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ABSTRACT. 

A number of simultaneous interpenetrating polymer networks (IPNs) were 

investigated with regard to morphology and energy absorbing ability. The materials 

were all based on polyurethane (PUR) with the second polymer components being 

polystyrene (PS) or poly~thyl methacrylate) (PEMA). Also, three-component IPNs 

were synthesised. This was achieved by incorporating functionalised PS latex particles 

into a PUR/po\y(butyl methacrylate) (PBMA) IPN. The morphology of the IPNs was 

determined with dynamic mechanical thermal analysis (DMTA), transmission (TEM) 

and scanning (SEM) electron microscopy and modulated-temperature differential 

scanning calorimetry (M-TDSC). The mechanical properties were investigated using 

tensile testing and hardness measurements. 

The PURlPS IPNs were found to be grossly phase separated at every composition, 

even when crosslinked at very high levels. However, a structural modification of the 

materials was conducted by introducing inter-network grafting, compatibilisers and 

ionic interactions. All three structure modifications proved successful in achieving a 

finer morphology. By conducting a stirred synthesis, a very complicated morphology 

with a very high and broad transition was obtained. The PUR/PE MA IPNs were semi­

miscible and the 70:30 composition exhibited a very broad, almost rectangular, 

transition as evidenced by DMTA data. Phase domains between I - 500 run were 

found by TEM. The degree of mixing and, thus, the location and breadth of the 

transition could be adjusted by varying the composition and the crosslink densities in 

both networks. Also, variation of the chemical nature of the PUR soft and hard 

segments proved successful in obtaining a broad transition range. 

Materials with a controlled microheterogeneous morphology which exhibited excellent 

energy absorbing characteristics were developed. PURlPEMA IPNs generally 

exhibited better damping properties as indicated by the area under the linear loss 

modulus (LA) and· loss factor (TA) curves. Some of these materials exhibited values 

for the loss factor of 2: 0.3 spanning a temperature range of more than 170°C. The 

study of IPN s containing latex' particles revealed promising results. Further 

concentrating on this approach might yield damping materials with even broader 

energy absorbing temperature/frequency ranges. 
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1. INTRODUCTION 

1.1 Need for Multicomponent Polymers and High Damping Materials 

Applications for high technology polymers are growing in such diverse fields as 

biomedical applications, electronics and in the automotive industry. Novel speciality 

polymers are replacing steel, wood or other polymers to result in improved products, 

and they are also needed in new applications. However, the development-of new 

monomers to produce these speciality polymers is expensive, time-consuming and 

difficuIt(1
) Therefore, alternative ways of developing polymeric materials with new 

improved properties have to be investigated. Recently, new metallocene catalysts(2
) 

were developed which allowed the production of a great number of olefin and 

aromatic polymers with a controlled molar mass, narrow polydispersity and extreme 

stereoregularity. This resulted in materials with new enhanced properties. Another 

way of engineering materials with improved properties is by blending different 

polymers(3
) Amongst the various types of polymer blends that exist are statistical, 

block and graft copolymers. A more recent type of polymer blend are interpenetrating 

polymer networks (IPNsi4
). Interpenetrating polymer network technology was used 

in this study, since it allows a good control over the blend morphology. Controlling 

the IPN miscibility and morphology is of crucial importance for the development of 

good energy absorbing materials. 

While this Century is primarily concerned with energy production, uncontrolled 

energy evolving as a by-product from the use of machinery is unwanted and has to be 

absorbed. Apart from heat, this uncontrolled energy can be experienced in form of 

vibrations and sound i. e. noise. Sound waves have a longitudinal character while 

pressure waves travelling through solids, vibrations, can have longitudinal and shear 

character(5
) Vibrations and noise can be encountered everywherec6

•
7
\ such as the 

workplace, in the household, in a ship or car, in the air or even in space. The 

detrimental effect of vibrations and noise is obvious. They can cause(
6) fatigue in 

products which leads to failure, malfunction and lower performance levels. 

Furthermore, they can interfere with processes, decrease the product life cycle and 

increase maintenance costs. Vibrations also might produce noise. For an average 

yowlg person, the range of vibrational disturbances perceivable as sound spans 3 



decades from 20 Hz to 20 kHz(8) Noise has been proven to be a considerable health 

hazard(9) and sensibility in this area is growing. Studies have revealed that exposure to 

noise may have severe consequences depending on level, length and type of noise 

exposure. Besides the evident effects like permanent and irreversible hearing loss, 

communication, task and sleep interference and annoyance, there are more subtle 

consequences. Noise may produce high blood pressure, contribute to heart and 

circulatory diseases and cause extreme emotions and behaviour(iO). 

It is thus evident that damping is extremely important and essential(l') for individuals 

as well as for industry and in some military applications. Recently, damping is 

becoming even more important(12) due to the trend towards energy conservation. This 

brings about lighter weight and higher speed products, sensibly increasing acoustic 

and vibrational disturbances. Damping is omnipresent in nature, and, therefore, all 

acoustic and vibrational energy is ultimately degraded into thermal energy(13) This 

may occur(14) through losses at medium boundaries or frictional and heat conduction 

losses in the medium. For damping purposes, however, only energy dissipation that 

takes place in short times and over small distances is of interest. 

In order to design a damping system, there are several steps to consider. Amongst 

others, these inc\ude(l5) to define the environmental conditions and the damping 

system required to eliminate the problem. This is followed by the selection of the 

appropriate damping materials. Finally, the required damping design has to be 

developed. Acoustic damping can be achieved(l6) in different ways. One method is to 

isolate the sound, i.e. through quarter-wave plates. The other principle is based on the 

destructive interference of the sound waves, which can be achieved with honeycomb 

structures and hollow cavities. A rather novel method of vibration damping using the 

destructive principle are piezoelectric ceramics(17). They convert mechanical energy 

through changes in geometrical shape into electrical energy and subsequently into 

heat. Further damping devices are electromagnetic vibration dampers consisting of 

magnet-conductor configurations('8). 

This research is concerned with the development of damping materials with a high 

intrinsic energy absorbing ability spanning a broad temperature range. The interesting 

method with respect to this research is damping with polymers, polymer blends and 

polymer composites. In viscoelastic polymers, the most important mechanism of 

2 



energy attenuation(13) is the conversion into heat by molecular relaxation processes. 

Damping with polymers is a particularly good way, because of the ease of their 

application by either trowel, brush or spray(19.20
), their high efficiency combined with 

versatility, and, finally, the relatively low costs involved. In damping with polymers, 

two major applications of polymeric damping system can be encountered(7·8); 

extensional and constrained layer systems. In extensional damping systems, one single 

polymer is applied on the carrier surface(21·22) Constrained layer damping consists of a 

two-layer system(23) where the viscoelastic damping material is located between a 

substrate and a stiff constrained layer. 

As already stated, this research is concerned with the development of polymeric 

damping materials with a high intrinsic damping ability. The IPN technology was used 

to combine two polymer networks resulting in materials with a controlled degree of 

phase separation. IPNs of a microphase morphology are capable of adding to the 

previously mentioned advantages of polymers a further crucial one,! that is broad 

service temperature and frequency ranges. IPN s that have been investigated for this 

kind of application are surveyed in chapter 2. More work on the IPN morphology, 
./ 

and means of controlling the transition temperatures of polymer blends is necessary to 

gain a better understanding of how synthesis parameters influence the structure and 

properties of complex polymer systems. Generally applicable methods of increasing 

polymer miscibility resulting in a controlled morphology are needed. In using those 

principles for damping applications, multiphase polymers with a broad transition zone 

can be developed. Thus, a wider choice of high damping materials will become 

available. This will enable the damping engineer to choose the most appropriate 

viscoelastic damping material for any given application in any given environment. 

1.2 Objectives of the Present Study 

The purpose of this study was two-fold. First, the study was concerned with a 

detailed investigation of the morphology, phase continuity and mechanical properties 

of simultaneous IPNs. These IPNs were composed of an elastomeric polyurethane 

network containing the aliphatic tetramethylene xylenediisocyanate which had not 

been used previously in IPN preparations. Polystyrene and poly( ethyl methacrylate) 

were chosen as second polymers in order to investigate immiscible and semi-miscible 

3 



polymer pairs. The control of the degree of miscibility in an IPN is crucial for the 

development of a wide damping range. Therefore, it was attempted to gain a better 

understanding by which means and to what extent the IPN-nlicrostructure, the phase 

domain size and its distribution, and the phase continuity can be influenced. Besides 

different second polymer components, the factors studied comprised variations in the 

polyurethane network, such as the chemical nature and molar mass of the soft 

segment and the type of the hard segment. Further factors included (i) the IPN 

composition with regard to the two components, (ii) the crosslink densities in both 

polymer networks, and (iii) the introduction of chemical bonding and (iv) physical 

interactions between the polymer networks. Finally, the direct determination of the 

morphology via transmission and scanning electron microscopy was compared with 

indirect methods, principal among them dynamic mechanical thermal analysis and 

modulated-temperature differential scanning calorimetry. 

Second, it was attempted to develop polymer-based damping materials with a high 

intrinsic damping ability using the IPN topology. Choosing two polymers with their 

transition regions far apart might result in IPNs capable of high damping over a broad 

temperature and frequency region. In order to further broaden the damping range 

three-component IPNs were developed by the incorporation of functional latex 

particles into an IPN. This research should have a very practical use in improving and 

widening the choice of possible damping materials available. Also, it was intended to 

develop materials for different temperature regions. 

Thus, in brief, the principal objectives of the present study were the following. 

1) To elucidate and compare the morphologies, i.e. the phase domain sizes and shape, 

of an immiscible polyurethane/polystyrene IPN and a semi-miscible 

polyurethane/poly(ethyl methacrylate) IPN. 

2) To investigate the phase continuity of the latter as a function ofIPN composition. 

3) To develop IPNs of a controlled microheterogeneous morphology by variation of 

the crosslink denisty and the introduction of chemical and physical 

intermacromolecular interactions. 

4) To develop high damping IPNs and characterise their damping characteristics using 

dynamic mechanical thermal analysis. 

4 



5) To develop three-component IPNs with glassy functionalised latex particles to 

extend the damping and useful operating ranges to higher temperatures. 

1.3 Research Plan 

1.3.1 Experimental Plan 

A multitude of factors are important for the development and investigation of IPNs 

with high damping characteristics. The schematic overview in figure I. I shows 

important factors influencing the IPN morphology and, thus, the IPN damping 

properties and where this research tackled the task. 

First, a number of polyurethane homonetworks with different crosslink denisties and 

hard and soft segments were prepared. The influence of the variation of the PUR 

network on the dynamic mechanical properties was studied. This was done with the 

aim of choosing one suitable PUR material for intense study in the IPNs. Furthermore, 

a basis' for comparision was obtained for the variation of the PUR network in the 

IPNs. The knowledge of the behaviour of the PUR homonetwork was crucial in order 

to be able to explain the by far more complicated IPN behaviour. With the selected 

PUR network, the influence of the composition and the crosslink densities in both 

networks were investigated in an immiscible polynrethane (PUR)/polystyrene (PS) 

IPN and in a semi-miscible polyurethane/poly( ethyl methacrylate) (PEMA) IPN. 

Following the composition studies, mainly one composition was chosen for the 

subsequent studies such as, for example, the crosslinking study. This was the 60:40 

composition for the PUR/PS IPNs and the 70:30 composition for the PURlPEMA 

IPNs. Both these compositions exhibited very special properties. Furthermore, both 

polymers were present in sizeable quantities. From dynamic mechanical thermal 

analysis, contributions from both components were easily detectable allowing for a 

good observation of any possible transition shifting or broadening effect. 

-.. 
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IPN Preparartion I 

~ 
IPN Components Synthesis Route Synthesis Conditions 

Polymer miscibility Simultaneous Temperature 
Composition One-shot Curing cycle 
Crosslinking [Sequential] Stirred synthesis 
Initiator/Catalyst Bulk [Pressure]· 
Grafting agents [Solvent] [UV-curing]" 
Compatibilisers 
Ionic interactions 

Competition in the IPN system 
Chain interlocking (reaction kinetics) versus 
system incompatibility (phase separation) 

I PN Analysis 

--------- -------------Structure Properties 

Transmission electron microscopy Dynamic mechanical thermal analysis 
Scanning electron microscopy Tensile testing 
Dynamic mechanical thermal analysis Hardness measurements 
Modulus-composition relations Thermogravimetric analysis 
Modulated-temperature differential 

scanning calorimetry 

Figure l. I Development and investigation of IPN s for damping. 
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Modification of the immiscible PURlPS IPN at the 60:40 composition was conducted 

to bring about increased component mixing. The techniques used were the 

introduction of chemical bonds between the two networks through the use various 

difunctional grafting agents, the incorporation of a number of urethane acrylate 

compatibilisers into the PS network and the introduction of ionic interactions via 

carboxylic acid- and tertiary amine group-containing monomers. The influence of the 

variation of the PUR soft and hard segment was studied in the 70:30 PURlPEMA 

IPN. 

To broaden further the damping range, functional PS latex particles were introduced 

into a 70:30 PURlpoly(butyl methacrylate) IPN. Generally, it has to be re-emphasised 

that because of the multitude of variables, the design of the experiments had to be 

chosen in a way to restrict the number of IPN materials to be synthesised. Therefore, 

only the best materials such as the 70:30 compositions for the PURlPEMA IPN were 

taken to conduct further studies, rather than to investigate all possible combinations. 

1.3.2 Documentation of the Research 

Following this introduction, the theoretical background is divided up into 3 parts, (i) 

interpenetrating polymer networks, (ii) damping with polymers and (iii) polyurethane 

network. These topics are essential for the understanding of this investigation and, 

thus, briefly reviewed with special focus on this research. Reference is usually made to 

how far the background and literature information concerns the present study. 

Characterisation results of raw materials are gIVen ID the experimental chapter. 

Although most raw materials were characterised, only few examples are given for 

reasons of limited space. Furthermore, the synthesis of the in-house prepared 

compatibilisers is dealt with in the same chapter. An exception to this was made for 

chapter 7 (IPNs containing latex particles), where the synthesis and characterisation 

was included in the results chapter. This was done since the preparation of the IPN s 

with latex particles differed considerably form that of the two-component IPNs. The 

principal analysis techniques together with the instruments used for the 
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characterisation of the IPN films are briefly introduced in the experimental chapter. 

Emphasis is placed on the dynamic mechanical thermal analysis (DMTA) since the 

latter was the principal technique used in the present study, giving information about 

the IPN morphology and damping characteristics. 

Results and discussion are presented in the chapters 4 to 7. DMTA data of all 

materials synthesised are shown under the respective subdivisions together with 

results from tensile testing. In many cases the DMTA Tg behaviour was compared to 

that obtained by modulated-temperature differential scanning calorimetry (M-TDSC). 

In most cases the morphology was further elucidated by transmission and scalming 

electron microscopy. Further characterisation techniques that were less commonly 

used such as, thermogravimetry and modulus-composition studies were compiled 

under the respective sections of the IPN s investigted. 

The report concludes (chapter 8) by summarising the findings of the various IPN 

multiphase morphologies and by delineating how control of the IPN morphology was 

achieved to produce high damping materials. 
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2. BACKGROUND AND LITERATURE SURVEY 

2.1 Interpenetrating Polymer Networks (IPNs) 

The properties of polymers and polymer bloods are depoodent upon the chemical 

structure of their constituoot monomers, on their topology and their morphology. 

Research into differoot polymer topologies and the blooding of polymers has reached 

paramount importance, since the developmoot of new monomers is very difficult and 

expensive(l) .. The use of differoot polymer topologies (figure 2.1) represents a means 

of combining various existing polymers resulting in special properties. 

Block 
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// 
I! 1i iI 

I I 1 I 
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Graft /Comb 
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Rotaxane 

Figure 2.1 Polymer topologies and catenane structure. 
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Polymer 2 

Interpooetrating polymer networks (IPNs) play a very distinctive role with this 

respect. Due to their catenane structure (figure 2.1), a forced mixing on a 

segmental/molecular basis is possible. This in turn might create a very broad transition 

region spanning both polymer transitions(l) The IPN topology was chosen for this 
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study, SlDce for good energy absorbing materials high damping over a broad 

temperature and frequency range is desired. Some general terms and concepts 

concerning IPN;~eported below. Special attention is given to the IPN morphology, 

since this is the preponderant characteristic(4) of an IPN, influencing mechanical and 

physical properties such as its damping ability. The subject has been recently 

reviewed(4.24.25) 

2.1.1 Defmition, History, Synthesis and Applications of IPNs 

Definition. An interpenetrating polymer network may be defined as an intimate 

combination of two or more network polymers, one of which is in network form, the 

other being synthesised in the presence of the first(4) Ideally, only physical 

entanglements between the networks exist and no covalent bonds are present. A 

schematic representation of a full IPN, a semi-IPN and possible network defects is 

shown in figure 2.2. 
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Figure 2.2 Interpenetrating polymer networks and network defaults. 
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IPNs can also be characterised by a high entropy of mixing, comparing the monomer­

monomer mixing in simultaneous IPNs to polymer - polymer mixing in polymer 

blends. It is believed that the synergistic effects(24.25l in their properties spring from the 

catenane structure, i.e. interlocking rings with no chemical bonds between them Also, 

possible grafting during the network formation could account for the special 

properties. Technically, IPNs are a kind of polymer blend, yet, they can be 

distinguished(25) from simple block and graft polymers by their characteristic 

properties. IPNs arc thcrmosets, therefore, swell but do not dissolve in solvents and 

creep and flow are suppressed(4) The latter statements do, however, not apply to 

thermoplastic IPNS(26). A classification of the different IPN types is given(27) in table 

2.1. 

Table 2.1 Different types of interpenetrating polymer networks. 

IPN Type 

HomoIPN 

Sequential IPN 

Simultaneous IPN 

Semi-l IPN 

Semi-2 IPN 

Pseudo IPN 

Elastomeric !EN 

Characteristics 

Both networks consist of the same polymer. 

Monomer 2 is swollen in network polymer 1 and 

polymerised in situ. 

Monomers I and 2 and their cross-linking agents and 

initiators are introduced simultaneously and polymerised by 

non-interfering modes. 

IPN in which polymer 1 IS crosslinked (network) and 

polymer 2 is linear. 

IPN in which polymer 2 IS crosslinked (network) and 

polymer I is linear. 

IPN in which one polymer is linear (alternate notation to 

semiIPN). 

Two latex emulsions containing elastomeric polymers are 

mixed and subsequently crosslinked. 
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Latex IPN 

Thennoplastic IPN 

Grafted IPN 

Filled IPN 

Sequential IPNs in which both networks are present in the 

individual single latex particles. A core shell structure can 

be built up by first polymerising monomer 1 (seed latex) 

and subsequent addition of monomer 2 (without new 

emulsifier). 

IPN of two linear polymers containing physical cross-links 

only. 

Both networks are connected by chemical bonds (e.g. by 

addition of multifunctional monomers or through grafting 

sites in network I). 

IPN containing inorganic (or organic) fillers. 

History and nomenclature. Pioneers in the field ofIPN research were Aylsworth(27) 

early in this century and Mi1lar(28) in the beginning of the sixties. The latter created the 

name interpenetrating polymer network. The type of IPN he investigated were 

polystyrene/polystyrene homo IPNs which are still referred to as Millar IPNs. The 

strong interest in IPNs commenced in 1969, when two papers by Sperling(29) and 

Frisch(30) were published on IPNs prepared from dissimilar network polymers. Both 

research teams are still very active today (1996). They have greatly contributed to the 

interest in these materials, an interest which is mounting steadily as it is documented 

through several hundred literature citations(31) Despite the intensive research into 

IPNs that has been going on for several years, no final decision about the 

nomenclature has been made. A nomenclature document has been published by the 

rUPAC Nomenclature Committee(32) and is now under consideration(33) The proposal 

includes the use of cross-polyurethane-inter-cross polystyrene to describe an IPN that 

is composed of a polyurethane and a polystyrene network blend. In most publications, 

however, the shorter form, PURlPS IPN, is used and, for reasons of simplicity, it will 

also be employed throughout this study. 

Synthesis of IPNs. As already hinted through the multitude of IPN types (table 2.1), 

a great number of synthesis methods for IPNs exist(4.34.35
) The following represent the 

three major synthesis routes. 
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(a) Sequential IPNs. Monomer 1 is polymerised first. The resulting polymer network 

is then swollen with monomer 2, crosslinker and initiator and polymerised in situ(36) 

One disadvantage of this preparation mode is that sufficient time has to be allowed for 

the mono mer 2 mixture to be distributed homogeneously in polymer network 1. Also, 

because of its syothesis procedure, not all compositions can be prepared. The 

composition range is determined by the extent to which network I can be swollen 

with the monomer. 

(b) Latex IPNs. A latex IPN is made by conventional emulsion polymerisation 

techniques. First, the monomer 1 network is syothesised in the micelle, then, monomer 

2 is added without new soap(3740) The advantage of this method is that the resulting 

network does not extend macroscopically throughout the finished material. Thus, 

latex IPN s can be processed like thermoplastics. A slight drawback, however, is that 

interpenetration of the two networks is poor and predominantly core-shell 

morphologies have been obtained(4) with the more hydrophilic polymer network 

constituting the shell. 

(c) Simultaneous IPNs. Both monomers or prepolymers are polymerised in the 

presence of· each other by independent, non-interfering reaction routes(24.2S:41) 

Materials prepared by the simultaneous route have been found to exhibit particularly 

good properties. For this reason, and for the ease of preparation, this preparation 

mode was chosen in this study. It will be further elaborated in section 2.1.2. 

Applications of IPNs. Applications of IPNs can be found(4.24.2S) in very different 

areas. Very often they are not labelled as IPN s, and, consequently, not recognised as 

such. Applications include the use as sheet moulding compounds(42) and in reaction 

injection moulding applications(43), as ion exchange resins(44) ,dialysis(4S) and gas 

separation(46) membranes and in dental applications(47). IPNs are employed to improve 

leather articles(48), and are seen in the fields of coatings(49) and adhesives(SO) A more 

recent application is as devices in controlled drug delivery systems(SI). Because of 

their ability to phase separate reversibly at high temperatures and, thereby, reflect 

impinging sunlight, IPN s have found use in solar panels(S2) to regulate the temperature 

of the underlying materials. Their very special mechanical properties make them 

highly interesting for noise and vibration darnping(13.S3-SS). The latter application was 

investigated in the present study. All IPN s studied were simultaneous IPN s, 
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synthesised via the one-shot process. Due to the reaction conditions, the polyurethane 

network polymerised first in most cases .. Besides the full IPN type, also grafted and to 

a very limited extent semi- IPN s and polyblends were investigated. 

2.1.2 Simultaneous Interpenetrating Polymer Networks 

As already described, this technique involves(4.24.25.56.57) the simultaneous mixing of 

two monomers or prepolymers together with the crosslinkers and initiators or 

catalysts followed by the synthesis of two polymer networks by independent reaction 

mechanisms. The most vital requirement is that the reactio]ls proceed by two non­

interfering pathways(4), since otherwise one single copolymer network would be 

obtained. In most cases, a condensation reaction is conducted together with a 

polyaddition reaction. The major advantage of the simultaneous preparation process, 

which is also called the one-shot technique, over the sequential preparation is its 

simplicity(24). As opposed to the sequential method, the simultaneous method is a one­

step preparation and does not require to allow the swollen polymer network time for 

an homogeneous distribution of the monomer and crosslinker 2 and the initiator. Also, 

simultaneous IPNs can be easily processed, for cxample(4), by prepolymerising the mix 

until just short of the gel point, followed by pumping it into a mould or die, with 

continued polymerisation. PUR/epoxy simultaneous IPNS(43) are, for example, used in 

reaction injection moulding (RIM) applications. As a consequence, the simultaneous 

preparation can be most readily employed in industrial applications which has led to a 

comprehensive study of these IPNS(4) Besides the above mentioned ease of 

preparation, simultaneous IPNs allow for a wider range of properties to be 

engineered(58) In sequential IPNs, the maximum incorporation of mono mer 2 depends 

upon the equilibrium swelling of polymer I. Therefore, a wider range of compositions 

can be produced in simultaneous IPNs, where any composition of monomers can be 

combined. 

A number of comparisons(56-59) between simultaneous and sequential IPNs have been 

made. However, no clear conclusions have been reached in terms of the influence of 

the preparation mode on the IPN morphology. Akay and Rollins(58) compared 

simultaneous and sequential PURJPMMA lPNs. Scanning electron micrographs 

indicated that the simultaneous IPNs were considerably more homogeneous than the 

corresponding sequential ones. Also, the simultaneous synthesis resulted in a greater 



synergism with respect to impact strength, elongation at break and tensile strength. 

However, most researchers found that sequential IPNs exhibited a finer, more 

homogeneous m01]lhology. Fox and co-workers(59) investigated sequential and 

simultaneous PURlpoly-(n-butyl acrylate-co-n-butyl methacrylate) IPNs. They found 

that the simultaneous IPN exhibited a lower and broader loss factor peak than the 

respective sequential IPN. As a consequence, also greater values for the half-peak 

width of the loss factor of the simultaneous IPN were found. Both are an indication of 

greater phase separation in the simultaneous IPN. Regarding the material properties, 

simultaneous IPN s were found(4) more often than sequential IPN s to exhibit properties 

better than the average of the two constituent polymers. A possible test of difference 

between simultaneous and sequential IPNs is whether one network is strained. 

Sperling(56,57) pointed out that in most sequential IPNs, network I is swollen and 

strained at points in the synthesis, whereas in most of the simultaneous IPNs both 

networks are relaxed throughout. 

It has been found that one key factor determining the morphology of simultaneous 

IPN s and, hence, their mechanical properties are the relative rates offormation of the 

two networks(58-65) Meyer and Widmaier(62-65) were particularly interested in 

investigating the influence of the kinetics of network formation on morphology and 

dynamic mechanical properties, They emphasised that even though the monomers are 

mixed and transferred simultaneously into a mould, the reactions of these monomers 

do not necessarily proceed at the same time or reaction rate, They, therefore, adapted 

the term "in situ sequential" IPNS(62) for materials where network I was formed 

before the onset of the reaction of network 2. In principle, three such cases of 

simultaneous IPNs can be distinguished(56) Network I can be formed first, followed 

by the polymerisation of monomer and crosslinker 2, Conversely, network 2 can be 

formed first, followed by the formation of network 1. Also, both networks can be 

formed in a truly simultaneous way. Reacting one monomer first can be achieved 

through the appropriate choice of initiator and reaction conditions, since the type and 

amount of initiator or catalyst and the reaction temperature are crucial for most 

polymerisations, For example, photo-initiation or initiation via a redox system have be 

used(66,67) to conduct polymerisations at low temperatures, Recently, a study 

comparing the three cases of simultaneous IPNs was conducted. Using an 

acrylate/epoxy system, Suzuki and co_workers(68) found that the IPNs resulting from 
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the three synthesis variations exhibited markedly different properties. They greatly 

varied in density and revealed a different morphology. The acrylic monomer 

polymerised first resulted in a heterogeneous structure, while with the remaining two 

methods a much more homogeneous product was obtained(68). Song(69) investigated 

castor oil-PURlepoxy-episulfide IPN using small angle x-ray scattering (SAXS) 

measurements. He found that the phase domains became smaller with decreasing 

differences in time to gel of the two components. Different results were obtained by 

Parizel and co-workers(70). Investigating the IPN morphology using N.M.R. lineshape 

studies, they found that a sequentially synthesised simultaneous PURlPAc IPN 

exhibited a noticeably finer morphology than the corresponding truly simultaneous 

one. Tung and HSU(71) investigated the influence of the relative rates of network 

formation on the dynamic mechanical properties of a simultaneous PURlpoly(methyl 

acrylate) IPN. Conducting the IPN reaction without PUR catalyst at 80°C resulted in 

two loss factor maxima. Under these reaction conditions, both reactions were believed 

to have proceeded simultaneously. By the addition of the PUR-catalyst, dibutyltin 

dilaurate, and conducting the reaction at 35°C the PUR network was completely 

formed before the onset of the poly(methyl acrylate) polymerisation. Under these 

conditions, improved phase mixing as shown as one broad loss factor maximum was 

achieved. In an early study, Sperling's research team(12) found that simultaneous 

gelation in an epoxy/poly-(n-butyl acrylate) IPN resulted in a fine phase domain 

structure, whereas non-simultaneous gelation produced materials with larger phase 

domains. The materials prepared under non-simultaneous gelation conditions were 

considerably stronger and had higher tensile strengths. 

A great number of simultaneous IPN s with chemically different second polymers have 

been investigated. These include IPN pairs of PURlacrylics(121, PURlmethacrylics(581, 

PURlstyrenicS(64), PURlsiloxanes(131, PURlepOxy(69) and epoxy/acrylic(68) An entirely 

radical simultaneous 1P~74) was synthesised by the use of two distinct initiators, 

monomers of different reactivity (methyl methacrylate and diallyl carbonate of 

bisphenol A) and by conducting the synthesis in situ sequentially at two different 

temperatures. 

