental equipment utilized for these experiments was the same as that 

used in the creep measurements. The mechano-sorptive procedure was different in that 

while the temperature and applied load were held constant, the relative humidity was 

cycled. A foam sample having dimensions of 4"x4"x1" was first placed in the chamber 

which was set at a constant temperature and approximately 10% RH. The foam was kept in 

the chamber for ca. one hour to reach the desired conditions in the chamber, the extension 

arm was released and allowed to drop onto the foam applying a constant load. A different 

load was used for each foam depending on the softness of the foam in order to achieve 

similar initial strains and to keep the creep response within the range of the LVDT. 

Following loading, the compressive strain was immediately monitored. After a period of 

ca. 60 min., the chamber humidity was rapidly increased to approximately 98%RH 

(occurring in a period of about 10 min.) while the computer continued to monitor the strain. 

After the specified amount of time, the humidity was then decreased again to 1O®RH. 

This completed one absorption-desorption cycle. Each experiment consisted of 4 cycles 

excluding the initial loading cycle. The compressive strain was finally plotted versus time 

over the entire period of these four cycles. 
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Chapter 4 

This chapter presents an extensive characterization of molded foams, specifically 

the structure-property behavior of these foams. As previously mentioned, molded foams 

are a newer, more complicated technology relative to slabstock foams and thus many of the 

observations are compared to those of conventional slabstock foams of equal water content. 

The important properties are the viscoelastic properties since these simulate the treatment of 

the foams in real applications. However, in order to best understand the displayed 

behavior, the microstructure and cellular structure are also investigated beginning with the 

cellular structure. Six foams varying in the content and structure of the copolymer polyols 

(CPPs) as well as the water/TDI content were used in this study designated Fmo4, Fmo2, 

Fmc4, Fmc2, Fme4, and Fme2. The important variables and some basic properties of each 

foam are shown in Table 4.4. Also given in Table 4.1 1s that the foams with 4 pph water 

have a density of ca. 2 lb/ft} while the 2 pph water foams have a density of ca. 3.3 lb/ft?. 

4.1 Cellular Structure 

The cellular structure of the molded foams was evaluated using scanning electron 

microscopy (SEM). These comparisons were made since the cellular structure of this class 

of materials significantly influences the physical properties of these foams as discussed in 

the literature review. The effects of altering certain formulation ingredients such as the 
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Table 4.1. Major Features of Molded Foams Studied 

  

Foam CPP Water Content Density, lb/ft? 

Fmo4 none 4 pph 1.9 
Fmo2 none 2 pph 3.3 
Fmc4 conventional! 4 pph 1.9 
Fmc2 conventional! 2 pph 3.3 
Fme4 experimental 4 pph 1.9 

Fme2 experimental? 2 pph 3.3       
1. Based on graft copolymers of 3:1 ratio of styrene and acrylonitrile stabilized with 12% 

by wt. of isocyanate capped triol 

2. Based on graft copolymers of 3:1 ratio of styrene and acrylonitrile stabilized with 3% by 
wt. of isocyanate capped diol 

Characterization of Molded Foams 122



water/TDI content and copolymer polyols (CPP) were also targeted. This evaluation will 

help to delineate whether the observed behavior with respect to the mechanical properties is 

a result of differences in the cellular structure or in the solid portion of the foam . Figure 

4.1 shows two micrographs of one of the molded polyurethane foams, Fmc4. Recall from 

Table 3.1 that Fmc4 is a 4 pph water content molded foam containing the CPP particles. 

The micrographs were taken in two orthogonal directions, a) parallel to the rise direction 

and b) perpendicular to the rise direction, in view of the geometric anisotropy that is known 

to occur in slabstock polyurethane foams.’? With respect to the molded foams presented 

here, the rise direction was along the height dimension of the mold where the reacting 

mixture was poured into the mold and then allowed to rise, vertically. Comparing the two 

micrographs indicates that the pronounced geometric anisotropy which exists in slabstock 

foams does not exist for molded foams. As expected, the cells have essentially the same 

shape in both micrographs since the reaction mixture is being pressurized from all 

directions. However, to be consistent, the remaining micrographs were taken parallel to 

the rise direction. Although not overwhelmingly obvious here, these materials contain a 

relatively large amount of closed cells relative to conventional slabstock foams. The closed 

cells have also survived the mechanical crushing that they are subjected to in view of their 

more closed cell character common to molded foams. This was not only confirmed by 

comparison of micrographs of each molded and slabstock foam but also airflow 

measurements. The airflow measurement of a 4 pph water conventional slabstock foam 

was 5 ft3/min. In contrast, the airflow of Fm4 was only 1 ft3/min thereby providing further 

support that this molded foam has considerably more closed cells than the slabstock foam 

of equal water content. Finally, the cell struts are thicker in this molded foam (and all 

others investigated) relative to slabstock foams of comparable water content which, for 

equal cell size, inherently results in a higher density than for the slabstock foams. For 

example, foam Fmc4 had a density of 1.9 1b/ft? while the 4 pph water content slabstock 

foam had a density of 1.4 lb/ft?. The thickness of the struts determined from these 
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Figure 4.1. | Scanning electron micrographs of foam Fmc4 shown both (a) parallel to the 

rise direction and (b) perpendicular to the rise direction. 
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micrographs was ca. 0.2 mm for the molded foams where the strut thickness of slabstock 

foams is usually ca. 0.1mm. Based on conventional wisdom, a thicker strut should have a 

strong influence on the bending or "flex" modulus of the foams. 

4.1.1 Effect of Copolymer Polyols on Cellular Structure 

Although copolymer polyols have been reported to aid in cell opening, very little 

difference between the micrographs of foams with and without CPPs was observed. The 

micrographs of Fmo4, Fmo2, Fmc4 and Fmc2 are shown in Fig. 4.2 so that the CPP 

effects as well as density effects could be investigated. Comparing the micrograph of 

Fmo4, shown in Fig. 4.2a, to that of Fmc4, shown in Fig. 4.2b, reveals that both foams 

have relatively the same amount of closed cells. Recall that all the micrographs were taken 

parallel to the rise direction and also note that the magnification is approximately the same at 

30x. In fact, the only subtle difference observed is that the cells of foam Fmc4 appear 

smaller in size than those of Fmo4. The same is noted by comparing the cells of Fmo2, 

shown in Fig. 4.2c, to those of Fmc2, shown in Fig. 4.2d. Hence, the foams with CPPs 

have slightly smaller cells which naturally leads to the assumption that there is a higher 

density of cells early in the process when they are nucleated. Figures 4.3a through 4.3d 

show the same four foams as Fig. 4.2 however here they were taken at a magnification of 

80x. From this set of micrographs it appears that along with the size of the cells being 

greater for the foams without CPPs, that the thickness of cell struts is also slightly larger. 

The thickness of the struts of Fmo4 as measured from Fig. 4.3a is ca. 944m and only ca. 

69um for the struts of Fmc4 as measured from Fig. 4.3b. Comparing the structures of 

Fmc4 and Fmc2 to those of Fme4 and Fme2 whose CPP particles utilized the experimental 

stabilizer reveals no difference in cellular structure. The cellular structure of Fme4 is 

shown in Fig. 4.4. 
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(a) 

  
(b) 

  
Figure 4.2. Scanning electron micrographs of foams (a) Fmo4, (b) Fmo2, (c) Fmc4, 

and (d) Fmc2. (mag = 30x) 
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(c) 

  
Figure 4.2 con't. Scanning electron micrographs of foams (a) Fmo4, (b) Fmo2, (c) 

Fmc4, and (d) Fmc2. (mag = 30x) 
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Figure 4.3. Scanning electron micrographs of foams (a) Fmo4, (b) Fmo2, (c) Fmc4, 

and (d) Fme2. (mag = 80x) 
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Figure 4.3 con't. Scanning electron micrographs of foams (a) Fmo4, (b) Fmo2, (c) 

Fmc4, and (d) Fmc2. (mag = 80x) 
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Figure 4.4. Scanning electron micrographs of foam Fme4 shown both (a) parallel to the 

rise direction and (b) perpendicular to the rise direction. 
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4.1.2 Effect of Formulation Water/TDI content 

While somewhat surprising, the cellular structure appeared to be insensitive to the 

water/TDI levels incorporated in the formulation. For example, comparing foam Fmo4 to 

Fmo2 or comparing Fmc4 to Fmc2 in either Fig. 4.2 or Fig. 4.3 reveals very similar 

cellular structures. The cell openness, size of the cells, and the thickness of cell struts of 

the low and high water content foams are very similar. The cellular structures of foams 

Fme4 and Fmez2 also appeared the same and were very similar to those of Fmc4 and Fmc2 

and thus are not shown. 

4.2 Fine Structure 

As discussed in Chapter 2, one ingredient included in molded foam formulations to 

increase load bearing capabilities is the addition of copolymer polyols (CPP). In order for 

the effectiveness of the CPP phase to be maximized, they must be well dispersed. To 

prevent flocculation some type of steric stabilization is required which was accomplished 

by a “grafting” process thus allowing the dispersions to copolymerize with the base polyol. 

To evaluate the effectiveness of this stabilization and the final CPP dispersity, transmission 

electron microscopy (TEM) investigations were performed. Figure 4.5 is a TEM 

micrograph of foam Fmc4 and reveals a well dispersed particle structure which appears 

somewhat spherical. The particles range in size from ca. 0.25 to 0.6 um. The CPP 

colloidal dispersions illustrate that the stabilization appears to have prevented flocculation. 

With respect to foam Fme4, in which the experimental stabilizer was utilized, while the 

particle size appears slightly larger, the structure and dispersity of the particles is very 

similar to that of Fmc4 as is demonstrated in Fig 4.6. The appearance of larger particles 

may not necessarily be due to flocculation or even larger dispersions but instead to the 

sample section being microtomed through different depths of the particles giving the 

Characterization of Molded Foams 131



  
Figure 4.5. Transmission electron micrograph of foam Fmc4 (mag. = 27kx). 
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Figure 4.6. Transmission electron micrograph of foam Fme4 (mag. = 27kx). 
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appearance of different size. Thus it can be concluded that flocculation is also prevented by 

the experimental stabilizer, which is lower in amount and functionality than the 

conventional stabilizer. Again a colloidal dispersion is revealed for Fme4. 

Foam Fmc4 was subjected to 90% compression at 150°C (above the Ty of the CPP) 

to determine the stability of the CPP particles from a structural point of view. Such 

extreme treatment was chosen in light of earlier experiments at less harsh conditions leading 

to no displayed observable difference in size or geometry of the particles. The resultant 

particle structure is shown in Fig. 4.7 which reveals that this treatment promoted slight 

particle deformation where they now appear ellipsoidal instead of spherical. In view of the 

unlikelyhood of these materials being exposed to such conditions in "real" applications, it 

was concluded that the particles are structurally stable upon high loading under realistic 

temperature and humidity conditions that these materials would be subjected to. 

4.3. Microphase Separation 

Since the morphology of materials of this type is one of microphase separated 

domains (HS domains) embedded in a continuous soft phase, the foam properties are 

strongly dependent on the extent and perfection of this microphase separation. Hence, the 

phase separation including the perfection of the domains was investigated as well as the 

influence of the varying formulation ingredients. For example, the CPP and water/TDI 

content were the variables specifically targeted. Thereby, certain techniques, specifically 

thermal and x-ray analysis, were utilized to ascertain these aspects of phase separation. 

4.3.1 Thermal Properties 

Differential Scanning Calorimetry (DSC) was used to detect the presence of water, 

determine the soft segment glass transition, Tg, and the effects of the specific formulation 
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Figure 4.7. Transmission electron micrograph of foam Fmc4 after 90% compression at 

150°C (mag. = 27kx). 
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components on this transition which can be qualitatively correlated to the extent of 

microphase separation. Figure 4.8 illustrates a typical DSC thermogram of a molded foam, 

foam Fmc4 in this case, showing both the first heat and second heat. Upon the first 

heating, a broad endotherm is observed in the range of 30°C to 100°C which can be 

attributed to the evaporation of absorbed water. As will be shown, all of the foams 

displayed a similar endotherm. Upon cooling the same sample to -140°C, and heating it to 

140°C again, this endotherm is not observed. To further verify that this non-reversible 

endotherm was due to water evaporation, Thermo-Gravimetric Analysis (TGA) was carried 

out, the results being shown in Fig. 4.9. These results indicated that in this temperature 

range (30°C-100°C), 2% - 3% weight loss occurred which is likely due to water 

evaporation. Furthermore, oscillating DSC was carried out in which the thermogram was 

separated into a reversible and non-reversible contribution as shown in Fig. 4.10. This 

broad endotherm was shown to be an irreversible transition further supporting the claim of 

water evaporation. The soft segment glass transition Ty for the first as well as the second 

heat was ca. -59°C suggesting that the absorbed water had no significant influence on the 

Ty of the soft segment. Figure 4.11 shows the first and second heats of foam Fmo4. As 

with Fmc4, an endotherm was observed in the first heat while the soft segment Ty was 

unaffected by the absorbed water. The Ty was ca. -58°C for foam Fmo4. The fact that the 

soft segment Ty, of both foams in both the first and second heating cycles were essentially 

the same suggests that this glass transition was insensitive to the absorbed moisture and 

whether CPPs were used. The DSC curves of the other molded foams were very similar to 

those of foams Fmc4 and Fmo4. Therefore, these figures are presented in Appedix 4.1. 

Again, the first heat displayed a broad endotherm associated with the release of absorbed 

moisture and the soft segment glass transition was ca. -59°C for both materials. 

The use of copolymer polyols in molded polyurethane foams appeared to have no 

influence on the thermal behavior as indicated by DSC. In addition, based on the 

insensitivity of the soft segment Ty to the CPP system used(Table 4.2), it was suggested 
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Figure 4.8. DSC thermograms of Fmc4 showing both the (a) first and (b) second 
heating cycles. 
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Figure 4.9. TGA thermogram of Fmc4 showing the weight loss associated with the 
observed endotherm. 
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Figure 4.10. Oscillating DSC of Fmc4 illustrating both the (a) reversible and (b) 
irreversible transitions. 
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Figure 4.11. DSC thermograms of Fmo4 showing both the (a) first and (b) second 
heating cycles. 
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Table 4.2. Thermal Properties of Molded Foams 
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that altering the CPP provided no influence on the microphase separation. That is, 

regardless of whether CPPs were used or which CPP system was incorporated 

(conventional or experimental), the soft segment Ty was unaltered. In addition, no 

transition was observed at the reported Ty (125°C) of the CPP particulates. To either 

confirm or dispute whether the CPP component influenced the microphase separation of the 

HS domains, the other techniques mentioned earlier were used beginning with dynamic 

mechanical spectroscopy (DMS). 

The soft segment Tg was also determined using DMS, specifically from the peak of 

the tan delta curve. The tan delta curves are shown in Fig. 4.12 which all exhibit a sharp 

peak at ca. -57°C. As with the DSC measurements, the soft segment Ty determined here 

(also given in Table 4.2) appears insensitive to water content and copolymer polyols. In 

addition, this Ty correlated well with the Ty measured using DSC for each sample. The 

magnitude of the tan delta peak was in general greater for the 2 pph water content foams. 

The higher magnitude displayed by the lower HS content foams is a result of the 2 pph 

water content foams having a greater soft segment content relative to the 4 pph water 

content foams. The hard segment phase makes up a higher volume fraction in the higher 

water content foams thus increasing the foam stiffness. Also observed was a small second 

tan 5 peak at ca. 125°C displayed by the CPP containing foams - the origin being the Tg of 

the CPP particulates. This is more clearly exposed in Fig. 4.13. The tan delta curves of 

foams Fmo4 and Fmc4 reveal that both foams exhibited a peak centered at ca. -58°C, but 

Fmc4 also displayed the CPP peak centered at ca. 125°C. As suggested in Table 4.2, both 

the control and experimental CPP particles exhibited the same Ty. Based on the soft 

segment Ty determined by DMS and DSC it appeared that the microphase separation was 

not influenced by the variables in this study. 

4.3.2 Small Angle X-Ray Scattering 
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Figure 4.12. —_ Influence of the formulation ingredients on the Tan Delta of the six 
molded foams. Foams are listed in terms of decreasing order of the 
magnitude of the tan delta peak: (a) Fmo2, (b) Fme2, (c) Fmc?2, (d) 
Fmo2, (e) Fmc4, and (f) Fme4 
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Figure 4.13. Influence of the CPP particles on the Tan Delta peak of the molded foams 
illustrated using (a) Fmc4 and (b) Fmo4. 
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Small angle x-ray scattering (SAXS) was undertaken to evaluate the microphase 

separation and the influence of the formulation variables on this behavior. The SAXS 

profiles for the four molded foams varying in water/TDI level and CPP particles content are 

presented in Fig. 4.14, which is a plot of the normalized smeared intensity as a function of 

the angular variable, S = 2sin@/A. A rough estimate of the average interdomain spacing or 

Bragg spacing can be calculated from the shoulder in the scattering profile through the 

application of Bragg's Law. The calculated d-spacings are 17-19 nm for Fmo4, Fmc4 and 

Fme4 and 13-15 nm for Fmo2, Fmc2 and Fme2. Also observed in Fig. 4.14 is that the 

measured intensity of the higher water/TDI content foams is higher than that of the lower 

content foams, i.e. the intensity of Fmc4 is higher than that of Fmc2. Although this 

difference can arise from differences in backround scattering, it is more likely to arise from 

differences in the relative amounts of hard and soft segment. This will be further explored 

in the section below. 

4.3.2.1 Effect of Water/TDI Content on SAXS 

Based on Figs. 4.14 and 4.20 (which shows the influence of water content and 

experimental CPPs on the SAXS behavior), the water/TDI content and thus HS content had 

an influence on both the location of scattering angle associated with the shoulder and on the 

magnitude of the angular intensity. As expected, the higher water content or higher HS 

content lead to a greater interdomain distance, a result of larger hard segment domains. In 

addition to the d-spacing, the overall measured intensity was also greater for the 4 pph 

water content foams than those of 2 pph water as demonstrated in both figures. This is 

also a result of the 4 pph water content foams having a higher HS concentration. As will 

be later shown, theory predicts that for a sharp phase separated two component system, an 

increase in the integrated intensity (over all angles) occurs as the volume fraction of each 

phase approaches 0.5. Although the volume fractions are not 50/50, they are roughly 
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Figure 4.14. | SAXS profiles of 4 molded foams illustrating the influence of the CPP 
particles and water/TDI content on the microphase separation: (a) Fmc4, 
(b) Fmo4, (c) Fmc2 and (d) Fmo2. 
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Figure 4.15. SAXS profiles of 4 molded foams illustrating the influence of the 
experimental CPP particles and water/TDI content on the microphase 
Separation: (a) Fmc4, (b) Fme4, (c) Fmc2 and (d) Fme2. 
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33/67 for the 4 pph water content foams compared to ca. 23/77 for the 2 pph water content 

foams. The observed behavior with respect to the water/TDI content in Fig. 4.14 is 

therefore expected. 

4.3.2.2 Influence of CPP Dispersions on SAXS 

Figure 4.14 also reveals that the CPP containing foams displayed a higher 

scattering intensity over the foams lacking the CPP particles. Since the water/TDI content 

remains constant, the HS content is also constant and yet the intensity is influenced 

suggesting that the volume fraction of each phase may also vary. However, again, this is 

raw data not corrected for background scattering. However, it does appear that there is a 

small contribution to the microphase separation of the HS domains by the CPP particulates. 

These dispersions may also be influencing the volume fractions of each phase which can 

influence the scattered intensity. For example, the volume fraction of the soft phase is now 

lower relative to the hard segment volume fraction since some of the soft segment volume 

is now occupied by the CPP particulates. With respect to the experimental CPP foams, 

comparing the SAXS profiles of the control CPP containing foams to the experimental CPP 

containing foams shown in Fig. 4.15 reveals that the scattering angle associated with the d- 

spacing of the HS domains for the control CPP foams is slightly lower than those 

containing the experimental foams. The estimated d-spacing of Fmc4 is ca. 19 nm where 

for Fme4 the d-spacing is ca. 17 nm suggesting that the HS domains in the foams utilizing 

the control CPP particles are slightly larger or that there is a lower concentration of them. 

A possible speculation is that the different stabilization methods used between the two CPP 

systems, which alters the covalent cross-linking at the interface, could thus influence the 

phase separation behavior of the HS domains. Overall, as was expected, no peak was 

observed associated with the CPP particles for their size is too great to expect a scattering 

peak in this range with SAXS. 
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While SAXS was used to establish the presence of microphase separation, these 

same molded foams were shown to lack structural order or packing order within the HS 

domains. Both WAXS and FTIR were used to ascertain this lack of localized organization 

as will now be addressed. 

4.3.3 Wide Angle X-Ray Diffraction 

In addition to evaluating the microphase separation, the internal ordering of the hard 

domain was of interest and thus evaluated using two techniques. Recall, that the properties 

of a foam are strongly dependent on the perfection of the phase seperated HS domains in 

addition to the level of covalent cross-linking. Wide angle x-ray scattering (WAXS) 

patterns were obtained to compare the amount of short range ordering or para-crystalline 

ordering of the HS domains and if it was influenced by any of the formulation components. 

For example, a less ordered domain might make that system more structurally labile under 

loading than one of higher order at a given environmental condition. As will be shown 

later in this chapter, the HS ordering correlates well with the foam's ability to resist 

temperature and humidity induced changes in the mechanical properties. The WAXS 

patterns of the six molded foams are shown in Fig. 4.16. As can be seen, while all the 

foams displayed a diffuse amorphous halo which is typical of liquid-like amorphous 

systems, none of the foams displayed sharp rings indicative of cohesive order as in the case 

of conventional slabstock foams such as those studied by Armstead shown earlier in 

Chapter 2 or that shown in Fig. 4.17a.33 Figure 4.17 shows the scattering patterns of a 4 

pph water content slabstock foam before (a) and after (b) extraction in DMF. As can be 

seen, the slabstock foam in addition to the diffuse amorphous halo, displayed two relatively 

sharp rings arising from the short range ordering of the HS domains. The patterns of the 

molded foams, however, resemble those of the slabstock foam after extraction (shown in 

Fig. 4.17b where the ordered urea segments are disrupted by the solvent treatment process. 
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(a) (b) 

  

(c) (d) 

   
Figure 4.16. WAXS patterns illustrating the short range ordering of the HS domains of 

the molded foams: (a) Fmo4, (b) Fmo2, (c) Fmc4, (d) Fmc2, (e) Fme4, 
and (f) Fme2. 

Characterization of Molded Foams 150



(e) (f) 

  
Figure 4.16. (con't) WAXS patterns illustrating the short range ordering of the HS 

domains of molded foams: (a) Fmo4, (b) Fmo2, (c) Fmc4, (d) 
Fmc2, (e) Fme4, and (f) Fme2. 

Characterization of Molded Foams 151



(a) (b) 

  

Figure 4.17. WAXS patterns illustrating the short range ordering of the HS domains of 
a conventional slabstock foam (a) before extraction and (b) after 
extraction. 
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The lack of sharp rings in the molded foams suggests that very little (if any) short range 

order exists amongst the hard segments and that the domains in the molded foams are more 

distinctly disordered with respect to the HS packing in slabstock foams. Therefore, based 

on this lack of order, the physical "cross-links" of molded foams allow for the easier 

"plasticization" by heat and humidity thereby making them more labile than those in 

Slabstock foams. This lack of structural order observed within the hard segments is 

believed to be both kinetic and thermodynamic based. Hard domain formation is very 

sensitive to the solubility of the urea segments in the polyol soft phase which is greater in 

molded foams due to the stronger more favorable interactions between hard segments and 

the polyethylene oxide capped soft segments (used to endcap the polypropylene oxide to 

decrease demold times in view of its higher reactivity). In addition, bidentate hydrogen 

bonded urea must principally occur prior to the gel point of the covalent network. Recall 

that diethanolamine is also added in the formulation of molded foams to build hardness, 

speed up gelation and decrease demold times. The rapid cross-linking that occurs early on 

in the network development makes it very difficult for the urea segments to associate 

(through diffusion) and to pack and form multiple hydrogen bonds with other hard 

segments thereby limiting perfection of hard segment domain development. 

Since the sharp rings in the x-ray patterns are of the same spacing, it can be 

concluded that the incorporation of copolymer polyols did not influence the ordering of the 

hard segments in any way. Any small differences that exist are differences in the 

brightness of the image which are a result of differences in the exposure of the material. 

This not to say that the CPP do not scatter x-rays and in fact are believed to contribute 

somewhat to the amorphous scattering. 

4.3.4 Fourier Transform Infrared (FTIR) 
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In addition to the WAXS measurements, FTIR analysis was undertaken to evaluate 

the ordering or cohesiveness of the hard segments by evaluating the hydrogen bonding 

within the carbonyl region. Many researchers have utilized this technique to ascertain the 

level of phase separation which is not always applicable as will be shown. It is more 

accurately a reflection of the localized packing order of the hard segment domains which 

does not always depend on good phase separation between the hard and soft phases. In 

addition to the molded foams, a 4 pph water content conventional slabstock foam is 

included in the analysis to aid in the interpretation of the results. The amide I region 

(carbonyl region) was considered the most informative region and is thus shown for both 

molded foams and the slabstock foam in Fig. 4.18. The infrared results show significant 

differences between the slabstock foam and the molded foams. The slabstock foam 

displayed a strong bidentate absorption peak centered at 1640 cm-! which is non-existent in 

the molded foams. This bidentate peak is indicative of hard segment ordering. All six 

molded foams displayed a strong monodentate urea absorbance centered at 1700-1650 cm-! 

as well as free urea centered at 1715 cm-!. For reasons mentioned above (specifically the 

addition of DEOA and EO capping in molded foams), it is concluded that the molded foams 

have much more disordered hard segment domains which, as will be demonstrated later 

allows for greater "plasticization" with temperature and humidity. The FTIR spectra of the 

molded foams free of the CPP particles are shown in Fig. 4.19. These also exhibit the 

monodentate and free urea absorbances, and again lack any indication of bidentate urea. 

No distinguishable differences were observed between these two molded foams and the 

other molded foams presented in Fig. 4.18. 

In an attempt to verify that increased temperature disrupts hydrogen bonding, 

specifically in the viscoelastic studies (to be presented in later sections) FTIR - temperature 

studies were carried out and are shown in Fig. 4.20. The temperature was increased from 

room temperature to 140°C in increments of 10°C. As can be seen, the bidentate, 

monodentate as well as "loosely" bonded absorbances systematically decrease with 
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Figure 4.18. FTIR spectra in the carbonyl region of the molded foams (a) Fmc4 and (b) 
Fmc2 as well as slabstock foam (c) Fs5. 
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Figure 4.19. FTIR spectra in the carbonyl region of molded foams (a) Fmo4 and (b) 
Fmo2. 

Characterization of Molded Foams 156 

1620



  

    | 
| 
| 
| 

Vv 

Increasing Temperature 

  

      

  + — —t+ + —+ 1 — + 

1800 1780 1760 1740 1720 1700 1680 1660 1640 

Wavenumber 

Figure 4.20. _—_ Influence of temperature on carbonyl absorbance in FTIR spectra of 
Fmc4. 

Characterization of Molded Foams 

  
1620 

157



increasing temperature. The decrease in absorbance is a result of decreasing hydrogen 

bond strength and even some dissociation. The decrease in the free or non-bonded 

carbonyl absorbance is a little surprising based on reports given in Chapter 2 which present 

an increase. However, Moreland also observed what appeared to be a decrease in the free 

carbonyl absorbance but attributed this to a broadening of this absorbance arising from 

spectral shifts to higher wavenumbers.’? The evidence presented here complements the 

results which will be presented later in this chapter showing that the foams "soften" with 

temperature as based on direct mechanical property studies. 

To aid the correlation between FTIR and WAXS that have been used to qualify the 

lack of local HS structural order, the 4 pph water content slabstock foam that was subjected 

to DMF and whose WAXS pattern showed a significant disruption of order, was also 

evaluated using FTIR. The carbonyl absorbance is shown in Fig. 4.21 along with the 

absorbance of the original sample. As can be seen, the original bidentate peak centered at 

1640 cm-! decreased in absorbance and shifted towards higher wavenumbers, now 

centered at 1645 cm-!. The results here are in good agreement with the WAXS results 

suggesting that the extraction process disrupted some of the bidentate hydrogen bonding 

and ultimately some of the structural order of the HS domains. Clearly, FTIR is an 

excellent technique to evaluate the order of the HS domains but is somewhat lacking in 

correlating the FTIR observations to the extent of microphase separation. For example, as 

was shown, the molded foams displayed relatively strong SAXS "peaks" compared to 

Slabstock foams yet showed poor bidentate hydrogen bonding and no Bragg-like rings in 

WAXS. In contrast, the slabstock foams which displayed very subtle SAXS shoulders, 

displayed strong bidentate absorbance and relatively sharp rings using WAXS. 

Based on the similar infrared behavior exhibited by the CPP containing and CPP 

lacking foams, it is concluded that the copolymer polyols do not influence the bidentate 

absorbance and therefore do not influence the HS ordering. The small differences 

observed between the molded foams are due to differences in the water content where, as 
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Figure 4.21. FTIR spectra in the carbonyl region of the slabstock foam (a) before 
extraction and (b) after extraction. 
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expected, the higher water/TDI content foams displayed slightly higher hydrogen bonded 

urea and naturally lower non-bonded urea. The indistinguishability exhibited between the 

CPP and non-CPP containing foams supports the results observed in the WAXS patterns. 

4.4 Solvent Extraction Studies 

The foam's covalent network was evaluated using extraction studies in dimethyl 

formamide (DMF) to compare the level of cross-linking as a function of the formulation 

ingredients. DMF was chosen in view of studies by Armstead in which a variety of 

solvents were used and DMF was found to be one of the better solvents - most likely a 

result of the solvent's polarity. The results, presented in Table 4.3, indicate that these 

foams are quite extensively cross-linked and that less than 8 wt.% can be extracted using 

DMEF. A 4 pph water content slabstock foam similar to those studied by Moreland was also 

subjected to treatment in DMF, the results of which are also given in Table 4.2.79 

Following extraction, a wide angle x-ray scattering pattern (shown in Fig. 4.22) was 

obtained which revealed that much of the HS short range order exhibited by this foam had 

been disrupted by the extraction process. This suggests that the polar solvent DMF 

primarily disrupts and extracts any unattached urea based chains.. In addition, Armstead 

observed similar behavior with extraction studies on a slabstock foam and even analyzed 

the extract with infrared and found that the extract was primarily urea based.33 

4.4.1 Effect of Copolymer Polyols 

From Table 4.3, it can be seen that the CPP containing foams displayed a greater 

amount of extractables than the foams lacking the CPP dispersion. In fact, the foams that 

incorporate CPPs lead to almost three times the amount of extractables over the foams free 

of CPPs. For example, the sol fraction of foam Fmc4 was ca. 9% where that of foam 
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Table 4.3. Solvent Extraction Results on Molded Foams 
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Fmo4 was significantly lower, 3%. The values for the 2 pph water content foams also 

followed the same trend - the CPP containing foams exhibited a higher sol fraction. The 

results from this experiment strongly suggest that the CPPs are not as extensively reacted 

into the network as originally expected and that they may be interfaced to the surrounding 

soft segment principally only by secondary bonding. As was shown earlier, the stabilizer 

used prevented flocculation of the particles but may be less important in grafting the 

particles to the soft segment matrix. Restating this, these dispersions may only be linked to 

the soft phase by physical means such as hydrogen bonding. Further evidence supporting 

this will be presented in a later section (viscoelastic section) where the time-dependent 

properties of the CPP containing foams displayed much stronger sensitivity to temperature 

and humidity over those lacking CPP particles. 

The experimental copolymer polyol foams also seemed to have a lower amount of 

extractables over the control copolymer polyol foams. Recall that the experimental CPPs 

were utilized in order to reduce the bulk viscosity of the reacting foam mixture early in the 

process. This was accomplished by two methods; first, the stabilizer of these CPPs was an 

isocyanate capped diol versus a triol and, second, less stabilizer was used in the case of the 

experimental CPPs. The amount of extractables for foam Fme4 was ca. 7%, slightly lower 

than that of Fmc4. The 2 pph water content foams displayed the same trend where the 

experimental CPP foam displayed a slightly lower sol fraction compared to the control CPP 

foam. The fact that this lower functionality stabilizer also prevented flocculation and 

displayed only a small effect on the extraction results also suggests that secondary bonding 

must be occurring. 

4.4.2 Effect of Water/TDI Content 

The water/TDI content in the formulation does not appear to have any significant 

effect on the amount of extractables. In some cases, it appeared that 2 pph water content 
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foams had a higher sol fraction while in others the trend was reversed. The sol fractions 

were only distinguished based on type of CPP utilized. Any variations in the observed 

mechanical properties as a function of water/TDI content appears to be attributable to 

differences in the HS domains, not covalent cross-linking. 

4.5. Compression "Stress''-Strain 

The compression loading-unloading response of the six molded foams was 

evaluated in terms of the formulation differences between them. The compression "stress"- 

strain behavior of foam Fmo4 is shown in Fig. 4.22. Figure 4.22a illustrates the loading 

and unloading curves while Fig. 4.22b illustrates the first loading and second loading after 

an intermediate 5 min. recovery. As can be seen, the curves can be divided into three 

deformation regions as has been well described by Gibson and Ashby: the linear bending 

region, the elastic buckling region, and the densification region.°’ The first region occurs 

in the first 10% strain and is representative of elastic bending of the cell struts. The second 

region represents buckling of the cell struts where the strain increases with small changes in 

load. The final densification region begins at ca. 65% strain which, in part, for that reason 

is also the level of compression chosen for the load relaxation measurements. Here the 

cells completely collapse and opposing cell walls come into contact. The fact that the 

loading and unloading curves are not superimposed confirms that these foams exhibit 

mechanical hysteresis. 

Mechanical hysteresis is usually attributed to irreversible changes such as 

disentanglement of chains or plastic deformation, crazing, crack initiation, bond breaking, 

and even morphological changes such as crystallization and even other viscoelastic 

processes.80 In polyurethane elastomers, hysteresis also originates from the disruption and 

displacement of domains primarily through hydrogen bond disruption.8° Figure 4.22a 

shows that the foam was compressed to a maximum strain level of 76% which was chosen 
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Figure 4.22. Load-strain behavior for Fmo4 illustrating hysteresis upon (a) loading- 
unloading and (b) first loading-second loading following a 5 min. recovery 
period. 
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in view of the physical limitation of the load cell. Figure 4.22b compares the first loading 

and second loading carried out 5 min. apart in light of the recovery period allowed in the 

load relaxation measurements. The two transitions from one region to the other occur at a 

Strain of ca. 0.1 and 0.65, respectively. The loads at these strain values were 265g and 

1300g respectively for the first loading. Naturally, on the second loading these values 

were slightly lower. 

Figure 4.23 illustrates the loading-unloading as well as the first and second loading 

curves for Fmo2. The behavior is very similar to that of Fmo4 and the transitions occur at 

the same strain levels. The difference is that the loads are higher for Fmo2 than Fmo4. 

The higher density of Fmo2 is responsible for the higher loads at a given strain exhibited 

by this foam. In addition, Fig. 4.23b shows that very little difference exists between the 

first and second loading suggesting that considerable recovery has occurred in the 5 min. 

period and that the hysteresis is low. Figure 4.24a illustrates the loading-unloading 

behavior for Fmc4 and Fig. 4.24b illustrates the first loading and second loading of Fmc4. 

The compressive "stress"-strain behavior of Fmc2 is shown in Fig. 4.25. Likewise, Fig. 

4.26 illustrates the load-strain behavior of foam Fme4. As can be seen, all foams exhibited 

similar behavior with the differences existing in the absoluted loads and percent hysteresis. 

In order to demonstrate that the hysteresis was less during the second loading-unloading 

cycles relative to the first, the first loading-unloading cycle of Fmo4 is shown in Fig. 4.27a 

and the second loading-unloading cycle (after 5 min.) is shown in Fig. 4.27b. As can be 

seen, the amount of hysteresis is clearly less in the second cycle relative to the first. 

In general, all foams demonstrated similar behavior exhibiting three deformation 

regimes resembling the description provided by Gibson and Ashby.>’ The differences 

between the foams lie in the load values and the amount of hysteresis. These points will be 

addressed in the following sections. In an attempt to compare the foams in terms of the 

percent load loss upon unloading the foam following compression, one strain value was 

picked from each deformation region. The load measured during unloading was related to 
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the load during loading and is presented in Table 4.4 for each strain level. For example, in 

the bending region the chosen level of strain was 0.07 and the load loss was determined by 

1 - Ly/L) (where Ly is the load upon unloading while L, is the load during loading) whose 

value is presented in Table 4.4. For foam Fmo4, the returning load was 30% lower than 

upon loading. In the buckling region (€ = 0.65), the load loss was 20% and in the 

densification region, it was 7%. As displayed by all the foams, the load loss decreased as 

the level of deformation increased. 

4.5.1 Effect of Copolymer Polyols 

The influence of the copolymer polyols (CPP) on the load-strain behavior of these 

foams was the same for a given water/TDI content. In general, the inclusion of CPPs in 

the formulation increased the load at any given strain level. The measured loads were 25% 

to 35% higher for the CPP containing foams. For example, at a strain level of 0.4, 

comparing the loading curves of Fmo4 to Fmc4 reveals that Fmc4 displayed a load of 964g 

while Fmo4 displayed a load of 710g. The trend was similar at other strain levels as well, 

e.g. at a deformation level of 0.7, loads were 1945g for Fmc4 and 1504g for Fmo4. The 

2 pph water content foams also portrayed a similar trend with in the inclusion of CPPs. 

Comparing Fig. 4.23 to Fig. 4.25 illustrates this point as do the values presented in Table 

4.4. It can be concluded that the incorporation of this rigid filler into the formulation does 

indeed increase the foam "hardness" based on the increase in displayed loads at any level of 

deformation. In general, the loads of the CPP containing foams were ca. 25%-35% above 

those displayed by the foams free of CPPs. This point will also be confirmed by the 

observations in the following viscoelastic sections where the initial loads were ca. 25% 

greater for the CPP containing foams. 

While the CPP containing foams displayed higher loads for a given strain during 

loading, the amount of hysteresis was also greater as presented in Table 4.4. For example, 
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Table 4.4. Loads Exhibited Upon Loading and Unloading as well as 
Loss of Load 

  

  

  

  

  

  

  

  

Deformation Regions (Strain) Overall 
Foam Bending(0.075) Buckling(0.40) Densification(0.70) | Hysteresis, % 

Loading Load(g) 255 710 1504 
Fmo4 | Unloading Load(g) 179 558 1404 16 

Load Loss (%) 30 21 7 

Loading Load(g) 183 877 2006 
Fmo2 | Unloading Load(g) 166 742 1983 1 

Load Loss (%) 10 15 ol 
Loading Load(g) 305 964 1944 

Fmc4 | Unloading Load(g) 106 613 1645 31 
Load Loss (%) 65 37 15_ 

Loading Load(g) 331 1161 2537 
Fmc2 | Unloading Load(g) 210 892 2266 23 

Load Loss (%) 37 23 11 

Loading Load(g) 279 917 1902 
Fme4 | Unloading Load(g) 115 628 1675 28 

Load Loss (%) 59 32 12 

Loading Load(g) 311 1176 2682 
Fme2 | Unloading Load(g) 192 880 2436 20 

Load Loss (%) 38 25 9             
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comparing Fmo4 (Fig. 4.22) to Fmc4 (Fig. 4.24) shows that the amount of hysteresis is 

greater for Fmc4, 30% compared to 16% . Furthermore, the values for the amount of load 

loss during unloading also presented in Table 4.4, indicate that the load is considerably less 

during unloading than loading for the CPP containing foams. For example, the load loss 

(strain of 0.075) was only 30% for Fmo4 but was 65% for Fmc4. In the bending regime 

(strain of 0.4), the load loss was 21% for Fmo4 but 36% for Fmc4. Finally, in the 

densification region (strain of 0.7), the load decreased by 7% during unloading over that of 

loading for foam Fmo4 and by 15% for foam Fmc4. Again, the trend was the same for the 

2 pph water content foams as clearly depicted in Table 4.4. The percent hysteresis for 

Fmc2 was 20% while for Fmo2, it was 11%. The load loss was also lower in each 

deformation region for the foams lacking the CPP dispersions. From these results, it can 

be concluded the deformation mechanisms exhibit more hysteretic character for the CPP 

containing foams suggesting that these particles may increase the localized stress primarily 

at the interface because of their stiffness. The strain of the soft segment is greater since the 

soft segment area which accommodates the load is decreased as the CPP dispersions 

occupy a portion of the volume that would otherwise be occupied by the soft segment. 

This increased level of localized stress can further lead to disruption of hydrogen bonding 

at the interface resulting in more flow and greater hysteresis. 

Comparing the amount of recovery that occurs in a 5 min. period between the CPP 

containing foams and those that do not contain any CPPs reveals that greater recovery is 

achieved for the foams not containing the CPP particles. Figure 4.22b shows that Fmo4 

recovers considerably in 5 min. where the first and second loading curves were within 

closer proximity. The recovery of Fmc4 after 5 min. from the initial loading shown in Fig. 

4.24b is not as extensive as that of Fmo4. The greater hysteresis exhibited by the CPP 

containing foams is believed to be a result of the rigid filler promoting increased localized 

stress and thus increased flow or chain slippage primarily disrupting hydrogen bonding at 
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the interface. The results suggest that the deformation these particles are subjected to 

results in permanent changes in structure. 

With respect to the "experimental" copolymer polyols, they had little effect on the 

load-strain behavior relative to the "control" copolymer polyols. The loads were relatively 

unchanged but the amount of hysteresis decreased slightly. Table 4.4 shows that the load 

loss during reformation relative to deformation was slightly lower for the experimental 

CPPs than the control CPPs. In other words, the load loss upon reformation (removal of 

the load) was lower for the experimental CPPs compared to control CPPs such as Fme4 

relative to Fmc4. A possible explanation is that the lower amount of grafting of these 

particles as a result of a lower surface functionality may allow them to respond more 

elastically thereby providing for more recovery and less hysteresis. 

4.5.2 Effect of Water/TDI content 

An increase in HS content produced a similar result in the hysteresis as did the 

incorporation of CPP particles discussed in the former section where the hysteresis 

increased. Strong evidence supporting that the mechanical disruption of hydrogen bonds is 

primarily responsible for the hysteresis observed is obtained by comparing the 2 pph water 

content foams to the 4 pph water content foams. Comparing Fig. 4.24 to Fig. 4.25, shows 

that Fmc4 displayed greater hysteresis than Fmc2. The amount of hysteresis of Fmc4 was 

31% while that of Fmc2 was 23%. The more dense, lower HS content Fmc2 not only 

displayed higher loads at any given Strain but also lower hysteresis. For example, at a 

Strain level of 0.7, the deformation load displayed by Fmc2 was 2537g and that displayed | 

by Fmc4 was 1945g. The higher loads displayed by Fmc2 was a result of this foam 

possessing a higher density than the 4 pph water content foam. Furthermore, the loss of 

deformation load upon reversing the strain was lower for Fmc2. This loss at a strain level 

of 0.7 was 15% for Fmc4 and 11% for Fmc2. Since Fmc4 does have a higher HS content 
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relative to Fmc2, it also has a higher hydrogen bonding content which may be mechanically 

disrupted. The HS domains increase the amount of localized stress leading to increased 

relaxation and hysteresis. Within the buckling region (strain of 0.4), the load loss was 

37% for Fmc4 and 23% for Fmc2. This trend with water/TDI content was exhibited 

throughout this molded foam series regardless of the CPP utilized. While these hystesis 

curves provide good information on the influences of HS content and CPP content, the 

viscoelastic properties are deemed more important since they more closely resemble the 

loading these foams undergo in end use. 

4.6 Viscoelastic Behavior 

The viscoelastic behavior of the flexible molded polyurethane foams and the 

influences of temperature and humidity on this behavior were evaluated using load 

relaxation, creep, and compression set. These measurements are excellent techniques that 

best simulate "real world" applications under different environmental conditions. In 

addition to being a good indication of the load bearing capabilities of the foams and the 

recoverability, the viscoelastic properties are sensitive to the network of the foam arising 

from both hard segment domains and covalent cross-links. 

4.6.1 Load Relaxation Behavior 

The compression load relaxation behavior is now presented which was performed 

at a constant 65% strain and under different temperature/humidity conditions. A strain of 

65% was chosen based on earlier results which showed that the onset of densification 

occurred in this range and hence allows for evaluation of the polymer network. It is also 

the level of strain used by other researchers in relaxation measurements as well as in the 

well practiced industrial indentation load deflection (ILD) measurements and can thus allow 
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for qualitative comparisons. Figure 4.28 illustrates the load relaxation behavior for Fmc2 

at 30°C-35%RH. The data have been plotted as a function of log time which allows for the 

observation of the results within this period and which can be used to qualitatively estimate 

a decay rate from the slope of the curves to be used for comparison purposes. As can be 

seen, the majority of the decay in load occurs within the first 20 min. As expected, the load 

does not decay to zero in this three hour period due to the covalent as well as physical (HS 

domains) network character of the foam. In all of the following figures, the load axis will 

not begin at zero but rather a higher load to allow for better visualization of differences that 

exist in these plots and between the different samples. 

The variables evaluated and presented in the oncoming sections are as follows: a) 

the external variables of temperature and humidity and their influence on the relaxation 

behavior to ascertain the contribution to the viscoelastic properties by the covalent cross- 

links as well as the physical “cross-links”; (b) the influence of copolymer polyols, and (c) 

the influence of the water/TDI content in the formulation which inherently includes the 

density of the foams. 

4.6.1.1. Effects of Temperature and Relative Humidity 

The load relaxation behavior as a function of temperature and humidity for Fmo4 is 

shown in Fig. 4.29. An increase in temperature and/or humidity resulted in a shift of the 

relaxation curves to lower loads and an increase in the percent decay. The initial load 

decreased from 1597g at 30°C-35%RH to 1156g at 100°C-35%RH. Likewise, at the high 

humidity condition, the loads were 1135g at 30°C-98%RH, and 1049g at 100°C-98%RH. 

The percent decay dramatically increased as well from 27% at 30°C-35%RH to 51% at 

100°C-98%RH. The results shown in Fig. 4.29 indicate that both temperature and 

humidity significantly "plasticize" the exhibited behavior. Table 4.5 gives the initial loads 

and the percent decays. The results clearly show that the load is decreased and the percent 
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Figure 4.28. Load relaxation behavior of Fmc2 at 30°C-35%RH under a constant 
deformation of 65%. 
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Figure 4.29. Load relaxation behavior of Fmo4 as a function of temperature/relative 
humidity, (a) 30°C-35%RH, (b) 100°C-35%RH, (c) 30°C-98%RH, and (d) 
100°C-98 %RH. 
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Table 4.5. Summary of Load Relaxation Measurements on Fmo4 

Temp-%RH Std Dev. 1 Init. Load % Decay 

(C-%) (+g) (g0) (%) 
30-35 14 1597 27.0 

100-35 38 1156 34.6 
30-98 19 1135 34.4 

100-98 153 1049 50.6 

1. Based on two to three runs for each temperature and humidity. 
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decay 1s increased as the temperature and/or humidity is increased. This table also shows 

that only a small amount of scatter exists in this data. The decrease in load and increase in 

percent decay with temperature is primarily due to hydrogen bond dissruption by the high 

temperature and/or high humidity therefore increasing the amount of chain slippage that 

occurs. This suggests that hydrogen bonding (predominately occurring within the hard 

segment domains) significantly enhances the foam properties, and when disrupted by 

temperature and/or humidity, these properties are severely altered. In addition, the 

increased soft segment mobility with temperature contributes to the increased percent 

decays and decreased initial loads. The nonlinearity observed at high temperatures, 

especially 100°C, suggests that the relaxation mechanism is enhanced or possibly an 

additional mechanism may be occurring. At the upper temperatures, the amount of 

hydrogen bond disruption is expected to dramatically increase. At the very highest 

temperature, the retroreaction or reversal of the urethane reaction may also occur as was 

shown by Moreland et al.’? It is well known that temperature can disrupt hydrogen 

bonding, but it is clearly shown that humidity can also have a dramatic effect. As will be 

shown by several examples in this section, high humidity also plays a similar role to higher 

temperatures as might be somewhat expected. For example, increasing the humidity from 

30% to 98% at 30°C resulted in a similar decrease in inital load as did increasing the 

temperature to 100°C at 35%RH. Table 4.6 lists the effects of increasing temperature and 

humidity on the initial load and percent decay illustrating the similar effects of both 

temperature and humidity. While in some situations, the temperatures of molded foams in 

vehicle seats may approach high temperatures (ca. 100°C), it is much more likely that they 

will be exposed to high humidities (ca. 100%RH) at lower temperatures instead. 

Therefore, the influence of relative humidity may be practically more important than 

temperature. 