With exception of the last two combinations, all others include polyurethane as one 

IPN component. The importance of polyurethane(57) in these IPNs is justified by the 

relatively easy synthesis, the high versatility of polyurethane chemistry and 
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outstanding mechanical properties of polyurethane elastomers. Two recent brief 

reviews by Sperling(1S) and Hur et al(76) on PUR!PMMA IPNs confirm the importance 

of PUR-based IPNs, especially with PMMA as second polymer. In early studies(77-81) 

by the Kim, Klempner and Frisch team the synthesis and morphology(17), the density 

and glass transition behaviour(18), the volume resistivity behaviour(79) and the 

viscoelastic(80) and engineering properties(81) of simultaneous PURlPMMA IPN s were 

investigated. Recently, PUR!PMMA IPNs with PUR contents ofless than 10% were 

studied to order to prepare transparent, high impact cast sheets of PMMA (82). Akay 

and Rollins(S8.83) undertook a full composition study to investigate transition 

broadening and WLF relationship(83) and morphology and modulus-composition 

relations(S8) in PUR!PMMA IPNs. More studies on the morphology of simultaneous 

semi and full PURlPMMA IPNs were undertaken using nuclear magnetic resonance 

relaxation times(70.84) Most recently, fundamental studies on gelation and phase 

separation were conducted by Mishra and Sperling(8S) They developed metastable 

phase diagrams where the four components (both "monomers" and both polymers) of 

the model PURlPMMA IPN system were positioned at the edges of a tetrahedron. 

This allowed visualisation of the IPN formation process and provided direction for 

controlling the specific order of three events. These were the gelation of polymer I, 

the gelation of polymer 2 and phase separation of polymer I from polymer 2. Further, 

Mishra and co-workers(86) also investigating the partitioning ofMMA monomer in late 

polymerisation stages of simultaneous PUR!PMMA IPN s. 

Even though the PUR component allows for much variation, the PURs investigated in 

IPNs have consisted in most cases of diphenylmethane diisocyanate (MOl) or toluene 

diisocyanate (TDI) as diisocyanate, butanediol (BD) and trimethylol propane (TMP) 

as chain extender and crosslinker and poly(oxytetramethylene) glycol (PTHF) or 

poly( oxypropylene) glycol (PPG) as polyols. Recently, a new avenue has been 

followed by the use of renewable resource materials(87) as polyols. Castor oieS) has 

been proven to be one of the more versatile renewable resource monomers, partly 

because of its relatively high purity. Patel and co-workers(88) and Sperling and 

Manson(89) have used castor oil and lesquerella oil as polyols. Both teams were able to 

prepare PURlstyrenic IPNs with good mechanical properties such as good impact 

resistance and tensile strength. Also, lignin(90) has been used as polyol to synthesise 

simultaneous PURlPMMA IPNs with good mechanical properties. The properties 
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were found to vary in a predictable manner and could be controlled notably through 

the variation of the crosslink density. 

In combining a rubbery and a glassy network, IPNs ranging from a filler-reinforced 

elastomeric material to a leathery material and to a rubber-reinforced plastic can be 

prepared(77). The properties of an IPN depend on its morphology and in particular on 

which component becomes the continuous phase. 

2.1.3 IPN Morphology and Factors Influencing Phase Separation 

IPN morphology and phase separation. The morphology of an IPN is its 

predominant feature, differentiating it from other polymer blends. It controls the 

mechanical and physical properties making it an new class of polymeric material(4). 

Various degrees of phase separation can be synthesised. In most IPNs, phase 

separation does occur similarly to other multi component polymer systems(56), yet not 

as extensively as in common polymer blends. The morphology in IPNs can vary from 

a microphase separation with phase domains of 2 - 50 nanometers in diameter to a 

macrophase morphology. Highly immiscible polymers may yield phase domains of a 

few micrometers. The fonner can only be detected using instrumentation, like 

transmission electron microscopy with magnifications up to 300,000 times. For the 

latter the naked eye might suffice. With two miscible polymers complete mIXIng 

occurs and a non-resolvable domain structure has been reported for a 

polystyrene/poly(phenylene oxide) IP~91). However, complete homogeneity is a 

phenomenon rarely achieved(92), not even with homo IPNs. 

Two mechanisms of phase separation(93.94) are known in polymer blends, nucleation 

and growth(95) and spinodal decomposition(96) For the nucleation and growth 

mechanism, an initial fragment, the so-called critical nuclei, and some activation 

energy are necessary conditions. Further characteristics are that the domains tend to 

be spherical in nature, that their size increases with time and that the diffusion into the 

immediate vicinity of the nucleus is downhill. In the spinodaI decomposition 

mechanism, interconnected cylinders tend to fonn and the size of the phases remains 

constant but their composition changes with time. Further characteristics are(25) that 

an uphill diffusion from the low concentration region into the domain takes place and 

that the resulting phases exhibit a high level of interconnectivity. When both 

mechanisms are observed for the same system, the nucleation and growth mechanism 
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occurs first, and then switches over to spinodal· composition as the system goes 

deeper into the phase separation region of the phase diagram(25). Figure 2.3 depicts 

both mechanisms(94) of phase separation. 
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Figure 2.3 Mechanisms of phase separation after Sperling(94) 

[t is believed that phase separation via the spinodal decomposition mechanism often 

leads to two highly interconnected phases that extend throughout the entire material. 

This situatioll of two phases that are continuous in space is often encountered in 

[PNs, particularly in simultaneous [PNs that have gelled simultaneously<56) An 

illustration of dual phase continuity(91) is given in figure 2.4. 
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Figure 2.4 Dual phase continuity in IPNs after Gergen(91) 
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Amongst the fitctors determining the phase continuity<26,98) in polymer blends are the 

volume fractions and viscosities of each component. The relative rates of formation of 

the networks are particularly important in IPN s. The network that forms first(99) is 

likely to represent the continuous phase. ,.. 
Materials possessing dual phase continuity exhibit very special properties(4) Since 

mechanical and physical properties such as hardness, modulus and glass transition 

temperature can be related to the phase continuity and blend miscibility, the IPN 

morphology can be investigated by studying these properties. 

Methods of studying the morphology and miscibility. The morphology, i.e. the 

phase domain size and shape, the phase continuity and the miscibility of polymer 

blends and IPN s can be investigated by different methods. Electron microscopy 

techniques such as scanning (SEM)(6S) and transmission (TEM)(S3.100) electron 

microscopy are very powerful tools in morphological investigations. A prerequisite 

for the use of TEM, however, is a sufficient difference in electron density of the two 

polymers. The electron contrast can be improved by preferentially staining(lOl) one 

polymer with osmium(102) or ruthenium tetroxides. If no stain able moieties such as 

double bonds or reactive groups are present, techniques other than TEM have to be 

applied. Recently, much research on IPN morphology has been conducted(103) using 

beam scattering techniques. The latter encompass small-angle light (SALS), X-ray 

(SAXSiI04.10S) and neutron (SANS)(92.106) scattering techniques. The basic principle 

underlying these techniques is the same, with the wavelength used being the major 

difference. An incident beam is scattered by the sample and detected at some angle 

and intensity. The selection of the appropriate scattering technique(l) depends upon 

the contrast factor and the domain size range to be investigated. The contrast factor is 

related to the differences in refractive indices (SALS), electron densities (SAXS) and 

neutron-scattering cross-section (SANS). 

The miscibility of a polymer blend can be characterised(l·101) studying optical, 

morphologica~ glass transition temperature and crystalline melting behaviour and 

molecular interactions and relaxation times. The Tg of a polymer blend is most 

commonly used to conduct miscibility and phase composition studies of polymer 

blends. This can be done using differential scanning calorimetry (DSC)(I08l, dielectric 
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relaxation methods (DETAi109
) and dynamic mechanical thermal analysis (DMTA)(58) 

The dynamic moduli obtained from the DMT A can also be used in modulus­

composition studies(llO,lll) to make predictions about phase continuity, Limitations to 

the use of the Tg for miscibility studies are encountered(l) for polymers with similar 

Tgs, and compositions with only a small quantity of one polymer being present. 

Furthermore, only domains down to the order of \0 urn can be resolved. 

Spectroscopy such as nuclear magnetic resonance spectroscopy (NMR)(70,84) and 

infra-red spectroscopy (JR) are by far more sensitive methods in assessing the polymer 

blend miscibility. The NMR method(107) measures the mobility of specific groups 

which is influenced by miscibility, The miscibility of certain polymer blends containing 

hydrogen bonds can be studied by JR spectroscopy, This is due to the fact that 

hydrogen bonds are very strong and affect the molecular vibrations of nearby groups. 

One of the least sensitive technique to study blend miscibility is to evaluate the clarity 

or optical transparency of a film. The transparency is controlled by the size of the 

phase domains. Thus, clear material indicates very small or non-existent domains. 

However, the latter is only valid ifthe refractive indices of both polymers are different 

and the domain sizes are not much smaller than the wavelength of the light, N evissas 

et al. (112) investigated PURlPS IPN s with respect to transparency. They found that 

inter-network grafting is a more powerful means of affecting the IPN morphology 

than is increasing the crosslink density in either of the networks. 

In this study, TEM, SEM and Tg methods i.e. DMTA and modulated-temperature 

DSC (M-TDSC) were extensively used to investigate IPN morphology and the factors 

influencing it. These techniques are further described in the experimental chapter. 

The previously mentioned methods to study the polymer morphology have their 

'specific 'limitations and cover different domains size ranges. Figure 2.5 indicates the 

methods that can be used for.given domain size ranges(107) 
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Figure 2.5 Size range covered by various techniques(107) 

2.1.4 Factors Influencing IPN Morphology 

The factors influencing IPN morphology are numerous(4.24) and are inter-related. No 

clear division between contributing thermodynamic and kinetic factort 13), chemical 

and physical characteristics and the preparation process(l14) can be made. The 

underlying competition in the forming multiphase material is the chemical kinetics of 

cross1inking and network formation against the physical kinetics of phase separation. 

The following points are crucial in determining the morphology of simultaneous IPNs. 

(a) Selection/miscibility of the polymer pair. 

(b) Method and order of synthesis. 

(c) Composition of the IPN. 

(d) Cross1ink density of the networks. 

( e) Structure modification of one or both components (grafting, ionic interactions). 

(f) Reaction rates and network formation rates. 

(g) Synthesis conditions (temperature, pressure, solvent). 

The above factors have been subject to intensive investigations. The most important 

ones have been proven to be the miscibility of the polymers, the method and order of 

synthesis, the IPN composition and the extent of crosslinking and inter-network 

grafting. The latter factors will be outlined in some more detail, since they concern 

this investigation. 
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Miscibility of constituent polymers. Phase separation in IPNs depends primarily on 

the miscibility of the constituent homopolymers(24). Nearly all two-polymer 

compositions form immiscible phases, as in graft and block copolymers. The two­

phase morphology is due to the well-known phenomenon of thermodynamic 

immiscibility(3,llS). However, some exceptions(1l6,1l7) exist, This phenomenon of 

thermodynamic immiscibility is explained by the Gibbs equation for the free energy of 

mixing. The Gibbs free energy of mixing D.Gm is expressed as 

(2.1) 

where D.Hm is the enthalpy of mixing, T the absolute temperature in K and D.Sm the 

entropy of mixing. For spontaneous mixing to occur D.Gm must be negative, On 

mixing of two polymers, the entropy is always positive, with the entropic term 

increasing with temperature(1l8) However, in polymers, contrary to small molecules, 

the gain of entropy on mixing long chain molecules is very low, thus, usually making 

the enthalpy the decisive factor. The enthalpic term is governed(93,118) by the solubility 

parameter which is the square root of the cohesive energy density. For most polymer 

pairs, the heat of mixing is positive, An exception are blends involving component 

specific interactions, such as hydrogen bonding. In general, miscibility of two 

polymers is likely if the difference in their solubility parameter /) is less than 0.3 

(J cm·3) In. Phase diagrams of two-component polymer blends considering 

composition and temperature have been constructed(3) Polymer blends may either 

exhibit a lower critical solution temperature (LCST) or an upper critical solution 

temperature (UCST) (figure 2.6). 
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Figure 2,6 Schematic phase diagram showing LCST and UCST. 
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A lower critical solution temperature, with phase separation occumng as the 

temperature increases, is more commonly encountered. This is due to the 

disappearance of intermolecular attractive forces that tend to be overruled by the high 

internal energy of the molecules(57l. Usually positive heats of mixing result in overall 

positive ~Gm, which is an indication of poor mixing and phase separation. For a free 

energy of mixing near zero, a microheterogeneous structure tending towards 

homogeneous morphology is present. The importance of this structure for damping is 

emphasised in section 2.2. So far, very few phase diagrams for IPNs have been 

developed(57. 85) and it is still unclear whether IPNs tend to exhibit an UCST or a 

LCST. The latter was observed(52) in a poly(propylene oxide)/styrene-hydroxyethyl 

methacrylate IPN that reversibly phase separated at high temperatures and was used 

to protect solar panels(52) from overheating. 

Thus, phase separation occurs because as the molecular weight increases ~Gm 

changes from negative to positive. In IPNs, however, complete miscibility of the 

polymers is not necessary to result in materials with little phase separation(4). 

Permanent entanglements, once formed by interpenetration, restrict chain mobility and 

so prevent phase separation from taking place. Therefore, phase separation is 

kinetically controlled(1l9.120) by the rate of network formation as opposed to the rate of 

phase separation. If gelation happens before the onset of phase separation, then the 

phase domain size tends to be small. However, if the miscibility of the polymers is 

very poor, then, the thermodynamic forces are predominant and act before the kinetic 

ramification (gelation) can prevent phase separation. In particular, in simultaneous 

IPN s, the latter will result in large phase domain sizes(51) 

Method and order of synthesis. As already mentioned in section 2.1.2, sequential 

IPNs tend to be less phase separated than their simultaneous counterparts. 

Furthermore, simultaneous IPNs do not exhibit the maximum in mechanical properties 

and the greatest amount of homogeneity if synthesised in a truly simultaneous way. 

Meyer et al.(121) recently found in a study on PUR/polystyrene (PS) IPNs that if the 

conversion curves of the PS formation were close (or crossing) to the PUR, only poor 

PUR yields and mechanical properties resulted. This confirmed his earlier results(l22) 
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and similar findings were experienced by Touhsaent et al.<'2) in an epoxy/polyethyl 

acrylate simultaneous IPN. 

Generally valid, however, particularly for sequential IPNs, is the finding of the 

predominant effect of the first formed network(36.123) Huelck and co-workers(36) 

studied sequential poly( ethyl acrylate )IPS IPN s varying the order of synthesis. By 

inverting the order of synthesis, they found that the first network formed executed the 

greatest control over the morphology. Donatelli et al(HlO) made similar findings. Both 

attributed this to the fact that the first network constitutes the more continuous phase 

in the system. In genera~ the polymer with the higher concentration or the lower 

viscosity constitutes the continuous phase in a polymer blend(4). Although, ifboth IPN 

polymers are crosslinked very often a dual phase morphology develops. 

IPN composition. The weight fractions of each polymer in the IPN strongly 

determine the material properties. In combining an elastomeric and a plastic polymer, 

a reinforced rubber or a high impact plastic are obtained, depending upon which 

materials constitutes the continuous phase. 

Recently, Akay and Rollins(58.83) investigated the composition range of simultaneous 

and sequential PURlPMMA IPNs. They compared the elastic modulus to the 

modulus-composition models by Davies(124.125) and Budiansky(126). The fonner predicts 

dual-phase continuity which is expressed by a higher modulus than the linear 

logarithmic rule of mixing. The Budiansky model predicts phase inversion at mid­

range compositions. Plotting the elastic moduli versus IPN composition, Akay and 

Rollins(58,83) found the sequential IPN to comply with the dual-phase continuity model, 

whereas the. simultaneous IPN followed the phase inversion model. Phase inversion 

took place around the 70:30 PURlPMMA composition. 

Several researchers have found(4) that phase inversion occurred at compositions 

between 20-40% of polymer 2. The Kim, Klempner and Frisch team investigated 

simultaneous PURlPMMA(77,80) and PURlPS IPNS(127) varying the composition. For 

both IPNs, they found phase inversion to take place between the 80120 and the 70/30 

composition as substantiated by dynamic mechanical analysis, hardness measurements 

and transmission electron microscopy. 
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Extent of crosslinking. The crosslink density is believed(25) to be an important mctor 

influencing the network morphology. A tighter network restricts the size of the phase 

domains and, thus, results in a finer morphology. This is true for semi and full IPN s. 

In the latter a marked difference was observed between a high crosslink density in 

network 1 or network 2. Donatelli et al. (100) found that a high crosslink density in 

network 1 limits the domain size of network 2 in the IPN. Hourston et al(50.128.129) 

investigated the relation between crosslink density, morphology and mechanical 

properties in PUR/I?MMA semi-2 IPNs. In order to establish this relation, they 

determined the average molecular weight between the crosslinks, M" by equilibrium 

swelling and the Mooney-Rivilin technique. Varying the amount of divinylbenzene in 

network 2, they found(128) with decreasing Mc an increase in the degree of mixing. 

This was expressed through the shift and decrease in size of the PUR peak, and an 

increase in the loss factor peak width. The shift of the PMMA Tg peak to higher 

temperatures (and not inwards as would be expected because of increased mixing) 

was attributed to both the copolymer effect and the decrease in Mc. Similar results 

were obtained in another study on semi-2 IPNs by Hourston and McCluskeyl50) Their 

study(129) on semi-l IPNs, however, revealed clearly that increasing the crosslink 

density in the first formed network produced a much more dramatic effect than 

experienced when increasing the crosslink density in the second network. 

High degrees of phase mixing in polymer blends as obtained through increased 

crosslinking are highly desired for energy absorption applications where broad glass 

transitions ranges are needed. However, high levels of crosslinker decrease the values 

for the loss factor and bring about stiffening and brittleness of the material. As a 

consequence, limits of crosslinker incorporation do exist for damping materials. 

However, it was proven in some studies that relatively small percentages of 

crosslinking agent are sufficient to bring about greater phase mixing. Nevisass et 

al. (130) found an increase in transparency, i.e. phase homogeneity, with levels of 1-3 % 

crosslinking agent. A 5% level did not exhibit any improvement over 3 % in the 

PURlPS IPN. 

Thus, generally, an increase in crosslink level (especially in network I) may have 

positive repercussions on the morphology, creating a finer cell structure. Sperling and 

Widrnaier(l3l) pointed out that even though a polymer becomes more immiscible as the 
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molar mass is raised, phase mixing in an IPN increases as the crosslink level is raised, 

despite the increased molar mass. 

However, these earlier studies were all conducted with immiscible or at best semi­

miscible polymer pairs. Recently, studying miscible polymer pairs, a different trend for 

the miscible systems was observed(57). Studying a sequential poly(vinyl methyl ether) 

(PVME)IPS IPN, Fay et al(13,2,) found the IPN to phase separate at the mid-range 

compositions, whereas the corresponding polymer blend exhibited one phase over the 

entire composition range as was substantiated by differential scanning calorirnetry and 

dynamic mechanical analysis. Using SANS, Bauer et al(13Jl also found a deuterated 

PS (PSD)IPVME semi-2 IPN to be less miscible than the corresponding polymer 

blend. 

Inter-network grafting and ionic interactions. Inter-network grafting is reported 

to have a marked effect on the morphology of an IPN. The chemical crosslinks 

introduced between both polymer networks are known(134) to reduce phase separation, 

and, hence, create smaller phase domain sizes. The greater miscibility introduces an 

inward shift of the Tgs of the constituent polymers. Ideally for damping applications, 

it might result in one broad transition region. This phenomenon has been experienced 

by several researchers. Most recently Chou and Lee(135) investigated kinetical, 

rheological and morphological changes in 50: 50 PUR/unsaturated polyester (UPE) 

IPNs. In their study, grafting was brought about through pendent functional groups of 

the unsaturated polyester. Three types ofUPE were compared: an uncapped type with 

an acid value of about 35, a partially capped OH-free type (acid value of 26), and, 

finally, a capped UPE with no remaining reactive end-groups. TEM studies revealed 

clearly that grafting played an important role in reducing the extent of phase 

separation between the two networks. The grafted IPN showed domains of a tenth of 

a micrometer compared to a few micrometers for the ungrafted type. Also, the loss 

tangent transition of the fully grafted IPN exhibited an ahnost rectangular transition, 

whereas for the non-grafted IPN two separate peaks could be observed. The partially 

capped OH-free type was situated somewhat in-between. Bauer et a!. (105.136.137) 

investigated the effect of grafting in PMMA-based semi-2 IPNs. PSD and 

poly( ethylene oxide) PEO were used as second components and grafting was brought 

about by functionalised PMMA macromonomers. Using SANS and SAXS, they fOWld 
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ill both cases complete miscibility for the grafted IPN s, whereas the ungrafted 

counterparts exhibited strong phase separation. In a study of grafted PURlPMMA 

semi-l IPNs, Hourston and Zia(I3S) incorporated an a,ro-poly(butadiene)' diol into the 

PUR network. The unsaturation in the PUR network reacted with the propagating 

methyl methacrylate polymer. The obsetved Tg shift of the PUR component to higher 

temperatures (in contrast to the constant PMMA Tg) was explained by segmental 

restriction of the PUR network. The constant PMMA Tg was believed to stem from 

PMMA segments constituting a pure phase. With decreasing Mo, the level of grafting 

was found to increase. Further indications of the efficiency of inter-network grafting 

was given by Scarito and Sperling(I39). With an introduction of only 3% of glycidyl 

methacrylate into a epoxyhicrync IPN, materials exhibiting only one transition 

temperature were obtained. With the same percentage of the difunctional monomer, 

2-hydroxyethyl methacrylate (HEMA), in a PURlPS IPN, Nevisass et al(Jl2) 

experienced a significant increase in the system's transparency. 

Grafting is also known to occur accidentally. However, it is believed that the extent of 

it is very low(140.141) Widrnaier and Sperling(142) found a level of less than 5% in a 

study on poly-(n-butyl acrylate)IPS semi-2 IPNs. Moreover, it was obsetved(25) that if 

the amount of grafting is quite inferior to the amount of network crosslinking, then 

the former is practically negligible. No further effects on morphology and physical 

properties were then observed. 

Besides the formation of chemical links between the two networks the introduction of 

physical interactions has also proven to be successful. Iouic bonding through the 

presence of charged groups, hydrogen bonding and strong polar interactions have 

proven successful in affecting the IPN morphology. Xiao et al. (143) introduced 

opposite charged groups into a PURlPMMA IPNs. The interaction between the 

tertiary amine and carboxyl groups greatly improved the miscibility of these otherwise 

immiscible polymer pairs. With increased content of iouic groups, the phase domain 

sizes decreased from 300 nm to 7-10 nm Hsieh et al. (144.' q conducted a similar study 

ofPURlPS IPNs, again using tertiary amine and carboxyl groups. Characterisation by 

DMTA analysis resulted in one transition peak. SEM micrographs confirmed a one 

phase morphology of this otherwise immiscible' polymer pair. Xiao and Frisch(l46) 

introduced additional hydrogen bonding into a simultaneous PURlPMMA IPN. On 

adding methacrylic acid (MAA) to the reaction mixture, a P(MMA-MAA) copolymer 
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network w~s formed. Hydrogen bonding('46) between the carboxyl group of the MAA 

and the urethane groups of the PUR hard segment considerably improved the IPN 

miscibility. 

The kinetic factors comprise the reaction rate of the polymer and polymer network 

formation. The degree of polymerisation at the time of gelation is important, since 

polymerisation is accompanied by simultaneous phase separation. The rate of phase 

separation is strongly dependent on the viscosity of the reaction medium. A high 

viscosity will result in a decreased mobility of the polymer chains, and, thereby, 

reduce the level of phase separation. Therefore, the synthesis conditions such as the 

synthesis temperature(66,67) and also the synthesis pressure(147,148) are further important 

factors influencing the IPN morphology. 

Lee et al. (66,67) found in a study of photolytically initiated PUR/PS IPN s that a low 

synthesis temperature of O°C resulted in a finer morphology. Compared to the 

synthesis at 50°C, the domain size decreased from 50-100 nm to 20-40 nm at O°C. 

The higher mixture viscosity at low temperatures, which reduces the rate of phase 

separation, was believed to be responsible for the smaller domain sizes. A further 

effect might have stemmed from a decreased driving force to phase separate. Most 

polymer blends exhibit a lower critical solution temperature and phase separate with 

increasing temperature. The Lee and Kim team(l47,148) also investigated the influence 

of the synthesis pressure on IPN morphology. They synthesised PURlPMMA and 

PURlPS IPNs at pressures up to 20,000 atm. The phase domain sizes decreased 

considerably with increasing pressure. Comparing fu11IPNs with semi-\ IPNs, semi-2 

IPNs and polymer blends synthesised at high pressure, they found increased mixing in 

fu11IPNs whereas polymer blends exhibited a higher degree of phase separation. A 

further way to enhance phase mixing is to conduct the IPN synthesis in a common 

solvent(149) for both polymers. The PS domains in a PURlPS IPN were more uniform 

and the domain size reduced compared with the corresponding IPN s synthesised in 

bulk. Kim and Kim(149) attributed this to the fact that the onset of phase separation 

took place at a later stage in the reaction. 
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2.2 Damping with Polymers and IPNs 

2.2.1 Energy Absorption with Polymers 

Polymers can absorb mechanical energy and convert this energy partly into heat 

through viscous deformation(150). The most important mechanism of energy absol]ltion 

in viscoelastic polymers is the conversion into heat by a gain in internal rotational and 

vibrational energy through molecular relaxation processes(l6). The principal molecular 

relaxation takes place(151) at the glass transition temperature, where the onset of large 

segmental movements begins. Further - though by far less important - absol]ltion 

mechanisms in polymers include(93) the conversion of mechanical energy into potential 

energy through structural rearrangements in molecules such as for example(152) a 

molecular change from a chair to an energy richer boat conformation. Energy might 

also be consumed through association and dissociation between different ionic species 

and complexes as was observed(152) in an ionomer latex interpenetrating polymer 

network. Besides (i), the intrinsic energy absol]ltion through conversion into heat, 

further energy attenuation mechanisms are reported(16.153) for inhomogeneous 

polymeric materials. These are (ii) scattering by inhomogeneities e.g. in filled 

polymers, (iii) redirection and (iv) mode conversion at boundaries in polymeric foams. 

Polymers can be applied directly to surfaces by towel, brush or spray(13) as an 

extensional damping system or sandwiched between two stiff layers, as in constrained 

layer damping(l50.153) (figure 2.7). 

Substrate layer Substrate layer 

Constrained layer damping Extensional layer damping 

Figure 2.7 Damping configurations with polymers. 
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In extensional or free layer damping, the viscoelastic layer is deformed in extension 

and compression in parallel to the substrate surface(22). The system's effectiveness 

increases with the layer thickness of the viscoelastic material, the storage modulus and 

the tan o. The advantages of extensional layer damping are low cost and ease of 

application(13), whereas the constrained layer system offers a more efficient damping 

treatment(150) for a given weight. In constrained layer damping, the principal 

deformation of the viscoelastic layer occurs as shear. Here, maximisation of the loss 

factor, tan 0, is the target, and tan 0 along with the stiffuess and geometric parameters 

of the system determine the overall damping abilitY22). Equations approximately 

describing the performance of such a system were given(153) for extensional layer 

damping (equation 2.2) and for constrained layer damping (equation 2.3). 

(2.2) 

(2.3) 

Here k is a constant, E and H are the Young's modulus and the layer thickness and the 

subscripts 1,2 and 3 refer to the substrate, the viscoelastic layer and the constraining 

layer, respectively. Therefore, damping is dependent on the damping material loss 

factor and loss modulus, the substrate modulus, and the constraining layer modulus. 

2.2.2 Basic Damping Concepts 

Damping is a dynamic mechanical term involving(93) the storage modulus E', the loss 

modulus E" and the loss tangent o. The latter two terms express numerically the 

damping ability of polymeric systems and peak about the glass transition temperature 

region of the polymers. The macroscopic damping process in polymers can best be 

examined and visualised(154) using models borrowed from basic mechanics. Combining 

the elastic behaviour of a massless spring, following Hooke's law, and the viscous 

response of a Newtonian dashpot (figure 2.8), a damping model for viscoelastic 

polymers can be obtained(155). 
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(a) Spring (b) Dashpot 

Figure 2.8 Model for elastic and viscous material responses. 

In mathematical terms, the response of a perfectly elastic material, the Hookean 

spring, is given(155) by 

a = E E, (2.4) 

where a represents the tensile stress, E is the constant of proportionality, Young's 

modulus and E is the tensile strain. The ideal viscous liquid is represented(156) by the 

dashpot and follows 

a = 11 dE/dt, (2.5) 

where 11 stands for the coefficient of viscosity and t is the time. Viscoelastic polymers 

exhibit a response intermediate between these two extreme models(l55) In combining 

the elastic response of a spring and the viscous response of a dashpot, models (figure 

2.9) exhibiting viscoelastic behaviour can be obtained(l54) 

(a)·Maxwell 

Element 

\ 

I ! E, 

I 

l 
~112 

(bl Kelvin-Voigt 

Element 

Figure 2.9 Models for analysing damping. 