Figure 4.30 illustrates the load relaxation behavior and the temperature/humidity 

influences on this behavior for Fmo2. Increases in either temperature or humidity shifted 
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Table 4.6. Effect of Temperature 
Relaxation of Fmo4 

Effect of Temperature 

and Relative Humidity on Load 

  

  

Relative Increasing Temp Change in Init. Change in Load 
Humidity from 30°C to Load* Decay* 

A(g0) % A(%) % 
35% 100 -28 28 

98% 100 -34 47 

Effect of Relative Humidity 

Temperature Increasing Change in Init. Change in Load 
%RH Load* Decay 

(°C) from 35% to A(go0) % A(%) % 
30 98 -29 27 

100 98 -9 46 
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Figure 4.30. Load relaxation behavior of Fmo2 as a function of temperature/relative 
humidity, (a) 30°C-35%RH, (b)100°C-35%RH, (c) 30°C-98%RH, and (d) 
100°C-98%RH. 
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the load relaxation behavior to lower loads. The initial load at 30°C-35%RH was 1737g 

and at 100°C-98%RH it was 1186g. As with Fmo4 the percent decay also increased with 

an increase in temperature and/or humidity. These values were 25% at 30°C-35%RH and 

45% at 100°C-98%RH. In addition, the data obtained at 100°C deviate from linearity 

indicating that this high temperature accelerated the relaxation mechanism. The overall 

results from this set of experiments are presented in Table 4.7. As with Fmo4, a minimum 

amount of scatter exists within these results. Table 4.8 gives the direct effects on the initial 

load and percent decay by temperature and humidity. Both tables as well as Fig. 4.30 

suggest that the high humidity had a greater softening effect than temperature. The major 

difference between the behavior displayed by Fmo2 and that discussed previously 

displayed by Fmo4 is that the former displayed a higher load suggesting that this foam is 

stiffer - a result of it having a higher density. 

The remaining foams that were investigated in the molded foam series contained 

CPP particles. With these foams, smaller increments in temperature were used to more 

Closely follow the trend with temperature. The load relaxation behavior for Fmc4, as a 

function of temperature, is shown in Fig. 4.31 in a 3-dimensional surface plot where log- 

load is plotted versus log-time. As can be seen, an increase in temperature systematically 

shifted the relaxation curves to lower loads. This shows that the thermal “‘plasticization” 

occurs even at temperatures distinctly below 100°C. The initial load decreased from 20192 

at 30°C-35%RH to 1271g at 100°C-35%RH while the percent decay in the three hour 

period increased from 36% to 54% as is exemplified in Table 4.9. 

In general, any increase in temperature beyond 30°C resulted in a softening of the 

foam. Recall, that low water content slabstock foams displayed increases in load with 

initial increases in temperature as discussed in Chapter 2. In that case, the covalent cross- 

links dominate the load time behavior relative to the HS domains as noted by the 

pronounced rubber elasticity effect. In contrast, the molded foams studied here exhibited a 

softening effect with all temperature increases and at 98%RH as shown in Fig. 4.32. In 
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Table 4.7. Summary of Load Relaxation Measurements on Fmo2 

  

Temp-%RH Std Dev. 1 Init. Load % Decay 

(C-%) (+g) (80) (%) 
30-35 183 1737 25.2 

100-35 16 1590 31.9 
30-98 4 1279 29.5 

100-98 57 1186 45.1 

1. Based on two to three runs for each temperature and humidity. 
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Table 4.8. Effect of Temperature and Relative Humidity on Load 
Relaxation of Fmo2 

Effect of Temperature 

  

  

Relative Increasing Temp Change in Init. Change in Load 
Humidity from 30°C to Load* Decay* 

A(go) % A(%) % 
35% 100 -8 27 

98% 100 -7 53 

Effect of Relative Humidity 

Temperature Increasing Change in Init. Change in Load 
%RH Load* Decay 

(°C) from 35% to A(go0) % A(%) % 
30 98 -26 17 

100 98 -25 41 
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Variable temperature load relaxation behavior for Fmc4 at 35%RH. Figure 4.31. 
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Table 4.9. Summary of Load Relaxation Measurements on Fmc4 

Temp-%RH Std Dev. ! Init. Load % Decay 

(°C-%) (+g) (20) (%) 
30-35 286 2019 35.7 
50-35 65 1557 37.7 
80-35 35 1555 41.5 
100-35 73 1271 54.3 
30-98 13 1325 43.4 
50-98 66 1218 47.9 
80-98 49 1197 57.2 
100-98 54 965 69.8 

1. Based on two to three runs for each temperature and humidity. 
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Figure 4.32. Variable temperature load relaxation behavior for Fmc4 at 98%RH. 
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this case, the initial load decreased from 1325g at 30°C-98%RH to 965g at 100°C-98%RH 

and the percent decay increased from 43% to 70%. Again, with each increase in 

temperature beyond 30°C, the loads decreased and the percent decays increased. A plot of 

the load versus 1/T revealed a positive slope which was inconsistent with rubber elasticity 

theory. Conversely, the conventional slabstock foams did follow rubber elasticity theory 

although they increasingly deviated from this theory with increases in the hard segment 

conent to the worst case of a zero slope.’? In order to consider the influence of increasing 

the humidity at each temperature, the data at all conditions were plotted together as shown 

in Fig. 4.33. This figure elucidates that high humidities have a similar effect to high 

temperatures at a low humidity. At a constant temperature, an increase in humidity from 

35%RH to 98%RH had a similar effect as an increase in temperature from 30°C to 100°C at 

35%RH. Table 4.9, which gives the overall relaxation results, as well as Table 4.10 that 

lists the direct influences of temperature and humidity on the initial loads and and percent 

decays, clearly indicate the strong influence by humidity in addition to temperature. As can 

be seen, increasing the temperature from 30°C to 100°C decreased the loads roughly 20%- 

30% as did increasing the humidity from 35% to 98%. At temperatures above 80°C, the 

relaxation curves distinctly deviate from linearity regardless of the humidity level. This 

suggests that relaxation is occurring at a more significant rate relative to lower tempertures 

which may be due to an additional phenomenon. The thermal "plasticization” has 

traditionally been attributed to the disruption of hydrogen bonds by temperature or humidity 

which occur predominantly within the hard segment domains and to some extent between 

urea, urethane, and the ether groups of the soft segment. The degree of "plasticization" that 

occurs with temperature and humidity is evidence suggesting that the physical "cross-links" 

and associated hydrogen bonding play a significant role in the properties of the CPP 

containg foams as well at "room" conditions. 

Figure 4.34 illustrates the influence of temperature on the load relaxation behavior 

of Fmc2 utilizing a 3D surface plot. The relaxation behavior for foam Fmc2 is very similar 
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Figure 4.33. Load relaxation behavior of Fmc4 as a function of temperature/relative 
humidity, (a) 30°C-35%RH, (b) 30°C-98%RH, (c) 50°C-35%RH, (d) 
50°C-98%RH, (e) 80°C-35%RH, (f) 80°C-98%RH, (g) 100°C-35%RH, 
and (h) 100°C-98%RH. 

Characterization of Molded Foams 190



Table 4.10. Effect of Temperature 
Relaxation of Fmc4 

Effect of Temperature 

and Relative Humidity on the Load 

  

  

Relative Increasing Temp Change in Init. Change in Load 
Humidity from 30°C to Load* Decay* 

A(go) % A(%) % 
35% 50 -23** 6 

80 -23 16 
100 -37 52 

98% 50 -8 10 
80 -10 32 
100 -27 61 

** Significant Data Scatter 

Effect of Relative Humidity 

Temperature Increasing Change in Init. Change in Load 
%RH Load* Decay 

(°C) from 35% to A(g0) % A(%) % 
30 98 -34 22 

50 98 -22 27 

80 98 -23 38 

100 98 -24 29 

Characterization of Molded Foams 191



(3) 
p
v
o
y
 

s
o
7
 

Temperature (°C) 

 
 

80               
 
 
 
 

L
A
W
 
y
e
s
 

]  
 

4og Time (min) 

Figure 4.34. Variable temperature load relaxation behavior for Fmc2 at 35%RH. 
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to that of Fmc4 with a few exceptions. The influence of temperature is similar but the 

initial loads are greater and percent decays are lower for Fmc2 suggesting that foam Fmc2 

is a Stiffer foam than Fmc4 -yet it is principally a result of Fmc2 having a higher density. 

This trend is very similar to that displayed by the two foams without copolymer polyols, 

Fmo2 and Fmo4 where Fig. 4.34 and Table 4.11 reveal that increasing the temperature 

from 30°C to 50°C had little effect on the relaxation behavior. However, beyond 50°C, a 

softening occured as expected. At 98%RH, shown in Fig. 4.35 the initial load was 2026g 

at 30°C and 1244g at 100°C while percent decay increased from 41% at 30°C to 67% at 

100°C. Here, the foam was softened with all increases in temperature and the load 

systematically decreased while the percent decay increased. Figure 4.36, as well as Table 

4.12, displays the data at all conditions depicting the strong influence of humidity. This 

shows that again an increase in humidity from 35% to 98% produce a similar response to 

increasing the temperature from 30°C to 100°C. In addition, the common non-linearity 

observed at temperatures above 80°C is also evident in foam Fmcz2. 

The next two foams that are discussed were synthesized using the experimental 

CPPs. Recall the experimental CPPs contained less "surface stabilizer" with a lower 

functionality. The load relaxation behavior, however, is almost identical to the foams made 

using the control CPPs. The influences of temperature and humidity on load relaxation are 

essentially the same as with the other molded foams and are shown in Fig. 4.37 for foam 

Fme4. Again, an increase in either temperature (beyond 50°C) or humidity had a softening 

effect on the exhibited behavior. The relaxation behavior for foam Fme4 was very similar 

to foam Fmc4. The initial load decreased from 1757g at 30°C-35% RH to 1540g at 100°C- 

35% RH while the percent decay increased from 35% to 52% as presented in Table 4.13. 

As in the earlier data, Table 4.14 exemplifies the direct effect of increasing temperature and 

humidity on the initial load and percent decay and clearly shows that increasing the 

temperature from 30°C to 50°C (at 35%RH) had very little influence. In addition, a strong 

humidity influence is also clearly presented. 
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Table 4.11. Summary of Load Relaxation Measurements on Fmc2 

  

Temp-%RH Std Dev. } Init. Load % Decay 
(°C-%) (+g) (Zo) (%) 
30-35 66 2389 31.7 
50-35 15 2471 33.0 
80-35 102 2011 36.9 
100-35 58 1860 55.5 
30-98 169 2026 41.5 
50-98 8 1822 43.4 
80-98 45 1660 46.6 
100-98 20 1244 66.8 

1. Based on two to three runs for each temperature and humidity. 
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Figure 4.35. Variable temperature load relaxation behavior for Fmc2 at 98%RH. 
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Figure 4.36. Load relaxation behavior of Fmc2 as a function of temperature/relative 
humidity, (a) 30°C-35%RH, (b) 30°C-98%RH, (c) 50°C-35%RH, (d) 
50°C-98%RH, (e) 80°C-35%RH, (f) 80°C-98%RH, (g) 100°C-35%RH, 
and (h) 100°C-98%RH. 
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Table 4.12. Effect of Temperature 
Relaxation of Fmc2 

Effect of Temperature 

and Relative Humidity on Load 

  

  

Relative Increasing Temp Change in Init. Change in Load 
Humidity from 30°C to Load* Decay* 

A(go) % A(%) % 
35% 50 3 4 

80 -16 16 
100 -22 75 

98% 50 -10 5 
80 -18 12 
100 -39 61 

Effect of Relative Humidity 

Temperature Increasing Change in Init. Change in Load 
%RH Load* Decay 

(°C) from 35% to A(go0) % A(%) % 
30 98 -15 31 

50 98 -26 32 

80 98 -17 26 

100 98 -33 20 

Characterization of Molded Foams 197



1800 

1600 

1400 

  

a a 
oe is 

a P| 

— a . —e Bane 

e A. “ey ewe as 

ce © a A “Cag ham 

—e @ "ae ° Om 
—@ “ay, Pug wtha 

e - ~ elmer, —_ One ome, Orem an 

e.@ “aw, @ 
"* Ong 

  

      

1200 (a) 
(c) 

1000 (e) 

800 (b) 
(g) 
(d) 

600 

(f) 

400 
(h) 

200 { { — { 

0.001 0.01 0.1 1 10 100 

Log Time (min) 

Figure 4.37. Load relaxation behavior of Fme4 as a function of temperature/relative 
humidity, (a) 30°C-35%RH, (b) 30°C-98%RH, (c) 50°C-35%RH, (d) 
50°C-98%RH, (e) 80°C-35%RH, (f) 80°C-98%RH, (g) 100°C-35%RH, 
and (h) 100°C-98%RH. 
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Table 4.13. Summary of Load Relaxation Measurements on Fme4 

  

Temp-%RH Std Dev. 1 Init. Load % Decay 
(°C-%) (+g) (Zo) (%) 

30-35 52 1757 34.2 
50-35 29 1716 34.4 
80-35 33 1656 39.0 
100-35 70 1540 52.3 
30-98 4 1354 39.7 
50-98 44 1268 45.5 
80-98 55 1102 52.7 
100-98 37 979 65.1 

1. Based on two to three runs for each temperature and humidity. 
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Table 4.14. 

Effect of Temperature 

Effect of Temperature 
Relaxation of Fme4 

and Relative Humidity on the Load 

  

  

Relative Increasing Temp Change in Init. Change in Load 
Humidity from 30°C to Load* Decay* 

A(go) % A(%) % 
35% 50 -2 1 

80 -6 14 
100 -12 53 

98% 50 -6 15 
80 -19 33 
100 -28 64 

Effect of Relative Humidity 

Temperature Increasing Change in Init. Change in Load 
%RH Load* Decay 

(°C) from 35% to A(go) % A(%) % 
30 98 -23 16 

50 98 -26 32 

80 98 -33 35 

100 98 -36 24 
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Finally, the load relaxation behavior for Fme2 is shown Fig. 4.38. The displayed 

behavior of this foam resembled Fmc2 and was even slightly stiffer in the sense of 

displaying slightly lower percent decays. Tables 4.15 and 4.16 present the overall results 

from these load relaxation experiments. As with foam Fmc7?, an increase in humidity from 

35% RH to 98% RH had a similar effect as an increase in temperature from 30°C to 100°C 

at 35% RH. 

In summary, increasing the temperature to 100°C (at 35%RH) lead to a decrease in 

the initial load in the range of 10% to 37%. Increasing the humidity to 98%RH (at 30°C) 

resulted in a decrease in the initial load in the range of 15% to 34% (essentially the same 

range as the previous case). However, when both the temperature and humidity are 

increased to 100°C-98%RH, the initial loads decreased even more significantly by 32% to 

52% with the greater decreases surprizingly displayed by the foams with copolymer 

polyols. Similar trends were observed with the percent decays as the temperature and 

humidity were increased. In general, an increase in temperature from 30°C to 50°C at 

35%RH resulted in a 5% increase in the percent decay. An increase to 100°C, again at 

35%RH, resulted in an increase of 50% to 80% in the percent decay with the former 

increase occurring for the foams lacking CPPs. An increase to 98%RH increased the 

percent decays by 20% to 50% (depending on temperature) over those at 35%RH. 

An attempt was made at time-temperature-superposition for the purpose of long 

term prediction. The relaxation curves for Fme4 carried out at four temperatures, 30°C, 

50°C, 80°C, and 100°C, (all at 35%RH) were horizontally shifted to overlap and construct a 

master curve. The curve at 30°C was used as a reference and the other curves were shifted 

to overlap this set of data. The master curve, shown in Fig. 4.39a, indicates that time- 

temperature-superposition was not successful due to the curves not being completely 

superimposable. Both the nonlinear character at high temperature shown earlier and the 

non-superimposable nature in Fig. 4.39a are further evidence that the relaxation mechanism 

may be changing as a function of temperature. The curves corresponding to load relaxation 
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Figure 4.38. | Load relaxation behavior of Fme2 as a function of temperature/relative 
humidity, (a) 30°C-35%RH, (b) 30°C-98%RH, (c) 50°C-35%RH, (d) 
50°C-98%RH, (e) 80°C-35%RH, (f) 80°C-98%RH, (g) 100°C-35%RH, 
and (h) 100°C-98%RH. 
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Table 4.15. Summary of Load Relaxation Measurements on Fme2 

  

Temp-%RH Std Dev. ! Init. Load % Decay 

(°C-%) (+g) (Bo) (%) 
30-35 220 2670 30.1 
50-35 198 2325 30.0 
80-35 129 1977 33.6 
100-35 117 1906 53.6 
30-98 27 1987 37.2 
50-98 6 1826 40.9 
80-98 141 1627 41.2 
100-98 41 1336 62.8 

1. Based on two to three runs for each temperature and humidity. 
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Effect of Temperature and Relative Humidity on Load 
Relaxation of Fme2 

Table 4.16. 

Effect of Temperature 

  

  

Relative Increasing Temp Change in Init. Change in Load 
Humidity from 30°C to Load* Decay* 

A(go) % A(%) % 
35% 50 -13** 0 

80 -26 12 
100 -29 78 

98% 50 -8 10 
80 -18 1] 
100 -33 69 

**Significant Data Scatter 

Effect of Relative Humidity 

Temperature Increasing Change in Init. Change in Load 
%RH Load* Decay 

(°C) from 35% to A(g0) % A(%) % 
30 98 -26 24 

50 98 -21 36 

80 98 -17 23 

100 98 -30 17 
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Master curves of the load relaxation behavior of foam Fme4 using 
horizontal shifts of curves at (A) different temperatures (ref. T=30°C, 
RH=35%) and (B) different humidity levels (ref. RH=35%, T=30°C). 
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carried out at different humidities were also shifted to create a master curve. The master 

curve shown in Fig. 4.39b suggests that time-"humidity"-superposition is feasable. The 

idea here is that the mechanism is constant over a range of humidities at a relatively low 

temperature. This was expected since the mechanism is not expected to vary with 

increasing humidity, only the degree of which is believed to change. 

4.6.1.2 Effect of Copolymer Polyols 

Copolymer polyols are commonly used in molded foams to improve foam hardness 

in view of the short cure cycles that are utilized. In addition, they have been shown to aid 

foam processing by improving cell-openness. Although limited work does exists in the 

literature regarding foam hardness, tensile properties, and processibility, little work exists 

regarding their influence on the viscoelastic properties. The effect on the viscoelastic 

properties is thus considered here. Figure 4.40 shows the behavior of the three, 4 pph 

water content foams, Fmo4, Fmc4, and Fme4, varying in the copolymer polyols carried 

out at 30°C-35%RH. As expected, foam Fmc4 with 12.5% solids displayed higher loads 

than Fmo4. The initial load was 1597g for Fmo4, 2019g for Fmc4 and 1757g for Fme4 

suggesting that the foam hardness did indeed increase with the incorporation of CPP 

particles as expected. However, the slopes of the curves of the CPP containing foams are 

higher than that of Fmo4 as well as are the percent decays. The percent decays were 27%, 

35%, and 34% for Fmo4, Fmc4, and Fme4, respectively. This suggests that while the 

copolymer polyols do increase the foam hardness, they cause the load to relax a greater 

amount leading to more time-dependent viscoelastic properties. The low water content 

foams, Fmo2, Fmc2, and Fme2 displayed the same trend with only the loads being higher 

as illustrated in Fig. 4.41. The initial loads were 1737g, 2389g, and 2670g for Fmo2, 

Fmc2, and Fme2, respectively. The percent decays were 25%, 32%, and 30% for the 

same three foams. Again, the incorporation of CPPs increased the foam hardness but also 
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Figure 4.40. Load relaxation behavior at 30°C-35%RH for the 4 pph water content 
foams as a function of the CPP used, (a) Fme4, (b) Fmc4 and (c) Fmo4. 
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Figure 4.41. Load relaxation behavior at 30°C-35%RH for the 2 pph water content 
foams as a function of the CPP used, (a) Fme2, (b) Fmc2 and (c) Fmo2. 
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increased the viscoelastic decay. This decline in the viscoelastic properties is speculated to 

be in part due to a stress concentration effect by the rigid particles. The increased localized 

strain at the particle-matrix interface promotes further chain slippage. Restated, since stress 

relaxation is believed to predominately occur in the soft segment phase and there is less of it 

for the CPP containing foams, this soft segment is expected to relax or strain further 

thereby resulting in greater relaxation. Also, somewhat surprising is that the relaxation 

properties, specifically lower load decays, were slightly enhanced in the case of Fme2 

where the experimental CPP was utilized. 

The influence of the CPP particles in terms of viscoelastic decay was further 

enhanced at 100°C-35%RH as illustrated in Fig. 4.42 with the high water content foams 

and Fig. 4.43 with the low water content foam. At 100°C-35%RH (Fig. 4.42), the curves 

crossed where the CPP containing materials displayed higher initial loads but lower final 

loads at the end of the three hour experiment! For example, foam Fmo4 exhibited an initial 

load of 1156g, of which 35% decayed in three hours. In contrast, foam Fmc4 displayed an 

initial load of 1271g, of which 54% decayed in three hours - much more than that of Fmo4. 

Foam Fme4 displayed an initial load of 1540g and a percent decay of 52% - slightly less 

than that of Fmc4. Again, the relaxation properties of Fme4 appeared slightly improved 

over Fmc4. The 2 pph water content foams displayed similar behavior. For example, 

Fmo2 displayed an initial load of 1590g and a percent decay of 32%; Fmc2 displayed an 

initial load of 1860g and a percent decay of 56%; and Fme2 displayed an initial load of 

1906 and a percent decay of 54%. In both cases, low water and high water content, the 

slopes and percent decays are higher for the foams containing CPPs than those without. 

This is strong evidence suggesting that hydrogen bonding is occurring with respect to the 

CPPs most likely at the interface which is disrupted at high temperatures resulting in a 

“cross-over” of the curves. Between the experimental and control CPPs, the properties of 

Fme4 and Fme2 are at best only slightly enhanced over those of Fmc4 and Fmc2. The 
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Figure 4.42. | Load relaxation behavior at 100°C-35%RH for the 4 pph water content 
foams as a function of the CPP used, (a) Fme4, (b) Fmc4 and (c) Fmo4. 

Characterization of Molded Foams 210



2000   

1500 1 

        
1000 + 

500 + — 4 =. 
0.001 0.01 0.1 1 10 100 1000 

Log Time (min) 

Figure 4.43. Load relaxation behavior at 100°C-35%RH for the 2 pph water content 
foams as a function of the CPP used, (a) Fme2, (b) Fmc2 and (c) Fmo2. 
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percent decays were only slightly lower for these materials where the experimental CPPs 

were incorporated. 

A similar trend was observed at 30°C-98%RH as shown in Figs. 4.44 and 4.45 for 

the 4 pph water content foams and for the 2 pph water content foams respectively. In Fig. 

4.44, the load relaxation curves for Fmo4, Fmc4 and Fm e4 are presented. Once more, 

while the initial load was higher for Fmc4 over Fmo4, 1325g compared to 1135g, the 

percent decay was also higher, 43% compared to 34%, and the curves appear to “cross- 

over’ right at the three hour point. The 40% decay for Fme4 was slightly lower than that 

of Fmc4 again suggesting that the properties were improved. 

The relaxation curves of foams Fmo2, Fmc2, and Fme2 are shown in a similar 

manner in Fig. 4.45. Again, the materials with CPPs displayed both increased initial loads 

and increased percent decays. Also, of the two foams with CPPs, Fmc2 and Fme2, 

Fme2,which possesses the lower CPP surface functionality, displayed the lower percent 

decay. The values of initial loads were 1279g, 2026g, and 1987g for Fmo2, Fmc2, and 

Fme2, respectively while the percent decay values were 30%, 42%, and 37%, respectively. 

The greater percent decays observed at 30°C-98%RH dismisses the notion that the 

increased decay observed at 100°C is due to the proximity of this temperature to the Ty of 

the CPPs (ca. 120°C). In fact, this further supports the claim that principally hydrogen 

bonding may well be occurring primarily at the interface of the CPP dispersions since 

humidity as well as temperature can disrupt hydrogen bonding. In addition, this gives 

further support to the earlier solvent extraction results which showed that the percent 

extractables were higher for the CPP containing foams suggesting that these particles may 

not be covalently grafted to the soft phase to a great extent but may in part be only 

"interfaced" as a result of hydrogen bonding. 

Figure 4.46 illustrates the load relaxation behavior of foams Fmo4, Fmc4, and 

Fme4 at 100°C-98%RH. Here the initial loads were essentially the same but the percent 

decays were dramatically different. The initial loads were 1049g, 965g, and 979g for 
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Figure 4.44. _ Load relaxation behavior at 30°C-98%RH for the 4 pph water content 
foam as a function of the CPP used, (a) Fme4, (b) Fmc4 and (c) Fmo4. 
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Figure 4.45. —_ Load relaxation behavior at 30°C-98%RH for the 2 pph water content 
foams as a function of the CPP used, (a) Fme2, (b) Fmc2 and (c) Fmo?2. 
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Figure 4.46. —__ Load relaxation behavior at 100°C-98%RH for the 4 pph water content 
foam as a function of the CPP used, (a) Fme4, (b) Fmc4 and (c) Fmo4. 
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Fmo4, Fmc4, and Fme4 - within the experimental scatter based upon multiple runs. 

However, the percent decays were 51%, 70%, and 65% for the three foams respectively. 

Consistently, the percent decay increased for the CPP containing foams relative to the CPP- 

free foams and decreased for experimental foams relative to the control foams. The 2 pph 

water content foams, Fmo2, Fmc2, and Fme2 also displayed the same trend. Here, 

“cross-over” between Fmo2 and Fmc2 occurred early on as shown in Fig. 4.47. In fact, 

the initial loads are again within experimental error ranging from 1186g for Fmo2 to 1336g 

for Fme2. The percent decays in this case also followed the same trend; 45% for Fmo2, 

67% for Fmc2, and 63% for Fmez2. 

In general, the initial loads increased ca. 10% to 30% with the incorporation of 

CPPs but the percent decays also increased ca. 30% to 50%. It appears that the mechanism 

of relaxation is different for the materials containing CPPs than for the materials that do 

not. Although the CPPs increased the initial loads they also increased percent decays. As 

mentioned earlier, one possible explanation for this is that these rigid particles can act as 

stress concentrators leading to increased levels of localized stress and thus promoting 

greater relaxation. In addition, relaxation within these particles can occur resulting in 

accelerated relaxation although this is not believed to occur to a great extent. The different 

behavior and thus different mechanisms exhibited by the CPP containing foams correlates 

well with the compression load strain measurements. In summary, the CPP containing 

foams demonstrated higher loads (initially), greater hysteresis, and greater relaxation in a 

three hour period than the CPP lacking foams. 

Furthermore, the fact that either high temperatures or high humidities “plasticized” 

these CPP containing materials suggests that perhaps the accepted belief that the CPPs are 

tightly covalently grafted to the foam matrix may not be true. The slight improvement 

observed with the experimental CPPs may be due to a lower stress concentration effect and 

thus a lower localized stress effect. More importantly, the insensitivity of the observed 

trend to the stabilizer utilized further decreases the importance of its role in stabilization. 
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Figure 4.47. _ Load relaxation behavior at 100°C-98%RH for the 2 pph water content as 
a function of the CPP used, (a) Fme2, (b) Fmc2 and (c) Fmoz2. 
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4.6.1.3 Effect of Formulation - Water/TDI Content 

As the water/TDI content in the formulation is varied, the amount of evolved CO? 

also varied where more COQ? is produced with increased amounts of water/TDI which in 

turn lowers the final foam density. In addition, the increased water/TDI content increases 

the amount of hard segment content. The effect of water/TDI content on the load relaxation 

behavior of the molded foams without CPPs is shown in Fig. 4.48 (plotted for the 

conditions of 30°C-35%RH). The data show that Fmo2 is a stiffer foam than Fmo4 (due to 

its higher density). The initial load is ca. 10% greater than that of Fmo4 and the percent 

decay is ca. 8% lower. 

Figure 4.49 illustrates the effect of water/TDI content on the load relaxation 

behavior of the two molded foams containing CPPs - Fmc4 and Fmc2. Again the foam 

with the higher density displayed increased loads and a slightly decreased percent decay. 

The initial load was 2019g for Fmc4 and 2389g for Fmc2 and the percent decays were 36% 

and 32% for foams Fmc4 and Fmc?2, respectively. When the loads are normalized with 

respect to density so that the specific load is plotted, Fmc4 displayed stiffer behavior as 

shown in Fig. 4.50. The foam with the higher hard segment content displayed higher 

specific loads as expected. Similar behavior was observed with the other foams varying in 

water/TDI content, Fme4 and Fme2 and at all environmental conditions and thus are not 

shown here. 

4.6.2 Compression Creep 

In addition to load relaxation, the change in thickness of the foam samples under a 

constant load in compression was also of interest since it directly measures the foam shape 

under load and closely simulates realistic application conditions. It was also used to 
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Figure 4.48. —_ Load relaxation behavior at 30°C-35%RH of molded foams without the 
use of CPPs as a function of water/TDI content (or density), (a) Fmo2 
and (b) Fmo4. 
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Figure 4.49. _ Load relaxation behavior at 30°C-35%RH for the CPP containing molded 
foams as a function of water/TDI content (or density), (a) Fmc2 and (b) 
Fmc4. 

Characterization of Molded Foams 220



  2200 

2000 + 

1800 4 

1600 1 

1400 | 

(b) 
1200 + 

  

1000 +     800 + +— 4 
0.001 0.01 0.1 1 10 100 1000 

Time (min) 

  

Figure 4.50. Normalized load relaxation behavior at 30°C-35%RH for the CPP 
containing molded foams as a function of water/TDI content, (a) Fmc2 and 
(b) Fmc4. 
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compliment the load relaxation findings since both tests reflect viscoelastic behavior. The 

six molded foam samples were compressed under a constant load and investigated using 

the same environmental conditions applied in the load relaxation measurements. The 

approach practiced was very similar to that used by Moreland as well as Cambell.?9:89 In 

this case the applied load, 800g, was chosen to give an initial strain for low temperature, 

low humidity experiments of 0.2- 0.3. This value was chosen whereas it reflects the 

amount of strain that is normally observed in molded polyurethane foams used as 

automobile seats. The creep response was evaluated in terms of the formulation variables; 

copolymer polyols and water/TDI content in addition to specific environmental conditions. 

4.6.2.1 Effect of Temperature and Relative Humidity 

The creep response for Fmc4 under a constant load and varying temperature and/or 

humidity is shown in Fig. 4.51 and in tabular format in Table 4.17. As can be seen, a 

short induction period (ca. 6 sec.) is displayed at each environmental condition. 

Furthermore, this induction period slightly decreased with increasing temperature and/or 

humidity. Moreland observed similar behavior in evaluating conventional slabstock foams 

of water content greater than 2 pph and found this induction period to be insensitive to the 

water/TDI content and temperature. The exact origin of this induction is not known but is 

believed to be related to the CPP dispersion (in the molded foams) and the urea precipitates 

(in conventional slabstock foams). Recall from Chapter 2 that certain high water content 

slabstock foams exhibit another precipitate phase ca. 0.1-0.3 um in size. Interestingly, as 

will be shortly illustrated, the molded foams lacking the CPP dispersions did not exhibit 

this induction period while the CPP foams as well as the slabstock foams did. Further 

evidence of the origin of this induction period can be obtained from another study carried 

out by Moreland et. al. where LiCl was added to the foam formulation which was shown to 
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Figure 4.51. Creep response of Fmc4 as a function of temperature/relative humidity, (a) 
30°C-35%RH, (b)30°C-98%RH, (c) 50°C-35%RH, (d) 50°C-98%RH, (e) 
80°C-35%RH, (f)80°C-98%RH, (g) 100°C-35%RH (h) 100°C-98%RH. 
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Table 4.17. Summary of Creep Measurements on Fmc4 

  

Temp-%RH Std Dev. ! Init. Strain A Strain 

CC-%) (te) (Eo) (Ae) 
30-35 0.05 0.32 0.11 
50-35 0.05 0.33 0.12 
80-35 0.04 0.42 0.16 
100-35 0.01 0.43 0.19 
30-98 0.06 0.45 0.16 
50-98 0.03 0.53 0.15 
80-98 0.01 0.59 0.16 
100-98 0.03 0.58 0.19 

* Performed with a load of 800g. 
1. Based on two to three runs for each temperature and humidity. 

Characterization of Molded Foams 224



prevent formation of the precipitated urea based structures.’? This plasticizer was also 

shown to eliminate the induction period which had been observed in foams without LiCl. 

In addition to an induction period, Fig. 4.51 depicts that the effects of temperature 

and relative humidity on the creep behavior of these foams were similar to their effects on 

the load relaxation behavior, i.e. they had a "softening" effect. In this case, the initial strain 

as well as the additional three hour creep strain (amount of creep expressed in terms of 

strain) were recorded and are presented in Table 4.17. An increase in temperature and/or 

humidity resulted in increased initial strains and increased creep strains. This was 

especially true for temperatures greater than 50°C. At 30°C-35% RH, the initial strain was 

0.32 and the additional creep strain after three hours was 0.11. At 100°C-98% RH, the 

initial strain was 0.58 and the amount of additional strain was 0.19. As in the load 

relaxation measurements, the behavior at 30°C-98%RH was similar to that at 100°C- 

35%RH, eg. curves (b) and (g) in Fig. 4.51. Table 4.17 also reveals that the initial strains 

and creep Strains at these two conditions are similar. In general, increasing the temperature 

to 100°C or the humidity to 98%RH (from 30°C-35%RH) augmented both the initial strain 

and creep strain by ca. 50%. Increasing both the temperature and humidity resulted in an 

increase in both the initial strain and creep strain by ca. 100%. As with the load relaxation 

measurements, the high temperature results exhibited non-linear behavior. As discussed in 

the load relaxation section, the "plasticization" (increase in strain and creep strain) with 

temperature and humidity is primarily due to hydrogen bond dissruption thereby increasing 

the amount of chain slippage. The non-linearity observed at high temperatures, especially 

100°C, suggests that the relaxation mechanism is enhanced or an additional mechanism may 

be occurring. Here the amount of hydrogen bond disruption is dramatically increased. 

This further supports the conclusions from the load relaxation measurements that hydrogen 

bonding (predominately occurring within the hard segment domains) significantly enhances 

the foam properties. At elevated temperatures and/or humidities, these properties are 

severely impaired. 
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The creep behavior for Fmc2 is presented in Fig. 4.52. As with Fmc4, a 

"softening" effect is observed especially at temperatures greater than 50°C. Also, as in the 

load relaxation measurements, Fmc2 displayed stiffer behavior than Fmc4 - the loads were 

slightly lower as were the creep strains. Table 4.18 gives the initial strains and creep 

strains for the various environmental conditions as well as the scatter in the data. The initial 

strain at 30°C-35% RH was 0.21 with a creep strain of 0.08 resulting in a final strain of 

0.28. At 100°C-98% RH, these two values were 0.53 and 0.23. Also, major changes in 

the behavior (initial strain and creep strain) were observed with increases in temperature 

beyond 50°C (@ 35%RH). As can be seen an increase in either temperature or humidity 

softened the response significantly. Again curves (b) and (g) are in very close proximity 

emphasizing the strong influence of humidity. The initial strain increased by ca. 40% upon 

increasing the temperature above 30°C to 100°C. Likewise, at any given temperature, an 

increase in humidity from 35% to 98% resulted in a 40% - 60% increase in the initial strain. 

Again the creep response exhibited an induction period similar to that of Fmc4 which 

decreased in length with increasing temperature. 

The two foams, Fme4 and Fme2, exhibited very similar response when exposed to 

creep loading under various environmental conditions. The creep response of Fme4 is 

displayed in Fig. 4.53 and whose results are presented in Table 4.19. Both the initial 

Strains and the creep strains were in close proximity to those of Fmc4. The initial strain 

values ranged from 0.28 at 30°C-35%RH, to 0.47 at 100°C-98%RH. The creep strains 

were 0.11 at 30°C-35%RH and 0.17 at 100°C-98%RH. Also similar to Fmc4 was the 

decreasing trend displayed with the induction period. Again, humidity as well as 

temperature displayed an intense influence on the creep response of this foam. 

Foam Fme2 displayed a similar response to creep loading as foam Fmc2. Being of 

equal density, both displayed stiffer behavior than their corresponding 4 pph water 

counterparts. The creep response of Fme? is illustrated in Fig. 4.54 and presented in Table 

4.20. The two values, initial strain and creep strain, again increased with temperature 
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Figure 4.52. Creep response of Fmc2 as a function of temperature/relative humidity, (a) 
30°C-35%RH, (b)30°C-98%RH, (c) 50°C-35%RH, (d) 50°C-98%RH, (e) 
80°C-35%RH, (f)80°C-98%RH, (g) 100°C-35%RH (h) 100°C-98%RH. 
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Table 4.18. Summary of Creep Measurements on Fmc2 

  

Temp-%RH Std Dev. ! Init. Strain A Strain 

(C-%) (te) (Eo) (Ae) 
30-35 0.00 0.21 0.08 
50-35 0.01 0.23 0.10 
80-35 0.00 0.27 0.13 
100-35 0.01 0.36 0.24 
30-98 0.03 0.36 0.17 
50-98 0.01 0.35 0.17 
80-98 0.02 0.41 0.18 
100-98 0.01 0.53 0.23 

* Performed with a load of 800g. 
1. Based on two to three runs for each temperature and humidity. 
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Figure 4.53. Creep response of Fme4 as a function of temperature/relative humidity, (a) 
30°C-35%RH, (b)30°C-98%RH, (c) 50°C-35%RH, (d) 50°C-98%RH, (e) 
80°C-35%RH, (f)80°C-98%RH, (g) 100°C-35%RH (h) 100°C-98%RH. 
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Table 4.19. Summary of Creep Measurements on Fme4 

  

Temp-%RH Std Dev. ! Init. Strain A Strain 

CC-%) (+e) (€) (Ae) 
30-35 0.01 0.28 0.11 
50-35 0.02 0.34 0.11 
80-35 0.01 0.40 0.12 
100-35 0.04 0.45 0.19 
30-98 0.02 0.35 0.15 
50-98 0.04 0.51 0.14 
80-98 0.03 0.53 0.15 
100-98 0.01 0.47 0.17 

* Performed with a load of 800g. 
1. Based on two to three runs for each temperature and humidity. 
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Figure 4.54. Creep response of Fme2 as a function of temperature/relative humidity, (a) 
30°C-35%RH, (b)30°C-98%RH, (c) 50°C-35%RH, (d) 50°C-98%RH, (e) 
80°C-35%RH, (f)80°C-98%RH, (g) 100°C-35%RH (h) 100°C-98%RH. 
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Table 4.20. Summary of Creep Measurements on Fme2 

  

Temp-%RH Std Dev. 1 Init. Strain A Strain 

OCR) (te) (Eo) (Ae) 
30-35 0.03 0.22 0.07 
50-35 0.02 0.24 0.05 
80-35 0.01 0.28 0.12 
100-35 0.03 0.35 0.20 
30-98 0.01 0.31 0.13 
50-98 0.01 0.38 0.15 
80-98 0.02 0.36 0.13 
100-98 0.00 0.45 0.24 

* Performed with a load of 800g. 
1. Based on two to three runs for each temperature and humidity. 
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and/or humidity. The intial strain increased from 0.22 at 30°C-35%RH to 0.45 at 100°C- 

98%RH. The creep strain increased from 0.07 to 0.24, similar to Fmc2. Also similar to 

Fmc2 was that all curves displayed an induction period which decreased in time with 

increasing temperature. Again temperature and humidity "plasticized" the creep response 

indicating the susceptibility of hydrogen bonds to disruption by both. 

The creep response of Fmo4, the 4 pph water content foam lacking the inclusion of 

CPPs, is shown in Fig. 4.55. The trend is again very similar to that displayed previously 

with the other molded foams - that is as the temperature and/or humidity was increased, the 

initial strain as well as the creep strain increased. As can be seen, the creep response 

carried out at 100°C-35% was similar to that carried out at 30°C-98%RH, ie. compare 

curves (b) and (c) of Fig. 4.55. However, one major difference was observed; the 

induction period observed in the creep response of the previous four foams was not 

exhibited here by foam Fmo4. As can be seen in Fig. 4.55, the strain increased 

immediately following loading and increased 1n a fairly linear fashion. Table 4.21 gives the 

creep results in terms of initial strain and creep strain for the four conditions as well as the 

standard deviations and shows that the initial strain increased by 50% upon increasing the 

environmental condition from ambient to the most extreme conditions. Aside from the lack 

of an induction period, all other aspects of this behavior are similar to that of the previously 

discussed foams. 

Finally the response to creep loading of foam Fmo2 was investigated as well as its 

response to the various environmental conditions. The results are shown in Fig. 4.56 and 

presented in Table 4.22. As can be seen, both temperature and especially humidity 

“plasticized” the creep behavior. Table 4.22 reveals that the initial strain and creep strain 

increased by 25% - 50% going from ambient conditions to the extreme, highest 

temperature/humidity conditions. As with Fmo4, the creep curves lack an induction period 

as exhibited by all the foams containing the CPP particles. Here, the strain increased 
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Figure 4.55. Creep response of Fmo4 as a function of temperature/relative humidity, (a) 
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98%RH. 

Characterization of Molded Foams 234



Table 4.21. Summary of Creep Measurements on Fmo4 

  

Temp-%RH Std Dev. } Init. Strain A Strain 

CC-%) (+e) (Eo) (Ae) 
30-35 0.05 0.41 0.10 
100-35 0.01 0.55 0.09 
30-98 0.02 0.52 0.12 
100-98 0.02 0.67 0.10 

* Performed with a load of 800g. 
1. Based on two to three runs for each temperature and humidity. 
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Figure 4.56. Creep response of Fmo2 as a function of temperature/relative humidity, (a) 
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Table 4.22. Summary of Creep Measurements on Fmo2 

Temp-%RH Std Dev. ! Init. Strain A Strain 

OC-%) (te) (Eo) (Ae) 
30-35 0.05 0.39 0.09 
100-35 0.02 0.42 0.11 
30-98 0.02 0.45 0.12 
100-98 0.01 0.51 0.15 

Performed with a load of 800g. 
1. Based on two to three runs for each temperature and humidity. 
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immediatly following loading. However, the high temperature non-linearity exhibited by 

the formerly discussed foams was also exhibited here by Fmo2. 

Figure 4.57 more directly illustrates the effect of temperature at 35%RH on the 

initial strain for each foam. As clearly demonstrated, the initial strain systematically 

increased with each systematic increase in temperature for all foams. Likewise, the creep 

Strain or total amount of change in strain also increased with temperature as shown in Fig. 

4.58 where the creep Strain is plotted versus temperature for each foam. This was 

especially true with the CPP containing foams. The fact that both the initial strain and creep 

Strain were influenced by temperature and humidity strongly suggests that the foam 

behavior is dependent upon the solid polymer network of the foam and specifically that the 

physical network (HS domains) also plays an important role. Therefore long term behavior 

and dynamic fatigue of materials exposed to various environments depend on the 

characteristics of the HS domains. Hydrogen bonding which occurs predominately 

between carbonyl and NH groups within the HS domains has been shown to weaken with 

temperature and humidity thereby contributing less to any resistance to chain slippage. At 

elevated temperatures and humidites, the covalent network becomes more important. 

4.6.2.2 Effect of Copolymer Polyols 

The influence of the copolymer polyols (CPP) on the creep response was also 

investigated by varying only the CPP while maintaining all other formulation components 

constant. Such is the case in comparing foams Fmo4, Fmc4, and Fme4 whose creep 

response at 30°C-35%RH is displayed in Fig. 4.59. Both foams with CPPs, Fmc4 and 

Fmeé4 clearly displayed an induction period of ca. 6 sec. long while Fmo4 displayed no 

induction time. In addition, since the strains were lower, foams Fmc4 and Fme4 exhibited 

stiffer behavior than Fmo4. Recall that the inital strains for foams Fmo4, Fmc4 and Fme4 

were 0.41, 0.32, and 0.28, respectively. However, while the use of CPPs did indeed 
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improve initial foam "hardness" and even generated an induction period, they did not 

decrease the creep strains; in fact, these values were slightly greater than for the foams 

lacking CPPs. For example, the creep strains were 0.10, 0.11, and 0.11 for Fmo4, Fmc4 

and Fme4, respectively. Likewise, within the 2 pph water content foams, that varied in the 

type of CPP particle utilized, similar results were demonstrated as also shown in Fig. 4.59. 

The incorporation of CPPs resulted in both lower initial strains and induction periods but 

had very little change on the creep rate and thus the creep strain. The strain levels were 

reduced by ca. 25% - 50% giving rise to an apparent stiffer foam. The use of the 

experimental CPP which possessed both less surface stabilizer and lower functionality, did 

not significantly alter the creep response as compared to the conventional CPP foams. The 

initial loads were essentially the same although the creep strains were slightly lower at 30°C 

as well as at the other conditions. 

At 100°C-35%RH, the differences between the foams were accented even further 

specifically in creep strain behavior. Shown in Fig. 4.60 is the creep response of the six 

molded foams at this high temperature condition. Similar to the load relaxation results, the 

foams with CPPs displayed a much lower rate of creep and thus a much higher creep 

strain. The initial strains were again higher for the foams with CPPs, but the strain levels 

of these CPP containing materials surpassed those lacking CPPs. Here, the initial strains 

were 0.55, 0.43, and 0.45 for foams Fmo4, Fmc4 and Fme4, respectively. However, the 

creep strain values were 0.10, 0.19, and 0.19 for the same three foams respectively. As 

can be seen, the creep strain values for the CPP containing foams were almost twice as 

much as those without the CPP particles for the three hour period. This crossover of the 

strain levels between the CPP containing foams and those without CPPs occurred at ca. 80 

min. for the high density foams. From extrapolation of the curves, the 4 pph water content 

foams appear to be heading toward crossover shortly after completion of the three hour 

experiment. Although the exact reason for the higher creep strains displayed by foams 

Fmc4 and Fmc2 is not known, it is believed that thermal "plasticization" in the matrix 
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Creep response at 100°C-35%RH as a function of the CPP used and 
water/TDI content, (a) Fme2, (b) Fmc2, (c) Fme4, (d) Fmc4, (e) Fmo2, 
and (f) Fmo4. 
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polyol has led to greater creep and greater localized stress at the CPP-polyol interface. This 

stress concentration effect is thus promoting further chain slippage and increases in strain. 

In addition, creep may occur to a small extent within the CPP particles due to increased 

thermal mobility at this temperature which is close to the CPP Ty (ca. 125°C). As 

mentioned earlier, the strain on the soft phase is greater for the CPP containing foams due 

to the fact that a smaller fraction of soft segment is present to accommodate the applied 

load. Thus, the soft segment strains further for the CPP containing foams over the CPP 

lacking foams for a given total strain. Furthermore, secondary bonding such as hydrogen 

bonding is believed to exist at the interface which helps interface the particles to the soft 

phase. These secondary bonds may thereby be "plasticized" with temperture and/or 

humidity thus leading to furthur creep strain or increases in strain. This latter clain will be 

further considered in the next paragraph. Finally, the CPP containing foams consistently, 

exhibit a short induction period while the foams that do not contain this rigid filler do not 

exhibit an induction period suggesting that this induction period may be a consequence of 

the utilization of the CPP dispersed particles. However, this induction period decreased in 

length as the temperature was increased which may be a result of the hydrogen bond 

disruption associated with the CPP particles. 

Comparing the above foams at the conditions of 30°C-98%RH reveals similar 

behavior to those given in Fig.4.60. Shown in Fig. 4.61, the CPP containing foams 

exhibited lower initial strains (ca. 20% lower) but higher creep strains (ca. 50% greater). 

For example, the initial strain was 0.52 for Fmo4, 0.45 for Fmc4, and 0.35 for Fme4. 

The creep strain was 0.12, 0.16, and 0.15 for the three foams respectively. Likewise, for 

the 2 pph water content foams, the initial strains decreased while the creep strains increased 

following the same trend. Although the curves do not cross-over, the slopes do imply that 

eventually the strains of the CPP containing foams would surpass those of the foams that 

do not contain CPPs. The evidence here suggests that creep is not occurring to a great 

extent within the CPP particles at 100°C-35%RH which approaches the CPP Ty. This was 
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Figure 4.61. | Creep response at 30°C-98%RH as a function of the CPP used and 
water/TDI content, (a) Fme2, (b) Fmc2, (c) Fme4, (d) Fmc4, (e) Fmo2, 

and (f) Fmo4. 

Characterization of Molded Foams 245



concluded based on the similarity between the behavior at 30°C-98%RH and 100°C- 

35%RH. The creep strains were only slightly greater at 100°C-98%RH. Therefore, this 

"plasticization" or softening that was observed with both temperature and humidity is 

evidence supporting the claim that a significant degree of hydrogen bonding must exist at 

the interface of the partcles and the base poyol. Again, the experimental CPP foams 

exhibited slightly improved behavior over the control CPP foams. This latter observation 

is further support that the covalent grafting may have less of an impact than hydrogen 

bonding since very little difference is observed with the major change in the stabilizer. 

At 100°C-98%RH, the behavior exhibited by the six foams was very similar to that 

at the previous conditions as well as that observed in the load relaxation measurements. 

Recall that in the load relaxation measurements, the initial loads of the CPP containing 

foams and those without the particles (of equal water content) were essentially the same but 

decayed much more for the CPP containing foams. In the creep experiments shown in Fig. 

4.62, while the initial strains of the CPP free foams are higher than the CPP containing 

foams, the creep strains surpass those of the CPP free foams within a 10 min to 100 min 

period. For example, the creep strain for Fmo4 was 0.10 while for Fmc4 the creep strain 

was 0.19. Again, the 2 pph water content foams portrayed the same trend. The trend of 

increasing creep strain in a three hour period with the incorporation of CPPs is consistent 

with previous results. 

The results from the above experiments further confirms the findings of the load 

relaxation measurements where the incorporation of CPPs increased the foam stiffness by 

producing lower strains. While this was an initial goal (increase in ILD), the increase in the 

time dependent strain that accompanied this was definitely unexpected. Not only were the 

strain levels greater, but at elevated temperatures or humidities the strain levels of the CPP 

containing foams surpassed those of the foams lacking CPPs! This is clearly evident in 

Fig. 4.58 where the amount creep of each foam is plotted as a function of temperature 

which show dramatic increases at high temperatures and humidities. Again, the origin of 
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this trend is believed to mainly lie in the particle-base polyol interface. The CPP particles, 

being rigid, are believed to act as stress concentrators thereby increasing the localized stress 

and eventually leading to increased strain. It is also believed that the particles exhibit 

hydrogen bonding at the interface. Thus, as discussed, these hydrogen bonds are 

dissrupted by high tempertures and high humidity levels leading to furthur increases in the 

creep as well as load strains. Comparing the two foams incorporating CPPs revealed that 

the two foams with the experimental CPPs displayed slightly lower creep strains than those 

with the conventional CPPs. This is also well illustrated in Fig 4.58 which shows the 

change in strain for all six foams at the various temperatures. 