E, 
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The Maxwell element represents an elastic element exhibiting an instantaneous 

response and a viscous element with a viscosity dependent response in series(154) It 

describes liquid behaviour or may be used to estimate the stress relaxation 

characteristics of linear viscoelastic polymers(l56). The Voigt-Kelvin element describes 
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solid behaviour and creep to a first approximation(154) An improvement, combining 

both former models, is the four-element model(93) The former comprises an elastic 

element and a viscous element positioned in parallel and one further of each element 

integrated into the system in series (figure 2.9). It describes both, creep and stress 

relaxation and gives an approximate representation of the observed behaviour of 

polymers in the viscoelastic range(93). The mathematical treatment of these models is 

given elsewhere(21.155). 

In addition to creep and stress relaxation, the above mechanical elements can also 

model(93.155) loss and storage characteristics of polymers submitted to cyclic motions. 

When energy is applied to a viscoelastic polymeric material, part of it is stored as 

mechanical energy represented through the storage modulus E', while the rest of it is 

converted into heat through viscous deforrnation(l3) The latter part is the loss 

modulus E". Figure 2.10 (a) is a simple illustration of this behaviour('3) 

(a) (b) 

o 
E" 

• 
E' 

;' 

Schematic damping Hysteresis loop 
c: (t) 

Figure 2.10 lllustration ofviscoelastic damping and hysteresis curve. 

As the ball bounces, part of the potential energy is stored and leads to the rebound. 

The difference in the potential energies equals the amount of energy lost in heat. If 

the energy applied to polymers is of periodic nature, then the polymers show 

hysteresis phenomena(152) (figure 2.10 (b». By plotting the stress cr against the strain E 

for a cycle of oscillation, a hysteresis loop is obtained. The area within the hysteresis 

curve in the stress-strain diagram represents the amount of mechanical energy lost as 
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heat per cycle. TIle amount of vibrational energy absorbed per cycle, which is equal to 

the amount of heat W emitted(,s7>, is: 

W =7t E" A2 , (2.6) 

where A is the amplitude of strain and E" the loss modulus. 

If a sinusoidal stress is applied to a viscoelastic polymer, the resulting strain response 

will be between that of an ideal elastic solid after Hooke's law and an ideal fluid 

following Newton's law('S6). The sinusoidally varying strain & is described('SS) by the 

following equation. 

& = &0 sin wt, (2.7) 

where &0 is the maximum strain, w represents the angular frequency and t the time. 

TIle induced stress is then given('SS) by 

cr = cro sin (wt + 0), (2.8) 

where cro is the maximum stress. Thus, the induced strain will lag behind the applied 

stress by the phase angle 0 (figure 2.11). 
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Figure 2. II Applied stress and induced strain and phase angle o. 

Expanding equation 2.7 and subsequently substituting equation 2.8 with cro = (E'/cos 

0)&0 and cro = (E"/sin 0) &0 gives: 

cr = cro sin wt coso + cro cos wt sin 0 

cr = &0 E' sin wt + &0 E" cos wt 

34 

(2.9) 

(2.10) 



From equation 2.10, it can be seen that the stress can be considered to consist of two 

components. Thus, the resulting stress can be divided(155) into an elastic component 

that is in-phase with the applied strain (0 = 0°) and governed by the storage modulus 

E', and a viscous component that leads the strain by the phase angle 0 by 90° and is 

governed by the loss modulus E" (figure 2.12). 

Strain 

Applied Strain / 

Induced Stress 

In-phase Stress 

,~, , , , ",---'. , ( 

Tim~' . (I rot ) 

out-of-phase 

Stress 

Figure 2.12 The stress components and definition ofE' and E". 

From figure 2.12, the storage modulus E' and loss modulus E" can be defined(158) 

using the strain amplitude A, the out-of-phase amplitude B and the in-phase amplitude 

C. 

E' =CI A 

E" =B I A 

(2.11 ) 

(2.12) 

The phasor diagram below (figure 2.13) shOWS(158) the relation between the dynamic 

moduli and the phase angle o. 

Ea E* 

E' 

Figure 2.13 Phasor diagram for complex modulus E* and phase lag tan o. 
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Considering the energy lost through absorption in the material, the equation for the 

complex modulus E* results: 

E* = E' +iE", (2.13) 

where E' is the storage modulus, E" represents(ll8) the loss modulus and i = (-1 )112. E' 

is also referred(156) to as the real part of the complex modulus and E" as the imaginary 

part. The tangent of the phase angle 0 is referred to as the loss factor or loss tangent 

and is a measure(21) of the ratio of energy lost to energy stored in a cyclic deformation. 

From figure 2.13, it can be seen that 

tan 0 = E" lE'. (2.14) 

2.2.3 Measurement of Damping Ability and High Damping Materials. 

Although it is the ultimate application that determines the sound and vibration 

damping performance of a given system, a ranking of materials of interest can be 

obtained through erstwhile mentioned dynamic mechanical analysis techniques. 

Hereby, the viscoelastic properties, i.e. the storage modulus E' (elastic response), the 

loss modulus E" (viscous response) and the loss tangent, tan 1) (E"IE'), are of 

particular interest. 

Dynamic mechanical thermal analysis (DMTA) is in principle very similar to 

spectroscopy techniques like infra-red spectroscopy(159) Consequently, the former is 

sometimes referred to as dynamic mechanical spectroscopy. In both techniques 

absorption takes place at the natural frequency of the chemical group i.e. polymer, 

and an absorption peak can be found(13). However, in DMTA, unlike in infra-red 

spectroscopy, temperature usually.is the parameter varied and the frequency is kept 

constant(93). It is done this way since temperature effects are more distinct in 

polymers(13) Dynamic mechanical spectroscopy is utilised(151 .l58) to investigate the 

molecular structure as well as to determine engineering properties i.e. the sound 
'. 

absorption properties of polymer systems. Different apparatus exist(I3,156.l60) for the 

determination of the complex dynamic modulus. Most experimental techniques 

determine moduli, like for example the torsion braid and torsional pendulum 

determining the shear modulus G, and the Rheovibron and Polymer Laboratories 

DMTA determining Young's modulus E. The three moduli, the shear modulus G, 

Young's modulus E and the bulk modulus B, are related in the following way(93): 

36 



E = 2 G (I + u) = 3 B (I - 2u), (2.15) 

where u is Poisson's ratio. For elastomers u :; 0.5(154) and, therefore, the Young's 

modulus E :; 3 G. In this study, the Polymer Laboratories Dynamic Mechanical 

Thermal Analyser was used for the determination of the storage and loss moduli and 

the loss factor tan o. A description of this instrument, the test conditions and of the 

conclusions that can be drawn from DMTA data are given in the experimental 

chapter, section 3.4.1. 

The loss modulus E" and the loss factor tan 0 are the most commonly used terms to 

assess the damping ability of materials. However, there exist various related terms to 

express the efficiency of damping materials and damping systems. Amongst these are 

the logarithmic decrement t1 (13\ the percent critical damping %C.D(4) and the Oberst 

damping factor K(161.163). 

Most recently, a considerable amount ofinterest(I64-'69) has focused on the areas under 

the linear loss modulus (LA) and loss factor (TA) versus temperature curves. Chang 

et al. (164-166) assumed that the area under the linear loss modulus curve LA is a function 

of the glassy modulus, rubbery modulus, average activation energy of glass transition 

and the glass transition temperature. The basic theory for the group contribution 

analysis('65.'68) is that the structural groups within the repeat unit contribute to the 

total loss area on additive weight fraction bases, W;. 

(2.16) 

where (LA); is the loss area contributed by the ith group and n is the number of 

moieties in the mer. M; is the molecular weight of the ith group of the mer, M is the 

molecular weight of the entire mer. The molar loss constants and contributions to the 

loss area have been reported(l33) for a significant number of structural groups. Thus, 

application of the group contribution theory enables a predictive analysis of a 

polymeric material. Recently, however, limitations(153) to this theory were found. The 

group contribution was unable to predict the loss areas of filled polymers and 

composites(170) and of partially miscible polymer systems(l7l) i.e. IPNs. This state of 

forced miscibility and microheterogeneous morphology are believed('53) to be the 

foundation for the high damping ability of interpenetrating polymer networks. 

It would be important to find a similar treatment for the area under the linear loss 

factor versus temperature curve TA, in particular in view of constrained layer 



damping applications. However, no such predictive treatment has been found(l 67
.I
68). 

Ibis is due to the fact that tan 8 involves the quotient of E"/E'. The storage modulus 

E' decreases by three decades when the polymer goes through the glass transition and 

has defied(S7.168) theoretical prediction of its exact shape. One drawback of using TA 

to express the damping ability is that its experimental determination is often difficult 

because the sample fails or becomes too soft to allow the instrument to record at 

elevated temperature(IS3) In that case, extrapolation(168) of the tan 8 curve can still be 

applied to obtain an approximate value for TA. 

Defining a good damping material depends upon the type of application and the 

operating conditions. However, some general assessments with regard to the loss 

factor versus temperature curve can be made. In polymeric materials, values for the 

loss factor can be encountered(172) from the range of 0.01 to 2. The energy absorbing 

properties are a function of temperature and frequency, and the value of tan 8 is 

undergoing a maximum in every polymer system(IS8) A polymeric material possessing 

a tan /) value greater than 0.3 over a temperature range superior to 70°C is 

deemed(172) to have good damping properties. However, there is always a trade­

Off
173

•
174) between the damping properties and the mechanical properties of a given 

polymer system Increasing the loss factor tan /) to high values will result in improved 

damping. However, the physical and mechanical properties will suffer considerably. 

Damping does not increase(17S) in a linear fashion with tan 8, and for values above 0.4 

or 0.5 the gain in energy absorption ability is only very small. 'This was shown through 

mathematical modelling involving· the transmissibility T, which is defined(176) as the 

ratio of the tninsmitted to the exciting displacement. The graphic representation of the 

transmissibility versus tan /) values shows the transmissibility approaching the x axis in 

form of an asymptote. Thus, important gains in energy absorbing ability are made by 

increasing tan 8 from 0.1 to 0.2. However an increase from 0.4 to 0.5 does not greatly 

improve damping. For· loss tangent values higher than 0.5 hardly any further decrease 

in the transmissibility is found. From these data it can be understood that a high 

damping plateau with tan 8 values between 0.3 and 0.5 is desired in most applications. 

The temperature and frequency dependence of damping imposes the second 

requirement which is exhibiting this value over a broad temperature region(113). 

Homopolymers exhibit a glass transition range(l73) and, thus, high damping region of 
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around 20-30°C. In practical damping applications, this working regIOn IS not 

sufficient(1l3) due to variations in ambient temperature and frequency of sound and 

vibrations. For example, in order to cover the three decades of the audible frequency 

range, a high damping efficiency over at least 20°C is required at one constant 

temperature. Furthermore, great temperature variations of up to 60°C occur 

frequently in real damping applications such as, for example, in aeroplanes. Therefore, 

it is evident, that systems with high damping over broad Tg transitions of 80°C and 

more are desired to cover wide temperature and frequency ranges. However, the 

height and the width of the damping peak cannot be chosen arbitrarill 73,174). It is 

generally observed that broad transitions have lower damping peaks than narrow 

ones. Thus, broadening of transitions is done at the expense of lowering the tan 1) 

height. 

The phenomenon of the glass transition and its temperature and frequency 

dependency determine the damping ability of polymeric materials and are, therefore, 

further introduced in the following section. 

2.2.4 Glass Transition Temperature: Temperature and Frequency 

Dependency 

Five viscoelastic regions of polymers. In polymers, there exist(93) 5 regIOns of 

viscoelastic behaviour (figure 2.14). 

Log E' 1 Glassy Behaviour 

Log Ell 
2 Glass Transition 

E" 
3 Rubbery Plateau 

4 Rubbery Flow 

~ a 
Transition 5 Liquid Flow 

Temperature 

Figure 2.14 The five viscoelastic regions of polymers. 
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With increasing temperature, polymers undergo changes from the glassy state to the 

glass transition region, thereafter to the rubbery plateau and the rubbery flow region 

and finally attain liquid flow characteristics(93,177) Depending on crystallinity, 

crosslinking, chain flexibility and molecular weight, the different regions are more or 

less pronounced(93) Increasing the crystallinity reduces the magnitude of the glass 

transition and the drop in modulus is less pronounced, The glass transition may be 

shifted(151) to a higher temperature by increasing the crosslinking level, and, to a much 

lesser extent, by a higher molar mass of the polymer. Also, the rubbery plateau will be 

prolonged by both higher crosslinking and a higher molar mass, 

The loss modulus E" and tan /) peaks appeai4) in the glass transition region, about Tg, 

and that is where the polymer exhibits the greatest energy absorbing capability, and, 

thus, damping efficiency (figure 2.14). It is, therefore, necessary to describe this 

phenomenon, 

The glass transition temperature (Tg). At Tg, the polymer undergoes the change 

from a rigid, essentially elastic glass with a Young's modulus of about 3x I 09 Pa to a 

flexible rubber. Thereby, the modulus typically decreases by a factor of 103 over a 20-

30°C temperature range(21.93.154) In the glassy state, the amorphous polymer chains are 

largely frozen into a rigid, disordered structure exhibiting a high modulus and a low 

loss factor(157), Some less pronounced transitions that take place at temperatures 

lower than the glass transition impart limited (side) chain mobility. The Tg is a 

secondary transition and is conventionally labelled with Cl. With decreasing 

temperatUre, further transitions are assigned as 13, y and /), The glass transition 

temperature can be. determined(158) using dilatometry, thermal mechanical analysis 

(TMA), dynamic mechanical thermal analysis (DMTA) or differential scanning 

calorimetry (DSC) with the latter two being most commonly used, Three major 

theoretical interpretations exist(93.177) to describe the phenomena observed at the glass 

transition temperature, These include the classical free-volume theOly(21.155) which 

introduces free volume in the form of voids as a requirement for the onset of co­

ordinated molecular motion, Other approaches are made via kinetics and a 

thermodynamic theory(93), Here, only a brief phenomenological treatment of the Tg 

can be given, As frozen segments obtain mechanical energy at Tg, the onset of 

molecular motion has begun, At the Tg, there is a dynamic equilibrium between 
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frozen chain segments and segments that are free to move(179) Co-ordinated motions 

of the backbone and side branches take place. Backbone chains with some 10-50 

atoms involved are believed(93) to reptate back and forth. The motion of flexible 

backbone and side branches of the molecule over stiffer neighbours is believed(4.56) to 

be important for the damping mechanism These motions on segmental/molecular 

basis transform mechanical energy of vibrations and sound waves into thermal energy, 

heat, hence reducing transmitted noise and vibrations(l66). The (3-transition involves 

motions of shorter chain segments such as iso-axial arrangements of 4-8 C-atoms. 

Recently, theories have come forth(13) that short chain motions like the (3-transitions 

strongly contribute to the damping ability of some polymers, since it has been 

observed that the loss modulus - temperature curve was independent of the 

crosslinking up to very high levels of ca. 25%. With these high cross1inking levels, the 

conventionally assumed reptations of e.g. 50 backbone molecules are no longer 

possible. 

The location of the glass transition temperature Tg depends upon a number of factors 

which have been subject to extensive investigations(180) These inciude(181) steric 

effects, backbone flexibility, pendant groups, polarity, crystallinity and the extent of 

crosslinking. The glass transition temperature can be shifled(13.152) by incorporating 

plasticisers, fillers and a second polymer component. In the latter case, this might be 

achieved through random copolymerisation with a second monomer creating a 

statistical copolymer, or by polymer blending creating a miscible polymer blend. Then, 

the single glass transition temperature will be intermediate between those of the 

homopolymers. The Tg shift can be predicted(93.154) using the Pochan(l82), Gordon­

Taylor(l83) or Fox(184) equation. The Fox equation which is characterised by a convex 

curve shape is most commonly used. 

(2.17) 

The subscripts I and 2 refer to the two polymers, M is the weight fraction and Tg is in 

absolute temperature units. 

Temperature and frequency dependency of damping. The glass transition 

temperature of polymers involves(164) both frequency i.e. time and temperature effects. 

Consequently, damping is also a function of both, the frequency of the vibrational 

energy applied and the ambient temperature. When dynamic mechanical 
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measurements are performed at various frequencies, then, the loss factor peak which 

represents the glass transition shifts to higher temperatures at higher frequencies. 

figure 2.15 illustrates the rule of thumb('85) that one decade of frequency 

approximately shifts the Tg temperature by 6-7°C. 

Temperature 

Figure 2.15 Frequency-dependent damping ability of homo polymers. 

Time-temperature superposition principle. It was found(1I8) that a plot of the 

modulus against temperature at constant time (frequency) yields the same curve shape 

as a plot at constant temperature varying the frequency. This implies(l77) an 

. equivalence between temperature and time effects for viscoelastic materials. This 

principle has proven to be very helpful. In dyoamic mechanical analysis, it would be 

very time consuming to measure long time spans and low frequencies, thus covering 

the whole temperature range(93.177). However, applying the time-temperature 

superposition principle, master curves for a given material can be readily obtained(l86) 

This can be done through i.e. varying the temperature at one fixed frequency. The 

concept behind this approach is that data curves collected at different temperatures 

are only shifted horizontally along the log frequency or time axis, while the shape or 

nature of the curve ( relaxation process) is not altered(l77) This technique enables 

predictions of mechanical polymer behaviour over broad frequency ranges or long 

periods oftime. It is, therefore, commonly used(2l) to obtain long-term properties of 

glassy polymers from relatively short-time tests. 

Williams-Landel-Ferry (WLF) equation. The most important model to describe(21) 

the magnitude of shift at each temperature relates to the Williarns-Landel-Ferry free 
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volume concept and the WLF equation. The shift factor aT is given(I87.188) by the 

following equation. 

(2.18) 

where Cl and C2 are constants and To a reference temperature. Thus, the shift factor 

aT is a function of the temperature and the constants. Values of C I and C2 for 

different polymers are summarised in the literature(21). lfthe reference temperature is 

the Tg of the polymer, then Cl = 17.44 and C2 = 51.6 which are dependent on free 

volume are good approximations for amorphous polymers. 

2.2.5 Damping with IPNs 

IPNs represent very interesting damping materials, firstly, since they can be tailored to 

measure by choosing two polymer components with Tgs in the desired temperature 

range. Secondly, suitably chosen IPN components allow damping over a wide 

temperature range. This is due to their special microheterogeneous morphology. 

Transition broadening: Polymer blends, fillers, plasticisers. Generally, 

homopolymers and statistical copolymers exhibit effective damping properties only 

over a temperature range of 20-30 oC(lS'l, centred about the glass transition (section 

2.2). Multicomponent polymer systems can be used(I3) to produce systems with a 

controlled degree of mixing which is required for effective damping over a broad 

temperature range. However, limitations to mixing or blending of different polymers 

exist due to the incompatibility of most polymer blends. 

Fillers and plasticisers are often added to polymers to alter(lSI) their mechanical 

properties. In damping applications, they can be used(13) to shift and broaden the glass 

transition of the polymer. Plasticisers are used to shift systematically the Tg transition 

to lower temperatures. A broadening effect of the transition is also observed(189) 

Contrary to plasticisers, fillers tend to shift the glass transition to higher temperatures. 

However, two distinct cases have to be distinguished(13) If the filler is inert and no 

interactions with the polymer are present, then the storage modulus E' is increased(15I) 

both below and above the Tg. However, the location of the Tg is not altered. If the 

polymer adheres to the filler, then the free volume may be reduced(l3) and a Tg shift to 

higher temperatures can be observed. Fillers can not only shift and broaden the 
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transition, but can also impan(153) additional damping mechanisms to the polymer. 

Fillers can (i) resonate by absorbing impinging energy, (ii) reflect sound waves back 

through the polymer and (iii) act as a miniature constrained layer system(llJ,166) 

Microheterogeneous morphology. In damping applications, no complete miscibility 

of the polymer blend is required, Conversely, an intermediate structure with phase 

domains in the order of a few tens of nanometers is desired in order to result in 

materials with a broad transition region. Dynamic mechanical thermal analysis data of 

polymer blends of different degrees of phase mixing/miscibility are shown in figure 

2.16. The DMTA data are related(l90) to the respective transmission electron 

micrographs to illustrate the relation between morphology and properties, i.e. energy 

absorbing ability. 

Immiscible Semi-miscible Miscible 

I~ 

---",1\ 

--- ~t 
Temperature Temperature Temperature 

Figure 2.16 Schematic diagram of transmission electron micrographs and DMT A 

data. 

Polymer blends with poor miscibility and, thus, poor phase mixing show two separate 

Tgs reflected in two tan 1) peaks(4) (figure 2.16). The tan 1) values in-between those 

peaks are very low and, thus, so is the damping ability. Electron micrographs of these 

materials show well-defined phases with phase domains ranging from a few hundred 

nanometers to several microns. Conversely, miscible polymer blends will exhibit a 
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high degree of phase mixing which results in one loss factor transition peak located 

somewhere in-between the two initial peaks of the homopolymers. Such systems do 

not have any significant advantage over homopolymers in damping applications(4) 

Transmission electron micrographs of this material show . no phase structure. 

For semi-miscible polymers, a situation intermediate between these two extremes is 

obtained. With increasing miscibility of the two polymers, an inward shift of the 

transition peaks can be observed, accompanied by an increase of the inter-transition 

tan /) values. If both polymers are semi-miscible, a microheterogeneous morphology 

with phase domains(36) in the order of 10 - 20 om can result. This implies that phase 

separation takes place(4) below the level of a single polymer chain. The 

microheterogeneous morphology results in a complex phase behaviour i.e. in a broad 

transition region. This broad transition is caused(36) by a distribution of sub-phases of 

varying composition. Almost every little unit is made(166) up of a different material 

composition. Hence, its glass transition appears at a different temperature. 

Thus, a microheterogeneous morphology is highly desired in damping materials 

(section 2.2.1). It is more frequently encountered in IPNs than in conventional 

polymer blends because the former represent(153) one possibility of circumventing the 

thermodynamic immiscibility by support of kinetics (section 2.1.4). Permanent 

entanglements, mostly through covalent bonds, are brought about before phase 

separation starts to occur. Due to the forced mixing on a molecular or segmental 

level, a broad~g and shifting of the transition temperatures is observed. Besides 

microheterogeneity in segmental mixing(191), further explanations of the broadening of 

the glass transition temperature in IPNs include smearing(21) of phase transitions, 

compound transitions caused by imposed physical restrictions through the rigid 

polymer on the segmental mobility of the elastomer component(l92) and a fine 

dispersion of the component domains(77) IPNs, therefore, represent a means of 

attaining(4) an intimate mixture of polymers that otherwise would exhibit a much 

coarser morphology. Microheterogeneous IPN s are capable of exhibiting a good 

energy absorption ability covering very broad temperature use ranges, with ranges of 

from lOO-120°C being reported(193). On the other hand, a broadening or shift in the 

transition temperature IS a good indication for actual occurrence of 

interp~netration(77.129) The transition behaviour can be influenced by the previously 

discussed factors (section 2.1.4) such as the crosslink density and the miscibility of 
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network components. This, in turn, has important repercussions(168) on the IPN 

damping effectiveness. Energy absorption with IPNs has been reviewed 

recently(13.152,153, 166) . 

. IPNs investigated. Because of the obvious'.. advantageous properties of IPNs in 

damping applications, interest in this field is a truly universal one. Table 2.2 gives an 

overview of the major research teams in the area of sound and vibration damping with 

IPNS(1I4) 

Table 2.2 Research teams in sound and vibration damping with IPN S(1I4) . 

Group Institute IPN s studied Reference 

Hourston Loughborough PUR/acrylic full and semi 128,129 
University, UK simultaneous IPNs 110,194 

PUR/polyester IPNs 54 
PURlPS IPNs 53 
Acrylic latex IPNs 195 

Sperling and Lehigh Full, semi and filled IPN s 89,114 
Thomas University, USA based on acrylic polymers 131,168 

K1empner and University of PUR/epoxy IPNs 153,196 
Frisch Detroit, USA fillers, foams 

Meyer and Institut Charles PURlPMMA semi and full 119-122 
Widmeier Sadron, France simultaneous IPNs 

Williams University of PUR/epoxy simultaneous 197 
Toronto, Canada IPNs 

Fox Naval Research PURlPBMA IPNs 59 
Laboratory, F1, USA 

Yao Naval Academy PUR/acrylic IPNs 172 
Wuhan, China PEEK/epoxy IPNs 113 

Ting Naval Research PUR/epoxy 198 
Laboratory, Orlando, 
USA 

A brief summary of high damping materials based on IPN s is given in the following. 

The first network fonned determines the IPN properties to a great extent (section 

2.1.4). Also, the chemical composition of the damping material greatly influences the 

loss area, LA (section 2.2.2). Consequently, a classification of the IPNs was made 
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into different polymer groups. Good damping materials should exhibit(72) tan Ii > 0.3 

over at least 70°C (section 2.2.2). 

Acrylic/methacrylic IPNs. Foster and Sperling(I99) synthesised a series of 

acryliclmethacrylic sequential IPNs. Good damping materials were obtained with a 

75/25 full PnBAlPnBMA IPN exhibiting tan Ii values between 0.4~0.5 over nearly a 

lOO°C temperature range. Similar good results were obtained(I99) with a 

PnBMAlPnBA semi-2 IPN exhibiting tan Ii of 0.4-0.85 over lOO°C. A further 

improvement of 15-20 % of the tan Ii values was achieved by filler (graphite) addition. 

Poly(vinyl isobutylether)/PMMA IPNs. A poly(vinyl isobutylether)IPMMA 

sequential IPN exhibited(2°O) tan Ii over 0.4 between 10 and 60°C. Hourston and 

McCluskey(2°O) observed from the E' and E" versus temperature plot a two-phase 

system 

PURlPMMA IPNs. It has been observed(83.194) in various studies that a 70/30 

PUIPMMA IPN yields very broad loss tangent transitions with an almost rectangular 

damping transition. Using a semi-l IPN, Hourston and co_workers(128,129) investigated 

the effects of the isocyanatelhydroxyl ratio in the PU network on the linear PMMA 

component and the average molecular weight between crosslinks. The lowest Mc was 

found for a NCO:OH ratio of 1.1: 1. Decreasing Me resulted in a pronounced 

stiffening of the IPN. With respect to the PMMA ratio, plots of tan /) showed two 

glass transition peaks in all compositions investigated (20, 40, and 60 wt. % PUR). 

Increasing the PUR component shifted the peak slightly towards higher temperatures, 

also an increase in the peak height resulted. In opposition to that, the PMMA peak 

stayed in place, however, a broadening could be observed. The best result was yielded 

with the 60 wt.% PUR semi-l IPN exhibiting good damping behaviour (tan cf> 0.3) 

from -30 to +60°C. In a PhD thesis(194) from Hourston's research group, grafted 

PURlPMMA full IPNs were synthesised. Chughtai(194) found good damping values in 

this series. This was particularly true for a grafted 70/30 PURlPMMA, with an inter­

network grafting level of 10% grafting agent. A tan Ii value> 0.3 over a temperature 

range as broad as 120°C was obtained. 

PUR/unsaturated polyester (UPES). Hourston and Zia(54) studied a kind of semi-2 

PURlUPES IPN, crosslinked with styrene and methyl acrylate. Weight ratios ranging 
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from 30-70 % PUR content were investigated. The greatest half-peak width was 

experienced with the 70 % PUR composition, ranging over 132°C. It consisted in fact 

of one major transition and a small one at around -20°C, possessing a maximum tan /) 

height of 0.52. Micrographs of the semi-2 IPNs indicated that the materials could be 

regarded as rubber-modified glassy polymer systems. The study of Chou and Lee(l35) 

on grafted and ungrafted 50:50 PURlUPE IPNs resulted in an ahnost rectangular 

transition for the grafted IPN. Loss tangent values of greater than 0.2 were found 

over a temperature range of 60°C, ranging from 50-110°C. 

PUR/epoxy IPNs. In a study on PUR/epoxy systems Kiempner et al(201) found that a 

reduced post-curing time yielded higher loss tangent peaks and a broader transition 

range. Higher levels of chain extenders were observed to introduce a broadening of 

the loss peak going together with a decrease in its magnitude. Also, a shift to slightly 

higher temperatures caused by an increased amount of hard blocks in the segmented 

polyurethane was observed(202) PUR/epoxy semi IPNs were investigated by Wong 

and Williams(191). A 70:30 wt. % composition resulted in a broad tan /) peak exhibiting 

tan /) values greater than 0.3 starting from O°C to \OO°C. The 70:30 composition 

revealed two distinct transition peaks. Only one major peak with a shoulder was 

found for 50: 50 PURIE composition. However, the tan /) transition was clearly 

smaller than for the former system 
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2.3 Polyurethane (PUR) Network 

The basic principles of PUR reactions with a focus on solid PUR elastomers are 

briefly summarised in the following section. This is done because PUR represents one 

of the basic components of the IPN s synthesised in the present study. It is present in 

all materials reported. Also, in most of the materials synthesised, it forms the first 

network, which is known(99) to have a marked influence on the properties of the entire 

composition. Due to the wide variety of its possible constituent components(203.20S), it 

represents a means of readily influencing the properties of the IPNs. Also, further 

components with OH or NCO functionality can be easily incorporated. For this 

reason, considerations of the possible synthesis routes, catalysis of the reaction, 

possible side reactions and the reactivity of the raw materials, polyurethane 

morphology, as well as the segmented character and resulting properties are of great 

interest. 