4.6.2.3 Effect of Water/TDI Content 

The influence of the water/TDI content on the creep behavior can also be 

investigated using Figs. 4.59 through 4.62. An increase in the water/TDI content resulted 

in more blowing and therefore a lower density. Similar to the load relaxation 

measurements, this also led to higher strains or softer foams. Recall that Gibson and 

Ashby determined that an open cell foam's modulus generally scales in proportion to 

density squared and thus it is no surprise that the lower density foams exhibited higher 

Strains. Comparing the two foams without CPP's, Fmo4 and Fmo2, revealed that at 30°C- 

35%RH, the 4 pph water content foam had an initial strain of 0.42 while the 2 pph water 

foam displayed an initial strain of 0.39. Ata humidity of 98% the trend was the same. In 

each case, the strain at any creep time was higher for the lower density foam. 

The trend was the same for the CPP containing molded foams as illustrated in Figs. 

4.59 through 4.62. In each case the higher water content foam exhibited strain values at 

any given Strain ca. 15% to 60% higher (depending on temperature) than the low water 

content counterpart. For example, at low humidities the initial strain for the 4 pph water 

content foams (2 1b/ft3) displayed strains ca. 30% to 60% higher than the 2 pph water 
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content foams (3 1b/ft3) while at high humidities, the displayed strains of the 4 pph water 

content foams were ca. 10% to 50% higher than the 2 pph water content foams. In 

addition, the creep strains were different. Interestingly, the 4 pph water content foams 

displayed lower creep strains over the 2 pph water content foams (ca. 6% to 30% lower) at 

98%RH whereas at 35% relative humidity these same 4 pph water content foams displayed 

increased creep strains (15% to 60%) relative to the higher density 2 pph water content 

foams. It appears that the increased hard segment content in the higher water/TDI content 

foams acts as to inhibit creep strain at high relative humidites compared to the lower hard 

segment content foams. 

4.6.3 Compression Set 

The compression set property of polyurethane foams used as load bearing materials 

may be the single most important property. Compression set is not only a direct measure 

of the thickness loss and recoverability of the foam, but is also sensitive to the foam's 

morphology and network structure. As with the previous viscoelastic measurements, this 

property was evaluated in terms the specific formulation variables as well as the 

environmental conditions. 

4.6.3.1 Effect of Temperature and Relative Humidity on Compression Set 

The compression set behavior as a function of temperature and humidity of the 

molded foams are presented in Table 4.23. As the temperature or humidity was increased, 

the compression set also increased - especially with temperature. For example, foam Fmc4 

displayed only a small compression set of ca. 2% after a 65% compression at 30°C- 

35%RH for three hours. When the relative humidity was increased to 98%, the 

compression set increased to ca. 9%. This increase in the amount of set is mostly a result 
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Table 4.23. Compresssion Set and Recovery Results 

  

  

Percent Compression Set 
  

  

  

  

    

Days after CS Fmo4 Fmo2 Fmc2 Conv. 4 pph Slab. 

0 63.0+0.1 | 62.040.2 | 63.2+0.1 > 2+1.6 
22 61.340. 1 5+1.0 

after 1 hr @ 100°C 60.2+0.1 5 9+0.3 
70 62.1+£0.2 

after 1 hr @ 100°C 61.8+0.2 
89 62.9+0.1 

after 1 hr @ 100°C 61.2+0.2             
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of increased hydrogen bond dissruption by the increased humidity. Thermal 

“plasticization" of the hydrogen bonding was enhanced when the temperature was 

increased to 100°C (at 35% RH) resulting in a dramatic increase in the compression Set to 

59%. Furthermore, at both high temperature and high humidity, 100°C-98%RH, the 

compression set was even greater, 64%. The trend was the same for the other CPP 

containing foams. The foams free of the CPP particles however exhibited severe 

compression sets only at 100°C-98%. At 100°C-35%RH, the compression sets were only 

ca. 10% for both Fmo4 and Fmo2. In general the primary mechanism driving compression 

set is the same as that for load relaxation and creep and as the temperature and/or humidity 

is increased, the amount of hydrogen bond dissruption is also increased. 

4.6.3.2 Effect of Copolymer Polyols 

While the influence of copolymer polyols on the compression set behavior is minor 

in most conditions, they did display a major influence at 100°C-35%RH where the 

materials with CPPs displayed higher compression sets. Comparing foam Fmo4 to Fmc4 

reveals that the compression set of Fmc4 was greater than that of Fmo4 at all conditions but 

especially at 100°C-35%RH. For example, at 30°C-35%RH, Fmo4 displayed a 

compression set of 1.7% while Fmc4 displayed a compression set of 2.5%. However, at 

100°C-35%RH, Fmo4 displayed a compression set of ca. 11% while Fmc4 displayed a 

compression set of ca. 59% - a significanty higher value. Even at 30°C-98%RH, the 

compression set exhibited by Fmc4 was considerably higher than that of Fmo4 - 10% 

compared to 4% respectively. The particulates acting as stress concentrators promote 

greater relaxation and chain slippage as with load relaxation. Since it is principally the soft 

segment that strains further for a given overall strain, the amount of relaxation that occurs is 

more severe which can in turn result in the disruption of secondary bonds and lead to 

further chain slippage. Hydrogen bond disruption is believed to occur also with increases 
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in temperature or humidity with bonds specifically existing at the interface between the CPP 

particles and the surrounding soft segment which otherwise would not exist in the foams 

lacking the particulates. In addition, a small degree of chain slippage and flow may occur 

within the CPPs due to the proximity of this temperature to the Ty of these dispersions. A 

Similar trend was displayed by the 2 pph water content foams, comparing foams both with 

and without CPPs. With respect to the experimental copolymer polyol foams, the 

compression set displayed by these foams was essentially the same as that displayed by the 

conventional CPP containing foams. Thus, while the experimental CPP containing foams 

displaced slightly lower compression sets, the differences in compression set were 

insignificant. As demonstrated earlier with load relaxation and creep and now with 

compression set, the time-dependent properties of the foams are diminished with the 

incorporation of the CPP particles. 

4.6.3.3 Effect of Water/TDI content 

The amount of water/TDI in the formulation and thus hard segment content and 

density, appeared to have little influence on compression set. Within each of the three sets 

of foams, the one with the lower water/TDI content displayed slighter lower compression 

sets. For example, comparing Fmc2 to Fmc4 reveals that at each environmental condition, 

Fmc2 exhibited a lower compression set. At 30°C-35%RH, the compression sets were ca. 

1% and ca. 2% for foams Fmc2 and Fmc4, respectively. At 100°C-35%RH, these values 

were 5% and 9% for Fmc2 and Fmc4, respectively. The greater compression set exhibited 

by Fmc4 is a result of an increase in the amount of hydrogen bonds emerging from a 

greater water/TDI content and thus more hard segments. A similar trend was observed 

amongst the other foams varying in the water/TDI content. 

4.6.3.4 Compression Set Recoverability 
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To further evaluate to foam network, physical and covalent, the foams retaining the 

greatest amount of compresssion set were subjected to thermal treatment at 100°C for one 

hour. The temperature of 100°C was chosen in view of earlier work and work by others 

which showed that severe hydrogen disruption occurs at this temperature.79.97 This was 

carried out to disrupt the newly formed hydrogen bonding (following the compression set 

treatment) which aided in maintaining the foam in a compressed state and thus allow for the 

covalent cross-links to induce recovery of the set. This treatment was also applied to a 4 

pph water content conventioal slabstock foam for later comparison. As can be seen in 

Table. 4.23, the compression set of this slabstock foam (ca. 15% after compression at 

100°C-98%RH for three hours) decreased at ambient conditions and further decreased after 

the 100°C treatment (to a final value of ca. 6%). The molded foams, however, did not 

exhibit any recovery. Also shown in Table 4.23 is the compression set recovery of specific 

molded foams such as Fmc?2 as a function of time (up to ca. three months) and after 

treatment at 100°C for one hour. Again, all the molded foams displayed essentially no 

recovery. These dramatic differences are clearly a result of differences in the solid 

morphology and/or covalent network content of the foams. Specifically the morphology as 

was shown earlier with WAXS and FTIR supplying evidence that the HS domains were 

much more ordered for the conventional slabstock foams than the molded foams. The 

more disordered HS domains allow for greater disruption and chain slippage thereby 

making reversal of the compression set difficult. The compression set results strongly 

compliment the other viscoelastic measurements as well as their response to high 

temperatures and humidities. 

4.7 Characterization of Foams Made With Diethanolamine 
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AS mentioned early in the molded foam section, one important formulation 

ingredient utilized in the production of molded foams is diethanolamine (DEOA). Recall, 

this is primarily used to increase the level of covalent cross-linking in a relatively short 

amount of time so that the foam can achieve sufficient strength early and decrease demold 

times without foam collapse. In an attempt to understand the influence of DEOA on the 

morphology and properties, two sets of foams were prepared in a box-foaming process 

which is the method used in slabstock formulations. One series incorporated traditional 

molded foam polyols (5000 molecular weight EO capped polyols providing ca. 20% 

primary hydroxyl groups) and another series utilized typical polyols (3000 molecular 

weight all PO providing all secondary hydroxyl groups) found in conventional slabstock. 

The latter series of foams was formulated to delineate the effects of the EO capping (and 

thus the primary hydroxyl content) which has been reported to promote reagent 

compatibility. While the higher molecular weight would favor greater phase separation, the 

EO capping promotes some phase mixing. In addition to compatiblizing hard and soft 

segments, EO capping is also known to be more hydrophilic than PO. It was of interest, 

based on the correlation between HS ordering and viscoelastic response, to evaluate the 

correlation (if any exists) between DEOA and HS ordering. 

4.7.1 Influence of Diethanol Amine on Structure and Properties 

In view of the growing trend to use cross-linking additives such as DEOA, foams 

were produced where the DEOA content was systematically varied. These foams were then 

analyzed in terms of structure. The formulations used for this series of model polyurethane 

foams are shown in Table 3.3A. As can be seen, the DEOA content was varied from 0 pph 

to 2 pph. The 0 pph DEOA and 2 pph DEOA content foams were evaluated which 

encompassed the processing latitude utilized in production. Note that while these seem to 

be only a small amount by weight, because of the low molecular weight of DEOA, 2 pph 
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provides roughly the same amount of functional groups as about 100 pph of the triol! This 

can quickly increase the amount of covalent cross-linking as will be shown. Furthermore, 

it should also be pointed out that 2 pph DEOA is slightly beyond the amount used (ca. 1 - 

1.5) by foam formulators but was intentionally chosen here to emphasize the influences. 

The fact that 2 pph is slightly beyond the optimum amount will be made evident in this 

section. The areas of interest that will now be addressed with respect to the influence 

DEOA are the cellular structure, fine microstructure including phase segregation as well as 

HS structural order and finally, the mechanical behavior. 

4.7.1.1 Influence on Cellular Structure 

The cellular structure of these foams was studied using scanning electron 

microscopy and indirectly using airflow measurements. The cellular structure of foam 

FeD-0 is shown in Fig. 4.63 which shows a structure typical of a polyurethane foam. 

Recall that the "e" denotes polyethylene oxide which endcapped the polypropylene oxide 

polyol. With the exception of a few closed windows, the foam appears to be an open- 

celled foam. Comparing this foam to foam FeD-2, shown in Fig. 4.64 reveals that the 2 

pph DEOA content added resulted in an extremely high number of closed windows. 

Airflow measurements that were carried out also reflected this. The airflow measurement 

of foam FeD-0 was ca. 5.0 ft3/min. The airflow of foam FeD-2 was ca. 0.4 ft3/min., 

much lower suggesting that indeed many more cell windows are still in tact in this foam. 

The closed and larger cells are a consequence of cross-linking occurring prematurely before 

maximum bubble growth which prevents the rupture of the cells. The additional cross- 

linking provided by the DEOA over-stabilizes the cell walls thus preventing rupture when 

growing bubbles impede. 

4.7.1.2 Influence on Fine Structure 
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Figure 4.63. Scanning electron micrographs of foam FeD-0 shown both (a) parallel to 

the rise direction and (b) perpendicular to the rise direction. 
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Figure 4.64. Scanning electron micrographs of foam FeD-2 shown both (a) parallel to 

the rise direction and (b) perpendicular to the rise direction. 
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Jn an attempt to determine whether DEOA had any influence on the fine structure of 

these foams, transmission electron micrographs were taken of the foams in this series and 

are presented in Fig. 4.65 where micrograph (a) shows the structure of FeD-0 at a 

magnification of 69.6Kx and micrograph (b) shows the structure of FeD-2 at the same 

magnification. As can be seen, both micrographs show a similar texture with essentially no 

differences between them. 

4.7.1.3 Influence of DEOA on Solvent Extraction Behavior 

Solvent extractions using DMF were carried out to evaluate the amount of covalent 

cross-linking as a function of DEOA content. Table 4.24 presents the results of this 

treatment which clearly show that the amount of covalent cross-linking is increasing with 

increasing DEOA content. The amount of extractables decreased from 18.5% for FeD-0 to 

6.5% for FeD-2. This further verifies that the resultant cellular structure is principally a 

result of altering the covalent network. 

4.7.1.4 Influence of DEOA on Microphase Separation 

The microphase separation as a function of DEOA content was evaluated in view of 

the well documented influence of cross-linking affecting the phase behavior of segmented 

materials, in general, promoting phase mixing.26 Both thermal analysis and x-ray 

scattering were used to ascertain the amount of phase-separation and structural order of the 

HS domains. 

4.7.1.4a Thermal Analysis 
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Figure 4.65. Transmission electron micrographs of foam (a) FeD-0 and (b) FeD-2 at a 
magnification of 69.6kx. 
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Table. 4.24. Solvent Extraction Results for EO Capped Foams Varying in 
DEOA Content 

  

  

  

  

Foam 1 Sol Fraction (%) 
FeD-0 i 18.5 
FeD-2 1 6.5     
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Differential Scanning Calorimetry (DSC) was utilized to follow the soft segment Tg, 

as a function of DEOA content. The first heating scans of each foam are shown in Fig 4.66 

and second heating scans are shown in Fig. 4.67. As with the molded foams discussed 

earlier, the first heating scans displayed a broad endotherm which was previously 

suggested to be associated with the evaporation of absorbed water. The Ty of the soft 

segment for each foam was ca. -57°C and was unaltered by DEOA content. The dynamic 

mechanical behavior (DMA) revealed the same information. The soft segment Ty 

determined from DMA was also ca. -57°C and insensitive to DEOA content as is shown in 

Fig. 4.68. Overall, DMA analysis suggested that the influence of DEOA content on the 

soft segment T, and storage modulus was minimal. 

4.7.1.4b Small Angle X-ray Scattering 

Small angle x-ray scattering (SAXS) was undertaken to more directly evaluate the 

microphase separation and the influence of the DEOA content on this behavior. The SAXS 

data for the two foams are presented in Fig. 4.69 which is a plot of the normalized smeared 

intensity as a function of an angular variable s defined as s = 2sin6/A. The average 

interdomain spacing was not determined due to the fact that a sharp peak is not displayed 

but rather only a weak shoulder. As can be seen, the overall measured intensity of the 

FeD-2 was lower than that of FeD-0. In this case, the HS content is constant and therefore 

the difference in intensity over all angles suggests that phase-mixing was promoted by the 

increased cross-linking brought about by the higher DEOA content. More accurately, the 

increased cross-linking prevented phase separation from occurring to the extent it occurs in 

foam FeD-0. This was concluded based on the simplified interpretation of the invariant 

which for an ideal two phase system with sharp boundaries is given as 

Ap ~ 9,2,[P, -p,} 4.1 
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Figure 4.66. DSC thermograms of the first heating cycles of (a) FeD-0 and (b) FeD-2. 
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Figure 4.67. DSC thermograms of the second heating cycles of (a) FeD-0 and (b) FeD-2. 
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Figure 4.68. Influence of the DEOA content on the Tan Delta peak of the molded foams: 
(a) FeD-0 and (b) FeD-2. 
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Figure 4.69. SAXS profiles of (a) FeD-0, (b) FeD-2 illustrating the influence of the 
DEOA content on the microphase separation. 
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where $; and 2 are the volume fractions of each phase and [p1—p2] is the electron density 

difference between the two phases. Thus, the invariant achieves a maximum for a 50/50 

mixture (assuming the electron density difference does not change) of each phase and 

decreases as the volume fraction deviates from 50/50. Experimentally, the invariant is 

determined by an integration of the intensity times the scattering vector squared 

——2 _ 2 “ 2 
Ap =I, I(s)s*ds 

where again s is the scattering vector and I(s) is the scattered intensity. Therefore, by 

taking a ratio of the experimentally determined and theoretically calculated invariants, a 

qualitative estimate of phase separation could in principle be obtained. Before 

determination of the invariant, various corrections are necessary including zero angle 

extrapolation, and background removal must be also carried out. Although the analysis 

was not undertaken, the different intensities of each foam shown in Fig. 4.69 suggest that 

the invariant is higher for foam FeD-0 and that even though the HS content is the same for 

both foams (equal water/TDI contents), more hard segments are solublized within the soft 

phase rather than in the HS domains. Although not evident in the thermal analysis, the 

SAXS results suggest that the microphase separation is influenced by the DEOA content 

and the extent of which decreases with increasing DEOA content. The reasons why no 

influence on the soft segment Tg were observed are not known but there are other factors 

involved in these systems which influence the phase behavior such as polyol molecular 

weight, polyol functionality and the polyethylene oxide endcapping that was used. 

4.7.1.4¢c Wide Angle X-ray Scattering 

In addition to SAXS and more importantly, wide angle x-ray scattering (WAXS) 

was carried out to ascertain the HS short range ordering. Figure 4.70 illustrates the 
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Figure 4.70. WAXS patterns illustrating the influence of DEOA content on the short 

range ordering of the HS domains: (a) FeD-0, (b) FeD-1 and (c) FeD-2. 
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scattering patterns of foams FeD-0, FeD-1 and FeD-2. As can be seen, along with a broad 

amorphous halo each pattern shows the presence of two relatively sharp rings which is 

indicative of short range or paracrystalline ordering. The origin and meaning of these rings 

has already been discussed but in short relates to the local packing order of the hard 

segments. Also evident in Fig. 4.70 is that the sharpness of these rings distinctly decreases 

as the DEOA content is increased suggesting that this ordering is also decreased. The 

differences are clearly evident where the DEOA included in FeD-2 has drastically disrupted 

the ordering of the HS domains. The sharp rings of Foam FeD-0 shown in Fig. 4.70a 

become much more diffuse for FeD-2 as shown in Fig. 4.70c. The results are systematic 

where, with each increase in DEOA content, a subsequent decrease in HS ordering results 

as evidenced by the decreasing sharpness of the two rings. This evidence suggests that 

while DEOA increases the level of cross-linking, it also disrupts the hard segment ordering 

as suggested earlier. As discussed earlier in the molded foam section, this can allow for the 

easier "plasticization" by heat and humidity thereby making these domains more labile at 

these elevated conditions. The rapid cross-linking that results with the addition of DEOA 

makes it more difficult for the urea segments to associate (through diffusion) and to pack 

and form multiple bidentate hydrogen bonds with other hard segments thereby limiting 

perfection of the hard segment domain development. 

4.7.1.4d Founter Transform Infrared 

To further verify the WAXS results, fourier transform infrared (FTIR) was carried 

out which also showed that the influence of DEOA on the structural order of the HS 

domains was one of a disrupting nature. The FTIR spectral profiles of foams FeD-0 and 

FeD-2 are shown in Fig. 4.71 which displays absorbances in the carbonyl region. Evident 

here is that the well ordered bidentate absorbance centered at 1640 cm-! decreased 

significantly by the inclusion of 2 pph DEOA. Again, this strongly supports the evidence 
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Figure 4.71. Influence of DEOA content on bidentate absorbance in the FTIR spectra of 
foams (a) FeD-0 and (b) FeD-2. 
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acquired in the WAXS analysis that DEOA does prevent the perfection of the HS domains 

or physical "cross-links". Furthermore, the results are in good agreement with those 

presented by McClusky in which the urea band was followed with time for two foams, one 

with DEOA and one without. The foam containing DEOA did not show evidence of a 

bidentate peak while the foam lacking DEOA displayed a sharp bidentate peak developed 

ca. 105 sec. following pour.39 

4.7.1.5 Load Relaxation Behavior 

Finally, the influence of DEOA on the physical properties, specifically the load 

relaxation behavior, was also of interest. The load relaxation behavior of FeD-0 as a 

function of temperature and humidity is presented in Fig.4.72a and that of FeD-2 in Fig. 

4.72b. Similar to the behavior of the molded foams presented earlier, both temperature and 

humidity "plasticized" this behavior shifting the curves to lower loads with increases in 

either. The initial loads for FeD-0 are in the range of ca. 3000g to 2300g depending on the 

conditions. The percent decays for this foam are ca. 21%. The load relaxation behavior of 

FeD-2 drastically differs from that of FeD-0. FeD-2 displayed much higher initial loads, 

ca. 4700g, but also greater percent decays which are a direct consequence of the numerous 

closed cells possessed by this foam. The higher compression loads are due to pressure 

from the trapped gas contained within the bubbles. In addition, the cell membranes may 

also contribute somewhat to the foam stiffness. The gas encapsulated then diffuses out as a 

load is applied which leads to significant decay of this load. Rupturing of the cell 

membranes is also occurring especially during the high rate of loading, all of which results 

in greater decay in load. The percent decays in three hours were ca. 75% where the loads 

decreased to as low as 500g. Both foams were compared on one plot shown in Fig. 4.73. 

Regardless of the environmental condition, within 6 sec. the load exhibited by FeD-2 

which was initialy significantly higher than that of FeD-0, decayed to a value below that of 
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Figure 4.72. _—_ Influence of temperature and relative humidity on the load relaxation 

behavior of (A) FeD-0 and (B) FeD-2. In each figure the letters 
designate the following conditions: (a) 30°C-35%RH, (b) 30°C-98%RH, 
(c) 100°C-35%RH, and (d) 100°C-98%RH. 
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Figure 4.73. Influence of the DEOA content on the load relaxation behavior at (A) 
30°C-35%RH, and (B) 100°C-98%RH. In each figure the letters 
designate: (a) FeD-O and (b) FeD-2. 
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FeD-0. As mentioned above, the mechanisms are clearly different and thus the influence of 

DEOA could not be accurately deciphered. 

4.7.2 Influence of Diethanol Amine on Structure and Properties of Foams Made with a 

3000 MW All PO Polyol 

As mentioned at the beginning of this section, two series of foams were produced 

where the only significant difference between them was the polyol used. Again, the first 

series which was just discussed consisted of a 5000 molecular weight EO capped polyol. 

The other series which will now be discussed utilized a 3000 molecular weight PO triol 

which provided all secondary hydroxyls as presented in Table 3.3B. The second model 

series allows for the evaluation of DEOA irrespective of the effects of the EO capping. 

Furthermore, qualitative evaluation of the effects of the EO capping can be obtained by 

comparing general features of each series of foams. The appropriate measurements were 

then undertaken as in the previous section to evaluate these materials in terms of their 

structure, morphology, and properties. As with the previous series, the investigation 

began with SEM to evaluate the influence of DEOA content on the cellular structure. 

4.7.2.1 Influence on Cellular Structure 

The cellular structure of these foams was studied using SEM and airflow 

measurements. The cellular structure of foam FD-0 is shown in Fig. 4.74 both parallel and 

perpendicular to the rise direction depicting the geometric anisotropy. As can be seen, this 

foam has an unusually large number of closed windows. This is most likely a result of the 

relatively high amount of gelling catalyst used which results in an improper balance 

between blowing and gelling and ultimately a greater number of closed cells. Comparing 

these micrographs to those of foam FD-0.5, shown in Fig. 4.75 also reveals a relatively 
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Figure 4.74. Scanning electron micrographs of foam FD-0 shown both (a) parallel to 

the rise direction and (b) perpendicular to the rise direction. 
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Figure 4.75. Scanning electron micrographs of foam FD-0.5 shown both (a) parallel to 

the rise direction and (b) perpendicular to the rise direction. 
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high amount of closed windows. Again, the geometric anisotropy is clearly evident where 

parallel to the rise direction, Fig. 4.75a, the cells appear circular and perpendicular to rise 

direction, Fig. 4.75b, they appear ellipsoidal. Based on the micrographs both foams 

appear similar in cell-openness and size. The airflow data, however, suggest otherwise. 