2.3.1 Chemical Nature, Types and Applications and Safety 

Polyurethanes were developed(203) by Bayer (IG Farben) in 1938 as a response to the 

polyamide discovered earlier by Carrothers (DuPont). They have become a very 

important class of materials today due to their great versatility. 

Chemical nature. The term PUR is used for a class of materials containing the 

urethane link in the main chain (figure 2.17). 

HO 

I 11 
-N-C-O-

Figure 2. 17 Urethane link. 

PURs do not merely consist of the urethane links, but also contain segments of a 

different chemical nature. These can be(204) aliphatic or aromatic hydrocarbons, ether 

or ester groups. Hence, PURs can be visualised as a kind of block polymer with the 

repeating unit (ABhI. The type and extent to which th.e other segments are present 

determine the technological properties. Association of the urethane links by hydrogen 

bonding introduces a kind of physical crosslinking into a thermoplastic PUR. 
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Chemical crosslinking as in PUR elastomers or thermosets is brought about(205) by 

either the use of a po1yisocyanate or, more commonly, the use of a polyfunctional 

hydroxyl compound. More generally, the segmented character, that is to say the 

interactions within the urethane links in the matrix of aliphatic hydrocarbons 

guarantees the high wear resistance and elasticity as well as good solvent and oil 

resistance of PURs. 

Types and applications. The possibility of wide variations in synthesis and choice of 

raw materials makes PURs very versatile polymers. Moreover, a wide variety of 

additives(204) such as catalysis, blowing agents, surfactants, dyes and pigments, fillers, 

flame retardants and smoke suppressants permit the production of a tailor-made 

product for special needs. Therefore, PURs can be found(177,206) in diverse forms from 

foams, fibres and elastomers to adhesives and coatings.' They can be applied via 

reaction injection moulding (RIM) techniques as well as through extrusion or 

spraying. Typical applications for PUR products are in the automotive sector, in the 

construction industry, in insulation applications and, more recently, also in medical 

devices. 

Safety. A number of chemicals, such as amme and tin catalysts, used in the 

polyurethane preparation represent a health hazard. However, due to the quantities 

involved, the main health hazard(204) is the isocyanates. Inh"Iation and absorption are 

the two main risks. Depending on the type and reactivity, the isocyanates may attack 

the respiratory system, the eyes or irritate the skin. Continued exposure to high levels 

of isocyanates may create sensitisation and chronic lung conditions. Isocyanate spills 

have to be covered with saw dust and neutralised with a decontamination liquid. A 

solution of 10% ammonia (or sodium carbonate) in water with 2% detergent suitS(207) 

this purpose. 

2.3.2 Synthesis, Catalysis, Raw Materials for Solid PURs and Further 

Isocyanate Reactions 

Synthesis. Chemically, PURs are usually obtained by an addition reaction of a 

polyisocyanate with a polyfunctional reactant possessing active hydrogen atoms. Most 

commonly, polyethers or glycols with hydroxyl groups are used (equation 2.19). 
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n O=C=N - R - N=C=O + n HO - R' - OH 

Diisocyanate Glycol 

----> HO-R'( -OOCNH-R-NHCOO-R'~:~OCNH-R-NCO 

Polyurethane 

(2.19) 

From the technological point of view, PURs can be synthesised(20~) via three main 

processes, distinguished through the preparation medium. A solvent-free 

polymerisation in bulk, a solution polymerisation and emulsion polymerisation in an 

aqueous system Furthermore, a single-stage process, the one-shot technique, can be 

distinguished, where all raw materials are placed into the reaction vessel or mould and 

reacted simultaneously. The two-stage process involves first the preparation of a 

reactive polyisocyanate-terminated prepolymer, which is then followed by. chain 

extension through short-chain diols, amines or water. The latter is therefore also 

referred to as the prepolymer process. 

While solution polymerisation was used to synthesise the urethane acrylate 

compatibilisers in the present study, the polyurethanes in the interpenetrating polymer 

networks were reacted in bulk by reactive moulding. Because of the rapid build up of 

the viscosity, even at elevated temperatures, this synthesis route nonnally leads to 

relatively low molecular weights. This was of minor importance in this project since 

crosslinking circumvents this problem 

Further isocyanate reactions and urethane degradation. Since isocyanates react 

readily(204) with hydrogen-active compounds many more reactions are possible than 

with hydroxyl compounds (equation 2.19). The most important reactions are listed 

below, since they have to be considered as they might affect stoichOmetry, and yield 

additional branching and crosslinking of the interpenetrating polymer networks. The 

reactions can be divided up into three main groups. Mechanisms of urethane 

degradation are listed under the point 4. 

1) Primary reactions of isocyanates with hydrogen-active compounds. 

Amongst these reactions, the one of isocyanate with water is of particular importance 

due to the omnipresence of humidity. It is detrimental to the production of solid 
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polyurethanes since it affects the PUR stoichiometry and in its course carbon dioxide 

is liberated which results in products with entrapped gas. Thus, great care has to be 

taken that all raw materials are water-free. 

• With water 

R-NCO + H20 -----> R-NHCOOH -----> R-NH2 + C02 t 
Carbamic acid (unstable) Amine 

The amine will react further with free isocyanate groups: 

• With amines. 

R-NCO + R'-NH2 ----> R-NH-CO-NH-R' 

Urea 

• With carboxylic acids. 

R-NCO + R'-COOH -----> R-CO-NH-R' + C02 t 
Amide 

2) Secondary reactions of isocyanates with isocyanate adducts. 

(2.20) 

(2.21 ) 

(2.22) 

These reactions mainly occur only at temperatures above 100°C. Secondary reactions 

can be responsible(177) for the introduction of branching and crosslinking of the 

polyurethane. The introduced crosslinks, however, are much weaker than triol-based 

ones and start to dissociate at temperatures between 140 - 160°C. 

• With urethanes. R' 
I 

R-NCO + R'-NH-CO-O-R" -----> R-NH-CO-N-CO-O-R" 

Allophanate 

• With ureas. R' 
I 

R-NCO + R'-NH-CO-NH-R" -----> R-NH-CO-N-CO-NH-R" 

Biuret 

• With amides. R' 
I 

R-NCO + R'-NH-CO-R" -----> R-NH-CO-N-CO-R" 

Acyl Urea 

3) Auto-addition reactions of isocyanates. 

(2.23) 

(2.24) 

(2.25) 

This is a further type of reaction which can introduce branching and crosslinking. The 

formation of dimers (only aromatic ones) and trimers are favoured(208) by certain 
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catalysts such as phosphine compounds. Trimerisation is an important reaction since it 

can lead to branching in the production of polyurethanes . 

• Dimerisation 

2 R-NCO -----> R-N-C=O 

I I 
O=C-N-R 

Uretdione 

2 R-NCO -----> R-N=C=N-R + C02 t 

Carbodiimide 

• Trimerisation NR 

OC/ ......... CO 
I I 

3 R-NCO -----> RN NR 
/" 

'- CO 

[socyanurate 

4) Thermal decomposition of urethanes. 

(2.26) 

(2.27) 

(2.28) 

At higher temperatures, thermal decomposition of polyurethanes can take place. 

Three main reactions are reported(206). Dissociation into the isocyanate and the alcohol 

(equation 2.29) may start to take place at temperatures between 120-150°C. 

Formation of a primary amine, C02 and an olefin (equation 2.30) or of a secondary 

amine and C02 (equation 2.31) necessitate temperatures above 200°C. 

-RNH-COO-CH2-CH2- ----> -R-NCO + HO-CH2-

-RNH-COO-CH2-CH2- ----> -RNH2 + CH2=CH- + C02t 

-RNH-COO-CH2-CH2- ----> -R-NH-CH2-CH2- + C02t 

(2.29) 

(2.30) 

(2.31 ) 

Catalysis. The urethane reaction can be controlled to a certain degree by the choice 

of the reactants, i.e. the isocyanate and the hydrogen-active compound, and the 

reaction conditions such as temperature and reaction medium. An added catalyst, 

however, exerts a much more powerful effect on the reaction rate(208), and also on the 

type of reaction favoured. Generally, catalysis effects are very pronounced at low 

temperatures. Their efficiency is strongly influenced(204) by the respective nucleophilic 

or electrophilic strength and by steric hindrance between the reactants and catalyst. 
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The isocyanate group contains a high degree of unsaturation. For the electronic 

structure of isocyanates, the following three resonance structures are possible (four 

for aromatic isocyanates): 

- + + - + 
R-N-C=O <--> R-N=C=O <---> R-N=C-O [<--> Ar=N-C=O] (2.32) 

The reaction of isocyanates with hydrogen-active compounds involves a nucleophilic 

addition of the active hydrogen group to the positive carbonyl atom of the isocyanate 

group. In principle, the urethane formation with polyols, for example, is possible in 

the absence of catalysts, only auto catalysed by a second hydroxyl compound. The 

presence of tertiary amines or metal salts, however, yields a reaction rate of up to 

1000 times higher(21O) than the auto catalysed system The urethane reaction can be 

catalysed(204.208) in three ways. According to the way and the type of catalyst, different 

reactions are favoured. 

Acid catalysis. Catalysis with acid compounds is possible(203), but is very efficient. 

By increasing the electron density on the oxygen atom, the carbon is somewhat more 

deshielded, and, therefore, susceptible to attack by a nucleophile. 

Basic catalysis with tertiary amines. Basic catalysts (electron donors) such as 

tertiary amines are much stronger catalysts and generally favour(208) the amine and 

water reactions. Trimerisation is also encouraged by very strong bases. Tertiary 

amines form a complex with the carbon atom of the isocyanate group. 

Catalysis with Lewis acids (metal salts). Lewis acids, such as organotin 

compounds (e.g. stannous octoate), are very strong urethane catalysts. This is 

particularly true(208) for the polyol - isocyanate reaction where they show a distinctive 

advantage over bases. Other organometals favour different reactions. Lead 

compounds, for example, are known(208) to encourage the reaction with urethanes to 

allophanates. 

Raw materials for solid polyurethanes. Like most of the polyurethane types, solid 

polyurethane block copolymers usually are a combination of three basic components. 
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They comprise a diisocyanate, a polymeric (oligomeric) polyol and a short chained 

diol or diamine called a chain extender. In elastomeric polyurethanes, the latter is 

usually partly replaced by a trifunctional alcohol such as trimethylol propane. 

Diisocyanates. The most common way of preparing isocyanates is by phosgenation 

of primary amines using HCI abstraction(204) The structural formulae of important 

diisocyanates are presented in figure 2.18. 

OCN-o-CH~NCO 
H3- r CH3 

H3~CH~NCO 4,4'-Oiphenylmethane diisocyanate (MOl) 

CH3 

OC~NCO 
U 

Isophorone diisocyanate (IPOI) 

OC~CH2---CHc--CHc--CH~CHZ--CHZ--NCO 

Hexamethylene diisocyanate (HOI) 

2,6-Toluene diisocyanate (TO I) 

NCO 

CHJ--J---CH3 

~'"' 
/ "NCO 

CH3 

CH3 CH3 

OCN---CHZ--JH--CHz--J--CH2--CH2---NCO 

JH3 

2,4,4-Trimethylhexamethylene diisocyanate (HOI) 

m-Tetramethylxylene diisocyanate (TMXOI) 

Figure 2. 18 Structural fonnulae of important diisocyanates. 

The reactivity of isocyanate groups vanes considerably. Generally, electron­

withdrawing substituents increase the partial positive charge on the isocyanate carbon. 

Decreasing the electron density at the site of reaction, the carbon atom, favours the 

necessary attack by an electron donor(208) Consequently, aromatic diisocyanates are 

far more reactive than aliphatic ones, since the conjugation with the phenyl ring leads 
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to an increase in the partial positive state of the NCO carbon (equation 2.32). In 

addition, tertiary isocyanate groups, such as those in TMXDI, are much less reactive 

than primary ones, with secondary ones being intermediate. This is due to the positive 

inductive effect of the alkyl groups. Furthermore, a strong steric hindrance through 

e.g. methyl groups contributes to a strongly decreased reactivity in some isocyanates 

(e.g. TMXDI). In a number of diisocyanates the NCO groups have a distinctly 

different reactivity(177). In IPOI this is due to the different chemical environment, i.e. 

one NCO is of a primary nature, while the other is a secondary NCO group. In 2,4-

TOI the NCO in the 2 position is 7-10 times less reactive that the other, mainly due to 

the steric hindrance of the methyl group. 

The isocyanates used in this study were TMXDI, MDI, IDI, IPOI, HDI and HMDI. 

They have been chosen because of their very different reactivity rates and chemical 

structure. 

Polymeric (oligomeric) polyols. The two major polyol classes used in the PUR 

syothesis are(204) polyester- and polyether-based (figure 2.19). 

HO-(CH2-CH2-CH2-CH2-0-)nH 

Poly(oxy tetramethylene) glycol (PTMG) 

HO-(CH2-HC=CH-CHr )n-OH 

Poly(butadiene) diol (PBO) 

Poly(oxy propylene) glycol (PPG) Poly(caprolactone) diol (PCL) 

Figure 2.19 Representation of important polyols. 

Polyether polyols represent 90 % of the polyol share and are formed through an 

anionic polyaddition mechanism The reaction is usually initiated via an alcoholate ion, 

which reacts readily with monomeric epoxides. Termination by the addition of acids 

or water leads predominately to secondary hydroxyl groups in the polyol. The latter 

are less reactive(203) than primary ones by a factor of 10. Therefore, ethylene oxide is 

usually used to tip polyoxypropylene polyols. 

Polyether and polyester polyols have a different property profile(204.2l1) and are, thus, 

employed according to the requirements of the application. Polyester glycols generally 
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impart berter mechanical properties, UV stability and resistance to lipophile solvents. 

Polyether-based glycols show a greater resistance to hydrolysis, microbes and 

fungi(211) as well as an improved low temperature impact resistance. Polycaprolactone 

esters represent a means of imparting an increased hydrolysis resistance, while still 

offering the good mechanical properties of polyesters. They are also of lower 

viscosity and have a better cold flexing performance (lower glass transition 

temperatures) than the latter. 

Further macro glycols used in polyurethane preparation include(204) natural products 

such as the trifunctional castor oi1(203) and hydroxyl-terminated resins of polystyrene, 

poly(methyl methacrylate), polybutadiene(212) and polyisobutylene. More recently, a 

different class of polyether polyols have been developed. These are polymer-grafted 

polyether polyols(213) containing a stable vinyl polymer dispersion, mainly styrene and 

acrylonitrile(213). Further modified polyether polyols inc1ude(207) polyharnstoff 

dispersion (PHD) polyols and polyols containing polyurethane dispersions. 

In the present study, PPG, PTMG (PTHF) and PCL glycols of different molar masses 

represented the soft segment of the PUR With the use of a polybutadiene diol in the 

grafting study, it was attempted to incorporate unsaturation into the polyurethane. 

Chain extenders. These short-chain hydrogen-active components are mostly diols 

such as 1,4-dihydroxy butanediol diols (or triols like trimethylol propane) or diamines. 

The latter are predominately used if outstanding mechanical properties are desired. 

These are obtained due to the strong interactions between the forming urea links. It 

was found(214) that an even number of C-atoms in the main chain allows a more 

regular hard block structure, and thus a more segmented structure, to develop. Water 

is also sometimes used as a chain extender in foam compositions. The reactivity of the 

polyol and other hydrogen-active compounds varies strongly and is dependent(203) 

upon the basicity of the functional group. Consequently, primary hydroxyl groups are 

y~, more reactive by far than secondary ones, with phenols still reacting much slower. 

Contrary to the isocyanate, an electron withdrawing substituent decreases the 

reactivity of the hydroxyl compound. Compared to other hydrogen-active 

compounds(203) which could represent competing reactions to the polyol-isocyanate 

reaction the latter one is rather found to be of medium reactivity (figure 2.20). 
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Figure 2.20 Reactivity of hydrogen-active compounds towards isocyanates. 

By the choice of catalyst, a particular reaction can be favoured. In uncatalysed 

reactions, primary amines have the highest reactivity by far towards isocyanates. 

While the uncatalysed reaction with amines already proceeds at 0 °C, alcohols and 

water generaUy need slight heating (25 - 50°C) and reactions with secondary 

isocyanate addition products (urea, amide, urethane) usuaUy require temperatures 

above 100 °C(203) In this study, buta,·" ne diol was used in limited instances. Most 

materials were prepared with the trifimctional chain extender trimethylolpropane 

which at the same time acted as the PUR crosslinking agent. 

2.3.3 PUR Elastomers: Morphology, Segmented Character and Damping 

Polyurethane elastomers canbe_. divided up into two groups. Thermoplastic 

polyurethane elastomers (TPURs) are crossliilked only by physical bonds of the 

urethane links in domains. Since these associations are mainly caused by hydrogen­

bonding, they dissociate at higher temperatures (> 150°C) and TPURs can be readily 

processed using extrusion and injection moulding. The other group of elastomers 

contains covalent bonds forming a true loose network. This chemical crosslinking(205) 

can be brought about either by using trifunctional starting materials such as 

trimethylolpropane or a triisocyanate, or by a surplus of isocyante which may lead to 

the formation of aUophanate (biuret) links (equations 2.23 and 2.24). Chemical 

crosslinking can disturb the segmental character and the non-covalent intermolecular 

attractive forces of a polyurethane. As a result, the mechanical properties of a 

chemicaUy crosslinked . material can be inferior to a physically crosslinked 

thermoplastic polyurethane elastomer. This was experienced in a study<205) where the 
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modulus and tensile strength went through a minimum with increasing crosslink 

density before increasing finally at very high crosslink levels. In opposition to that, 

increased crosslink density brought about the expected decrease in swelling. 

Generally, it is believed(205) that in polyurethanes with strong secondary interactions, 

i.e. polyester-based types, covalent crosslinking has a more detrimental effect on the 

mechanical properties than in materials with only weak attractive forces. An example 

for the latter type is a polyurethane, based on polyether with pendant methyl groups 

and chain extended by a diol. This type of material was used predominantly in the 

present study and here increasing crosslink density brings about improved physical 

properties. 

Morphology. PURs have a block copolymer (AB)n-type structure with urethane 

links alternating with the polyol chain. Consequently, the polyurethane morphology is 

dependent(207) upon its constituent raw material characteristics (chemical composition, 

oligomeric polyol chain length and flexibility, degree of crosslinking and branching), 

and, to an equal extent, upon the potential interchain forces. These interactions 

between the polymer chains are mainly occasioned by hydrogen bonds between the 

methane links in the main chain. A PUR containing few methane links (hard 

segments) compared to hydrocarbon units ( soft segments) can behave like a 

thermoplastic elastomer. Increasing the amount of hard segments can transform a soft, 

malleable material into a hard and brittle solid. As previously indicated, most solid 

polyurethanes consist of three chemically different main building blocks, a 

diisocyanate, a chain extender and a polyol. As a consequence, they usually have a 

segmented character (figure 2.21) . 

. -----------~~--~~'--------~!0V\ ~ 0'Jyv 
/'.--------~--~---,. , 

Diisocyanate 

Chain Extender 

/V\ Oligomeric Polyol 

Soft segment 

Figure 2.21 Segmented PUR with hard segment chain interaction. 
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The formation of hard and soft segments during the reaction is mainly related to the 

fact that the low molar mass glycol has a relatively high polarity(204) and, therefore, has 

only a limited miscibility, e.g. with a polyether glycol and a diisocyanate. As a 

consequence, covalently bond microphases of hard and soft segments are formed. 

Hard segment. In segmented PURs, the hard segments(216) are located in cylindrical 

domains typically between 2.5 - 12.5 run, embedded in the soft segment matrix. They 

mainly consist ofurethane, urea, allophanatc, biuret, and amid groups. These are very 

rigid groups held together(207) by hydrogen-bonding and It-electron interactions 

between the aromatic rings of the diisocyanates. The hard segments are a 

reinforcement on a molecular basis and can be seen either as a kind of crosslinking 

agent or a filler(217). Thus, the melting point is strongly influenced by the hard 

segment. Depending on the primary structure of the hard segment (chemical nature, 

length of hard segment, degree of segregation), more or less ordered 3-dirnensional 

proximity zones are formed(218) Thus, the degree of order in the hard segments 

depends largely upon the symmetry of the diisocyanate and also on the number of C­

atoms in the chain extender (an even number enhances hard segment stability). Chain 

conformation models of the hard domain showing the secondary structure with 

hydrogen-bonding have been established(219) by X-ray analysis. A more recent 

study(220) of the microphase structure was undertaken using SAXS. From investigating 

PURs based on symmetric MDI and asymmetric TDI diisocyanates, the effects of 

hard-segment sequence length were elucidated. It was concluded that folding of the 

longer hard segments back into the hard segment domain does occur. The hard 

segment domains are sometimes very irregular(22I) due to their distribution width(222), 

and due to soft segments crossing the hard segment domains. The latter can represent 

up to 30% of the soft segment chains(223) and lead to incomplete segregation in the 

material. A more regular configuration of the hard segment can be achieved by 

annealing(204) slightly below the melting temperature. The hard segmeot imparts 

modulus, tear and tensile strength and determines the upper use temperatures(224), 

whereas the low temperature properties are only moderately influenced by the hard 

block. 
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Soft segment. The soft segment ahemates with stiff oligourethane units and consists 

of mobile, flexible chains that are present in coiled conformation. It owes its name to 

its state at ambient temperatures, since the glass transition is usually clearly below 0 

QC. Its predominant feature are long flexible alkyl, alkoxy or hydrocarbon chains. 

These are found in oligomeric polyols based on polyethers, polyesters 

(caprolactones) or other dihydroxy-terminated polymers such as poly(butadiene) diol 

with a typical molar mass of 400-8000 Daltons. Molar mass, functionality and chain 

structure determine the location of the glass transition temperature of the 

polyurethane. Furthermore, the chemical nature of the flexible chain determines the 

extent of segregation with the hard segment. If the soft segment is to some degree 

miscible with the hard segment, then the Tg transition is shifted to higher 

temperatures. This is caused by single hard segments dissolved in the soft segment 

matrix or by an incomplete segregation with the hard segment (soft segments trapped 

in the hard domains). The miscibility is influenced by the extent of the possible hard -

soft segment interactions and the degree of order in the hard segment. A 

poly(butadiene) diol is not miscible with the hard segment, while the ether oxygen of 

poly( oxypropylene) glycols can interact with the acid H-atorns of the hard segments. 

Polyester-based polyols normally yield hardly segmented PURs due to the strong 

interaction of the ester liuk with the urethane liuks. The soft segment detennines(216) 

the elastic nature and primarily the low temperature performance of the product. It 

also has an impact on hardness, tear strength and modulus. 

Degree of segregation in the PUR. Phase segregation in PURs occurs due to the 

differences of the energies of cohesion of the constituent blocks. A compilation of 

some estimated cohesion energies(225) shows that the urethane and urea group have 

very high cohesion energies with the ester group having a lower one, and a methylene 

group having still a lower value. This difference of cohesion forces and lack of 

possible interactions between the blocks (e.g. urethane and ether) yields phase 

separated structures. At lower temperatures, the hard segment is immiscible with the 

soft segment. Therefore, upon cooling, a two-phase solid is observed(218) Heating the 

material to higher temperatures can sometimes yield a single-phase melt. 
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The extent to which the polyurethane is phase separated is detennined by a number of 

filctors(204), including the chemical nature of the constituent raw materials, their 

interactions and the kinetic and thermal history of the reaction. 

• Interactions between hard segments. Increasing the interactions (hydrogen-bonding 

and 1t electron interaction) between the hard segments yields a stronger phase 

separated product. Stronger interactions arise from the use of symmetric diisocyanates 

and by using chain extenders without bulky_ substituent. Amines yield urea links which 

are known(225) to exhibit stronger hydrogen-bonding. Also, an even number of carbons 

in the chain has been found to promote a more regular hard segment structure. 

Another way to obtain strong, hard segment interactions is to promote a regular hard 

segment length, i.e. to have a narrow hard segment length distribution. 

• Affinity of the hard segment with the soft segment. The affinity between the hard 

and the soft segment is dependent upon the extent to which the polyol is capable of 

participating in hydrogen-bond formation with the urethane link. Thus, polyester 

polyols with the ester link have a far higher affinity with the urethane link than has the 

ether bond of polyether polyols, and so decrease segregation. 

• Kinetics of the reaction and thermal history of the polyurethane. A fast reaction 

system does not allow the raw materials to phase separate before the polyaddition 

reaction takes place. Annealing the finished product for several hours slightly below 

the melting point of the hard segments leads to a more segregated structure. 

• Type of synthesis route. The prepolymer route is known(204) to produce products of 

a more regular structure, which can therefore associate in a more ordered way. The 

one-shot route thus yields less segregated products. 

• Miscibility of the starting materials. It has been commonly assumed that 

microphase separation starts from a homogeneous mixture of the monomers involved 

in the synthesis. Recently, however, workers have found(226) that in some systems the 

polymerisation starts from an already phase separated system. In a system composed 

of IDI, IDI end-capped hydroxyl-terminated polybutadiene and butadiene diol, 

separate phases were present right from the beginning of the reaction(226). It was 

concluded that the dispersed butadiene diol droplets predetermined the phase 

separation with domains of several microns. It was proposed(226) that a similar reactant 
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incompatibility might also occur with other macro glycols (polyoxypropylene glycol), 

however, on a below micron scale. 

Transitions in PURs. The transitions in polyurethanes can be very complicated due 

to the above mentioned influencing factors of the morphology (figure 2.22). 
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Figure 2.22 Possible transitions in PURs. 

(a) Glass transition of pure polyol soft segment domains. 

(b) Melting point of crystalline soft segment. 

(c) Melting of hard segments of short range order or 

breaking of hard-soft segment attractions. 

(d) Melting of hard segments oflong range order. 

(e) Melting point of crystalline hard segments. 

(0' 

250 

However, two transitions are always encountered. The one below room temperature 

is ascribed(207) to the glass transition temperature of the soft segment. The other, the 

dissociation of the hard segment, usually takes place well above 150°C. Far more 

complicated situations can be obtained due to the presence of hard segments in the 

soft segment and vice versa. Also, crystallisation in either segment might introduce 

further endothermic losses. If the soft segment domains are mixed with some hard 

segments, then the glass transition of soft segment is smeared to higher temperatures. 

Differential scanning calorimetry has played an important role(227,228) in the elucidation 
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of the hard segment morphology. Usually, three hard segment endotherms can be 

obsetved, at 60-80 °C, 120-190 °C and above 200°C. The former two are 

dependent(217) on the thermal history of the polyurethane. During ageing, they tend to 

shift towards higher temperatures. The location of the melting point of the crystalline 

hard segments is independent of annealing and quenching. 

PURs for damping. As mentioned earlier, a good damping material is characterised 

by a high loss factor over a broad temperature range (section 2.2.3). The PUR 

transitions indicate that by decreasing the segregation between the hard and the soft 

segment in the polyurethane a broader soft segment glass transition temperature can 

result. However, one draw-back is that a less segregated material generally possesses 

poorer physical properties. The transition zone between the hard segment and soft 

segment phase is crucial for broadening the damping range. The amount and nature of 

it determine the damping behaviour of polyurethanes. The existence of this transition 

zone is due to a certain hard - soft segment miscibility. Consequently, the miscibility 

between the two phases has to be improved(113) in order to develop good damping 

materials. To do so the following has to be considered: 

• The crystallinity in both hard and soft segment has to be reduced by using 

unsymmetrical raw materials. 

• A decrease of hard - hard segment interactions has to be brought about by using 

unsymmetrical diisocyanates and diol chain extenders with bulky side groups and 

uneven C-atom number. Also, the introduction of free ends in the polyurethane can 

act as an internal compatibiliser and so weaken the interactions between two adjacent 

chains ( oligourethane links). 

• Increasing hard - soft segment interactions improves their compatibility. This can be 

done by choosing an unsymrnetrical polyol that contains polar groups (polyester 

polyol) and has a broad molecular mass distribution. Also, the mixing of polyols of 

different molecular mass and polarity in the chains (e.g. PPG with PEA) can prove 

successful. 

• The one-shot route usually yields broader distributions than the prepolymer route. 

• By encouraging a fast reaction, kinetic control of phase separation can be achieved. 

The polyaddition takes place before the phase separation can develop. 
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2.3.4 Analysis of PUR, Raw Materials and Derivatives 

Some important analytical methods for the characterisation of the PUR raw materials 

are briefly mentioned in the experimental part. This includes the determination of the 

NCO number of isocyanates and the hydroxyl number of polyols. Two further 

methods are infra-red and nuclear magnetic resonance spectroscopy. The latter was 

used to assure the purity of the isocyanates (section 3.1). Some characteristic IR­

absorption bands ofPURs and derivatives are given in the following. 

Infra-red spectroscopy of PURs. Infra-red analysis plays an important role in 

understanding the bulk and surface properties of po1yurethanes(229). It is also very 

useful as a means to study the reaction rate of the polyurethane formation by 

monitoring the rate of disappearance of the NCO absorption band. In the present 

study, this was done to study the kinetics of the IPN formation. Furthermore, it is also 

possible to verifY if a reaction has gone to completion since the NCO peak is easily 

discernible. The more important band spectra in urethane chemistry(229) are listed in 

table 2.3. 

Table 2.3 IR bands of functional groups found in PURs. 

Functional Group Assignmenttrype Wave Length 
Absorption Inml 

N-H (amide) v (stretching) 3200-3500 
3400 (H-bonded) 
3300 (unbonded) 

N=C=O (isocyanate) v (stretching) 2230 
C-O (carbonyl) v (stretching) 1630-1780 

1730 (unbonded) 
1700 (H-bonded) . 

C=C (aromatic ring) v (~tretching) 1590-1610 
CoN + N-H v (stretching)+ 1500-1540 
(amide ll) o (in-vlane bending) 

C-N+ N-H v (stretching)+ 1230-1290 
(amide ill) o (in-plane bending) 

C-O-C (aliphatic ether) v (stretching) 1080-1120 
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3. EXPERIMENTAL 

3.1 Materials 

3.1.1 Compilation of Raw Materials 

With exception of the compatibilisers which were synthesised in-house, all raw 

materials were obtained from commercial sources. All materials used are listed in table 

3.1. 

Table 3.1 Materials used in this study. 

Name of Compound (Abbreviation) Supplier Function 

Polyurethane network 

1,1,3,3-Tetramethylxylene diisocyanate (TMXDl) CyTec 

Isophorone diisocyanate (!PDI) Hills AG 

Toluene diisocyanate (TDl) 

4,4'-Methanediphenyl diisocyanate (MDl) 

Aldrich 

Kemira 

2,2,4-Trirnethylhexamethylene diisocyanate (TMDl) Hills AG 

Poly(oxypropylene) glycol M.W. 425 (PPG425) Aldrich 

Poly(oxypropylene) glycol M.W. 1025 (PPG1025) BDH 

Poly(oxypropylene) glycol M.W. 2025 (PPG2025) BDH 

Poly(oxypropylene) glycol M.W. 4000 (PPG4000) Aldrich 

Poly( oxytetramethylene) glycol 1000 (PTMG 1000) Aldrich 

Poly(oxytetramethylene) glycol 2000 (PTMG2000) Aldrich 

Diisocyanate 

Diisocyanate 

Diisocyanate 

Diisocyanate 

Diisocyanate 

Polyol 

Polyol 

Polyol 

Polyol 

Polyol 

Polyol 

Poly( caprolactone) glycol M.W.1000 (PCLlOOO) Interox Chem Polyol 

Poly(caprolactone) glycol M.W.2000 (PCL2000) Interox Chem. Polyol 

Poly(butadiene) diol M.W. 2500 (PBD2500) 

Trimethylol propane (TMP) 

Butane-I,4-diol (BD) 

Stannous octoate (SnOc) 

66 

Aldrich 

Aldrich 

Aldrich 

Sigma 

Polyol 

Crosslinker 

Chain extender 

Catalyst 



Glassy network 

Methyl methacrylate (MMA) 

Ethyl methacrylate (EMA) 

Butyl methacrylate (BMA) 

Styrene (8) 

Tetraethyleneglycol dimethacrylate (TEGDM) 

Divinylbenzene (DVB) 

Azobiisobutyronitrile (AlBN) 

Grafting agents, compatibilisers and ionic groups 

Benzene-l-( l-isocyanato-l-methylethyl) 

-3-( l-methylethenyl) (TMI) 

2-Hydroxyethyl methacrylate (HEMA) 

7 -Octene-l,2-diol (0 D) 

2-Butene-l,4-diol (BED) 

TMI-PPG-TMI (PPG-TMI) 

HEMA-TMXDI-HEMA (TMXDI-HEMA) 

Aldrich Monomer 

Aldrich Monomer 

Aldrich Monomer 

Aldrich Monomer 

Aldrich Crosslinker 

Aldrich Crosslinker 

BDH Initiator 

CyTec Grafting Agent 

Aldrich 

Aldrich 

Aldrich 

in house 

in house 

HEMA-TMXDI-PPGI 000-TMXDI-HEMA (UA2) in house 

Grafting Agent 

Grafting Agent 

Grafting Agent 

Compatibiliser 

Compatibiliser 

Compatibiliser 

Ionic group 

Ionic group 

N-Methyldiethanolamine (MDEA) 

Methacrylic acid (MAA) 

Emulsion polymerisation 

4,4'-Azobis (4-cyanovaleric acid) (AVAC) 

Dodecyl sulfate sodium salt (D88) 
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Structural formulae of the diisocyanates and the polyols used in this study were given 

in section 2.3.2. Further representations of important materials are given in figure 3. I. 

2 

TMP SnOc 

H=C~ 

C -

S C - H 

DVB EMA 

.C~-[f-cHz-c+4~ 
b~ 4 b~ 

TEGDM 

C -

EPMA AIBN 

Figure 3.1 Representation of important raw materials. 
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NCO 

C -

C~--C~-oH 

TMI HEMA 

Figure 3.1 continued (Representation of important raw materials.) 

3.1.2 Synthesis of the Urethane Acrylate-type Compatibilisers 

Following the principle of like dissolves like(3), chemically similar components are an 

obvious choice for a compatibiliser. Thus, the three different urethane acrylate type 

compatibilisers were prepared from the raw materials used in the polyurethane 

network. 

a) A difunctional urethane acrylate involving PPG 1025, TMXDI and HEMA. 

HEMA-TMXDI-(PPG I025-TMXD1>n-HEMA, with n=1 

b) A simple HEMA-terminated TMXDI. 

HEMA-TMXDI-HEMA 

c) A simple TMI-terminated glycol. 

TMI-PPGl025-TMI 

Preparation. All addition reactions were conducted under nitrogen in toluene, which 

had previously been dried over molecular sieve. The reaction temperature was set at 

40°C. For all preparations, the catalyst concentration was kept at I weight % stannous 

octo ate. The syntheses of compatibiliser b) and c) were straightfOlward. First, the 

difunctional component and the catalyst were placed into a three-necked flask. Then, 

the stoichioinetric amount of the end-capping agent was gradually added with stirring. 

A direct complete addition might have caused local overheating, which in turn could 

have initiated the polymerisation of the vinyl groups. For compatibiliser a), the 
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stoichiometric addition of the materials proceeded step-wise in order to assure the 

closest outcome to the products. I h stirring was allowed in-between the addition 

steps. Finally, HEMA was added to end-cap the compatibiliser. The toluene was 

distilled off using a rotary evaporator at 40a C. No further purification of the products 

was undertaken. 

Products. Resin-type liquids with very different viscosities were obtained. The 

viscosity was dominated by the interactions (hydrogen-bonding) between the urethane 

links. Thus, it was not surprising that the urethane acrylate of the lowest molar mass, . 

HEMA-TMXDI-HEMA, exhibited the highest viscosity at room temperature. It had 

the highest volume fraction of urethane links. At 60a C, the interactions were much 

weaker and a pourable liquid was obtained. All urethane acrylates were analysed by 

FTIR spectroscopy, to ascertain that the hydroxyl and isocyanate groups had reacted, 

and that the unsaturation was still present. The GPC data for the highest molar mass 

compatibiliser (a) indicated that a distribution of different species was present. 

3.1.3 Purification by Degassing 

All starting materials were degassed prior to use in order to avoid the fonnation of air 

bubbles in the curing film. This was done by applying a high vacuum at room 

temperature. Only highly volatile raw materials like the monomers were not submitted 

to this procedure. The hygroscopic polyols were degassed at soac. This is the 

generally applied(230) procedure to remove traces of water. The purified materials had a 

nitrogen blanket applied over them and were then stored in a desiccator over silica gel. 

3.1.4 Characterisation of the Raw Materials 

Generally, the raw materials were used as supplied. However, it was important to 

ascertain that the raw materials for the polyurethane reaction were pure. This was 

essential since in the case of the diisocyanate and the glycol stoichiometric quantities of 

both components had to be used. Accordingly, the latter were characterised with 

respett to purity and functionality. For the same reason, the molar mass of the polyol 

and potential grafting agent poly(butadiene) diol was also determined. 
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3.1.4.1 Isocyanate Number of Diisocyanates 

The isocyanate content of all diisocyanates was determined using the dibutylamine 

back-titration method(205). The reaction of diisocyanates with primary or secondary 

amines yields the corresponding urea. The excess amine was then' back-titrated with 

hydrochloric acid using bromophenol blue as indicator. A colour change from blue to 

yellow that persists 15s indicated the end-point. The NCO content is given by the 

following equation. 

% NCO = 4.2 N (ml sample - ml blank) 100/1000 W, (3.1) 

where W represents the sample weight in grams and N the normality of the HCI 

solution. All isocyanates were found to be within the limits of the theoretical values, 

and, therefore, taken as 100 % pure. 

3.1.4.2 Hydroxyl Number of Polyols 

Various methods of hydroxyl number determination exist for the different kinds of 

hydroxyl-terminated materials. David and Staley(230) recommended the phthalation 

method for polyols. A small sample of the polyol is reacted for one hour at 115°C with 

an excess of phthalic anhydride using pyridine as solvent. Back-titration of the excess 

reagent using ",·OH and phenolphthalein as indicator allows the determination of the 

OH value (equation 3.2). 

OH value = 56.1 N (ml blank- ml sample)/ sample weight, C"'J III (3.2) 

where N is the normality of the NaOH solution. Three samples were run and the 

average compared to the blank. The hydroxyl numbers of the polyols used in this study 

were in good accordance with the numbers provided by the suppliers. Thus, the quoted 

molar masses were used in the calculation. 

3.1.4.3 Melting point by DSC and Water Content of Polyols 

The melting points of the at room temperature crystalline polyols were detennined by 

differential scanning calorimetry (DSC). The instrument is described in section 3.4.4. 

Using a heating ramp of 10°C/min, the following values for the polyol melting points 

and the heats of fusion were obtained (table 3.1). 
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Table 3.1 Melting points and heats of fusion of crystalline polyols. 

Polyol Melting point, T m [OC] Heat of fusion [Jig] 

PTMGI000 24 86 
PTMG2000 33 107 
PCLlOOO 36 52 
PCL2000 53 72 

The water content of the polyols had to be determined since isocyanates react with 

water to yield urea linkages (section 2.3.2). Furthennore, this reaction liberates CO2 

(equation 2.20) which would introduce unwanted bubbles into the lPN film. The water 

content determination after Karl Fischer is(231) the most important chemical method of 

this kind. In the course of the reaction of water with the Karl Fischer reagents (iodine, 

pyridine, sulphur dioxide and methanol), the reduction of 12 to III is monitored to 

determine the water content. 

C5H5N 12 + C5H5N S02 + C5H5N + H20 (3.3) 

----> 2 C5H5N ill + C5H5N S03 

The end point can be detected visually (colour change from yellow to brown) or by 

electrometric methods. In this study, the electrometric method was utilised using a 

Baird and Tatlock AF3 instrument. The water content of all the polyols used was found 

to be less than to 0.OI%~7 .,t. 

3.1.4.4 Molar Mass Determination by GPC and VPO 

Two methods were used to determine the molecular weight of the polyols in particular 

of the poly(butadiene) diol and of the urethane acrylate compatibilisers. The absolute 

determination of the number average molar mass (Mn) by vapour pressure osmometry 

(VPO) was necessary for the correct stoichiometry of the NCO:OH ratio. Gel 

penneation chromatography (GPC) yields only relative values for Mn ifno standards of 

the sample polymer are available. However, GPC provides infonnation about the 

molecular weight distributio?, which is sometimes a very important quantity. 
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Gel permeation chromatography. The molar mass distribution(l71) of a polymeric 
-

sample is an important characteristic. Gel permeation chromatography is based on a 

molecular size separation process. Small molecules more frequently penetrate the gel 

and are thus eluted later. The elution times are compared to a standard calibration 

series of known molar mass. TIlis is most commonly polystyrene. TIle theory to this 

analysis technique is described elsewhere(177). 

In this study, GPC was utilised to determine the molar mass distribution of the in-house 

synthesised urethane acrylate compatibiliser UA2. Also, the grafting agent 

poly(butadiene) diol was examined. Figure 3.2 shows the data of the in-house 

synthesised urethane acrylate compatibiliser type (a). 
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Figure 3.2 GPC data of the urethane acrylate compatibiliser (a). 
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From this GPC data of the urethane acrylate compatibiliser type (a) (UA2), it can be 

seen that besides the main product with one PPG 1025 unit, n = I, also some material 

with n = 2 and of type (b) were present (section 3.1.2.1). Compared to the bimodal 

molar mass distribution of UA2, PBD2500 exhibited one peak only. 
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Vapour pressure osmometry. Vapour pressure osmometry was carried out in order 

to determine the absolute number average molar mass, Mn, of the polybutadiene diol 

grafting agent. After Raoult's law(232) for an ideal solution, the' partial vapour pressure 

of each component is proportional to its mole fraction. For the VPO determination, 

two drops are suspended side by side in a thermostatted chamber saturated with 

solvent vapour. However, the difference in vapour pressure is not measured directly, 

but the temperature difference. Greater condensation (or lower evaporation) will 

provoke a higher temperature at the solution drop. The difierence in temperature is 

proportional to the vapour pressure lowering. A plot of the resistance difference 

divided by the concentration, ~ RJc, against the concentration c yields a straight line 

with the intercept KlMn. 

~ RJc = KlMn + a2c (3.4 ) 

A calibration with a concentration series of a known solute (e.g. benzil in the range 

from 0.005 to 0.05 M) permits the detennination ofK, after which M" of the unknown 

sample can be determined. Since in colligative methods all molecules contribute to the 

molecular weight, solvents and solutes must be extremely pure. 

(p./C -----.. 
("'all) ----- '" --------------------~ ----~------------

.,!.- ----__·0 -------

2 3 

Figure 3.3 VPO data of the poly(butlJdiene) dio!. 

The Mn of the poly(butadiene) diol was fowld to be 2500 glmol by VPO. 11Jis 

compared to a value of 3800 glmol by GPC using polystyrene standards (section 

3.1.2.2). TIle M" determined by VPO was taken for the IPN calculations. 
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3.1.4.5 Spectroscopic Analyses: NMR and FTIR' 

In order to assure' the purity of the raw materials, spectroscopic analyses were 

conducted. The diisocyanates and the diols were analysed by NMR and FTlR 

spectroscopy. 

NMR Spectroscopy. 11le diisocyanates were analysed in CDCI3 using a Bruker 400 

MHz spectrometer. It was fowld that all the materials were of high purity. 111e I Hand 

I3C spectra ofTMXDI are shown in figure 3.4. 
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Figure 3.4 Carbon 13 (a) and proton (b) NMR of pure TMXDL 
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FTIR spectroscopy. Besides the commercially obtained raw materials, the in-house 

synthesised materials were also subjected to FTIR analysis. TIJis was of particular 

importance in the case of the urethane acrylate compatibilisers. It had to be confirmed 

that no functional moiety that could react with the forming polyurethane network was 

present. l1Jis way it could be ascertained that only physical interactions between the 

two networks took place, as opposed to the chemical links that were introduced in the 

grafted IPNs. FTIR data showing the disappearance of the NCO and OH moieties in 

the isocyanate and polyol, respectively, are show in figure 3.5. 
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Figure 3.5 
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Staggered FTIR-specra of urethane acrylate compatibiliser (TMI-

PPGI025) and its raw materials. (a) PPGI025, (b) TMI and (c) TMI-PPGI025. 
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The three staggered traces are (a) the poly(oxypropylene) diol PPGI025, (b) the 

grafting agent TMI and the resulting adduct (c) the TMI-PPGI025. It can be seen in 

spectrum (c) that both the NCO peak at 2230 cm-I and the OH peak at 3500 cm-I 

have disappeared, whlle the vinyl band at 1635 cm-I is still present. Bands that have 

appeared which indicate urethane formation are the N-H stretching band between 3300 

and 3500 cm-I, the carbonyl band between 1700 - 1730 cm- 1 and the combined CoN 

stretching and N-H in-plane bending around 1500-1540 cm-I(section 2.3.4). All 

urethane acrylate compatibilisers were confirmed fully reacted prior to use. 

3.2 Experimental Apparatus 

The main experimental apparatus consisting of the mixing apparatus, the mould and the 

curing oven is described briefly in the following. 

3.2.1 Mixing Apparatus 

A high speed stirrer (type Heidolph RZR 1) from Heidolph was used for thoroughly 

mixing the components. Initially, a three-necked 250 ml reaction vessel was used for 

the mixing of the components (figure 3.6). 

....................... Stirrer 

Condenser 

Nitrogen Inlet 

Reaction Vessel 

RT Water Bath 

Lab Jack 

Figure 3.6 Schematic representation of mixing apparatus. 



In the course of the study, it was observed that a disposable glass jar could be used as a 

substitute. With exception of the condenser that was omitted, the basic set-up was 

similar. The glass jar lid contained two openings, one fitting the stirrer shaft, the other 

served as a nitrogen inlet. 

3.2.2 Moulds 

4 O-ring-type steel moulds of 140 mm diameter were used in this study. A 6 mm 

diameter nitrile rubber gasket acted as a seal and spacer between the two metal plates. 

The system was hold together by 5 spring-loaded screws. The moulds were coated 

twice with release spray. The release agent used was Cil Release l71l-Plus from 

Compounding Ingredients Limited. 
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Figure 3.7 Schematic representation of the O-ring mould. 

3.2.3 Open Air Oven 

5 Spring-loaded Screws 

Steel Mould Lid 
(Both Sides Blank) 

Nitrile Rubber Gasket 
(6 mm Diameter) 

Steel Mould Bottom 
(14 cm Film Diameter) 

A Hearson open air oven was used for the curing of the samples. Four moulds could be 

contained simultaneously. Temperature readings of two degrees Celsius below and 

above the setting temperature were considered as permissible for a correct curing 

cycle. 
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3.3 Experimental Technique 

3.3.1 Calculation Principles of IPN Formulations and Catalyst Concentrations 

For the ease and security of manipulation, all calculations were carried out using a 

Microsoft Quattro Pro data spreadsheet. The parameters to vary were placed on the 

top of the sheet. These included the 8 points that are briefly outlined in the following 

text. The spreadsheet used with a full compilation of an exemplary calculation is 

depicted in figure 3.8. 

• Ratio polyurethane component/polymer component. In order to calculate the 

ratio, the complete polyurethane component, including the diisocyanate, the polyol and 

the catalyst was related to the complete polymer component (monomer, cross1inker 

and initiator). Neither grafting agents nor compatibilisers were included in either of the 

former components. 

• Isocyanate/hydroxyl ratio. Apart from one study (section 4.4.4), this ratio was 

kept constant throughout at NCO/OH = 1.1: 1.0. Not only the polyurethane component 

was considered to calculate the ratio. The fimctional groups introduced by the grafting 

agents were also taken into account. TMI, for example, was considered in the NCO 

part, whereas the diols like 7-octene-I,2-diol were added to the OH part. 

• DioUtriol ratio. The total moles of diol were referred to the moles of triol. The 

difimctional grafting agents were included in form of diols in this calculation. 

• Polyurethane catalyst. The catalyst was calculated in weight % of the total PUR 

component. The amount of catalyst was varied according to the amount of PUR 

present. 

• Crosslinking agent. The calculation was conducted in mole % with respect to the 

monomer used. The unsaturation of the grafting. agent was not heeded in this 

calculation. 

• Initiator. The initiator was calculated in mole % with respect'to the unsaturated 

double bonds present in the system. The initiator - other than the catalyst - is consumed 

by the initiation reaction, and its amount influences the molar mass of the polymer. 

Thus, the mole % of the initiator were referred to the moles of monomer plus the 

moles of the di-fimctional cross1inking agent and the moles of the grafting agent. 
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EXPERrMENT NO_: 

Objective: 

Composition of IPN Formula 

Polyurethane componenlS 

lsocyanate / hydroxyl ratio: 

Diol / Triol: 

Polymer components 

Cross·linking agent lmolc%J: 
Initiator 

Compatabiliser 

Triol 

Monomer 

Crosslinker 

Initiator 

TMI-PPG 425 

(§liHliW~jm::tI 
Solubility: 

S 
DYB 

AIBN 

PU comp.: 

104.15 

130.19 

164.21 

Moles 

1.2375 

1.0000 

0.0500 

0,0] 10 

PS comp.: 

rPN 143 

302.37 

Blel1d: 

Mixing: Stirrer selling at 3; mixing for 5 min. 

Ctoud point: Minutes nlkr blending: 

Degassing: I limes for 5 min in lOWI. 

Moulding: Mixture viscosity: Visual appcarcllcc: 

Moulding into cold (RT) 1110uld; dCJl10ulding at 120 dege. 

Cure: 24 h al 60 C; 24 h at 80 C; 24 h al 90 C; 2 h at 120 e. , 

Actual 

Product: Air cllLrarmcd: Mould fill: Film surface: 

Figure 3.8 Example of the calculation sheet. 



• Grafting agent and compatibiliser. Both were incorporated in weight % of the 

total component weight, this is the polyurethane component and the polymer 

component plus the former components themselves . 

• Total component weight. It consisted of the sum of the polyurethane, the polymer 

component and the grafting agent or compatibiliser. 

No arithmetic considerations were given to the purity of the chemicals used. The basic 

polyurethane components, i.e. the polyols and the diisocyanates, were found to be pure 

(section 3.1). All other chemicals used were of a grade higher than 95%. The only 

exception was divinylbenzene. It contained iSOlp.ers, and, thus, was only of 55% purity. 

Catalyst concentration and mixture viscosity. In this study, the monomer initially 

served as a solvent for the forming polyurethane. Thus, depending upon the IPN 

composition - 10% monomer or 50%, for example - and the rate of fonnation of the 

polyurethane network, different reaction mixture viscosities were obtained. 

However, good films could only be prepared with ease at a controlled viscosity of the 

mixture. It should not be to low, otherwise good mould filling was difficult to realise. 

A too high viscosity on the other hand made complete degassing and good moulding 

impossible. Consequently, the concentration of the stannous octoate had to be adapted 

to the composition and the amount of diisocyanate used. Therefore, gelation studies 

with different amounts of catalyst had to be conducted. It was noted that SnOc of a 

shelf life of 6 months was slightly less efficient than a new one, even though it had been 

stored in a desiccator under nitrogen. Furthermore, it had to be taken into account that 

the amount of catalyst to be used also varied considerably with a change in 

diisocyanate reactivity. In figure 3.9, the percentages used with the TMXDI series are 

given. For other diisocyantes, up to 50 % less had to be used in order to yield the same 

moulding viscosity. 

For the preparation of the PUR homonetworks a fixed catalyst level of 0.2 weight % 

was employed. 
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Figure 3.9 Catalyst concentration as a fimction of composition. Graph for TMXDI­

based PUR:PS IPNs (diol/trioI3: I). 

The two full data series show the amoWlt of SnOc used with respect to the PUR 

weight and the total component weight. In order not to exceed a total of 2 weight % of 

stannous octoate in the system, the higher glassy polymer content mixtures (60-100%) 

were moulded at low viscosity. In addition to the PUR content, the crosslink density of 

the PUR also had an influence on the viscosity of the reaction mixture. An increase of 

the low molar mass TMP compared to PPGI025 resulted in a higher hard segment 

content. Since the formation of the urethane links is exothermic, a greater number of 

formed urethane links caused the temperature of the reaction mix to rise and increased 

further the PUR reaction rate. Thus, at higher PUR crosslinking levels, the catalyst 

concentration had to be cut back to compensate for the before mentioned phenomenon. 

The two data series in figure 3.9 are given for PPG I 025/TMP ratios of 3: I. 

3.3.2 Synthesis of IPNs 

A schematic swmnary of the IPN sheet preparation is given in figure 3.10. The single 

stages are explained in more detail in the section below. 
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Weighing 

Dissolving 

Combining 

Adding 

......... j 

Mixing 

Degassing 

i ....... -~ 

Moulding 

Curing 
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( MATERIALS) + CONDITIONS & SETTINGS 

C.ral 

30 min at 60°C 
in Wcltec bath 

30 min cooling 
do\W to RT 

Hydroxyl components 
Polymer components 

Initiator 
Mooomer 
Crosslinker 

Initiator 
Monomer 
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30min at RT 
CIl shaker 

(One-shot technique, 
no isocyanate-tenninated 
prepolymer) 
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stirrer setting 3 
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high vacuum 
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24hat80°C+-2°C 
24hat90°C+-2°C 
(2 h at 120°C+-2 QC) 
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Figure 3.10 Schematic representation of the IPN film synthesis VIa the one-shot 

technique. 



3.3.2.1 Preparation of the Components 

Both network components were weighed into separate disposable receptacles. The triol 

was combined with the diol in a screw top jar. In order to bring the TMP (Tm= 58°C) 

into solution, the mixture was heated up to 60°C in a waterbath. An important fact was 

that upon cooling down to room temperature the triol remained in solution. In the 

second jar, the glassy polymer component was prepared. After weighing the initiator, 

the monomer and the cross1inker into the receptacle, the jar was placed in a shaker for 

half an hour. This allowed the initiator to be completely dissolved. The polyurethane 

catalyst and the grafting agents or compatibilisers were added to the combined 

components at room temperature. Finally, the diisocyanate was weighed in (figure 

3.10). 

3.3.2.2 Mixing of the Materials 

Immediately after addition of the diisocyanates, the mixture was put on the mixing 

apparatus and stirred vigorously for 5 min. The stirrer setting was fixed at 200 rpm 

3.3.2.3 Degassing of Mixture 

The degassing of the mixture was conducted for 5 minutes under vacuum. After 5 

minutes, no more evolution of bubbles was observed for any mixture .. Weighing of the 

reaction mixture before and after degassing ensured that no significant amount of 

monomer was taken off. Any lost monomer was replaced. 

3.3.2.4 Moulding of the Mixture 

The mixture was carefully poured into the prepared moulds and the mould top placed 

onto the nitrile rubber gasket. The 5 screws were tightly fitted and the mould then 

placed in the 60°C preheated curing oven. 

3.3.2.5 Curing Cycle in Open Air Oven 

In order to assure complete curing, the curmg cycle was extended over 72 h. It 

comprised three stages with 24 h at 60°C ± 2°C, 24 h at 80°C ± 2 °C and 24 h at 

90°C ± 2 °C (figure 3.11). The curing was started at 60°C in order to prevent the 

monomer from evaporating prior to reacting, and, thus, creating bubbles in the fihn. 
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For contents of over 50% PS in PURlPS IPN a fourth stage had to be included to 

allow a good demoulding of the IPN films. This stage comprised 1 h at 120°C ± 2°C. 
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Figure 3.11 Curing cycle settings. 

Because of the inertia of the steel moulds (mass: 2 kg), a heating lag in attaining the 

setting temperature took place. It was important to know after how long and what 

conversion of the polyurethane component the polymerisation of the glassy polymer 

started. Therefore, a recording of the actual temperatures of curing cycle in the centre 

of the steel mould was conducted (figure 3.12). This was done by inserting a type K 

thermocouple through the nitrile rubber joint into the centre of the mould. 
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high PS contents) 

Figure 3.12 Actual curing cycle monitored via thermocouple (temperature rise in °C 

versus time in minutes). 
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This curing cycle was monitored during the production of the 60:40 PUR (TMXDI­

based)/PS IPN at a PPG1025/TMP ratio of3:1 and with 5% DVB. Slight variations of 

the temperatures could be the case for a more reactive diisocyanate and a higher 

catalyst concentration. With the knowledge of the actual curing cycle i. e. the 

attainment of the set temperatures, the kinetics of the IPN network formation were 

studied. This was done using a FTIR spectrometer fitted with a heating cell unit. 

3.3.2.6 Observations During the IPN Preparation 

The actual weights of the components added to the preparation mixture were recorded 

for all preparations. Additionally, observations concerning solubility, visual aspect of 

the blend before moulding, viscosity of the mixture and additional comments were 

noted (figure 3.8). 

3.3.3 Preparation of Test Samples 

The samples were cut from the 2 mm thick sheet 24 h before testing. This was 

important for the dynamic mechanical thermal analysis and the tensile testing where 

possible strain in the materials could have resulted in misleading results. The procedure 

for the preparation of samples for the transmission and scanning electron microscopy is 

outlined in sections 3.4.2 and 3.4.3. 

3.4 Analysis of Products 

All products were analysed by DMTA. The latter represented the most important 

analysis technique for this study, since information about the IPN miscibility and 

morphology, the engineering properties and the damping characteristics can be 

obtained. Interesting sheets with respect to IPN miscibility, morphology and damping 

properties were then further characterised by tensile testing, hardness measurements, 

transmission and scannmg electron microscopy, modulated· temperature and 

conventional differential scanning calorimetry, infra· red spectroscopy with a heated 

cell, swelling measurements and X·ray diffraction. These techniques and the 

instrumentation are briefly outlined in the following sections. 
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3.4.1 Dynamic Mechanical Thermal Analysis (DMTA) 

DMTA was the principal test method in this study, and every sheet synthesised was 

submitted to this test. It is recogtiised(I5I,ISB) that DMTA is an invaluable tool capable 

of providing information about molecular structure and engineering properties of 

polymers. Contrary to DSC, which measures the changes in heat capacity, with the 

DMTA technique molecular motions are examined('SB). A smaIl sinusoidaIly varying 

stress is applied to the test specimen and the resulting strain is measured by a 

transducer(233) As already outlined in section 11.2.2, the strain can be divided up into an 

in-phase elastic-like component governed by the storage modulus E', and an out-of­

phase viscous-like component governed by the loss modulus En. The third quantity , '. 
dete'rmined by DMTA is the loss factor, tan 8. Additionally, isothennal studies can be 

conaucted; ,and activation energies for the a and 13 transitions can be determined('77) 

using the Arrhenius relation. 