The measured airflow of FD-0 was ca. 5.0 ft3/min. and that of FD-0.5 was 0.2 ft3/min. 

suggesting that FD-0.5 has considerably many more closed windows and that the 

continuous flow of air through the foam is hindered. In the case where the DEOA content 

was increased to 1.0 pph, the result was severe foam shrinkage due to the cooling and thus 

contraction of the entrapped gas within the closed cells whose cell window membranes 

have significantly increased in strength by the additional DEOA. The resultant cellular 

Structure is shown in Fig. 4.76 which clearly shows a severely altered structure. Although 

the foams still display a geometric anisotropy, the cells nowhere near display the 

polyhedron cellular structure typical of polyurethane foams. 

4.7.2.2 Influence on Fine Structure 

Transmission electron microscopy (TEM) was carried out to observe the presence 

of any influences on the fine structure of these foams as a function of DEOA content. In 

addition, based on reports of the presence of what are referred to as urea precipitate or 

aggregate structures in all PO high water content foams, it was desired to determine 

whether these structures would be observed in this series of foams, and furthermore 

whether DEOA had any influence on them. As stated in Chapter 2, these precipitates were 

observed by Armstead for foams of at least 4 pph water content. Moreland also observed a 

similar morphology and added that the geometry or structure of these aggregates is possibly 

more lamellar-like than spherical as based on infrared dichroism - orientation studies.’9 

The TEM of foam FD-O is presented in Fig. 4.77 and that of FD-0.5 is shown in 

Fig. 4.78. Both figures display the appearance of large electron dense regions unlike those 
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Figure 4.76. Scanning electron micrographs of foam FD-1 shown both (a) parallel to 

the rise direction and (b) perpendicular to the rise direction. 
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Figure 4.77. Transmission electron micrographs of foam FD-0 at a magnification of 

54kx. 
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Figure 4.78. Transmission electron micrographs of foam FD-0.5 at a magnification of 

54kx. 
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exhibited by either of the EO capped foams, FeD-0 or FeD-2, which are shown in Fig. 

4.65. The dark regions in Figs. 4.77 and 4.78 range in size from 100 - 150 nm and are 

believed to urea-rich precipitates or urea aggregates in a continuous soft phase. These are 

believed to be the same structures which have been observed by others in high water 

content conventional slabstock foams.33,79 Upon comparing the micrograph of FD-0 to 

that of FD-0.5, it appears that the urea aggregates are more discrete with higher contrast in 

foam FD-0 where in FD-0.5 they appear somewhat gray and slightly larger. This may be a 

result of this area consisting of a mixed morphology which is still urea rich but now having 

more soft segment mixed in. 

4.7.2.3 Influence of DEOA on Solvent Extraction Behavior 

As with the EO capped foams varying in DEOA content, the direct influence of 

DEOA content on the covalent network of all PO foams was also of interest. Therefore, 

solvent extractions in DMF were carried out to evaluated the amount of covalent cross- 

linking as a function of DEOA content. Table 4.25 presents the results of this treatment 

which confirm that the amount of covalent cross-linking is distinctly increased with 

increasing DEOA content. The amount of extractables decreased from 7.8% for FD-0 to 

5.7% for FD-0.5, to 3.2% For FD-1.5. Clearly, the amount of material secured within the 

network is increasing with increasing DEOA. Not surprising, these results as well as those 

presented in the previous section depict how a small amount of DEOA (by weight) results 

in dramatic differences in the covalent network. Recall that because of the low molecular 

weight of this additive, relative to the polyol, even a small amount on a weight basis cross- 

linking sites provides for many functional groups. 

4.7.2.4 Influence of DEOA on Microphase Separation 
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As it was shown that DEOA influenced the phase behavior in the previous section 

with the FeD-x series, its effect on the phase behavior of this series of foams followed a 

similar trend. The usual techniques discussed throughout this chapter were administered to 

ascertain the influence of DEOA on phase-separation and structural order of the HS 

domains. 

4.7.2.4a Thermal Analysis 

Dynamic Mechanical Analysis (DMA) was applied to follow the soft segment Ty, as 

a function of DEOA content with the intention to qualitatively relate it to the level of phase 

separation. The tan delta curves of the three foams FD-0, FD-0.5 and FD-1 are shown in 

Fig. 4.79. Here, the Ty of the soft segment slightly increased with increasing DEOA 

content increasing from -48°C for FD-0 to -45°C for FD-1. Although subtle, the results 

indicate that the soft segment Ty is increasing due to more hard segments being "locked" 

within the soft segment phase thereby preventing their association within the hard segment 

domains. It is not clear why in this foam series, altering the DEOA content does have an 

impact on the soft segment Ty while in the previous series it did not. Speculation only 

leads to the different polyols where in addition to a lower molecular weight, this series 

possessed an all PO system. The storage modulus which is shown in Fig. 4.80 was also 

influenced by the DEOA content. While no difference was displayed between foams FD-0 

and FD-0.5, foam FD-1 exhibited a modulus ca. a half order of magnitude greater than the 

other two. Although the increased covalent network undoubtedly had an impact, the higher 

modulus of foam FD-1 also reflects the dramatic difference in cellular structure (and 

inherently density) demonstrated by this foam earlier using SEM. 

4.7.2.4b Wide Angle X-ray Scattering 
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Figure 4.79. Influence of DEOA content on the Tan Delta peak of foams (a) FD-0, (b) 
FD-0.5 and (c) FD-1. 
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Figure 4.80. Influence of DEOA content on the storage modulus of foams (a) FD-0, (b) 
FD-0.5 and (c) FD-1. 
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Wide angle x-ray scattering (WAXS) was carried out to ascertain the short range 

ordering and the influence of DEOA content on this local packing order of the hard 

segments within this series of foams. Figure 4.81 illustrates the WAXS patterns of the 

foams FD-0 and FD-0.5, and FD-1. Again, in addition to the amorphous halo, two 

relatively sharp rings (indicating localized packing order) are displayed. As with the 

previous series of foams, increasing the DEOA content disrupted the ordering of the HS 

domains as denoted by the subtle decrease in ring sharpness especially with FD-1. The 

sharp rings displayed by FD-0 shown in Fig. 4.81a have become slightly more diffuse for 

FD-0.5 as shown in Fig. 4.81b and even more diffuse for FD-1, shown in Fig. 4.81c. 

Clearly, this evidence confirms the earlier results that while DEOA increases the level of 

cross-linking, it also disrupts the hard segment ordering although the disruption is slightly 

more severe in the case where the polyol is EO capped. As mentioned earlier, EO has been 

shown to compatiblize soft and hard segments promoting some phase mixing which can 

also lead to HS domain disruption. 

4.7.2.5 Load Relaxation Behavior 

The load relaxation behavior of this series of foams as influenced by the DEOA 

content was investigated. Since FD-1 had severely shrunk and a severely disrupted cellular 

structure, only foams FD-0 and FD-0.5 were evaluated. The load relaxation behavior of 

FD-0 as a function of temperature and humidity is presented in Fig. 4.82a and that of FD- 

0.5 in Fig. 4.82b. As expected, temperature and especially humidity dramatically 

“plasticized” the load relaxation behavior shifting the curves to lower loads; approximately 

15% lower than at ambient conditions. More directly comparing the two foams to each 

other as shown in Fig. 4.83 reveals that DEOA enhances the loads particularly at ambient 

conditions. The loads were increased by ca. 20% at 30°C-35%RH with the inclusion of 

0.5 pph DEOA in the formulation. At 100°C-98%RH however, the small amount of DEOA 
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Figure 4.81. WAXS patterns illustrating the influence of DEOA content on the short 
range ordering of the HS domains: (a) FD-0, (b) FD-0.5 and (c) FD-1. 
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Figure 4.82. Influence of temperature and relative humidity on the load relaxation 
behavior of (A) FD-0 and (B) FD-0.5. In each figure the letters 
designate the following conditions: (a) 30°C-35%RH, (b) 30°C-98%RH, 
(c) 100°C-35%RH, and (d) 100°C-98%RH. 
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Figure 4.83. Influence of the DEOA content on the load relaxation behavior at (A) 
30°C-35%RH, and (B) 100°C-98%RH. In each figure the letters 
designate: (a) FD-0 and (b) FD-0.5. 
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in the formulation had little influence on the relaxation behavior implying that while the 

DEOA increases the covalent cross-linking it also "loosens" by dissordering the HS 

domains for which water and temperature can disrupt their hydrogen bonding even further 

than in FD-0. It must also be pointed out that the different cellular structures exhibited by 

these two foams as witnessed by the airflow measurements may also influence the load 

relaxation behavior. For example, the increased cross-linking, in addition to strengthening 

the struts, produced more closed windows which greatly reduced the airflow further 

increasing the load levels. 

4.7.3 Influence of EO Capped Polyols 

The influence EO capping was qualitatively ascertained by comparing foams from 

each of the two series in which the other components were comparable. For example, both 

series of foams contained a foam having 1 pph DEOA content as well as 5 pph water 

content although some of the other components slightly varied. Therefore, these 

comparisons are intended to be qualitative and only reflect trends. 

Comparing the solvent extraction results of each series indicates that the FeD-x 

series displayed a higher amount of extractables suggesting that less material is covalently 

connected within these foams than foams FD-x. This result can be attributed to the major 

difference in the molecular weight of the polyols, where the 5000 molecular weight polyol, 

having a greater molecular weight, corresponds to a greater molecular weight between 

cross-links. 

The cellular structures were also different for each series of foams as implied by the 

SEMs in Figs. 4.63, 4.64, 4.74, 4.75, and 4.76. The foams formulated with the all PO 

polyols exhibited greater closed cell character at lower DEOA levels. For example, foam 

FeD-2 displayed a greater airflow rate than FD-0.5, 0.4 ft3/min. compared to 0.2 ft3/min. 

Furthermore, foam FD-1 had such a high fraction of closed cells that it underwent 
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significant shrinkage as a result. Foam FeD-2, however, also displayed a high fraction of 

closed cells but did not show any signs of shrinkage. These observations are most likely a 

result of over-stabilization of the foam brought about by the higher level of surfactants 

utilized in the FD-x series and the greater amount of T-9 (a gelling catalyst) also utilized in 

this series. Both the higher amount of surfactants, as well as gelling catalysts can stabilize 

the evolving foam much prior to the cell opening point which will result in a significant 

amount of closed cells. 

Of all the differences observed in this comparison, the greatest was in the TEM 

analysis where the foams incorporating primary hydroxyl groups lacked the evidence of 

any precipitated structures as those observed for the foams containing all secondary 

hydroxyl groups. In fact, only a grainy texture on the order of 150 A was observed in the 

micrographs of the FeD-x series where the precipitated structures of the FD-x series were 

on the order of 100 - 150 nm. The EO capping used in the "molded" polyol increases the 

compatibility between the two phases, hard phase and soft phase, that precipitation of the 

urea-based features does not occur. 

Within the range studied, the EO capping appeared to have little influence on the 

short range HS ordering The sharpness of the rings in the WAXS patterns of each of the 

foams, FeD-1 and FD-1, were very similar suggesting that while EO may influence the 

phase separation, the ordering is not influenced. 

With respect to the load relaxation behavior, the results were comparable and within 

range of each other although many other factors different in each series can also have a 

bearing on this behavior. However, comparing both foams lacking DEOA displayed 

similar initial loads and load decays at all studied environmental conditions. 

4.8 Summary 
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The clear and significant advantages achieved with molded foams such as allowing 

intricate shapes to be produced, are also accompanied by many complexities. For example, 

in order to achieve these advantages, the formulation components are more complex usually 

requiring faster, more reactive ingredients as well as additional ingredients that serve this 

purpose. Since these differences can dramatically alter the foam process and important 

balance between the gas-producing and gelling reactions, more complex surfactant/catalyst 

packages are required. The key factor is that, while the complexities can be overcome by 

the use of various surfactants and catalysts, the structure within the solid portion of the 

foam is also dramatically influenced and influenced in an unfavorable manner. This point 

was substantiated throughout this chapter beginning with the cellular structure of the 

foams. 

The cellular structure as evaluated by SEM demonstrated that cell opening is a major 

concern in molded foams, even after mechanical crushing has been undertaken. The 

micrographs showed that many windows still remain unopened. Furthermore, it was 

evident that these materials have densities higher than slabstock foams of comparable water 

content. The struts of each cell in molded foams average ca. twice the thickness of 

slabstock foams. Another important observation was that the molded foams lacked the 

geometric anisotropy with respect to rising direction that slabstock foams possess. The 

CPP dispersions included in the formulation displayed only a small influence on the cellular 

structure. The cells of the foams containing these particles were slightly smaller than those 

lacking them which was attributed to a difference in the amount of nucleated bubbles at the 

beginning of the process. While the water/TDI content strongly influenced the density, it 

appeared to have no bearing on the size and structure of the cells. 

Thermal analysis and x-ray analysis showed evidence of microphase separation. 

The effects of water/TDI content and CPP dispersions were rather small. A greater water 

content shifted the SAXS shoulder to lower angles suggesting that the spacing between 

scattering centers is greater. The CPP particles slightly influenced the SAXS profiles 
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where the foams containing these particles exhibited higher overall scattering implying that 

they influence the microphase separation between the HS domains and continuous soft 

segment. 

One of the most important discoveries in this chapter was the fact very little order 

was observed within the HS domains of the molded foam. WAXS patterns revealed only a 

broad amorphous halo without the presence of sharp rings which have been observed in 

slabstock foams and attributed to local packing of the HS domains. This was also 

confirmed with FTIR by following the hydrogen bonded urea absorbance. The molded 

foams also lacked the presence of any bidentate absorbance and only displayed 

monodentate and free urea absorbances. Slabstock foams do typically show a strong more 

stable bidentate absorbance associated with the structural order of the HS domains. This 

order or lack of was shown to correlate well with the viscoelastic behavior of the foams at 

elevated temperatures and humidities. FTIR also showed that the hydrogen bonded 

absorbance decreased with increasing temperature confirming the disruption of these 

secondary bonds by temperature. 

In evaluating the influence of the CPP dispersions, solvent extraction revealed that 

the foams containing the particles displayed higher sol fractions. The higher extractables 

suggested that the particles or a portion of them can be extracted thereby also suggesting 

that these particles are not as extensively covalently grafted to the soft segment matrix. 

These foams also exhibited greater hysteresis than the foams lacking the CPPs - this 

behavior attributed to the rigid particles increasing the local stress and furthering the 

irreversible flow or chain slippage and disruption of hydrogen bonds at the interface. As 

the HS content was increased, the amount of hysteresis was also increased - this also due 

to a greater number of hydrogen bonds being disrupted. 

The viscoelastic properties of the molded foams revealed a strong dependence on 

the environmental condition. For example, in load relaxation, increases in temperature 

and/or humidity "plasticized" the behavior dramatically. Unlike slabstock foams which 
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displayed very little change with increases in temperature and even increases in load 

(attributed to a rubber elasticity effect) except at very high temperatures, the molded foams 

Studied here displayed decreases in load and increases in load decay with even small 

increases in temperature. Furthermore, increases in humidity ensued similar effects where 

the relaxation curves were shifted to lower loads. Creep experiments revealed similar 

behavior. Increases in either temperature or humidity caused the both the initial strains and 

the amount of creep to increase systematically and significantly. The primary mechanism 

driving the dramatic decrease in the properties over a three hour period with increases in 

temperature and humidity is hydrogen bond disruption. While hydrogen bond disruption 

occurs in slabstock foams, it occurs to a greater extent and with greater ease and less 

energy in molded foams. The reason for this is the lower HS ordering exhibited by the 

molded foams. 

The viscoelastic properties of the CPP containing foams were more time-dependent 

than of the foams lacking these particles. As expected, the incorporation of these particles 

increased the initial load and decreased the initial strain over the foams lacking the particles 

Suggesting that the initial stiffness of these materials (such as that measured by ILD) was 

increased. However, over a period of time, the amount of this initial load that decayed was 

greater for the CPP containing foams and furthermore, at elevated conditions, the load 

decreased to levels below those of the CPP lacking foams. That is, the load of the CPP 

containing foams was lower than that of the CPP free foams at the end of the three hour 

period. The increased relaxation is a result of greater localized stress occurring for the 

"filled" materials since there is less soft segment leading to greater localized strain. 

Furthermore, disruption of the hydrogen bonding existing at the interface enhances this 

phenomenon. 

Compression set results followed a similar trend. First as the temperature and/or 

humidity was increased the amount of compression set increased, especially at high 

temperature and humidity. As with the load relaxation and creep, the molded foams 
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exhibited greater set at a given temperature than typical slabstock foams. Within the 

molded foams, those containing the CPP particles revealed higher compression sets at 

either high temperature or high humidity than those lacking the particles. 

Finally, one major reason for the decreased order among the HS domains of the 

molded foams as well as poorer viscoelastic properties was the incorporation of the 

additive, DEOA. It was shown that as small amounts of DEOA significantly increased the 

covalent cross-linking, they also distinctly disrupted the ordering of the HS domains as 

illustrated by WAXS and FTIR. Depending on the polyol utilized, it also showed some 

evidence of phase mixing suggested by slight shift in the soft segment Ty as well as SAXS. 

Another observation which came out of this small study of DEOA was the development of 

the larger urea precipitate structures were not evident in the foams which incorporated 

polyols that were EO capped. This suggests that the EO capping to some extent 

compatiblizes the urea groups and ether containing soft segments. 
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Chapter 5 

5.0 Influence of TDI Index on Structure-Property Behavior of Flexible 

Slabstock Polyurethane Foams 

The broad application base of polyurethane foams inherently requires them to be 

made with varying levels of "stiffness". Traditionally, this was accomplished by the use of 

low boiling liquids or auxiliary blowing agents which influenced the density and softness 

of the foam. However, due to the concerns about the effects of CFCs and other blowing 

agents on the ozone layer of the earth's atmosphere, these materials have been nearly 

phased out from the formulation of polyurethane foams. This has therefore led urethane 

foam manufactures to alter foam formulations and derive novel components to meet the 

changing and evolving application base. Modifications to the existing formulation 

components include altering polyol molecular weight, polyol functionality, isocyanate 

functionality, isocyanate molecular weight, isocyanate amount (isocyanate index), as well 

as the amounts of water, catalysts, surfactants, etc. 

In this study, a new proprietary polyol (nominal functionality 3.15) was used in 

conjunction with 6 pph water content as presented in Table 3.4. The isocyanate index was 

thus systematically varied from 85 to 110 (samples F85 - F110) thereby altering the foam 

stiffness - via varying the level of covalent cross-linking and level of hard segment content. 

The objective was to characterize the foams as a function of index in view of the trend just 
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mentioned. Along with the physical properties, other properties such as cellular structure 

and micro-structure were also investigated as a function of TDI index. It is to be noted 

from Table 3.4 in Chapter 3 that the density of all the foams was maintained at 1.25 Ib/ft>. 

5.1 Influence of Index on Cellular Structure 

Scanning electron micrographs were taken of the foam samples to observe any 

distinct differences in the cellular structure as a function of index which can inherently 

influence their mechanical properties. Figure 5.1 is a micrograph depicting the cellular 

structure of F85 shown parallel and perpendicular to the rise direction. The shape of the 

cells is a polyhedral or multi-sided shape which is a result of the impedance of the growing 

bubbles. The closest approximation to the cell shape is a tetrakaidecahedron which denotes 

a fourteen-faced cell. The majority of the faces are hexagons with the presence of some 

pentagons and four sided faces. As can be seen, the cells are elongated along the rise 

direction. The micrograph taken perpendicular to the rise direction illustrates this with the 

cells displaying an ellipsoidal shape. Parallel to the rise direction, the cells appear 

"circular" in shape as described earlier. In addition, the majority of the cells are open 

although a few closed windows do exist. 

The structure of F100, which is shown in Fig. 5.2, was very similar to that of F85. 

Again, the cellular structure is typical of a slabstock foam where the majority of the cells are 

open and exhibit the typical polyhedral shape. Figure 5.2b shows the remains of cell 

membranes that have ruptured. This rupturing can arise during foaming or perhaps later 

during preparation for evaluation by SEM which requires high vacuum treatment. 

Based on analysis of the SEM micrographs, the TDI index had very little influence 

on the cellular structure. Even the cellular structure of F110, shown in Fig. 5.3, appeared 

very similar to that of the two previously discussed foams. Evaluation of these 

micrographs lead to the conclusion that the cellular structures were relatively unaffected by 
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Figure 5.1. | Scanning electron micrographs of foam F85 shown both (A) parallel to the 

rise direction and (B) perpendicular to the rise direction. 
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Figure 5.2. Scanning electron micrographs of foam F100 shown at a magnification of 

(A) 30x and (B) 140x. 
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Figure 5.3. 
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Scanning electron micrographs of foam F110 at a magnification of 30x.



altering the TDI index. Again, while all foams are open-celled, all have some closed cells. 

Further support of the cellular structure's insensitivity to TDI index was obtained by 

comparing the airflow measurements of each of these foams. All foams displayed airflow 

rates of ca. 5 ft3/min. confirming that the cellular structure is relatively unaltered by the 

different TDI indexes. Therefore, physical property differences between the foams of 

varying index are most likely not a result of different bulk cellular structures but instead a 

result of differences within the solid morphology of the foams. 

5.2 Influence of Index on Solvent Extraction Results (Covalent Cross- 

linking) 

The influence of index on the covalent cross-linking was qualitatively ascertained 

by solvent extractions in DMF. Results from the 48 hr extraction studies are given in Table 

3.1. As can be seen in Table 5.1, the lowest index foam, F85, displayed a sol fraction of 

ca. 31%. As the TDI index was increased, the amount of extractables decreased suggesting 

that the amount of covalent cross-linking increased as expected. The sol fractions 

decreased to ca. 6% for the highest index foam, F110. However, it also appears from 

these results that at an index of 100 or above that the sol fraction (and thus the gel fraction) 

remains essentially constant. This may in part be due to residual DMF because of the 

strong interactions between the hydrogen bonding moieties and the polar solvent. 

Nevertheless, it can be easily concluded from these results that increasing the TDI index 

does increase the overall covalent cross-linking. Further evaluation of the cross-linking as 

a function of index was also addressed in the viscoelastic measurements. 

Following the DMF treatment, SEM micrographs were obtained of the foams to 

relate the induced changes in the cellular structure to the TDI index. The strong dependence 

of the structural integrity on the TDI index is clearly evident. Figure 5.4 shows the cellular 

structures of foams (a) F85, (b) F100 (c) F110 following treatment in DMF. Micrograph 
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Table 5.1. Percent Sol from Solvent Extraction Studies Using DMF 
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Figure 5.4. Scanning electron micrographs of foams following extraction process: (A) 

F85, (B) F100, and (C) F110. 
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Figure 5.4 con't. Scanning electron micrographs of foams following extraction process: 
(A) F85, (B) F100, and (C) F110. 
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(a) illustrates the dramatic structural changes promoted by the extraction process that has 

caused the foam to essentially collapse into a much more dense, nearly film-like material. 

As the index increased, the foam's resistance to the extraction process increased. The 

resultant structure of F100, shown in Fig 5.4b, although still altered from its original state, 

resembles a foam much more than did F85 following extraction. While the cellular 

structure has been severely altered, it is much improved over that of F85 illustrating the 

Significant contribution by the enhanced covalent network. Further increases in index 

increased the foam's resistance to structural changes by DMF as illustrated in Fig. 5.4c. In 

this case, after extraction, the foam is only partially altered but the cellular structure is quite 

similar to its unextracted form. As will be substantiated throughout this chapter, the 

systematic improvement in the structural integrity with index substantiates the conclusion 

that the varying TDI index has a direct correlation to the level of covalent cross-linking. 

5.3 Influence of TDI Index on the Microphase Separation 

The results of the solvent extraction studies indicated that the index had a direct 

effect on the covalent cross-linking and since cross-linking has been shown to influence the 

phase separation characteristics, they were also investigated using a number of techniques. 

Recall, as discussed in Chapter 2, that increasing the covalent cross-linking decreases the 

extent of phase separation.39.36 In view of this observation, as well as the observations 

with DEOA on the microphase separation in Chapter 4, it logically follows that the TDI 

index may also influence the hard segment ordering. For example, if a high index (or level 

of cross-linking) promote phase mixing, it may also influence the diffusion of the hard 

segments and perfection of the domains. Thus, the microphase separation and domain 

Structure of the polyurethane foams were evaluated through a number of techniques 

beginning with thermal analysis. 
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Differential Scanning Calorimetry (DSC) was utilized to follow the soft segment Ty 

and relate shifts in this parameter as a function of index to changes in the amount of 

microphase separation. Figure 5.4 illustrates the first heating cycles of four foams varying 

in index from 85 to 110. As expected, in addition to the Ty, a broad endotherm is 

displayed which again is attributed to the evaporation of absorbed water. Figure 5.5 shows 

the second heating cycle for the same four foams. As with the other foams investigated 

within this dissertation, no observable difference was exhibited between the first and 

second heats of each foam with the exception of the broad endotherm. More importantly 

was the observation of the T, with index. Although subtle, the Ty slightly shifted towards 

higher temperatures with increasing index suggesting that the HS content soluble in the soft 

segment phase is increasing. The specific values of Ty (determined from the inflection 

point) are presented in Table 5.2, from which it can be seen that the Ts does increase with 

increasing index. Along with the DSC determined Tg, the Ty as determined by DMA is 

also given in this same table as will be now discussed. 