Instrumentation. The DMTA instrument used in this study was the Rheometlics 

(formerly Polymer Laboratories) MK 11 dynamic mechanical thermal analyser. It 

consists of four main parts, namely (i) the mechanical spectrometer head with a 

demo Wit able low-temperature fumace, (ii) the thennal analyser, (iii) the temperature 

programmer and (iv) an [BM-compatible computer with plotter. A cut away view of 

the mechanical spectrometer head(234) is shown in figure 3. 13. 
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'W---.""------- Displacement 
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Temperature 
,u,,'V ///~.:\ _ ...... ---""""--- Enclosure 

~ 
Drive Shaft Clamps 

v---c7""="""- Sample 

Liquid 
~,.ltt7':"""--=:' Nitrogen 

Figure 3.13 DMTA spectrometer head(234) - cut away view. 
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The DMTA instrument allows samples to be tested in three different modes. TIle shear 

mode is used for soft, elastomeric materials, while the tensile mode is used for fibre­

forming materials. For the former, a sample in form of a disc is required, whereas a thin 

films are used for the latter. The bending mode is used for tough to brittle materials . 
.... { 

TIIUS, the bending mode chosen for this study (see figure 3.14). 

Spacers 

~r-______ ~Frame 

Clamp bars 

Figure 3. 14 Clamping arrangement for bending mode(233) 

Dri ve cl amp ba r 
and inserts 

Using the bending mode, the samples can be fixed in a single or dual cantilever 

clamping assembly. The single cantilever assembly is easier to use and more reliable(235), 

and was, therefore, used in this study. Sample specimens in form of bars are required 

with typical dimensions of 15 mm x 10 mm x 3 mm. TIJe samples were analysed in a 

temperature range between -60 (-100) to 200 °Cat a heating rate of 3°C/min. TIIC 

frequency chosen was 10Hz. TIle strain amplitude was fixed at x4. 

Information from DMTA data. TIle data obtained from the dynamic mechanical 

analysis give infonnation about the transitions in polymers and the degree of miscibility 

in the blends. l11ree data curves are obtained. A profile of the loss factor (tan (5) versus 

temperature, the storage modulus E' and the loss modulus E" versus temperature. Any 

two of them define the third parameter. The loss factor and the storage modulus plot 

versus temperature are the most 'commonly used(l3) 
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Loss factor versus temperature profIle. From the loss factor versus temperature 

profile of a polymer blend conclusions about the composition, miscibility, phase 

continuity and damping ability can be drawn (figure 3.15). 
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Figure 3.15 Miscibility conclusions from DMTA data. 

(a) Tan /) peak heights. The heights of the tan /) peaks can give indications about the 

proportions of each component. Also, it has been observed(13
) that the higher tan /) 

peak indicates the polymer that constitutes the continuous phase. 

(b) Tan /) half-peak widths. The half-peak widths of the tan /) peaks are a criterion 

for the extent of component mixing in a polymer blend. Larger half-peak widths are an 

indication of better miscibility. 

(c) Tan /) height at intermediate temperature. The location of the inner transition 

mininnum and its height at this temperature reveal information about the miscibility '\ 

polymer blend. High intermediate tan /) values are indicative for a certain degree of 

phase mixing being present. 

(d) Tan /) range above 0.3. The temperature range over which tan /) is higher than 0.3 

is an important characteristic for good damping materials. 
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The various degrees of miscibility that can be present in a polymer blend of polymers 

with well separated Tgs far apart are shown in figure 3.16. 

'fan /) 

(4) 

Figure 3.16 Polymer blends of various degrees of miscibility. 

The location of the tan /) peaks is of paramount importance in a polymer blend study. 

Four possible situations are generally encountered(ll3) 

(a) lfthe two polymers are immiscible, then two glass transition peaks at the location 

of their respective homopolymer will be seen. 

(b) A blend of polymers that exhibit some degree of miscibility will have their peak 

locations shifted inwards. Also, the tan /) values of the inter-transition zone will be 

higher. 

(c) A broad transition of almost rectangular shape is obtained for semi-miscible 

materials. Here, a microheterogeneous structure with domains in the order of 5-30 

nm prevail. This structure is desired for viscoelastic damping material and is most 

commonly encountered in IPNs (section 2.2.5). 

(d) Miscible polymers yield a single glass transition peak. Depending on the extent of 

miscibility it will vary in breadth. 
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Storage modulus versus temperature profIle. From the storage modulus versus 

temperature profile information about the miscibility of a polymer blend can be 

obtained. Furthermore, a prediction of the mechanical properties at different 

temperatures can be made. 

Figure 3.17 shows three situations with blend miscibility increasiog from (a) to (c). 

Curve (a) depicts an inrmiscible polymer blend exhibiting two clearly separated glass 

transition peaks. (b) is characteristic for a broad transition comparable to the 

microheterogeneous structure (c) in figure 3. 16. In (c), the polymer blend is miscible 

and exhibits only one Tg. 

B" 

Figure 3.17 Polymer blends of various degrees of miscibility. 

At Tg, E' drops by about three decades(93) The height of the rubbery plateau modulus 

is influenced(185) by molar mass, crosslink density, crystallintiy, plasticisation . 

. Loss modulus versus temperature profile. The loss modulus E" is less frequently 

used for the illustration of the dynamic mechanical properties of a polymer blend. 

Similar to the loss factor plot, a peak is observed about the polymer Tg (section 2.2.2). 

With soft materials, it may be advantageous to determine Tg from the E" versus 

temperature profile. The height and location of the E" loss peak and the area under the 
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linear loss modulus versus temperature curve (LA) are important characteristics(13) for 

extensionallayer damping applications. 

3.4.2 Transmission Electron Microscopy (TEM) 

Electron microscopy is a powerful tool in elucidating the morphology of multiphase 

polymers(236) Consequently, TEM has been used(237.23
8) in many instances in order to 

determine the miscibility and phase segregation of polyurethanes and interpenetrating 

polymer networks. Furthermore, information about polymer blend morphology can be 

gained. This includes information about the continuous phase and the size and shape of 

the domains and their distribution. At high magnifications, domains in the order of I 

nm can be investigated(236). The preparation of the samples can be difficult since 

ultrathin sections of the material have to be cut. The instrument(236), the specimen 

preparation(239.240) and the interpretation(240), and possible artefacts through electron 

beam damage(236) and sectioning damage(240) have been described. 

Instrument. The TEM studies were conducted with a Joel 100 instrument. The 

instrument was run with an accelerating voltage of 60 kV and sample magnifications 

from 5 000 up to 300 000 times were used. 

Sample Preparation. The sample preparation was difficult due to the soft character of 

most IPN sheets at room temperature. Thus, prior to sectioning, the sample was 

embedded into epoxy resin to increase the hardness. For this purpose Spurr's 

embedding resin(241) was used. It possesses a pot life of three days at 8-10°C and is 

polymerised for 9 h at 70°C. Ultrathin sections of 100 nm thickness were cut using a 

LKA Bromma 8800 Ultratome ill ultramicrotome. In order to obtain a better contrast 

the KatO(239) staining technique with osmium tetroxide (OS04) was used. A simplified 

reaction scheme for how OS04(107) adds to unsaturated polymer chains is shown III 

figure 3.18. 

-c=c-

.. 

-c=c-
Figure 3.18 Simplified reaction scheme for Os04 staining(107). 
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Osmium tetroxide is knOwn(242) to. stain preferentially the PUR component in the IPN. 

The ultrathin sample was cut and placed onto a copper grid. The copper grid 

containing the sample was then immersed into the 2% Os04 solution for two days. 

After washing off the excess Os04 with distilled water, the samples were dried and 

stored in a sample case. 

3.4.3 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy is widely used with polymeric samples(243) and can 

cornplement(244) information gained from transmission electron microscopy. While 

TEM provides two-dimensional information only, SEM can give some insight into 

topographic features of a fracture surface(240) Three imaging signals can be used(245l, 

back-scattered electrons, secondary electrons and x-rays. Characteristic x-rays have 

well-defrned energies for different atoms. Thus, analytical information can be obtained 

from an x-ray spectrum(244). Back-scattered electrons are primary beam electrons which 

have been elastically scattered by the nuclei in the sample and escape from the surface. 

Thus, they can be used to obtain compositional contrast in the sample. Secondary 

electrons are emitted with low energy from the top few nanometers of the material. 

This teclmique yields topographic images of the sample surface. 

In the present study, the SEM micrographs were taken with a Leica Cambridge 

Stereoscan S360 instrument. The fracture surfaces were obtained from the failed tensile 

test specimens. These surfaces were sputtered with gold to avoid electrostatic charge 

and poor image resolution. 

3.4.4 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry is extensively used(158) to measure transitions 111 

polymers and polymer blends. This teclmique relies upon the change(158.246) at 

endothermic and exothermic transitions and shows changes in the heat capacity when 

the polymer undergoes a secondary transition. Reference and sample pan are scanned 

through a pre-set time-temperature programme. The power difference that is necessary 

to keep these at equal temperature is plotted against the temperature. Thereby, the 

glass transition temperature, crystallisation, melting and degradation behaviour can be 
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examined. The advantages of DSC ·are that only a small amount of sample is required 

and that wide temperature ranges can be examined(lS8). Recently, efforts have been 

made(247) to correlate DMTA and DSC results. It was attempted to predict the location 

of the loss factor peak of dynamic viscoelastic measurements from DSC Tg data. This 

would enable the damping engineer to select suitable damping materials for high 

frequency application from DSC data. The latter are more easily available and often 

tabulated{18S) in literature. 

A DuPont 910 Differential Scanning Calorimeter combined with the DuPont 2000 

Thermal Analysis System was used for this study. The samples were run from -130°C 

to +200 °C at a heating rate of 10°C/min. 

3.4.5 Modulated-temperature Differential Scanning Calorimetry (M-TDSC) 

This new technique(248) was used to study the transitions in the IPN s. It differs from 

conventional DSC in that instead of a constant time-temperature programme, a 

sinusiodally varying heating rate is applied to the sample. This method makes it 

possible t~ distinguish between reversible and irreversible phenomena(248) in polymer 

systems. Also, the extent of mixing in polymer blends can be studied, to considerable 

advantage, over the glass transition region by using the M-TDSC differential of the 

heat capacity versus temperatUre signai(249) 

Measurements were made using a TA Instruments M-TDSC. An oscillation amplitude 

of 0.8°C and an oscillation period of 60s were used throughout this investigation. A 

heating rate of3°C/min was used. 

3.4.6 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis is part of the group of thermal analysis methods such as 

DSC and DMTA. TGA invoives(107) the continuous measurement of the weight of a 

sample that is subjected to a pre-defined heating programme. TGA can be used to 

follow the loss of volatile components (e.g. water and plasticisers) and to determine the 

decomposition temperature of polymers and the inorganic filler content of composites. 

By combining TGA with infra-red spectroscopy and gas chromatography more detailed 

information about the polymer degradation process can be obtained(107) 
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A TG 760 Series Rheometric Scientific instrument was used in this study. Samples of 

4-6 mg were analysed'in air and nitrogen atmospheres in order to determine the upper 

survival temperatures of the IPNs and homopolymers. The heating ramp used was 

lOoe/ruin from room temperature to 700°C. 

3.4.7 Tensile Testing 

Stress-strain measurements are amongst the most widely used basic measurements of 

the mechanical properties of polymers. Information about the modulus, strength and 

elasticity of a material is obtained(155,156), 

In the present study, the tensile tests were conducted using a L10yd 1 2000R 

instrument equipped with a 500 N load cell. A crosshead speed of 50 mmlmin was 

employed. Small size dumb-bells with a gage length of 30 mm were used throughout 

this study. Tests were conducted at 23°C ± 1°C and the values quoted are an average 

of 4-5 samples. The quantities investigated included the stress at break, the strain at 

break, Young's modulus and the toughness index (figure 3.19). 

b Strain at Break 

'" '" (j) 
~ 

"'" +- 0 en 
i!! 
co -0 
w 
w 
i!! -~ 

Strain E 

Figure 3.19 Tensile properties investigated. 

In addition to the mechanical properties evaluated, there are three classes of tensile 

responses represented in figure 3. 19. (a) is a typical stress-strain curve of a weak and 
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soft material, (b) of a hard and brittle and (c) of a tough and strong material. All three 

responses were found in IPNs of different composition. 

3.4.8 Hardness Measurements 

Hardness measurements determine(250) the resistance of a material to penetration into 

its surface layers by an indentor. The hardness of a material is directly related to its 

modulus, strength and elasticity<251). The most well-known methods for determining the 

hardness of plastics using conical indentors are the Shore A and Shore 0 hardness 

tests. 

In the present study, hardness measurements of the IPNs were conducted to investigate 

phase inversion. Further, hardness values are frequently quoted for commercially 

available PURs. Thus comparing these with the prepared IPNs should prove 

interesting. Shore A hardness was determined using a Zwick model 3114 gauge whilst 

a Jamaica Instruments gauge was used to evaluate Shore D values. The testing was 

conducted at room temperature (23 ± 1°C). Hardness values quoted are from an 

average of 8 readings taken at random over the entire specimen surface. 

3.4.9 FTm Spectrometry with Heated Cell Unit 

The reaction kinetics of the individual components are known(64,252,25J) to have an 

influence on phase separation and the concomitant properties of muItiphase polymers. 

Therefore, the formation of a limited number of IPNs was followed via FTIR 

spectroscopy. 

In infra-red spectroscopy, functional groups absorb(254) infra-red light of characteristic 

wavelengths. Following the Lambert-Beer law, the concentration of the absorbing 

species is proportional to the area under the peak. The depletion of the functional 

moieties, here, of the isocyanate and the vinyl group, were monitored during the course 

of the reaction. This indicated the conversion of the developing polyurethane and 

polymer network. An internal standard had to be chosen in order to compensate for 

any possible variations in sample thickness during the course of the reaction. For this 

study, the combined CH2 and CH3 area served this purpose. 

The instrumentation consisted of a heated cell and controller from Specac 20100 and 

an FTIR spectrometer from Unicam. The temperature programme of the heating cell 
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was conducted according to the actual heating rate of the curing cycle. These actual 

temperatures were obtained by monitoring the temperature curve during a curing cycle 

with a thermocouple inside the mould. Spectra were taken in five minute intervals and 

three peak areas were integrated. The integration limits for the respective functional 

moieties were as follows. 

NCO: 

C=C: 

CH2 andCH3: 

2330 - 2160 cm- I 

1637 - 1622 cm- 1 

3136 - 2810 cm- 1 

All spectra were taken in the absorbence mode. A plot of the conversion versus time 

for both polymers indicated which network tended to form first under the specific 

reaction conditions. 

3.4.10 Swelling Studies and Soxhlet Extraction 

Swelling studies(93) of crosslinked polymers can be used to detennine the solubility 

parameter I) and the average molecular weight between crosslinks (Mc). Furthermore, 

the sol/gel content in a crosslinked polymer system can be evaluated. For the latter, the 

Soxhlet extraction technique is most commonly used. 

The solubility parameter can be determined by immersing a polymer sample into a 

series of solvents until equilibrium weight is attained. Thus, polymer samples of 0.2 g 

were immersed in the swelling agent until equilibrium weight was attained (72 h). 

Weight measurements were made by blotting the samples dry and placing them into a 

pre-tared capped vial. fu order to account for solvent extraction of linearlIow molar 

mass material, the dry sample weight (1lIo) was obtained by re-weighing the sample 

after removal of the swelling agent. The swelling agent was removed by applying 

vacuum at 70°C for 14 days. The swelling coefficient Q was determined from the 

equilibrium swollen weight of the sample and the final dried weight (equation 3.5.) 

Q = «m-IlIo)/IlIo) (lips), (3.5) 

where m is the weight of the swollen polymer sample, IlIo is the dry weight and Ps is the 

density of the solvent. From the swelling data, a plot of Q versus the solubility 
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parameters of the swelling agents was constructed. The maximum of the plot was taken 

as the solubility parameter of the material. 

The swelling agents series are listed in table 3.3. 

Table 3.3 Solubility parameters of swelling agents. 

Solvent Solubility parameter 8(a) Density @ 20°C Hydrogen bonding(b) 

[J/cm3] 112 [g/cm3] 

Pentane 14.3 0.626 P 
Diethyl ether 15.1 0.708 m 
Ethyl methacrylate 17.0 0.917 m 
Butyl formate 18.2 0.892 ill 

Methylcyclohexane 19.0 0.770 m 
Cyclohexanone 20.3 0.947 ill 

Dimethyl acetamide 22.1 0.937 ill 

Dimethyl formamide 24.8 0.944 ill 

Methanol 29.7 0.791 s 

(a) Source: Polymer Handbook, eds. 1. Brandrup and E.H. Immergut(2"') 
(b) Hydrogen bonded: p, poorly, m, moderately, s, strongly 

The average molecular weight between crosslinks (Mc) can be obtained from swelling 

studies using the Flory_Rehner(255.2S6) equation: 

v, = -INs [(1o(I-v,)+v,+xv/)/(v,1I3-2v,IF)] (3.6) 

Here ve is the number of polymer chains per unit volume, Vs is the molar volume of 

swelling agent, vr is the volume fraction of polymer in the swollen gel, X is the 

polymer-swelling agent interaction parameter and F the functionality of the system. The 

polymer-swelling agent interaction parameter can be determined using the semi­

empirical Bristow and Watson(2S7) equation. 

(3.7) 

where 13 is the lattice constant (usually about 0.34), and /) the solubility parameter of 

the solvent and the polymer. Mc was calculated for the PUR network of different 

crosslink densities using cyclohexanone as swelling agent. 
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The soUgel content ofIPNs and homopolymer networks was characterised by soxhlet 

extraction studies. This technique is based on refluxing a small sample in a good 

solvent at elevated temperature. Linear material is extracted and, thus, information 

about the presence of network defects can be obtained. The gel content in percent can 

be calculated by the equation 3.8. 

% gel content = 100 (m3 - mt) / (m2 - mt), (3.8) 

. where m is the mass and subscript I is the thimble, 2 the sample and subscript 3 the gel. 

In the present study, 2g of the material were placed into a thimble and refluxed for 24h. 

As a result of the solubility parameter studies, acetone was chosen as extraction agent 

because of its solubility parameter of 1) = 20.3 and its moderate hydrogen bonding 

ability. It dissolved the linear forms of PUR, PEMA and PS and refluxes at moderate 

temperatures (bp = 56.5°C). From the weight differences afler extraction the soUgel 

ratio was calculated using the above equation. 

3.4.11 Wide Angle X-ray Scattering (W AXS) 

X-ray diffraction studies provide information about the presence of ordered 

arrangements of atoms and molecules in a solid substance(177). The principle of this 

technique is based on the fact that the wavelength of X-rays are comparable to 

interatomic distances. Diffraction effects will OCCUl
107

) when X-rays are focused on a 

solid substance containing regularly arrayed atoms. The crystallites diffract X-ray 

beams from parallel planes for incident angles 9. The latter are determined by the 

Bragg equation. 

AA = 2d sine (3.9) 

where n is an integer (i.e. I, 2, etc.), "A. is the wavelength of the X-rays and d is the 

distance between the parallel planes in the crystallites. 

In the present study, W AXS was used to ascertain the presence of crystallinity in the 

PUR A Shimadzu model XD-5 X-ray generator was operated at 30 kilovolts and 20 

milliamperes. Nickel filtered copper ka radiation ("A. = 1.542) was used throughout. 

Sample dimensions for the diffractometer traces were 25 x 25 x 2 mm. The scan speed 

was 4°/min, the chart speed 10 mmlmin and the angle of scan was from 50 to 600. 
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4. THE POLYURETHANE NETWORK 

4.1 Choice of the Polyurethane 

In all IPN s synthesised, one component was always a polyurethane. Polyurethanes are 

a very versatile class of polymers with quite different compositions and 

correspondingly different properties(204). The latter combined with their polymerisation 

by the polyaddition mechanism make them an ideal choice(56,57) for combination with 

radically synthesised polymers in simultaneous IPN preparations. In the present study, 

the PUR network was formed first in most cases and, therefore, had an important 

bearing on the morphology and properties of the IPN. The PUR component was 

investigated in order to choose a suitable standard system with high damping 

characteristics for the IPN preparation. 

It was decided that the recently developed TMXDr258.259) would be used in the PUR 

hard segment. With exception to one study(194) in Hourston' s research group, this 

diisocyanate has not been employed in IPN synthesis before. TMXDI exists(258) in the 

meta and para isomeric forms. The p-TMXDI is symmetrical whereas m-TMXDI 

possesses a highly unsymmetrical structure. In the present study, only the meta form 

was used. For reasons of simplicity m-TMXDI will now be referred to as TMXDL In 

TMXDI, the two tertiary aliphatic isocyanate groups are shielded from the aromatic 

ring by methyl groups. Thus, PURs based on TMXDI exhibit(259) good hydrolytic 

stability and excellent weatherability. The reactivity of the isocyanate groups in 

TMXDI is comparatively low(259) Aliphatic isocyanates are generally less reactive 

than aromatic ones (see section 2.3.2). In addition, the methyl groups exert a positive 

inductive effect on the tertiary NCO groups, and, furthermore, impart an added 

retardation due to steric hindrance(260). A recent study(261) of viscoelastic properties of 

TMXDI-based PURs showed that extensive hard and soft segment phase mixing was 

present. This is a consequence of the unsymmetrical hard segment which is not as 

strongly hydrogen-bonded as those of PURs based on symmetrical diisocyanates, such 

as MDL The reduced strength of the hydrogen bond manifests(259) itself in a higher 

elongation and lower modulus and hardness when compared to PURs based on other 
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diisocyanates such as MDI and IPDI. TMXDI possesses a favourable toxicity 

profile(259) and no allergic lung reactions have been detected. 

The polyol and chain extender/crosslinker in the PUR were chosen in order to 

maximise the damping performance. Crosslinking was necessary in order to produce 

PUR networks, i. e. full IPN s. In genera!, chemical crosslinking in PURs can be 

achieved(205) in three ways, by using a trio!, a triisocyanate and by working at a 

NCO/OH ratio higher than 1.0 which may introduce allophanate crosslinks. Working 

with TMXDI eliminated the latter two for this study. TMXDI is a diisocyanate and 

known(259) for not forming allophanates because of its low reactivity and steric 

hindrance. Consequently, a triol had to be used for crosslinking the PUR. TMP was 

chosen for this purpose. Because of its low molar mass (134 glmol), it also had the 

function of a chain extender and was part of the PUR hard segment. In order to keep 

the PUR formulation simple, no additional difunctional chain extender such as BD 

was used. 

The aim of the study of the PUR component was to choose a suitable polyol to be 

combined with TMXDI and TMP. Furthermore, the selected PUR had to be 

characterised and compared to other commonly used PUR systems for a better 

understanding of how to manipulate the IPN properties. Therefore, morphological 

aspects such as phase segregation and crystallinity in the PUR and the mechanical 

properties had to be evaluated. The investigation of the PUR also represented a basis 

of comparison for the study in which the. PUR component was varied in a 

PURlPEMA IPN (chapter 6.3). 

PUR elastomer formulations are commonly described(205) by the molar ratios of polyol 

to diisocyanate to chain extender (or crosslinker) ratio, sometimes termed the block 

ratio. In the present study, all PURs were synthesised at a fixed isocyanate to 

hydroxyl group (NCO/OH) ratio of 1.1. The only exception to this was a study 

conducted in section 4.4, investigating the influence of the NCO/OH ratio. Thus, by 

knowing the molar ratios of any two of the three PUR elastomer building blocks the 

third can be determined. For reasons of simplicity, a PUR of molar ratios of, for 

example, PPGI025/TMXDIITMP = 6:9.9:2 is described in the present study as 

TMXDI, PPGl025/TMP 3: 1. 
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4.2 Variation in the PUR Soft Segment 

The polyols that represent the soft segment of PURs are known(204) to influence 

strongly the material morphology and properties. Dynamic mechanical measurements 

were conducted in order to investigate the damping properties of the PURs based on 

various polyols. Thus, information concerning the location of the loss factor peak, the 

peak height and half-peak height and the miscibility of PUR hard and soft segment 

was obtained. While the soft segment was varied, the hard segment was kept 

constant. The hard segment consisted of TMXDI and TMP in this series. 

Influence of the type of polyol. In the present study, four chemically different 

polyols were investigated. These included a poly(caprolactone) diol, 2 polyether-type 

polyols and a hydroxy-terminated poly(butadiene). The poly(caprolactone) diol (PCL) 

and the poly(oxy tetramethylene) glycol (PTHF) were investigated at molar masses of 

1000 and 2000, whereas the polypropylene glycol (PPG) had molar masses of 1025 

and 2025 and the poly(butadiene) diol (PBD) a molar mass of2500 glmol. Two main 

series were synthesised with the principal difference being the molar mass of the 

polyol. All materials were prepared at a molar ratio of polyollTMP of 3: I. The loss 

factor and storage modulus versus temperature curves for the series with a molar 

mass of about 1000 glmol are shown in figures 4.1 and 4.2. Significant differences 

between the three polyols were observed. The loss factor data are compiled in table 

4.1. The glass transition temperature of the PTHFIOOO-based PUR as seen from the 

loss factor peak was the lowest at -11°C (figure 4.2). The loss factor peak maximum 

was also low at 0.81 compared to 1.08 and 1.14 for PPG1025 and PCLlOOO, 

respectively. The half-peak widths of the loss factor transition, which can be used as 

an indication of the damping ability of polymers (section 3.4. I), were similar for the 

PPGl025 and PTHFI000 at 27°C and 24°C for the PCLlOOO. Surprisingly, for the 

. PCLl 000 polyol loss factor values after the transition remained comparatively high 

with a value above 0.2. The storage modulus versus temperature curves (figure 4.2) 

reflected the loss factor data. The drop in E' occurred at the lowest temperature for 

the PTHF-based material. The storage moduli for the PPGI025 and PCLlOOO were 

very similar. Somewhat surprising was the high rubbery plateau modulus of the 

PTHFIOOO-based material which could not be explained with certainty. 
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Figure 4.1 Loss factor versus temperature data for different polyol types. (a) 

PTIlFIOOO, (b) PPGl025 and (c) PCLlOOO. 
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Figure 4.2 Storage moduli versus temperature for different polyol types. (a) 

PTHFIOOO, (b) PPGI025 and (c) PCLlOOO. 
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Table 4.1 Dynamic mechanical properties of the PUR networks as a function of the 

soft segment type. 

PUR Tg, tan 0 Tan Omax Half-peak width 
Soft segment [10Hz, 0C] [0C] 

Polyol type 
\ PPGI025 -5 1.08 27 

PTHFlOOO -11 0.81 27 
PCLlOOO 0 1.14 24 
PPG2025 -26 1.31 20 
PTHF2000(a) -37 0.77 29 
PCL2000(a) -19 1.13 20 
PBD2500 -45 0.89 26 

Molar mass of PPG (for PPG1025 and PPG2025 see above) 
PPG425 40 1.53 24 
PPG4000 -40 1.72 16 

Crosslink density: ratio PPGI025/TMP (for 3:1 see above) 
1:1 30 0.73 46 
2:1 4 0.92 33 
7:1 
1:0 

-9 
-12 

1.41 
1.60 

21 
16 

Hard segment 
[weight %] 

30 
30 
30 
18 
18 
18 
15 

50 
10 

42 
33 
25 
21 

(a) Measurements performed within 48 h of synthesis before crystallisation occurred (section 4.3). 

The sequence of the Tg locations and of the rubbery plateau moduli for the different 

polyols might be explained by the extent of phase segregation in the PURs. A greater 

degree of phase segregation decreases(205) the soft segment Tg and increases the hard 

segment transition. Thus, the PTHFIOOO-based PUR seemed to exhibit the highest 

degree of phase segregation in the 1000 molar mass polyol series. The poorer 

miscibility of PTHF with the polar urethane links than of PPG could have been a 

result of two facts. The ether oxygen content in PTHF is lower with 22 weight % 

than compared to PPG with 28%. This decreased the possibility of hydrogen bond 

formation with the urethane link. Further, PTHF possesses a highly symmetric 

structure compared to the asymmetric PPG. This might have resulted in a better 

packing ability within and stronger interactions between the PTHF soft segments. 
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Figure 4.3 Loss factor versus temperature data for different polyol types. (a) 
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Figure 4.4 Storage modulus versus temperature data for different polyol types. (a) 

PBD2500, (b) PTHF2000, (c) PPG2025 and (d) PCL2000. 

105 



The highest rubbery plateau modulus for the PTHF-based PUR resulted then because 

of the reinforcement by the purest PUR hard segment with the highest transition. 

Polyester-based PURs are known(204) to possess a high degree of hard and soft 

segment phase mixing. This results from the ester linkage which is capable of forming 

stronger hydrogen bonds with the urethane link than the ether linkage. This would 

explain the highest Tg of the PCLlOOO-based PUR The lowest rubbery plateau 

modulus resulted because no high transition hard segments were present that could 

have acted as reinforcement. 

The loss factor and storage modulus versus temperature data for the 2000 molar mass 
'1 

series are shown in figures 4.3 and 4.4. In this series, it is important to note that the 

materials were quenched from 90°C to room temperature and tested within 48h of 

demoulding, since for PCL2000 and PTHF2000 a change. in the properties over time 

was observed (see section 4.3). As expected, because of the highest molar mass and 

the greatest degree of hard-soft segment immiscibility, the PBD2500-based PUR 

exhibited the lowest loss factor peak at -45°C. This was followed by the PTHF2000 

with -37°C, PPG2025 with -26°C and PCL2000 with -19°C. For the latter three, the 

sequence of the location of the Tgs was similar to the polyolI 000 series. Also, the 

PPG (1.31) and PCL (1.l3)-based PURs again exhibited clearly higher loss factor 

peak heights than the PTHF-based material (0.77). The PBD-based PUR exhibited a 

rather low loss factor value of 0.89. The storage modulus versus temperature profile 

of PCL2000, and in particular of the PTHF2000-based PUR, showed interesting 

phenomena. With PCL2000, a slight step in the E' was observed at 38°C which was 

not duly reflected in the loss factor curve. This is an indication that this was a primary 

transition, melting of polymer chains with some crystalline order. With the PTHF­

based material, even more pronounced changes in the storage modulus versus 

temperature curve were observed. E' increased at about -15°C before falling again at 

20°C. Both phenomena are related to crystallisation and melting of crystalline 

domains and will be further explained in section 4.3. 

Influence of the molar mass of the PPG polyol. The influence of the molar mass on 

the dynamic mechanical properties was investigated with the PPG-type polyol. Molar 

masses of 425, 1025, 2025 and 4000 were investigated in a PUR based on TMXDI 
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and TMP. Regardless of the molar mass of the polyol, the PPGITMP ratio was always 

kept constant at 3: 1. 

The loss factor and storage modulus versus temperature data for the PPG polyols of 

different molar masses are shown in figures 4.5 and 4.6. From both the loss factor and 

the storage modulus data, it can be noted that the molar mass of the PPG polyol 

exerted a strong influence o!l the dynamic mechanical properties of the PUR Tg 

shifted from -40°C for the PPG4000-based PUR to 40°C for the PPG425-based 

material (table 4.1). This could be attributed to two effects. By keeping the 

polyollTMP ratio at 3: I, the crosslink density of the materials was increas.ed 

considerably by decreasing the molar mass of the polyol. This in turn lead to a 

decrease in free volume or to an increase of the activation energy of the transition 

and, thus, to a higher Tg. The second effect may be a copolymer effect(185) The rigid 

aromatic rings of TMXDI and hydrogen bonding between the urethane links 

introduced stiffuess into the PUR, and, thus, increased Tg. Because of the lower 

molar mass of PPG425, a much higher weight percentage of PUR hard segment 

(TMXDI and TMP) was present in the PPG425-based PUR, which resulted in a 

higher Tg. The hard segment (HS) content is determined(205) by relating the combined 

mass of the diisocyanate and the chain extender to the total mass, i.e. the hard 

segment and soft segment (SS) of the PUR Mathematically, this can be expressed by 

equation 4.1. 

% HS = (HS~SS)100 (4.1 ) 

Here HS = 1.1 nMD + nMc and SS = oMp• n is the molar ratio and M is the molar 

mass of the diisocyanate (D), the chain extender or crosslinker (C) and the polyol (P), 

respectively. The factor 1.1 results from the NCO/OH ratio of 1.1. Thus, for the PUR 

based on PPG425 a hard segment content of50% resulted, whereas for the PPG4000-

based PUR a mere 10% HS were present (see table 4.1). It was difficult to distinguish 

which of both effects was more pronouoced at which crosslink densities. Even more 

so since phase segregation within the PUR also strongly influences the soft segment 

Tg. In phase-mixed PURs, the soft segment Tg shows a strong dependence(262) on the 

hard segment content, i.e. Tg increases as the hard segment content increases. 
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Figure 4.5 Loss factor versus temperature data for different polyol molar masses. (a) 

PPG4000, (b) PPG2025, (c) PPGI025 and (d) PPG425. 
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Figure 4.6 Storage moduli versus temperature for different polyol molar masses. (a) 

PPG4000, (b) PPG2025, (c) PPGI025 and (d) PPG425. 
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In contrast in highly phase segregated PURs an increase in the hard segment content 

hardly influences(263,264) the soft segment Tg, However, by decreasing the molar mass 

of the polyol in an originally phase segregated PUR a more phase mixed morphology 

can be brought about, resulting in an increase in Tg upon increasing the hard segment 

content(262-264), In this study, the molar masses of the polyols used in the PUR 

decreased roughly by a factor of2 from 4000 to 2000, 1000 and 425 glmol. However, 

whereas Tg shifted by 14°C and 19°C from 4000 to 2000 and 2000 to 1000 molar 

mass, a 47°C shift was experienced from 1000 to 425, Preparing four series of 

chemically similar linear PURs by replacing TMP with BD could have lead to further 

elucidation of this phenomenon, However, since this was not a primary aim of the 

present study, it was only done with the PPGI025 (section 4.3). The PPG425-based 

material also exhibited an unusual behaviour with respect to the loss factor peak 

height. With increasing crosslink density, a decrease of the loss factor peak height is 

generally accompanied by a broadening of the transition peak(l3) This was observed in 

the series from PPG4000 over PPG2025 to PPGI025. The peak height decreased 

from l. 72 to l. 31 and l. 08. At the same time, the half-peak width increased from 16 

to 20 and 24°C, respectively. For the PPG425-based PUR, the peak height increased 

to l.53 and the half-peak width did not increase further. 

Considering the storage moduli (figure 4.6) elucidated this phenomenon to some 

extent. Again, a clear trend was observed for PPG4000, PPG2025 and PPG1025. The 

storage modulus drop shifted to higher temperatures for the lower molar mass polyols 

and the rubbery plateau modulus increased considerably with a higher crosslink 

density. The latter was expected and is illustrated(l18) in equation 4.2 relating the 

modnlus of the rubbery plateau to the average molecular weight between crosslinks 

(Mc), 

G = ,-p_R_T_ 
Mc (4.2) 

Here G is the shear modulus in the rubbery plateau, p the density of the material, R 

the universal gas constant and T the absolute temperature. The above equation is 

strictly applicable(l18) for ideal rubbers only, however, it is useful to indicate the trend 

with increasing crosslink density i. e. decreasing Mc. While the drop of E' shifted to 

higher temperatures for the PPG425-based PUR, no increase of the rubbery plateau 

modulus was observed compared with the PPGI025-based PUR. Thus, the crosslink 
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density did not seem to be significantly higher. This indicated the presence of a 

considerable number of network defects in the PPG425-based PUR. Network defects 

such as loops and loose ends cause(63) poorer mechanical properties and might also 

have a plasticisation effect(86). Loose chain ends have a greater amount of chain r, 4 
I / ,; 

mobility and increase the free volume. This can explain the increase in the loss factor 

peak height. However, the important Tg shift to 40°C is still unaccounted for. Even 

more so since the apparent crosslink densities of PPG 1025 and PPG425, as seen by 

the modulus in the rubbery plateau, were very similar. The copolymer effect might, 

. therefore, play a distinctive role. Tg invoIves(93) co-ordinated segmental movements of 

about 50 main chain atoms. As PPG425 contains roughly 21-24 main chain atoms, the 

hard segments have to take part in the segmental movements at Tg. For the more rigid 

(diisocyanates) and possibly hydrogen-bonded hard segments, a higher activation 

energy is necessary for segmental motions to occur. This could be an explanation for 

the significant difference in Tg between PPG425 and PPGI025. PPGI025 contains 

roughly 51-54 main chain atoms, so that segmental movements on a scale necessary 

for Tg can take place within the soft segment itself Furthermore, it could be assumed 

that at the low molar mass of 425 g/mo~ a high degree of phase mixing between soft 

and hard segment was present. This resulted in a shift of Tg to higher temperatures 

combined with an increase in the loss factor values, since the hard segment also 

participated in the secondary transition. 

Influence of the crosslink density and determination of the average molecular 

weight between crosslinks (Mc). The crosslink density in PURs can be varied by 

altering the ratio of difunctional polyol to trio\. In the study, TMXDI, PPG 1025 and 

TMP were used as PUR components. The ratio of PPGI025/TMP was varied at 5 

distinct levels. This comprised a linear PUR which was made by leaving out TMP. 

The dynamic mechanical data are shown in figures 4.7 and 4.8. The pattern of the loss 

factor versus temperature curves (figure 4.7) is a·good illustration of the influence of 

the crosslink density. From the linear PUR (PPGI025/TMP 1:0) to the highly 

crosslinked material (1:1) Tg increased by 42°C and the loss factor peak maximum 

decreased by more than a factor 2 (table 4.1). 
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At the same time, the half-peak width increased by a factor of nearly 3 from 16°C to 

46°C. The peak broadening upon crosslinking is believed(2OS) to occur because of 

heterogeneities in the network formation. The resulting distribution of different 

crosslinking densities exhibits a distribution of local transitions which cause a broad 

Tg. The storage modulus versus temperature curves (figure 4.8) show the same trend. 

The drop in storage modulus from the glassy state to the rubbery plateau shifted to 

higher temperatures with increasing crosslink density. While a steep drop in modulus 

was observed for the linear PUR, a very gradual drop resulted for the material with 

the highest crosslink density. The latter is typical for broad transitions. The moduli of 

the rubbery plateau followed the predictions. The rubbery plateau moduli increased 

with increasing crosslink density of the material. 

Crosslinking is the dominant feature in interpenetrating polymer networks making 

them a special class of material(4) Crosslinking in the PUR network had a crucial 

inlluence since this was usually the first network fonned. The first network formed 

determines(4.24
) the IPN properties to a great extent since it very often represents the 

continuous phase and restricts the phase domain sizes of network 2. Once the IPN is 

formed, it is impossible to determine the crosslink density for either network 

separately. It was, therefore, important to determine the crosslink density of the pure 

PUR networks. These crosslink densities were only an approximation though, since 

they were obtained from a material prepared in bulk while in the simultaneous IPNs 

monomer of polymer 2 acted as a solvent. The theoretical Mc was calculated and 

compared with experimental values obtained from swelling measurements and 

estimations using the Tg shift and the modulus of the rubbery plateau. The theoretical 

average molecular weight between crosslinks (Mc,,) was calculated using equation 4.3, 

derived from the assumptions that a stoichiometric equivalent ratio of NCO to OH 

fimctionalities was present, that no secondary PUR reactions, such as the formation of 

allophanate crosslinks, and no auto-addition of diisocyanates to form dimers and 

trimers occurred and that the formation of this ideal network went to completion, 

Mc" 

(2d+3t)M 
dMo+tMT+ 2 

3t 

2 
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Here, d and t are the moles of diol and triol. MD, MT and MI represent the molar mass 

of the dio~ triol and diisocyanate, respectively. Theoretically and experimentally 

determined Mcs are compiled in table 4.2. 

Table 4.2 Crosslink Densities ofPURs with Varying PPGl025/TMP Ratio. 

Crosslinking Average molecular weight between crosslinks (Mc) 
Theoretical Swelling Nielsen eqn. E'Rub. PiaL 

Polyurethane 
polyolltriol 1: 1 1200 3200 900 4100 

2: 1 2000 4400 2400 5200 
3: 1 2900 6100 5200 6100 
7: 1 6300 10000 13000 8500 
1:0 linear 

An equation relating the modulus of the rubbery plateau to Mc has been gIVen 

(equation 4.2). It applies to ideal rubbers. Thus, the values determined here are only 

approximations of Mc. The moduli were taken at 80°C and Poisson' s ratio (v) was 

taken to be 0.5 to convert the tensile modulus into the shear modulus. 

Mc can be obtained from swelling studies using the Flory-Rehner equation(255.256) The 

equation and the procedure were described in section 3.4.11. Swelling studies 

generally give(93). very accurate values of Mc since, unlike in other techniques, 

contributions from other factors such as physical crosslinking through hydrogen 

bonding are not considered. 

Nielsen's(265) equation relates the shift of the Tg of a crosslinked polymer to its linear 

counterpart to obtain Mc. The empirical equation 4.4 has been suggested(265) 

approximately to give Mc. 

3.9 X 104 

Tg-Tgo =--­
Mc 

(4.4) 

Here, Tg is the glass transition temperature of the crosslinked polymer and Tg., that of 

the linear equivalent. 

Comparing the Mc values (table 4.2) obtained from the different techniques, one must 

consider what principle the respective methods are based on. The theoretical 
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determination of M., is based on the assumptions that the complete formation of an 

ideal network took place. In real materials, however, this situation cannot be 

encountered and network loops and loose ends will i;'.crease M.,. Therefore Mc., 

should be found on the lower end of the spectrum. This was the case, but for one 

value obtained by the Nielsen equation for the highest cross1ink density. The Nielsen 

equation resulted in the greatest spread of M., values for the different PPG I 025/TMP 

ratios. This might be explained by the M., estimation method. The calculation of M., is 

based on the difference of Tg between the linear polymer and the cross1inked species. 

However, Tg is not only influenced by the crosslink density, but also by the 

introduction of TMP and TMXDI, i.e. the copolymer effect. A comparison of the 

weight percentage of soft segment (PPGI025) in the linear PUR to the weight 

percentage at a PPGI025/TMP ratio of I: 1 should prove interesting. For the linear 

material where one molecule (in this study, 1.1 molecule due to the NCO/OH ratio of 

1.1) TMXDI (M.W. 244) is reacted with one PPGI025 segment, the soft segment 

weight percentage in the material is 79%. In the highly crosslinked PUR at a 

PPG1025/TMP (M.W. 134) ratio of 1:1, the soft segments represents only 58%. In 

conclusion, the low Mc obtained for high cross1ink densities by the Nielsen equation 

might, in part, have resulted because of the introduction of copolymer which also 

increased Tg. 

The M., values obtained by the swelling study and by using the modulus in the rubbery 

plateau were relatively close. Both techniques mainly take into account chemical 

cross1inks, with the latter depending also on molecular entanglements and attractive 

forces. Both M., series are higher than the corresponding theoretical ones. Further, the 

M., values at low triol content were closer to the theoretical values (higher by factors 

of 1.6 and 1.4) than the ones at high triol content (higher by factors of2.7 and 3.4). 

This might be explained by a higher number of network defects at a high cross1ink 

density. Loops and loose ends occur more easily at high cross1inking densities because 

of the decrease in chain mobility in the forming materia~ resulting in unreacted 

functional groups. Furthermore, the probability of two triols reacting with each other 

increases. This has an effed26
6) on the cross1ink distribution, i. e. it lowers the 

apparent crosslink density of the PUR. 
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Tensile testing data and hardness measurements of the materials with the different soft 

segment are summarised in table 4.3. In general, mechanical properties of these 

crosslinked PURs were comparatively low. This resulted from several factors. First, 

the amount of hard segment in these PURs was low (see table 4.1). The HS content in 

these materials ranged from 50% to 10%. 50% hard segment was present in the PUR 

based on PPG4251TMP at a ratio of3:1. It exhibited the highest tensile strength by far 

with 29 MPa which was directly linked to the highest Tg (40°C). Only 10% hard 

segment was present in the PUR based on PPG40001TMP 3: I. Because of its soft 

character at room temperature (Tg = -40°C), no mechanical properties could be 

determined for this material. 

Table 4.3 Mechanical properties as a function of PUR soft segment. 

PUR Tensile properties Hardness 
Soft segment Stress Elongation Young's mod. Toughness Shore 
variations at break at break 

[MPa] [%] [MPa] [1] A D 

Polyol type 
PPG1025 1.2 210 1.0 600 42 • 27 
PTHFGlOOO 3.1 450 1.3 2800 54 31 
PCLlOOO 3.2 480 1.3 2900 57 33 
PPG2025 0.8 400 0.5 620 35- 25. 
PTHF2000 9.0 llOO 0.9 12000 56 31 
PCL2000 13.0 1200 1.3 15000 83 44 
PBD2500 1.2. 190 1.4 550 48 29 

Molar mass of PPG (for PPG 1025 and PPG2025 see above) 
PPG425 29 ) 540 9.0 23000 (~ 68 
PPG4000 (a) (a) (a) (a) (a) (a) 

Crosslink density: ratio PPGI025:TMP (for 3:1 see above) 
1: 1 2.8 220 1.9 1200 67 38 
2: 1 1.1 350 0.5 300 50 30 
7:1 1.8 250 1.4 510 34 24 
1:0 (a) (a) (a) (a) (a) (a) 

(a) Material too soft for tensile testing and hardness measurements. 

Also, a considerable difference between the vaD...9us polyol types was noticed. The 

PPG-type polyols exhibited the poorest mechanical properties. This is in accordance 
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with results from literature(211l, where polyether-type polyols are known(204) to result 

in weaker PURs than polyester polyols. However, even though they are polyether­

type polyols, the PTHF-based PURs resulted in higher mechanical properties. This 

can be explained by the symmetrical structure of the latter. Upon applying the strain, 

the tensile test specimen turned opaque. This indicated the formation of stress­

induced orientation(205). PPG-type polyols have a pendent methyl group and no stress­

whitening was observed in PPG-based PURs. The PCL-based PURs were also clearly 

stronger than the PPG counterparts. Similar to polyester-type polyols, this is 

explained by the higher energy of cohesion(205) of the ester link with 12.1 kJ/mol 

compared to the ether link with 4.2 kJ/mol. With the latter, considerable stress­

whitening was observed upon stretching. 

These trends were obvious in the PURs based on the polyols of a molar mass of 1000 

glmol. However, the differences were even more pronounced for the 2000 molar mass 

series. With PTHF2000 and PCL2000, comparatively strong PURs resulted as 

indicated by a high tensile strength, elongation at break and toughness index. Again, 

stress-whitening was observed upon stretching. However, contrary to the 1000 series, 

the opacity was conserved in the failed specimens. This finding indicated that stress­

induced crystallisation took place. The crystallinity in these materials is further 

investigated in section 4.1.3. The PURs based on PPG2025 and PBD2500 exhibited 

poor mechanical properties. No remaining opacity in the failed tensile test specimens 

was observed. Values for the elongation at break ranged from 190% for the PBD2500 

based material to 1200% for the PCL2000 PUR The Young's moduli for all PURs 

except the PPG425-based one (9.0 MPa), were low with values ranging from 0.5 to 

1.9 MPa. The low values are not surprising since most materials had a Tg below room 

temperature. 

The hardness values reflected the trend of the tensile results. A high Shore D hardness 

value of 68 resulted for the PPG425-based PUR In contrast to the high tensile 

strengths, it was noted that no particularly high hardness values resulted for the 

unstretched PURs based on PTHF2000 (Shore D of 31) and PCL2000 (Shore D of 

44). The higher value for PCL2000 resulted from the higher energy of cohesion of the 

carbonyl group. Upon stretching of the PCL2000- and PTMG-based PURs, a high 

degree of order i.e. crystallisation was induced which resulted in high values for the 
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tensile strength. Thus, hardness measurements corroborated the obselVation from 

tensile testing that the mechanical properties of the PUR improved upon stretching. 

4.3 Variation in the PUR Hard Segment 

The PUR hard segments consist of sequences of diisocyanate and short chain diols or 

trio Is. They determine the PUR properties at elevated temperatures (see section 

2.3.3). In this series, the type of diisocyanate and the chain extender were varied while 

the PUR soft segment consisted ofPPG1025. 

Influence of type of diisocyanate. The diisocyanates investigated were TMXDI, 

IPDI, TMDI, IDI and MD!. They were chosen because of their different molecular 

characteristics, such as symmetry and the environment of the isocyanate group. MDI 

and IDI are very reactive(204) aromatic diisocyanates, whereas TMDI, IPDI and 

TMXDI have primary aliphatic, secondary aliphatic and tertiary aliphatic diisocyanate 

groups. These diisocyanates are very different with respect to both rigidity of the 

molecule and symmetry. MDI contains two rigid aromatic rings, yet is a symmetrical 

molecule. Besides TMXDI and TDI as diisocyanates containing one aromatic ring, 

TMDI as an entirely aliphatic and IPDI as a cycloaliphatic diisocyanate were 

investigated. The diisocyanates were studied in a fonnuIation containing 

PPGI025/TMP at a molar ratio of 3: 1. The loss factor and storage modulus versus 

temperature cUlVes for the different diisocyanates are shown in figures 4.9 and 4.10. 

The DMT A data are compiled in table 4.4. 

The loss factor maxima occurred at different temperatures for the frve diisocyanates 

(figure 4.9). This suggested that all these PPGl025-based PURs had a phase-mixed 

morphology with little or no hard-soft segment segregation present. The MDI-based 

PUR exhibited the loss factor peak at the highest temperature (20°C); whereas the 

TMDI-based material had the loss factor at the lowest temperature (-l70C) (table 

4.4). The different dyoamic mechanical properties could be explained by the structure 

of the diisocyanates. The two bulky aromatic rings imparted stiffuess into the PUR, 

and, therefore, resulted in the highest Tg. 
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Figure 4.9 Loss factor versus temperature data for different diisocyanates. (a) TMDI, 

(b) TDI, (c) TMXDI, (d) IPDI and (e) MD/, 
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Table 4.4 Dynamic mechanical properties of the PUR networks as a function of the 

hard segment. 

PUR Tg, tan 0 Tan 0."", Half- peak width Hard segment 
Soft segment [10Hz, 0C] [0C] [wt.%] 

Diisocyanate type 
TMXDI -5 1.08 27 30. 
IPDI -8 0.92 31 28 
TMDI -17 1.35 18 27 
TDI -2 0.99 26 24 0 

MDI 20 1.09 25 30 ° 

Chain extender BD 
MDI, PPGl025IBD 3: I 14 1.33 20 28 
TMXDI, PPGl025IBD 1:3 36 1.32 24 57 
TMXDI, PPGl025IBD 2:3 19 1.28 30 44 
TMXDI, PPGl025IBD 3:2 -3 1.30 27 33 
TMXDI, PPGl025IBD 3: 1 -7 1.35 21 27 
TMXDI, PPGl025IBD 1:0 -12 1.60 16 21 

The TDI-, TMXDI- and IPDI-based materials had their transition peaks intermediate 

between MDI and TMDI at -2, -5 and _8°C, respectively. Both TDI and TMXDI 

contain one aromatic ring, and IPDI a cycloaliphatic group. With an aliphatic chain as 

backbone, TMDI had the most flexible structure and, thus, the TMDI-based PUR 

exhibited the transition at the lowest temperature. It exhibited the highest loss factor 

peak height of 1.35, with the other four materials all having values of around 1.0. The 

storage moduli reflected the loss factor data. Surprisingly, the TMXDI-based material 

exhibited a significantly lower modulus in the rubbery plateau than any of the other 

PURs. The modulus in the rubbery plateau is influenced(18S) by the molecular weight, 

crystallinity, plasticisation and the crosslink density. Thus, this lower rubbery plateau 

modulus could be an indication of the presence of a greater number of network 

defects in the TMXDI-based PUR. The second lowest rubbery plateau modulus 

resulted from the highly unsymmetrical TDI, whereas the highest modulus was 

obtained with the symmetrical MD!. The following section will indicate that besides 

Mc, physical interactions within the PUR might also have contributed to the rubbery 

plateau modulus. 
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Influence of the chain extender. The use of different chain extenders is a means of 

altering the PUR properties (section 2.3.3). In this study, the triol TMP was 

substituted by the diol BD in order to compare the damping behaviour of crosslinked 

and linear systems where only physical crosslinks may be present. The comparison 

was made with two types of materials which differed in the diisocyanate component. 

TMXDI as a highly uosymmetrical and MDI as a symmetrical diisocyanate were 

studied. The following four materials were synthesised and their dynamic mechanical 

properties compared (figures 4.11 and 4.12). 

(i) TMXDI, PPGi0251 TMP 3: I 

(ii) TMXDI, PPGi0251 BD 3:1 

(iii) MDI, PPGI0251 TMP 3: I 

(iv) MDI, PPGI0251 BD 3: I 

The dynamic mechanical properties of both crosslinked PURs were discussed in the 

former section. Comparing the crosslinked to the respective linear material showed 

the same trend for both the MDI and the TMXDI-based PUR. The loss factor peak 

shifted to lower temperatures, from 20 to 14°C for MDI and from -5 to _7°C for 

TMXDI. However, the HS content was slightly lower for the linear materials. The 

crosslinked PURs had a HS content of 30 weight % whereas the linear couoterparts 

only had 28 (MDI-based) and 27 (TMXDI-based) weight %. This slightly lower HS 

content could, in part, accouot for the lower Tg. The loss factor peak height was 

higher for the linear materials with 1.33 (MDI) and 1.35 (TMXDI) than for the 

crosslinked couoterparts with I. 09 and I. 08, respectively. The loss factor peaks 

narrowed which was documented in a decrease of the half-peak widths (table 4.4). 

The storage moduli showed similar trends (figure 4.12). The moduli in the rubbery 

plateau were higher for both, the crosslinked and the linear MDI-based PURs than for 

the TMXDI-based materials. This indicated that the rubbery plateau modulus at these 

temperatures is influenced by both the crosslink density of the networks and 

intermolecular entanglements and interactions. The more rigid structure of MDI and 

the presence of physical interactions such as hydrogen bonding could explain why the 

linear MDI-based PUR exhibited a higher rubbery plateau modulus than the 

crosslinked TMXDI-based PUR. 
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Variation of the hard segment content. A linear PUR system based on TMXDI and 

PPGI025 and BD in different molar ratios was used in order to investigate the 

influence of the hard segment content on the dynamic mechaBical properties. With this 

system, information about the influence of the copolymer effect as opposed to the 

crosslink density on Tg could be gained by comparison with the crosslink study in 

4.1.2. Furthermore, phase segregation in the PUR was studied. No hard segment 

transition was observed with the crosslinked PUR series. This could be because of a 

lack of phase segregation as a result of a miscible hard and soft segment, or because 

of a restriction of the ability to phase separate hindered by chemical crosslinks. The 

chemical crosslinks could also have prevented the formation of some ordered 

structure in the hard segments i.e. the presence of a primary transition and suppressed 

a possible secondary transition. 

The dynamic mechanical data of the PURs with different hard segment content are 

shown in figures 4.13 and 4.14. Tg shifted to higher temperatures with increasing 

hard segment content. With the exception of the material with the lowest hard 

segment content of 21 wt.%, which exhibited a loss factor maximum of 1.60, the 

other four PURs exhibited very similar loss factor heights of about 1.30. This was in 

contrast to the findings from the series where the crosslink density was varied (section 

4.2) where a steady decrease of the loss factor peak maximum with increasing Tg was 

observed. In order to investigate the influence of the hard segment content on a plot 

of Tg versus the latter was constructed (figure 4.15). The increase in Tg with 

increasing hard segment content indicated that extensive phase mixing was present, 
. . 

since in phase segregated PURs the soft segment T g is not affected(263.264) by the hard 

segment content. This was not surprising since both PPG (see section 4.2) and 

rnxnr259) have been found to yield a high degree of hard and soft segment phase 

mixing. In addition to the series of the linear PURs, the PUR series based on different 

PPGI025/TMP molar ratios and the one with different molar masses of the PPG 

polyol were plotted in figure 4.15. Direct comparison of both series that were based 

on PPG 1025 resulted in the following findings. At very low crosslink densities 

(PPGI025/TMP 7: I, M,.t = 6300 glmol) the crosslinked and the linear PUR followed 

the same trend at similar hard segment contents. With increasing crosslink density, 

however, a pronounced difference became obvious. 
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Figure 4.15 Glass transition temperature versus hard segment content. ( .) TMXDI, 

PPG/TMP 3:1: 4000, 2025,1025,425, (e) TMXDI, PPGI025/TMP: 1:0,7:1,3:1, 

2:1,1:1, (e) TMXDI, PPGI025/BD: 1:0,3:1,3:2,2:3 and 1:3. (all from left to 

right). 

The increase in Tg was much steeper for the crosslinked than for the linear PUR. ll1is 

indicated that for the crosslinked PUR both the copolymer effect and crosslinking 

contributed to the increase in Tg. All linear PURs exhibited higher loss factor maxima 

than the crosslinked counterparts. Also, their half-peak widths were narrower than 

those of the crosslinked counterparts. ll1is showed that the effect of crosslinking 

increased at higher crosslink densities. Without chain extender or crosslinker, the 

PPGI025-based (TMXDI) PURs had a lower temperature limit of the soft segment 

Tg at _12°C. By choosing lower molar mass polyols, the Tg range was extended to 

lower temperatures. This resulted from the lower hard segment content. With 

PPG 1025 and TMXDI the minimum hard segment content was 18 weight %, whereas 

with higher molar mass polyols such as PPG4000 lower hard segment contents 

(10%), and, thus, lower soft segment Tgs (-40°C) were obtained, The values of the 

plot ofTg versus hard segment content for the polyols of different molar masses were 

situated in-between the crosslinked and linear PPGI025-PUR series. 
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segment content. (a) TMXDI, PPGI0251BO 1:0; hard segment content by weight: 

21 %, (b) 3: I; 27%, (c) 2: 1;·33%, (d) 2:3; 44% and (e) 1 :3; 57%. 