Dynamic mechanical analysis (DMA) was also carried out to follow the change in 

Ty, with altering TDI index. The tan 6 results for the four foams are shown in Fig. 5.6. 

Similar to the DSC results, the T, shifted towards higher temperatures as can be gathered 

from Fig. 5.6. Again the gradual and systematic shift in Ty indicates a phase mixing 

phenomenon which arises from the increased cross-linking preventing phase separation 

from occurring to the extent that it does for the lower index foams. The decreasing 

magnitude of the tan 6 peak indicates that the material "stiffens" with increasing index. 

However, the stiffening is not only a result of the increased cross-linking but also that the 

soft segment content is lower. 

Small angle x-ray scattering (SAXS) was finally carried out to ascertain the 

presence of phase separation and how it was affected by the index. The SAXS data for the 

two foams, F85 and F110, are presented in Fig. 5.7 which is a plot of the normalized 

smeared intensity as a function of an angular variable s, defined as s = 2sin6/A. Although 
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Figure 5.5. | DSC thermograms of the (A) first heating scans and (B) second heating 
scans. In each figure letters designate the following foams: (a) F85 and (b) 
F95, (c) F100, and (d) F110. 
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Table 5.2. Thermal Properties* 

  

Reported soft segment Ty is based on the inflection point in DSC and on the tan 6 peak for 
DMA 
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Figure 5.6. Influence of the TDI index on the tan delta peak: (a) F85 and (b) F95, (c) 
F100, and (d) F110. 
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Figure 5.7. 
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SAXS profiles of slabstock polyurethane foams (a) F85, (b) F100, and (c) 
F110 varying in the TDI index. 
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not very distinct, a weak shoulder occurs (s = 0.1 nm-!) indicative of microphase 

separation. The average interdomain spacing was not determined due to the fact that a 

sharp peak is not displayed but rather only a weak shoulder. Distinctly evident was that the 

overall measured normalized intensity of F110 was lower than that of F85. This result 

supports the thermal analysis data since it also indicates that the highest index foam has a 

higher amount of phase mixing occurring. The increased cross-linking prevented phase 

separation from occurring to the extent it occurs in foam F85. This was concluded using 

the same argument as that used in Chapter 4 which is based on the simplified interpretation 

of the scattering invariant which for an ideal two phase system with sharp boundaries is 

given as 

=T2 2 

Ap’ ~ 9,9,[; — pa | 4.1 

where 1 and $2 are the volume fractions of each phase and [p1—pz2] is the electron density 

difference between the two phases. Again, for a given value of [p 1-2], the invariant 

achieves a maximum where each volume fraction is 0.5. As the volume fractions deviate 

from 0.5, the invariant decreases. Thus, an estimation of the amount of phase separation 

can be obtained by comparing this theoretical invariant to the experimentally determined 

invariant by 

2 _ 2 o 2 Ap == [, 1(s)s"ds 4.2 

where again s is the scattering vector and I(s) is the smeared scattered intensity. Therefore, 

by taking a ratio of the experimentally determined and theoretically calculated invariant, a 

qualitative estimate of phase separation can be obtained. This analysis was not carried out 

but the results presented in Fig. 5.7 of the normalized intensity also indicate that the 

invariant for foam F85 is higher than for F110 suggesting that even though the HS content 
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is higher for foam F110, more hard segments are solublized within the soft phase rather 

than in the HS domains. Again, the data were only normalized and treatments such as de- 

smearing, and background removal have not been undertaken. However, it is assumed that 

this type of treatment would not influence the trend demonstrated by the data as presented. 

Therefore, the SAXS results, if nothing else, do not contradict the thermal analysis results 

and even compliment them, all of which impart that the extent of microphase separation 

decreases as the covalent cross-linking increases. 

The short range ordering or local packing order of the segment domains was 

Studied using wide angle x-ray scattering (WAXS) which was shown in the previous 

chapter to correlate well with the response of the bulk foam's physical properties to varying 

environmental conditions. The WAXS patterns for foams F85, F100, and F110 are shown 

in Fig. 5.8 all of which exhibit two characteristics. The first is a broad amorphous halo as 

has been seen in the WAXS patterns of other foams and which is typical of amorphous 

systems. Second, all foams show two relatively sharp rings having a corresponding Bragg 

spacing of approximately 4.5 (outer ring) and 6.0 A (inner ring) similar to the slabstock 

foams presented in Chapter 4. These peaks originate from the non-crystalline or para- 

crystalline HS ordering. The sharpness and intensity of the rings can be used to 

qualitatively ascertain the level of ordering of the hard segments. The rings (esp. 6.0 A) 

are sharper for F85 than for F110 which was again attributed to the disruption of this 

packing ordering by the additional covalent cross-linking in F110. Diffractometer scans 

were taken to confirm the subtle differences in the patterns since the inferences can be 

somewhat subjective. The results are presented in Fig. 5.9 which is a plot of intensity 

versus the angle, 20. The scans depict two peaks which correspond well with the spacings 

of the rings in the scattering patterns. In addition the scans in Fig. 5.9 also compliment the 

trend observed with the patterns which shows that the intensity of F110 is both lower and 

broader than that of F85 confirming the interpretations of a disruption of the HS ordering 

as induced by the increased cross-linking. 
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Figure 5.8. WAXS patterns illustrating the influence of TDI index on the short range 

ordering of the HS domains: (A) F85, (B) F100 and (C) F110. 
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Figure 5.9. WAXS diffractometer scan illustrating the influence of TDI index on the 
short range ordering of the HS domains: (a) F85 and (b) F110. 
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Fourier transform infrared (FTIR) spectroscopy was also utilized to study the 

ordering of the hard segments by focusing on the hydrogen bonding in the carbonyl and N- 

H regions. Recall that well ordered HS domains exhibit bidentate hydrogen bonding 

shown in Fig. 2.25 and thus has been utilized as an indication of the level of HS 

ordering.30 The FTIR carbony] spectral profiles for the three foams, F85, F100, and F110 

are shown in Fig. 5.10. The bidentate peak centered at ca. 1640 cm-! shows that the 

bidentate absorbance and thus HS ordering displays a maximum as a function of index. 

Foam F100 exhibited a stronger bidentate absorbance than F85 which is due to a higher 

concentration of well ordered HS domains arising from a higher HS content. This trend 

Strongly suggests that the development of HS domains further progresses with initial 

increases in index (up to ca. 100 index). The bidentate absorbance for F110, however, is 

significantly lower than either F85 and especially F100. The trend in the N-H absorbance 

region, shown in Fig. 5.11, is similar to that in the carbonyl region. The hydrogen-bonded 

N-H absorbance, centered at about 3280 cm-!, is highest for F100 and lowest for F110 

with the absorbance for F85 lying between. The lower absorbance of F110 was expected 

and is a result of the disruption of the HS ordering by the increased covalent cross-linking. 

The increased covalent cross-linking that occurs in this high index foam makes it more 

difficult for the urea segments to associate (through diffusion) and to pack with other hard 

segments thereby limiting perfection of the HS domains which must principally occur prior 

to the gel point. Although the non-bonded urea and urethane, centered at ca. 1695 cm-! 

and 1730 cm-!, respectively, appear to increase with increasing index, it is difficult to 

conclusively confirm this due to the convoluted nature in this region (1695 cm-! to 1750 

cm-!). This is due to the fact that contributions from free urea groups, bonded urethane 

groups, free urethane groups, allophanate groups, and biuret groups all display absorbance 

peaks here. Figure 5.12 shows the FTIR spectral profiles of the three foams in the 

isocyanate region. Not surprising, this figure shows an increase in the amount of free 

isocyanate suggesting that as the TDI index is increased, the amount of unreacted 
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Figure 5.10. Influence of TDI index on bidentate absorbance (1640 cm-!) in the FTIR 
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Figure 5.11. Influence of TDI index on the NH absorbance in the FTIR spectra of foams 
(a) F85 and (b) F100, and (c) F110. 

TDI Index 316



  

      I j 4 I a ] 
‘ q i 5 I i 

2400 2375 2350 2325 2300 2275 2250 2225 2200 

  

wh
en
 

Wavenumber 

Figure 5.12. Influence of TDI index on the free isocyanate absorbance in the FTIR 
spectra of foams (a) F85 and (b) F100, and (c) F110. 
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isocyanate is also increased. Overall, the FTIR analysis further supports the conclusions of 

the WAXS behavior. 

5.4 Effect of Index on the Mechanical Properties 

The tensile properties were investigated to determine the influence of index on the 

modulus as well as the stress and strain at failure. The tensile stress-strain results carried 

out on dogbone foam samples are shown in Fig. 5.13. Surprisingly, Young's modulus of 

all foams (ca. 0.1 MPa) appears to be insensitive to the TDI index up to approximately 15% 

Strain beyond which an increase in index leads to an increase in stress as a function of 

Strain. Repetitive runs revealed the same behavior where the modulus did not change. As 

is well known, the hard segment domains as well as the covalent cross-linking strongly 

influence the mechanical properties. It is surprising and not well understood that the 

modulus is independent of both since both are influenced by the TDI index. Recall that 

Gibson and Ashby have related the modulus of a foam to the modulus of the solid portion 

as well as the reduced density. A speculation is that the small change in the solid portion 

modulus within the index range studied may not be reflected in the foam modulus. An 

insensitivity to cross-linking of the foam modulus was also observed by Thomas et. al.36 

The effect of index is more pronounced at strain levels beyond 15%. Both the stress at 

failure and strain at failure increased with index up to an index of 100 where they displayed 

a maximum. Foam F110 followed the same curve as F100 up to 75% strain (and a Stress 

level of ca. 0.11 MPa) where it failed. F100 failed at a strain of ca. 140% with a stress of 

0.1 MPa. Finally, F105 failed at a slightly higher stress (ca. 0.13 MPa) although the strain 

level was roughly the same. The maximum displayed by an index of 100 - 105 may be in 

part due to an increase in the concentration of urea groups and thus hard segment domains 

over that of lower index foam samples in addition to increased cross-linking. Further 

increases in index and thus cross-linking prevents elongation to the same extent as in F100 
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Figure 5.13. Tensile stress-strain behavior for the foam (a) F85, (b) F100, (c) F105, (d) 
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or F105. In summary, the stress and strain at failure increased with index with the 

exception of the highest index foam which failed at a lower value of stress and strain than 

F100. 

5.5. Influence of TDI Index on the Viscoelastic Behavior 

The viscoelastic behavior was used to address the time-dependent behavior of these 

materials as well as the influences of the TDI index on this property. It was also measured 

to evaluate the influence of the physical "cross-links" in addition to the covalent cross- 

links. Figure 5.14 illustrates the load relaxation behavior for foam F85 as a function of 

temperature/humidity. As with the molded foams, both temperature and/or humidity 

"plasticized" the behavior. At 30°C-35%RH, the initial load was 1973g and decayed 43% 

to 1125g in the three hour loading period. At 100°C-35%RH, however, the initial load was 

1373g, 30% lower than that at 30°C while the percent decay was roughly the same. As can 

be seen in Fig. 5.14, increasing the relative humidity also shifted the relaxation curves to 

lower loads. The initial load decreased from 1973g at 30°C-35%RH to 1435g at 30°C- 

98%RH. The percent decay increased slightly from 43% at ambient conditions to 46% at 

the highest condition which is also given in Table 5.3. As with the molded foams, this 

"plasticization" is attributed to the disruption of hydrogen bonds by temperature and/or 

humidity. Recall that the hydrogen bonding occurs predominantly within the hard segment 

domains but to some extent between urea, urethane, and ether soft segment groups. The 

degree of "plasticization" that occurs with temperature and humidity is evidence suggesting 

that the virtual "cross-links" play a very significant role in the properties of the foam at 

ambient conditions. This is especially true in this case where a relatively high water/TDI 

content was used resulting in a high urea content and hence a high hydrogen bonding 

content. For example, as was shown in Fig. 5.14, both high humidity and temperature 

resulted in a "pasticization" effect where increasing the humidity to 98%RH from 35%RH 
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Figure 5.14. Load relaxation behavior of F85 as a function of temperature/relative 
humidity, (a) 30°C-35%RH, (b) 30°C-98%RH, (c) 50-35%RH, (d) 50- 
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100°C-98%RH. 
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Table 5.3. Summary of Load Relaxation Results for Three Foam Samples 
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shifted the curve to lower loads as did increasing the temperature from 30°C to 100°C at 

35%RH. Both treatments reduced the initial load (at 30°C-35%RH) by ca. 30%. This 

behavior was very similar to that displayed by the molded foams (lacking CPPs) but was 

very different from that of the slabstock foams investigated by Moreland, both of which 

have been previously discussed. This implies that the hard segments domains (and their 

local packing) are critical in the foam properties and furthermore, the higher the HS 

content, the more "plasticization" occurs as the temperature or humidity is increased. 

All of the six foams varying in index exhibited a similar response to increasing 

temperature and humidity and the differences between them are subtle. Therefore, the load 

relaxation results as a function of temperature and/or humidity of foams F90, F95, F100, 

and F105 are not shown. However, to portray the differences between the foams, the load 

relaxation behavior of the highest index foam is shown in Fig. 5.15. These results are 

illustrated in a similar manner to those of F85; as a function of temperature/humidity. With 

a few exceptions, the displayed behavior was similar to that of F85. The temperature and 

humidity "plasticized" the behavior to a great effect, but the initial loads were greater and 

percent decays were lower for F110 suggesting that this foam is stiffer than F85. Table 

5.4 provides the initial loads and percent decays at each condition. As with the low index 

foam, humidity, in addition to temperature, “plasticized” the load relaxation behavior for 

F110, although to a somewhat lesser extent. For example, the initial load was 4218g at 

30°C-35%RH and 2789 at 100°C-35%RH. At 30°C-98%RH this load was 3319g, ca. 

20% lower than at 30°C-35%RH. Interestingly, the foams which exhibited the greatest 

resistance to either temperature or humidity were F100 and F105. An increase in 

temperature to 100°C reduced the initial load by ca. 20% and an increase in humidity to 

98% reduced the initial load by ca. 15%. This is strong evidence of the importance of both 

a covalent network and well-ordered HS domains! Recall, that both of these foams were 

shown to exhibit a maximum in the covalent and physical network within the index range 

studied. Overall, all foams displayed a "plasticization” with temperature and/or humidity 
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Figure 5.15. Load relaxation behavior of F110 as a function of temperature/relative 
humidity, (a) 30°C-35%RH, (b) 30°C-98%RH, (c) 50-35%RH, (d) 50- 
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suggesting that hydrogen bonding and thus the physical "cross-links" still play a 

significant role in the properties regardless of the amount of covalent cross-linking. In 

addition, the trend of increased cross-linking arising from the increasing index is clearly 

evident as is best shown by the following figures. 

To directly observe the differences in load relaxation behavior as influenced by the 

index, the results were plotted as a function of index at a single environmental condition. 

For example, Fig. 5.16 displays the load relaxation results at 30°C-35%RH for all six 

foams. In general, an increase in index shifts the curves to higher loads. The initial loads 

increased and the percent decays decreased as is suggested in Table 5.3. Although there is 

some scatter in the data, a trend is clearly evident in Fig. 5.16. The initial load of the 

highest index foam was more than twice that of the lowest index foam. It appears that at 

this low temperature and humidity where hydrogen bonding contributed significantly, the 

curves group in pairs. The contribution of the two types of cross-links is high and 

therefore, small changes in index are not reflected in this relaxation property. However, 

when these hydrogen bonds were disrupted by either high temperature or humidity, the 

curves spread apart while maintaining the same trend as illustrated in Fig. 5.17. Here, at 

100°C-35%RH, while the curves have all been shifted to lower loads relative to 30°C- 

3570RH, they still lie in a systematic order of increasing index with the exception of F105 

and F110 being essentially indistinguishable. These two foams displayed very similar 

relaxation behavior throughout this study indicating that there is little difference between the 

two. At 30°C-98%RH, the initial loads were 1435g and 3319g for foams F85 and F110, 

respectively as shown in Fig. 5.18 and given in Table 5.3. These loads, although slightly 

higher than those at 100°C-35%RH, are again considerably lower than those at 30°C- 

35%RH depicting a strong softening effect by humidity. The trend with index was again 

the same where the curves systematically increased in load with increasing index with the 

exception of F110 and F105 being superimposed. Finally, Fig. 5.19 shows the load 

relaxation behavior at 100°C-98%RH and the trend with index is consistent with the trend 
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Figure 5.16. Load relaxation behavior at 30°C-35%RH of the foams varying in index (a) 
F85, (b) F90, (c) F95, (d) F100, (e) F105, and (f) F110. 
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Figure 5.17. Load relaxation behavior at 100°C-35%RH of the foams varying in index 
(a) F85, (b) F90, (c) F95, (d) F100, (e) F105, and (f) F110. 
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Figure 5.18 Load relaxation behavior at 30°C-98%RH of the foams varying in index (a) 
F85, (b) F90, (c) F95, (d) F100, (e) F105, and (f) F110. 
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Figure 5.19. Load relaxation behavior at 100°C-98%RH of the foams varying in index 
(a) F85, (b) F90, (c) F95, (d) F100, (e) F105, and (f) F110. 
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at other conditions including the indistinguishability between the two high index foams, 

F110 and F105. It is noted that at this condition, the initial loads have been dramatically 

decreased with respect to ambient conditions, here being 1387g and 2799g for F85 and 

F110, respectively. All foams displayed similar softening effects at this condition where 

the initial loads decreased by ca. 30% relative to ambient conditions. In addition, the 

curves display some non-linear behavior (relative to the curves at ambient conditions) 

suggesting that the rate and amount of hydrogen bond disruption has been greatly 

accelerated. Nevertheless, the TDI index displayed a strong bearing on the load relaxation 

behavior especially at increased temperature and/or humidity. 

The creep behavior as influenced by TDI index was also investigated at different 

environmental conditions. However, due to an strong influence of index on the stiffness of 

the foam, it was impossible to maintain a constant load through this series. To do so 

would have resulted in drastically different initial strains and thus different time-dependent 

behavior. Recall that Campell and Moreland et. al. have shown that the creep rates are very 

much dependent on the initial strain or region of deformation.80.79 Therefore, support that 

the index increased the foam stiffness as illustrated in the load relaxation behavior, was 

obtained by the fact that similar strains were displayed by the foams increasing in index yet 

the applied load was also increased. An attempt was made to maintain similar strains by 

adjusting the applied load. The creep response for the lowest index foam F85 and highest 

index foam F110 are shown in Fig. 5.20. In both figures, the strains lie in the range of 

0.30 to 0.85 the latter being well into the densification range. However, the applied loads 

are very different where in the case of F85 a constant load of 1629g was applied and in the 

case of F110 a load of 3064g was applied, roughly twice that of F85. The load was 

required to increase with index in order to maintain strains in this range. Also evident in 

Fig. 5.20 is the large softening effects by temperature and humidity causing the data (and 

therefore the creep mechanism) to cross over from the buckling region into the densification 

region as noted by the dramatic change in the slopes of the curves. 
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Figure 5.20 Creep response of (A) F85 and (B) F110 as a function of 
temperature/relative humidity, (a) 30°C-35%RH, (b) 30°C-98%RH, (c) 50- 
35%RH, (d) 50-98%RH, (e) 80°C-35%RH, (f) 80°C-98%RH, (g) 100°C- 
35%RH, and (h) 100°C-98%RH. 

TDI Index 331



To further evaluate both the physical and covalent network of the foams as 

influenced by the index, they were subjected to 65% compression for three hours under the 

specified environmental conditions. The thickness of the foam was then measured and 

recorded relative to the original thickness. The compression set results are presented in 

Table 5.4. As expected, the amount of compression set systematically increased as the 

temperature or humidity was increased and especially when both variables were raised. 

The compression set increased from ca. 2% at ambient conditions to ca. 55% at 100°C- 

98%RH. The mechanism responsible for this compression set is the same as that behind 

load relaxation and creep. The "plasticization" by temperature and humidity occurs 

primarily in the hard segment domains due to disruption of the hydrogen bonding. 

Surprisingly, there appears to be very little influence on the compression set by the TDI 

index. All foams exhibited similar compression sets at each condition. The independent 

behavior of the compression set relative to index may be explained in terms of compression 

set (as other mechanical properties) being influenced by both the physical "cross-links" and 

the covalent cross-links which are both being altered by the varying TDI index. For 

example, at low index, not only is the covalent cross-linking low, but also the low hard 

segment content prevents the development of well ordered domains thereby making them 

easily plasticized. At high index, the additional covalent cross-linking was shown to 

prevent perfection of the domains by preventing diffusion of the hard segments into 

domains. The end result is again lower hydrogen bonding and easier plasticization. The 

influence of index is strongly projected in the compression set recovery which is driven by 

the soft segment elasticity. When comparing the thermally induced recovery results (@ 

100°C), the effect of TDI index is very significant as shown in Fig. 5.21. As is well 

known, a covalent network significantly enhances the rubber elasticity effect . Therefore, 

the higher fraction of covalent, elastically active chains in the higher index foams allows the 

foam to recover toward its original state once the hydrogen bonds are "softened" by this 

high temperature. Furthermore, the high temperatures, in addition to "softening" the 
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Table 5.4. Compression Set Results of Foams Varying in TDI Index 
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Figure 5.21 Compression set recovery as a function of index. 
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hydrogen bonds, increase the rubber elasticity effect further increasing the recovery of the 

compression set. The fact that as the index is increased, the amount of recovery is also 

increased, is strong evidence supporting the previously shown results of increased covalent 

cross-linking with higher index. 

5.6 Summary 

Flexible slabstock polyurethane foams were produced using a high water content 

formulation without the use of auxiliary blowing agents and varying levels of TDI to 

influence the softness of the foams. As the TDI index was increased, the "stiffness" of the 

material also increased suggesting that the higher index in the formulation resulted in a 

higher hard segment content and/or a higher covalent network. Solvent extraction 

experiments indicated that covalent cross-linking was a direct consequence of altering the 

TDI index. The amount of extract decreased systematically with increasing index. 

However, there was essentially no difference between the 100 index foam and the 110 

index foam suggesting that the amount of cross-linking reached a maximum at about 100 

index. 

The mechanical and viscoelastic properties also complimented the above findings. 

The stress and elongation at break increased as a function of index with the exception of the 

highest index where the sample broke much earlier. The initial loads systematically 

increased with increasing index with the exception of the two highest index foams. 

Likewise, the percent decays systematically decreased with increasing TDI index. All 

foams were significantly "softened" by either temperature or humidity and especially both. 

Although the compression set properties appeared to be independent of TDI index, the 

different TDI index was clearly evident in the recovery experiments. Higher recovery from 

compression set was achieved for the higher index foams in a systematic fashion. The 
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increasing recovery with increasing index is attributed to and viewed as strong evidence for 

the direct correlation between the TDI index and covalent cross-linking. 

Along with investigating the influence of index on the physical properties of 

polyurethane foams, it was desired to investigate its effect on morphology of these 

materials as well. SAXS results indicated that the lowest index foam had better phase 

Separation than the highest index foam which displayed a lower intensity. This was 

supported by DSC and DMA measurements where the observed glass transition region in 

both techniques increased in temperature with increasing TDI index. 

The level of short range ordering of the hard segments was studied by FTIR and 

WAXS which showed that the amount of well ordered bidentate urea dropped off either 

increasing or decreasing the index from 100. The 100 index foam displayed the highest 

amount of bidentate suggesting this material has the highest concentration of well organized 

hard segments. This evidence strongly supports the claim that the increased covalent cross- 

linking prevents hard segment domain perfection. WAXS results confirmed this claim 

which showed that increasing the index caused the rings, associated with short range order, 

to become more diffuse attributed to a disordering phenomenon. 
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Chapter 6 

6.0 Mechano-Sorptive Behavior 

Since water-blown flexible polyurethane foams are most widely used in load 

bearing applications that undergo transient moisture conditions such as seating material 

etc., the mechano-sorptive phenomenon is very important particularly in view of the high 

specific surface of these open cell structures. Recall that the effect of transient moisture had 

been reported to induce creep strains beyond those at constant humidity conditions, either 

high or low, in materials with the common characteristic of hydrogen bonding. In this 

study, compressive creep and load relaxation was monitored under cycling moisture 

conditions and constant temperature. While an increase in humidity is expected to promote 

increased creep, a decrease in humidity is expected to "plasticize" the hydrogen bonds to a 

lesser degree thereby slowing down the rate of creep. As will be shown, the contrary was 

observed which demonstrates that in attempting to predict the behavior in actual 

applications, static conditions may fall short since in most places, the environment is in a 

dynamic mode. 

6.1 Effect of Transient Moisture Conditions on the Creep Response 

Mechano-Sorptive Behavior 337



Three foams were studied which showed many similar features as those observed 

for wood and wood based products under transient moisture conditions.99:100 Figure 6.1 

shows the mechano-sorptive behavior for foam Fs4 under a constant load of 1558g. Curve 

(a) in Fig. 6.1 corresponds to the creep response of Fs4 under constant 10% RH. The 

initial strain is approximately 0.17 and extends to approximately 0.22 after 550 min typical 

of creep curves presented in Chapter 4. Curve (b) corresponds to the creep response under 

constant 98% RH. The behavior here is again typical of what is expected where the initial 

Strain was 0.25 and increased to about 0.33 after 550 min. The final curve shown in this 

figure, curve (c), corresponds to cyclic moisture conditions beginning at 10% RH. The 

Strain, initially 0.18, extends to 0.22 after 60 min. at which point the humidity was 

increased to 98% RH. During this time the largest increase in strain was observed, i.e. the 

strain increased to 0.32 followed by a decrease in the creep rate as noted by a near flat 

response. As the humidity was then decreased to 10%, the strain rapidly increased to 0.34. 

The second cycle began with absorption where no increase in strain was displayed until the 

onset of desorption when the strain increased to 0.36. Interestingly, subsequent absorption 

steps did not display increases in strain although subsequent desorption steps did and the 

strain level reached 0.38 after 550 min.; higher than it did at a constant 98%RH. These 

results are very similar to those obtained by other researchers on cellulose based materials 

as well as other exhibiting hydrogen bonding. This point will be addressed later. 

The results of transient moisture conditions on the higher hard segment foam, Fs5, 

are illustrated in Fig. 6.2. As can be observed, the compressive strain under a constant 

load of 1900g, follows the same trend as foam Fs4. Curve (a) in Fig. 6.2 is the creep 

response under constant 10% RH. The strain increased from an initial value of 0.20 to 

0.36 after 600 min. Curve (b) represents the creep response under constant 98% RH. 

Here the strain level increased from 0.34, initially, to 0.50 in the same time period. Curve 

(c) represents the effect of transient moisture conditions on the creep response of Fs5. The 

response observed here was similar to that of foam Fs4. That is, the first absorption cycle 
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Figure 6.1. | Mechano-sorptive behavior for slabstock foam Fs4 under a constant load 
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displayed the biggest increase in strain as did each desorption step thereafter. The only 

exception here was that small increases in strain were observed during subsequent 

absorption steps which may be a result of the higher applied load. The final strain for this 

material reached a final level of 0.58 after 600 min.; again much higher than that at a 

constant 98%RH . 

A Similar creep experiment was carried out on a molded foam in view of their 

different structure and properties determined earlier. Figure 6.3 illustrates the mechano- 

sorptive behavior displayed by the molded foam, Fme2, under a constant load of 684g. As 

in the previous cases, curve (c) representing the strain response under transient moisture 

conditions exceeds the strain in each case (low or high RH) where the humidity was held 

constant. For example, the final strain under transient moisture conditions was 0.38 where 

under a constant 98%RH it was 0.34. With respect to curve (c) obtained under transient 

moisture conditions, the increases in strain were displayed only during desorption cycles 

and the first absorption cycle. The increasing strain level continued as the moisture cycling 

occurred until a point was reached where the covalent network of the foam accommodated 

the stress. Further increases in strain led to densification of the foam which is due to the 

compression of the struts and remaining cell texture into a less porous solid. 

The mechano-sorptive phenomenon observed in Figs. 6.1 to 6.3 is due to the polar 

water molecules interacting with hydrogen bonds within the solid portion of the foams - 

particularly the hard segment regions. As illustrated in the simplified morphological model 

given in Fig. 6.4, this causes hydrogen bonds to be formed between the molecular 

structure of the foam and the water molecules thereby disrupting or loosening portions of 

the intermolecular forces within the foam and hence, causing slippage and creep. In 

desorption, these hydrogen bonded regions with water are again disrupted or temporarily 

broken as the water diffuses from the system leaving increased regions of free volume 

thereby causing the foam to once again be less resistant to creep. The flux of water 

molecules into or out of the cellular structure, whether in absorption or desorption, disrupts 
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the dynamic equilibrium of the hydrogen bonds causing bonds to be temporarily broken 

and reformed and, in turn, promotes greater moleculat mobility or creep within the 

mechanically loaded foam. Also, shrinking and swelling may have a small effect on the 

creep behavior as well - particularly swelling at high humidity in the case of soft foam 

structures. In absorption, the foam may actually swell a small amount causing the strain to 

remain nearly unchanged - recall that during the latter absorption cycles, no significant 

creep occurred. In addition, the degree of this behavior is dependent upon the load as well 

as the nature of the foam. Restated, the molecular interactions between the water and the 

foam which tend to promote creep may be somewhat balanced by the swelling of the foam 

during absorption. In desorption, swelling is not expected to occur and thus the creep 

strain increases. For example, a similar mechano-sorptive experiment was performed on 

Fs5, however it was carried out at a high temperature (90°C) and under a lower applied 

load (1560g) than for the results shown earlier in Fig. 6.2. The creep response of this 

foam is shown in Fig. 6.5 which reveals a similar behavior to that in Fig. 6.2 with the 

exception that in this case, a small recovery was displayed during absorption cycles after 

the first. Here, since the temperature is higher (requiring considerably more water vapor) 

and the load is lower, the swelling pressure of the absorbed water may exceed the creep 

force thereby inducing a slight recovery and thus decreasing the creep strain. This 

exhibited behavior offers support that the lack of creep observed earlier during absorption 

is most likely a result of swelling and also dependent on the applied load. The mechanism 

proposed here is basically in agreement with that proposed by previous authors desribing 

observed behavior on wood and wood based materials with the exception that the present 

approach emphasizes that changes in the time dependent free volume are also important - 

particularly as a result of desorption. 

In view of the proposed model, a similar experiment was carried out on a molded 

foam Fme2 (shown to be easily "plasticized" by temperature and humidity relative to 

slabstock foams) at a higher temperature where the hydrogen bonding is more mobile. The 
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Figure 6.5. | Mechano-sorptive behavior for slabstock foam Fs5 under a lower constant 
load and a high temperature (90°C). Curves correspond to (a) constant 
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mechano-sorptive behavior was less evident in the sense that the creep level under cyclic 

humidity does not exceed that at the highest constant humidity. As can be observed in Fig. 

6.6, the creep response displayed at constant 98% RH was indeed very similar to that 

obtained under cyclic humidity conditions in the sense that the strain levels were nearly the 

same. At this temperature, the hydrogen bonds within the foam are much more labile than 

at the earlier lower temperature of 40°C. The weaker hydrogen bonded structure in this 

system at the high temperature, coupled with the high humidity further "plasticize" the foam 

Causing strain levels to exceed those in Fig. 6.3. In Fig. 6.3, the strain levels for curves 

(b) and (c) reached 33% and 38% respectively. However, in Fig. 6.6, the strain levels for 

curves (b) and (c) reached 55% and 57%, respectively. The increased strain levels along 

with the similar response on curves (b) and (c) of Fig. 6.6 further support the proposed 

mechanism. 

Further support for the importance of the free volume as well as surface area such 

as that exhibited by foams as well as from the cellular structure of wood is given in Fig. 

6.7 which illustrates the creep response of a noncellular polyurethane elastomeric film in 

tension under transient moisture conditions. The displayed response is similar in the sense 

that increases in strain occurred in a step-wise manner but these increases occurred only 

during absorption, not desorption. Following the first cycle at 10O%RH, only absorption 

steps produced further strain. Both the "plasticization" of hydrogen bonds and slight 

swelling that occurs with the absorption of water, contributed to the increase in creep 

strain. During desorption, the slow diffusion of water out of the material allows for the re- 

establishment of hydrogen bonds with no observed changes in strain. Since these films 

lack the cellular structure and large surface area of foams which makes the diffusion of 

water in and out slower. 

6.2 Effect of Transient Moisture Conditions on the Load Relaxation 

Behavior 
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Figure 6.6. | Mechano-sorptive behavior for slabstock foam Fme2 under a constant load 
and a high temperature (90°C). Curves correspond to (a) constant 20%RH 
(b) constant 98%RH, and (c) cyclic moisture conditions. 
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Figure 6.7. Mechano-sorptive behavior for a polyurethane elastomer under constant 
load and temperature (40°C), but cyclic moisture conditions. 
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A comparison of the creep response under transient moisture conditions to the load 

relaxation behavior under transient moisture conditions was carried out to obtain further 

support of the proposed mechanism. This involved compressing the foam to 65% in the 

same manner as for the load relaxation results described in Chapter 4. While the 

temperature was held constant, the humidity was cycled from 10%RH to 98%RH while the 

load was monitored. 

The results of the 65% compression load relaxation experiment under transient 

moisture conditions are displayed in Fig. 6.8 which are very similar to the observed 

behavior under creep loading. Following the initial dry loading (showing typical decay in 

load), the first absorption cycle produced a step-like decrease in load and thereafter, only 

the desorption steps displayed decreases in load for during absorption the load always 

increased. At 40°C, the load decreased from ca. 2000g to 1600g during the initial low 

humidity cycle. During the following absorption cycle, the load decreased to ca. 1400g 

and then during the following desorption cycle, the load further decreased to ca. 1150g. 

Each subsequent absorption step results in a ca. 200g increase in load while each 

subsequent desorption step resulted in a ca. 250g decay in load thereby leading to an 

overall decay of the load with time. The recovery or increase in load during absorption is 

due to a swelling pressure which has a greater impact in load relaxation than creep due to 

the greater sensitivity in small changes in the displayed load. Thus this pressure overrides 

the softening effect resulting from the disruption of the hydrogen bonds. As the water is 

removed, the excess free volume as well as the disruption of the newly formed hydrogen 

bonds between the molecular structure and water molecules induce significant decreases in 

load. The behavior was the same at 90°C with only the curve being shifted to lower loads 

as illustrated in Fig. 6.9. At 40°C, the initial load was ca. 2000g and the final load was ca. 

980g while at 90°C, the initial load was ca. 1580g and the final load was ca. 700g. The 

trend was the same, where except for the first absorption, each absorption step produced an 
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Figure 6.8. Influence of cyclic moisture conditions on the load relaxation behavior of 
Fs5 at a constant 65% strain and constant 40°C. 
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increase in load while every desorption step produced a decrease in load or a load decay. 

Again, even at 90°C, the overall trend is one of a decaying load over all absorption- 

desorption cycles. 

6.3 Summary 

Cyclic moisture conditions were found to have a pronounced effect on the 

viscoelastic behavior of flexible water-blown polyurethane foams. Both slabstock and 

molded foams were compressed under a constant load (or constant strain) and constant 

temperature in a changing moisture environment, while the strain (or load) was monitored. 

The mechano-sorptive phenomenon was evident with all three foams following a similar 

trend where at 40°C the strain level surpassed those under constant relative humidity, either 

high or low. In creep loading, the creep level increased with the first absorption cycle. 

Then, in each subsequent absorption cycle, minute changes in strain, if any, were 

observed, while in each desorption cycle, increases in strain were evident. The effect of 

cyclic moisture content on creep is believed to be due to the interaction of the water with the 

hydrogen bonded structure within the foams causing them to be temporarily broken and 

reformed and hence, causing the foam to undergo enhanced creep in correspondence to 

each change in moisture conditions. Of major significance is that during desorption, the 

increased free volume, along with the less ordered hydrogen bonds, allows for further 

increases in the creep strain in a step-like manner. Further support to this mechanism was 

given when the mobility of the hydrogen bonds was enhanced by increasing the 

temperature instead of cycling humidity. In this case, the final creep strain level reached 

was in close proximity to that where the humidity was cycled. Since polyurethane foam 

materials are inherently placed in changing environmental conditions - i.e. changing 

weather conditions, it is clear that the mechano-sorptive phenomenon is very important due 

to the application of foams in load bearing and structural purposes. 
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Chapter 7 

7.0 CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

Many conclusions can be drawn from the work presented thus far regarding flexible 

molded as well as slabstock polyurethane foams. The conclusions presented here are 

specifically made from Chapters 4 through 6 and are presented in that general order 

beginning with statements concerning molded foams. The important aspects addressed are 

the structure, morphology and viscoelastic properties. 

The molded foams had dramatically different cellular structures compared to 

slabstock. They possessed many more closed cells whose geometric shape was isotropic 

relative to slabstock foams which displayed a geometric anisotropy oriented along the rise 

direction. In addition, the cell struts of the molded foams were much thicker all of which 

results in a higher density than a slabstock foam of comparable water content. Varying the 

water content or CPP particulate content did not appear to significantly influence the cellular 

structure. TEM micrographs displayed evidence of the CPP particles distributed in a rather 

smooth continuous phase. They lacked the "grainy" texture observed with slabstock foams 

which has been attributed to the urea precipitates. 
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The molded foams displayed microphase separation as was observed using SAXS 

where the scattering peaks corresponded to a Bragg spacing of ca. 130 - 170 A which 

varied slightly depending on the water content or CPP content. One of the most important 

discoveries of the work presented in this document was arrived at using WAXS. The 

WAXS patterns of the molded foams lacked any signs of structural order associated with 

the packing order of the HS domains but only displayed a broad amorphous halo. The 

conventional slabstock foam exhibited two relatively sharp peaks associated with local 

packing order of the hard segments. This was confirmed with FTIR which revealed that 

the molded foams lacked bidentate urea associated with well ordered hydrogen bonding and 

only displayed monodentate urea. In contrast, the slabstock foams again exhibited 

evidence of short range packing with the observation of a strong bidentate urea absorbance. 

Another important observation was the good agreement between FTIR and WAXS which 

suggested that FTIR is a good technique for assessing HS order but may be lacking in 

relating the results to the degree of microphase separation in polyurethane foams. 

Furthermore, the WAXS and FTIR results correlated well when carried out on an extracted 

slabstock foam where both techniques revealed that the order had been disrupted. As 

expected, the CPP particles did not appear to influence the HS ordering. 

The viscoelastic properties varied significantly especially when the test temperature 

and/or humidity was increased. Comparing the load relaxation behavior, the molded foams 

exhibited a strong temperature and/or humidity dependence where at elevated conditions the 

relaxation curves resulted in lower loads and greater load decays. Initial increases in 

temperature resulted in increases in load (for the low water content foams) with no changes 

in the load decays of conventional slabstock foams. Humidity also had a dramatic 

softening effect on the relaxation behavior of molded foams inducing a similar 

"plasticization” effect. In general, the temperature beyond which significant softening was 

observed was ca. 50°C for the molded foams where this temperature was ca. 100°C for the 

slabstock foams. The softening effect was shown to be primarily a result of hydrogen 
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bond disruption (most of which exists within the hard segments) which occurs with greater 

ease in the molded foams than in the slabstock foams. This ease of "plasticization" 

displayed by the molded foams is a result of these foams having HS domains which are 

much less ordered and possess weaker monodentate hydrogen bonds. The other 

viscoelastic measurements, creep and compression set, also confirmed that the viscoelastic 

properties of the slabstock foams were superior to those of the molded foams. Not only 

was the compression set lower for the slabstock foam, but this system also displayed 

significant recovery where as the molded foams did not. 

Within the molded foams, varying the CPP content produced significant changes in 

the mechanical and viscoelastic properties. As expected, the foams containing this "filler" 

displayed greater initial stiffness such as initial loads in load relaxation or higher loads at 

any given strain in load-strain measurements. With respect to the load-strain 

measurements, the CPP containing foams exhibited greater hysteresis than those lacking 

the particles. Surprisingly, the viscoelastic properties of the foams containing the CPP 

dispersion were more time dependent than the foams free of these particles. The percent 

decays, in load relaxation, were higher for the CPP containing foams compared to the CPP 

free foams, especially at elevated temperatures or humidity. The lower amount of soft 

segment within the CPP containing foams relative to the CPP free foams resulted in greater 

Strain within the soft segment for a given applied load since the rigid particles are not 

expected to strain. The particles are believe to act as stress concentrators thereby increasing 

the relaxation decay. At elevated temperatures and/or humidities, hydrogen bond 

disruption existing at the interface is disrupted which leads to further chain slippage. In 

creep, the CPP containing foams displayed lower initial strains, but during the creep 

experiment, the strain levels surpassed those of the CPP free foams. Higher compression 

set values were displayed by the "filled" foams confirming the load relaxation and creep 

results. Solvent extraction results surprisingly revealed that the foams incorporating the 
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CPP dispersion displayed a higher amount of extractable suggesting that these particles are 

completely grafted to the base polyol. 

Another important ingredient incorporated in molded foams, DEOA, was evaluated 

by systematically varying its concentration. Solvent extraction results confirmed that as the 

DEOA was increased, the amount of covalent cross-linking also increased. However, the 

increased cross-linking also promoted many closed cells which dramatically altered the 

mechanical properties and even caused shrinkage of the foam pad as it cooled. High levels 

of DEOA also appeared to disrupt the rather large urea aggregates observed with TEM for 

the all propylene oxide polyol based foams. These aggregates appeared to have more of a 

mixed morphology for the high DEOA content foams which was attributed to the 

prevention of the full development of these structures by the added DEOA. 

Increasing the DEOA content also influenced the microphase separation between the 

HS domains and the soft segment phase. As the DEOA was increased, the extent of phase 

separation decreased which was especially true for the lower molecular weight all 

propylene oxide polyol based systems. This was concluded using SAXS which exhibited 

a decreased overall intensity with the higher DEOA content foams as well as with DSC 

which revealed that the soft segment Tg increased in temperature as the DEOA content was 

increased. 

The higher cross-linking provided by increasing the DEOA content also severely 

disrupted the hard segment ordering confirmed by both WAXS and FTIR. The sharpness 

of the rings in the WAXS patterns significantly decreased as the DEOA content was 

increased. In addition, FTIR illustrated that the bidentate urea absorbance also decreased as 

the DEOA content was increased. This observation is extremely important and believed to 

be in part responsible for the observed lack of packing order exhibited by the hard 

segments within the molded foams. It was also concluded that the inclusion of DEOA 

allowed these hard segment domains to be more labile at elevated temperatures thereby 

diminishing the foam's performance. 
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The high amount of closed cells was clearly evident in the load relaxation behavior. 

The high DEOA content foam displayed significantly higher initial loads but also displayed 

significant decay of the load in a three hour period. Comparing foams with relatively 

comparable cellular structures demonstrated that increasing the DEOA content increased the 

displayed load in load relaxation measurements at room temperatures. At elevated 

temperatures, however, no significant difference was observed as a function of DEOA 

content. This was attributed to a balance between the "tightening" of the covalent network 

and a "loosening" of the physical network (HS domains) as the DEOA content was 

increased. 

The influence of the ethylene oxide capping was also evaluated by comparing the 

two series of foams where one contained a higher molecular weight polyol that was 

ethylene oxide end capped. The greatest effect was observed with TEM where the ethylene 

oxide containing polyol based foam contained small regions or domains on the order of ca. 

150A. The all propylene oxide polyol based foam also displayed larger regions on the 

order of ca. 150 nm which were attributed to urea aggregates. 

Slabstock flexible polyurethane foams were produced using high water content 

formulations without the use of auxiliary blowing agents and varying levels of TDI index 

which influenced the softness of the foams. As the TDI index was increased, the 

"stiffness" of the material also increased which was a result of higher cross-linking and 

higher hard segment content arising from the higher index. Solvent extraction experiments 

also indicated that cross-linking was a direct result of altering the TDI index. The amount 

of extract with DMF decreased systematically with increasing index. Further evidence of 

covalent cross-linking was brought about by comparing the SEM micrographs of the foams 

after extraction as a function of TDI index which showed that the cellular structure of the 

highest index foam was much less affected than the cellular structure of the lowest index 

foam which appeared to have lost its integrity. 
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The mechanical and viscoelastic properties also compliment the above findings. 

The stress and elongation at break increased as a function of index with the exception of the 

highest index foam which failed at a lower stress and strain value than the 100 to 105 index 

foams. The viscoelastic properties also systematically improved with TDI index. In load 

relaxation, the initial loads systematically increased with increasing index with the 

exception of the highest index foam which throughout this study showed no significant 

difference to its predecessor. The percent decays systematically decreased with increasing 

TDI index. All foams were significantly "softened" by either temperature or humidity and 

especially both variables. As with the molded foams, the "plasticization" was attributed to 

the disruption of the hydrogen bonding (which is considerable in these high water content 

foams) by temperature and/or humidity . Although the compression set properties appeared 

to be independent of TDI index, the different TDI index strongly influenced the recovery 

experiments. Higher recovery from compression set was achieved for the higher index 

foams in a systematic fashion. The increasing recovery with increasing index is attributed 

to and viewed as strong evidence for the direct correlation between the TDI index and 

covalent cross-linking. 

Along with investigating the influence of index on the physical properties of 

polyurethane foams, its effect on the morphology of these materials was investigated as 

well. SAXS results indicated that the lowest index foam had better phase separation than 

the highest index foam which displayed the lower intensity. This was supported by DSC 

and DMA measurements where the observed glass transition region increased in 

temperature with increasing index. 

More importantly, the level of short range ordering of the hard segments was 

studied first by FTIR which showed that the highest amount of well ordered bidentate urea 

was displayed by the 100 index foam. This foam displayed the highest amount of bidentate 

urea suggesting this material has the highest concentration of well organized hard 

segments. The other foams having an index either above or below 100 displayed a 
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bidentate absorbance lower than that of the 100 index foam. This evidence strongly 

supports the claim that the increased covalent cross-linking prevents hard segment domain 

perfection. WAXS results confirmed this claim which showed that increasing the index 

caused the Bragg rings, associated with short range order, to become more diffuse due to a 

disordering of the hard segments. 

Finally it was found that cyclic moisture conditions have a pronounced effect on the 

viscoelastic behavior of flexible water-blown polyurethane foams. The mechano-sorptive 

phenomenon was evident with both slabstock and molded foams. All foams followed a 

similar trend where at 40°C the strain level under transient moisture conditions surpassed 

those under constant high relative humidity. The creep level increased dramatically with the 

first absorption cycle. Then, in each subsequent absorption cycle, minute changes in 

strain, if any, were observed, while in each desorption cycle, increases in strain were 

clearly evident. The effect of cyclic moisture content on creep was attributed to the 

interaction of the water with the hydrogen bonded structure within the foams causing the 

hydrogen bonds to be temporarily broken and reformed and hence, causing the foam to 

undergo further strain in correspondence to each change in moisture conditions. Of major 

Significance is that during desorption, the increased free volume, along with the less 

ordered hydrogen bonds, allowed for further increases in the strain in a step-like manner. 

Further support to this mechanism was given when the mobility of the hydrogen bonded 

structure was enhanced by increasing the temperature instead of cycling the humidity. 

Here, the final strain level was almost identical to that where the humidity was cycled. 

Since polyurethane foam materials are inherently placed in changing environmental 

conditions - i.e. changing weather conditions, it is clear that the mechano-sorptive 

phenomenon is very important due to the application of foams in load bearing and structural 

purposes. 

7.2 Recommendations 
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In view of molded foams continually growing in their application, further 

evaluation of these materials should be pursued. While the work presented within this 

dissertation has significantly contributed to the general understanding of these materials, 

continuation of this study can further verify some of these observations. For example, the 

copolymer polyols, an important component added to molded foams to improve load 

bearing capabilities, were shown to promote diminished viscoelastic properties. 

Furthermore, the foams containing these particles were also shown to display a greater 

amount of extractables relative to the foams free of these particles. This aspect should be 

expanded upon by further evaluating extent that these particles are covalently linking to the 

base polyol. The particles should be separated from the polyol serum phase and then 

subjected to an extraction treatment. They should then be evaluated as to whether they 

contain polyol that was not extracted. In addition, FTIR can be carried out on the extract of 

a foam containing the particles to demonstrate any bands attributed to the components 

comprising the particles. 

Another important aspect of molded foams is the ethylene oxide capped polyols that 

are utilized for greater productivity taking advantage of their greater reactivity. A series of 

foams should be formulated where the primary hydroxy] content is systematically varied by 

varying the amount of ethylene oxide capping thus allowing a more direct evaluation of its 

influence on the structure-property behavior. Special attention should be paid to the hard 

segment ordering since it was shown here to be an extremely important parameter in 

predicting a foam's mechanical behavior. 

Finally, further work should be dedicated to evaluating the existence and influence 

of the urea aggregate structures. For example, these structures were observed in the 

slabstock foams utilizing all propylene oxide polyols. When ethylene oxide was included 

such as in the molded foams, these structures are not evident. Furthermore, the existence 

of these structures can in part explain the fact that the molded foams exhibit sharper SAXS 
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peaks than did the slabstock foams. If a large part of the hard segments are located within 

these aggregates, a SAXS peak is not expected in view of their larger size while sharp 

WAXS peaks and bidentate order are still possible. The lack of the aggregates in the 

molded foams can then promote the occurrence of the hard segments in domains (or mixed 

in the soft phase) thereby increasing the sharpness and intensity of the SAXS peaks. 
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