The storage moduli versus temperature (figure 4.14) reflected the trends of loss 

factor profile in terms of the location of the storage modulus drop. For the rubbery 

plateau modulus, a general trend of higher values for PURs with higher HS contents 

was observed. The mechanical properties of the PURs with varying hard segments are 

shown in table 4.5. 

Table 4.5 Mechanical properties as a function of the PUR hard segment. 

PUR Tensile properties Hardness 
Hard segment Stress Elongation Young's mod. Toughness Shore 

at break at break 
variations [MPa] [%] [MPa] [J] A D 

Diisocyanate type (PPGI025/TMP 3:1) 
TMXDI . 1.2 210 1.0 0.60 42 27 
IPDI 1.8 140 2.1 0.49 57 32 
TMDI 1.1 120 1.0 0.28 54 31 
TDI 1.6 110 1.9 0.39 61 35 
MDI 3.1 170 3.0 0.91 66 38 

Chain extender BD (PPGl025IBD 3:1) 
MDI,BD (0)5.4 1200 2.5 11.8 61 34 
TMXDI BD (0)0 2 , . 1300 0.3 

(a) Maximum tensile strength. 

As seen from the values for the stress at break, Young's modulus and Shore hardness, 

the weakest and softest PURs were obtained with TMXDI and TMDI. Slightly better 

mechanical properties resulted from the IPDI- and TOI-based materials. The 

symmetrical MDI yielded the highest values in this series. The TMXDI-based PUR 

had the highest elongation at break with 210%. However, with exception of the MDI­

based PUR, differences between the other materials were comparatively little. This 

can be explained on the grounds of the hard segment contents (table 4.4). They were 

fairly low with values ranging from 24 to 30 wt. %. Consequently, it was principally 

the soft segment that determined the material properties. 

A comparison of the mechanical properties of the linear MDI-based PUR with the 

crosslinked counterpart revealed a distinctively different property profile. Both PURs 

were prepared at a ratio of 3: I PPGI025 to BD or TMP, respectively. The 
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crosslinked PUR exhibited a higher Young's modulus (3.0 compared to 2.5 MPa) and 

higher Shore hardness values (table 4.5). The latter might be explained by the 

crosslinking imparting a higher hardness. Also, the slightly higher hard segment 

content (table 4.4) of30 wt.% compared to 28 wt.% might have contributed to this 

effect. However, a higher tensile strength and elongation at break were obtained for 

the linear MDI-based PUR. The difference in the latter was considerable with 170% 

compared to 1200% for the linear material. This would be expected since the linear 

chains can slide past each other without breaking unlike in the crosslinked material. 

The higher tensile strength (5.4 MPa compared to 3.1) of the linear PUR was 

somewhat surprising. It can be explained by a mechanism similar to the PTHF2000 

and PCL2000-based PURs in section 4.1. Upon stretching, a certain degree of order 

is introduced in the PUR In this case, it was the hard segments which were aligned 

and not the soft segments. However, no opacity, indicating crystallisation, in the test 

specimens was observed. As a result of the higher tensile strength and the higher 

elongation, also a significantly higher value (11.8 J compared to 0.91 J) for the 

toughness index resulted for the linear MDI-based PUR 

The linear TMXDI-based PURs were generally too soft for tensile testing and 

hardness measurements. However, for comparison with the MDI-based counterpart, 

the values for the TMXDI, PPGI025IBD 3: 1 PUR are given (table 4.5). Again, the 

linear PUR (1300%) exhibited a much higher value for the elongation at break than 

the crosslinked counterpart (210%). However, while the linear MDI-based PUR had a 

higher maximum tensile strength than the crosslinked counterpart, a very low value of 

0.2 MPa resulted for the linear TMXDI-based material. The maximum tensile strength 

for the linear TMXDI-based PUR was obtained at an elongation of about 200%. At 

the elongation at break (1300%), the tensile strength tended towards extremely low 

values. For the linear MDI-based PUR, the maximum tensile strength was obtained 

at an elongation of about 900%. 

The better mechanical properties of the MDI-based compared to the TMXDI-based 

linear PUR can be explained by the fundamental structural difference in both 

diisocyanate molecules. The symmetrical structure of MDI allowed strong hydrogen 

bonding to occur, which, together some with 1t-electron interaction(204) between the 

aromatic rings, was responsible for the comparatively good mechanical properties. 

Thus, it was found that crosslinking in PURs based on TMXDI and PPG 1025 greatly 



improved the mechanical properties. In PURs based on MDI and PPG1025, 

cross1inking resulted in a pronounced decrease in the elongation at break and even 

decreased the maximum the tensile strength. 

4.4 Investigation of NCO/OH Ratio and PUR Morphology 

In altering the isocyanate to hydroxyl ratio in a puR, network defects such as loose 

ends can be intentionally introduced. These network defects can act as 

plasticisers(63.86), and, thus, change the engineering properties and improve the 

damping performance(13.I52). Crystallinity in the PURs for damping applications is 

generally unwanted(152\ since this imparts a stiffening of the PUR and decreases the 

volume fraction of material that is available for secondary transitions. 

Influence of NCO/OH ratio. By working at lower or higher NCO/OH ratios than I, 

network defects such as loose chain ends may be introduced. A PUR network 

consisting ofTMXDI and PPGI0251TMP 3:1 was investigated at NCO/OH ratios of 

0.9, 1.0, 1.1 and 1.2. 

The dynamic mechanical data for the NCO/OH ratios studied are shown in figures 

4.16 and 4.17. The PUR with a NCO/OH ratio of 0.9 exhibited the lowest transition 

(-9°C) combined with the highest loss factor peak maximum with 1.31. Since 

plasticisation is known(13) to shift the Tg to lower temperatures and increase damping, 

it was concluded that a significant number of dangling polyol chains were present in 

this material. The going off scale of the loss factor curve at temperatures higher than 

20°C, furthermore, indicated poor network formation. The materials made at 

NCO/OH ratios of 1.0 and 1.1 had very similar loss factor versus temperature 

profiles. While the location of the loss factor peak was virtually at the same 

temperature (-5°C), the former material exhibited a slightly higher peak maximum of 

1.18 compared to 1.08. At a NCO/OH ratio of 1.1, the transition shifted to a slightly 

higher temperature (_2°) and had a maximum peak height of 1.11. The higher 

transition might be explained by the increased amount of hard segment in the PUR. A 

particularity of this material was that the loss factor values did not decrease to a value 

below 0.1 after the Tg transition, but remained fairly high (figure 4.16). 
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Figure 4.16 Loss factor versus temperature data for different NCO/OH ratios. (a) 

0.9, (b) 1.0, (c) 1.1 and (d) 1.2. 
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Figure 4.17 Storage modulus versus temperature data for different NCO/OH ratios. 

(a) 0.9, (b) 1.0, (c) 1.I and (d) 1.2. 



The storage moduli confirmed that the PUR prepared at a NCO/OH ratio of 0.9 had 

the poorest mechanical properties as seen from the rubbery plateau modulus. The 

second weakest material was obtained at the ratio of 1.2. The NCO/OH ratios of 1.0 

and I. I had similar storage moduli, with the I. 1 still exhibiting a higher rubbery 

plateau. The fact that a NCO/OH ratio of 1.1 resulted in the best network formation 

and not a ratio of 1.0, as might have been expected, might have beeo due to the 

formation of additional crosslinks through allophanate links. However, generally, 

temperatures higher than 100°C are needed(203) for this reaction to take place, 

particularly for diisocyanates of a low reactivity such as TMXDI. Also, at ratio of 

NCO/OH of 1.2 an even greater number ofallophanate links could have been formed. 

However, this PUR exhibited significantly poorer mechanical properties than the 

material prepared at a NCO/OH ratio of 1.0. Another explanation might be that 

despite of greatest care humidity was not fully excluded and, thus, a slightly higher 

NCO/OH ratio was advantageous for the stoichiometry. A similar phenomenon of a 

NCO/OH ratio of 1. r resulting in the lowest average molecular weight between 

crosslinks had been observed(267) in a system based on Adiprene L-l 00, 1,4-butanediol 

and trimethylol propane. 

Crystallinity in PURs. Important requirements for crystallinity(93) are a regularity of 

the molecule/polymer structure and the presence of forces of cohesion such as van der 

Waals-type attractive forces and hydrogen bonding. Factors that control the melting 

temperature include polarity and hydrogen bonding as well as packing capability. In 

PURs, crystallinity can be encountered both in the hard and in the soft segment (see 

section 2.3.3). 

In genera~ crystallinity for PURs based on symmetrical polyols is only observed(204) at 

polyol molar masses of 2000 glmol and higher. In this study, 4 polyol types of a 

molar mass of 2000 and higher were investigated in a PUR based on TMXDI and 

TMP. The ratio of polyollTMP was 3:1. 24 hours after demouldiog, the PURs 

prepared with all four polyols were still transparent. However, differences in the PUR 

properties with time were observed. Repeating the DMTA analysis after a shelflife of 

6 months at room temperature resulted in similar data for the PBD2500- and 

PPG2025-based PURs. However, with PCL2000 and PTHF2000 the DMTA profile 

changed considerably (figures 4.18 and 4.19). Also, the PCL2000-based PUR was 
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completely opaque and that based on PTIIF2000 was translucent. The phenomenon 

of soft segment crystallisation at ambient temperatures with time is termed cold 

hardening(205). It can have detrimental consequences because it can impart brittleness, 

as for example(205) in PUR coatings. Cold hardening can be avoided(105) by using 

polyols of a molar mass of less than 2000 glmol and by the use of copolyols to 

provide structural irregularity. In the loss factor versus temperature profile of the 

material containing PCL2000 (figure 4.18), a drop of the loss factor height by a factor 

of 4 from 1.13 to 0.2S was observed. Also the transition maximum shifted to higher 

temperatures from -19°C to _6°C and a further transition was observed between SO 

and 60°C. Characteristic for semi-crystalline polymers is that the drop in storage 

modulus at Tg is much less pronounced (figure 4.18). At the temperature of the 

melting point, Till, however, a dramatic modulus drop was observed. The modulus 

drop for the PCL2000 took place between 40 and SO°C. This value corresponds weU 

with the temperature found by DSC for the melting point of the pure PCL2000 polyol 

ofS3°C (section 3.1.4.3). Very similar DMTA data were obtained for the PTHF2000-

based PUR The location of the loss factor peak shifted from -37°C to -32°C for the 

aged material and the peak maximum decreased from 0.77 to 0.42. A transition 

shoulder from -10 to 20°C was observed in both materials. This shoulder was also 

reflected in the storage moduli. However, with PTIIF2000, a further phenomenon 

was observed. From around -ISOC onwards, an increase in the modulus took place. A 

significant increase in the storage modulus(l85) can be caused by the occurrence of a 

chemical reaction i.e. crosslinking or by the formation of crystalline domains. In this 

case the storage modulus increase was ascribed to formation of crystalline order in the 

PUR soft segment. Clear melting phenomena were observed for both the unaged and 

aged PUR between 20 and 30°C. This was in good agreement with the melting point 

of the pure PTHF2000 polyol (33°C). 

The occurrence of crystallinity in the PUR soft segment was corroborated by DSC 

studies (figures 4.20 and 4.21). The measurements were conducted on the materials 

with a shelf live of 6 months' at room temperature. Besides PCL2000- and 

PTHF2000-based PURs also the 1000 molar mass equivalents were investigated. 

However, for both the PCLlOOO and the PTHFIOOO-based PURs no melting 

endotherm was obtained (figures 4.20 and 4.21). 
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Figure 4.18 Comparison of storage modulus and loss factor versus temperature 

profile of the PUR (TMXOI, PCL2000/TMP 3: I). (a) quenched from 90°C to room 

temperature, (b) after a shelf-life of6 months at room temperature. 
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The onset ofTg for PCLlOOO was at -30°C. For PTHFIOOO Tg onset was about -

53°C. However, it has to be noted that many PUR Tgs were difficult to detect with 

DSC measurements. For the PCL2000-based PUR, a small melting endotherm was 

found at 21°C followed by a bigger and sharper one at 41°C. For the PTHF2000-

based material, again two phenomena were observed. An exothermic crystallisation 

peak was found at -13°C which changed into a melting peak at 17°C. The presence of 

the crystallisation exotherm resulted from quenching the PUR from room temperature 

to -120°C. 

By comparing the melting endotherm area of the PCL- and PTHF-based PURs to 

those of the respective polyols, an estimation of the degree of crystallinity can be 

made. The heats of fusion for the PCL2000 and PTHF2000 polyols were 72 and 107 

Jig, respectively (section 3.1.4.3). Both PURs based on these polyols contained 82 % 

SS (table 4. I). Thus, relating the heats of fusion obtained for the PURs based on 

PCL2000 (22 Jig) and PTHF2000 (41 Jig) to the heats of fusion for the polyols 

should give a rough estimation of the degree crystallinity in the PUR soft segments. 

To do so, both polyols had to be taken as 100% crystalline. From this calculation it 

resulted that 37 wt.% of the PCL2000-PUR soft segment and 47% of the PTHF2000-

PUR were crystalline. This correlates well with the observed lower melting points for 

the polyols in the PURs. These melting points of 41°C and 17°C were closer to those 

of the respective PCLlOOO (36°C) and PTHFIOOO (24°C) polyols. This indicated that 

only segments of the 2000 polyol chains were able to crystallise. Their mobility was 

restricted by attachment through urethane linkages and crosslinks. 

Hard segment crystallinity for highly symmetrical diisocyanates combined with 

symmetrical chain extenders has been reported(268) Crystallinity of the PUR prepared 

from MDI and PPGlO25IBD 3:1 was investigated by DSC measurements. Even 

though MDI and BD are known(204) to be able to produce PURs with hard segment 

crystallinity, no melting endotherm was observed for this material. 

Wide angle x-ray diffiaction (WAXD) is commonly used(107.269.272) to investigate 

crystallinity in polymers (section 3.12). Three PURs were investigated in order to 

copfirrn the findings from DSC. Diffractometer traces for the three materials· are 

shown in figure 4.22. The WAXD data confirmed the DSC results. 
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(b) TMXOl, PTHF2000/TMP 3: I and (c) MOl, PPG 1025/BO 3: I. 

No crystallinity in the hard segment of the PUR based on MDI, PPGI025/BO 3: I was 

obselVed. TIle X-ray pattem of this material (figure 4.22) resulted in broad peak. 'nlis 

broad halo is typical(107) of amorphous polymers where no ordered regions exist. On 

the other hand, sharp diffraction peaks were found for PURs based on PCL2000 and 

PTHF2000. Using Bragg's equation(I07.177), the distance between the atomic layers, 

the d spacing, can be calculated (section 3.4.11). Correlating Bragg's d spacings with 

known values for PCL and PTHF, respectively, confinued the presence of crystallinity 

in the PUR soft segment. For the PUR based on PCL2000 two distinctive peaks were 

obselVed on top of a diffuse peak at 29 = 21.2° and 23.5°. A much smaller third peak 

was obselVed at 29 = 19.5°. These peaks resulted in Bragg's d spacing values of 

0.379, 0.419 and 0.455 nm which were in good agreement with those fowld for the 

polycaprolactone(269) homopolymer of 0.375, 0.414 and 0.457 nlll. 11le slllall 

deviations may be because of the occurrence of some phase mixing of a hard and soft 

segment blocks. Investigations of pnre PTHF(270-272) showed prominent crystalline 

diffraction peaks at d spacings of 0.445 and 0.366 nlU The presence of a major 

crystalline diffraction peak (figure 4.22) at 29 = 19.9 and a minor one at 29 = 24.1 
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corresponding to d spacings of 0.446 run and 0.369, respectively, therefore could be 

assigned to the crystallites present in the PTIIF soft segment domains. 

Not only ageing provoked an increase in crystallinity. The tensile test specimen of 

both PURs changed their optical appearance upon stretching. For the PCL2000- and 

the PTIIF2000-based PURs, the whitening was still present after the applied force 

was released. Opacity is characteristic for semi-crystalline polymers(93) since the 

refractive indices of the amorphous and the crystalline region are different. Thus, 

crystallinity was induced by stretching the PURs. 

Phase segregation in PURs. Most of the favourable properties such as the high 

strength and wear resistance of PURs result(204.207) from their phase segregated 

structure. The soft segment transition occurS(204) at sub-ambient temperatures. For the 

hard segment, up to three endothermic transitions(268) can be seen, at 70-80, 140-170 

and 190°C. These are melting of shortest average hard segment at 70-80°C, at 140-

170°C melting of long hard segment with long range order and crystalline melting at 

190°C and above. The appearance of DSC endotherms(268) is a function of hard 

segment length. Thus, a PUR with short hard segment length only exhibits the lowest 

temperature transition. 

In the present study, only the low temperature transition which was ascribed to the 

PUR soft segment and in some cases melting of the soft segment were observed by 

dynamic mechanical analysis. Neither a second Tg, nor a melting point for ordered 

hard segments was observe4. Thus, no phase segregated structure could be observed 

by DMTA. DSC and modulated-temperature DSC measurements did not show a 

transition for the hard segment either. The frnding that no, or only very limited, phase 

segregation was present in the investigated PURs based on TMXDI and PPG 1025 

was further corroborated by the study on varying the PUR hard segment (section 4.3). 

Tg increased with increasing hard segment content. This is an indication(205) of 

considerable hard and soft segment phase mixing. The absence of a noticeable phase 

segregation might be a result of several factors. The principal diisocyanate (TMXDl) 

and polyol (PPGI025) had both asymmetrical structures which limit or prevent phase 

segregation. Further, the weight percentage of hard segment was generally 10w(272) in 

the PURs synthesised. In the PUR that consisted ofTMXDI (244 MW) and PPG1025 
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~ , 
and TMP f135 MW) at a ratio of3: I, the hard segment represented only 30 weight % 

'--~ 
of the material. 17 weight % percent of this hard segment was TMXDI between two 

PPG 1025 units, thus dissolved in the soft segment. Effectively, there was only 13 

weight % hard segment present. Crosslinking is a further factor that might have 

prevented phase segregation. Crosslinking took place exclusively in the hard segment, 

thus, suppressing both a possible Tg and the occurrence of crystalline order. Also, the 

formation of a segregated structure is strongly hindered by chemical crossIinks. 
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5. Polyurethane / Polystyrene IPNs 

Polymer blends have been the subject of numerous investigations(l), academic and 

industrial. By carefully choosing the polymer pair, new materials with synergistic 

properties can be developed(3,4), In the present study, elastomeric PURs were 

combined with immiscible and semi-miscible high Tg plastics using the IPN 

technology, The PUR consisted in most cases of TMXDI and PPGI025/TMP at a 

molar ratio of 3: I (chapter 4), PUR and polystyrene (PS) are highly immiscible 

polymers because of the polar nature of the PUR compared to the essentially non­

polar PS and the pronounced difference in their solubility parameters(254) of 20,5 

(J/cm3)112 and 18,5 (J/cm3)1I2, respectively, Blends of these two linear polymers 

result(273,274), consequently, in highly immiscible materials with poor mechanical 

properties. In the composition study, the extent of PURlPS IPN miscibility and phase 

mixing was determined to correlate the findings with the dynamic mechanical and 

mechanical properties. In order to obtain a microheterogeneous morphology methods 

of improving the IPN miscibility were applied. These included varying thecrosslink 

density in both networks, the introduction of inter-network grafting, the 

incorporation of compatibilisers and the introduction of oppositely charged ionic 

groups. 

5.1 PURlPS IPNs Investigated and Transitions in Polystyrene 

Several full PURlPS IPNS(1l2,127,149,275) semi-IPNs(64-66) and linear blends(273,274) have , 

been investigated for various applications, such as gas separation membranes(46,66,276) 

Due to the immiscibility of their constituent polymers, fundamental studies of means 

to restrict phase separation have been conducted. The influence of the synthesis 

temperature(66,273,277,278), the synthesis pressure(60,148,275), the synthesis using a common 

solvent(l49) and the reaction kinetics(64,65) on phase separation have been studied. Also, 

t~e effect of composition(127,275>, crosslink density(66,1l2,127,278) and of inter-network 

grafting on transparency(ll2) of PURlPS IPN s were investigated. No study into the use 

ofPURlPS IPNs as energy absorbing materials has been conducted. Thus, no attempt 

has been made to obtain a broad and high transition region through the use of inter­

network grafting and the incorporation of compatibilisers. 
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In order to understand the dynamic mechanical data of PURlPS IPN s, it is essential to 

know the transitions of both constituent homopolymers. The transitions of the 

polyurethane are dependent(204.205) upon the soft segment, its chemical composition 

and molar mass and, furthermore, upon the miscibility of the soft segment with the 

hard segment. The PUR transition behaviour has been fully discussed in chapter 4. In 

PS, five principal types of molecular motions can be encountered(279.280) With 

decreasing temperature, these are the liquid-liquid transition Tu (160°C), the glass 

transition Tg (lOO°C), the 13 transition (50°C), and the y (-143°C) and the I) (-233°C) 

transition. Due to the temperature range where they occur and their magnitude, only 

the first three transitions are of importance for this study. The Tu transition is 

explained(28') as a liquid l - liquid2 transition involving the entire chain. Tg involves(93) 

long-range chain motions of 10-50 main chain atoms. The 13 transition in PS is 

believed(279) to be caused by torsional vibrations of the phenyl groups. It is particularly 

pronounced(282) in quenched and crosslinked PS and increases with higher 

crosslinking. It was, therefore, concluded(279) that under some conditions crossiinking 

might increase free volume. In this study, all three transitions were found in several 

IPNs. 

5.2 PUR/PS IPN Composition Study 

Aim of this study was to investigate the influence of composition on IPN miscibility 

and the dynamic mechanical and mechanical properties of the materials. While 

composition studies(127·275) have been conducted with PURlPS IPNs, these did not 

comprise the full composition range. In this study, the full composition range was 

studied using lO weight % increments. The PURlPS IPNs were prepared at a 

diol/triol ratio of3: I in the PUR component and at 5 mol % divinylbenzene (DVB) in 

the PS. Both the pure PUR and the pure PS networks were also moulded using the 

same experimental technique (section 3.3). From the DMTA data, one specific 

composition was selected for the subsequent study of means to enhance miscibility in 

the IPN. 

DMTA studies. The miscibility of two polymer components greatly influences(283) 

the mechanical properties of a polymer blend and can be assessed(I90) from DMTA 
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data. Two separate loss factor peaks indicate(ll3) an immiscible system, whereas one 

peak indicates a high degree of miscibi1ity (section 3.4.1). The latter is only strictly 

true for polymers with Tgs that are more than 10-20°C apart. An intermediate degree 

of miscibility might result in a broad almost rectangular loss factor transition, with 

both homopolymer transitions significantly shifted inward. These materials exhibit 

frequently a microheterogeneous morphologyl3) The materials with a 

microheterogeneous morphology are often used to construct high damping 

systems(24.284). Thus, the parameters of interest for the present study were the 

respective loss factor peak heights, the values for the loss factor at the inter-transition 

region and the loss factor peak location. The extent to which they allow the drawing 

of conclusions about IPN miscibility and phase continuity has been outlined in greater 

detail in section 3.4.1. The loss factor versus temperature data for the PURlPS 

composition series with a PPG 1 025/TMP ratio of 3: 1 and 5 mol % DVB are shown in 

figures 5.1 and 5.2. The dynamic mechanical properties are given in table 5.1. 

Table 5.1 Dynamic mechanical properties (10 Hz) of the PURlPS IPN and the 

homonetworks as a fimction of composition. 

Composition IPN Tg [tan /), 0c] Tan /) maximum Inter-transition 

%PS PUR PS PUR PS height at 67°C 

0 -5 l.10 
10 -4 150 1.00 0.28 0.24 
20 -2 148 0.94 0.31 0.32 
30 -1 146 0.77 0.35 0.22 
40 -3 140 0.62 0.42 0.17 
50 1 139 0.49 0.52 0.18 
60 2 136 0.37 0.67 0.16 
70 -4 131 0.21 1.11 0.13 
80 -20 131 0.10 1.82 0.03 
90 -22 127 0.02 1.91 0.03 

100 128 2.30 0.02 

As expected for an immiscible polymer pair, two well-separated tan /) transitions were 

observed, with low values for the loss factor in the inter-transition region. A plot of 

the PUR and PS loss factor peak heights versus the PS content is shown in figure 5.3. 
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Temperature CC) 

Figure 5.1 Loss factor (tan 0) versus temperature data for PUR/PS IPN 

compositions. (a) 100 PUR, (b) 90: 10 PUR/PS, (c) 80:20, (d) 70:30, (e) 60:40 and (t) 

50:50. 
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Figure 5.2 Loss factor (tan 0) versus temperature data for PUR/PS IPN 

compositions. (a) 40:60 PURlPS, (b) 30:70, (c) 20:80, (d) 10:90 and (e) 100 PS. 
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Figure 5.3 Loss factor peak height against PURlPS IPN composition. 

The trend of the loss factor peak height of the components clearly followed the 

composition (figure 5.3). At these crosslinking levels, the PS loss factor values were 

generally higher than those of the PUR of equal content in the IPN. The PUR loss 

factor decreased almost linearly with decreasing PUR content from l.IO for the pure 

PUR to 0.02 for the 10:90 PURlPS IPN. For the PS loss factor values a different 

trend was observed. A slow increase up to the 40:60 PURlPS composition (tan () = 

0.67) was followed by a higher loss factor (l. 10) for the 30:70 and very hlgh values of 

1.80 and l.90 for the 20:80 and 10:90 IPNs, respectively. The loss factor peak height 

can give an indication about phase continuity(4) of a polymer blend, the material 

exhibiting the higher peak representing the more continuous phase. Two transition 

peaks of the same height may be an indication for dual phase continuitY') From the 

data in figure 5.3, phase inversion took place between the 60:40 and the 50:50 

PUR/PS IPN composition. However, one has to consider that the PS homonetwork 

(2.30) exhibited a higher loss factor value than the PUR (1.10) by a factor of more 

than two. Therefore, equal peak height might not have been the right criteri.,for phase 

inversion in this PURlPS system. On the other hand, the sharp increase in loss factor 

at the 30:70 composition might be an indication for phase inversion taking place at 

these higher PS contents. The loss factor values of the inter-transition region are 

given in table 5.l. The values were taken at the intermediate temperature (67°C) 
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between the PUR and PS homonetwork glass transitions. Generally, the inter­

transition loss tactor values were very low and decreased with decreasing PUR 

content in the IPN. The overall loss factor peak height of the PUR decreased and so 

did the inter-transition values. The low values were an indication of very limited phase 

mixing and little interface area in the IPNs. A further and possibly more sensitive 

indication of phase mixing in IPNs is the loss factor peak location (section 3.4.1). 

Figure 5.4 shows the location of the Tgs as obtained from the loss factor peak versus 

IPN composition. 
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Figure 5.4 Loss factor peak location against PURlPS IPN composition. 

Comparing the IPNs to the homopolymer networks, a Tg shift was obselVed for both 

polymers with changing composition. For the polyurethane transition, Tg maxima 

existed at the 50:50 and 40:60 compositions. For both lower and higher PUR 

contents, Tg values were found to decrease continually, though more dramatically for 

the lower PUR compositions. The PUR transition increased slightly, from -5 to 2°C, 

as the PUR weight fraction decreased from 100:0 to 40:60 PURlPS (table 5.1). From 

the 30:70 PUR/PS composition onwards, it fell considerably by more than 20°C to a 

Tg of -22°C for the PUR in the 10:90 PURlPS composition. The PS transition 

constantly shifted to lower temperatures with increasing PS weight fraction. The 

decrease was significant, with a difference of more than 20°C between the PS 

transition in the 90: 10 PURlPS IPN (150°C) and the PS homonetwork (128°C). This 
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trend was very surprising and could not be explained with certainty. Similar findings 

of higher Tgs for the PS transition in blends with PUR than for the corresponding 

pure PS were made with a PUR/PS IPN composition series with lower crosslink 

densities(285), with an isophorone diisocyanate (IPDI)-based PURfPS IP~194) and with 

a diphenylmethane diisocyanate-based PURlPS mechanical linear blend(286) The 

increase in the PS transition at higher PUR contents indicated that PS segments were 

less free to move in the IPN s than in the pure PS network. Reasons for the latter 

could be an increase in crosslink density through grafting or some other specific 

intermolecular interactions(287) between the polystyrene and polyurethane polymer 

chains. A PS Tg shift to higher temperatures has also been observed(288) in high impact 

polystyrene. It was believed(288) that area of contact between the PS and the 

polybutadiene and the extent of grafting influenced the PS Tg. An increase in 

crosslink density of the matrix because of grafting shifted(288) the PS Tg to higher 

temperatures. In the study on mechanical blends of linear PUR and PS, Theocaris and 

Kefalas(286) believed that the interactions of the 7t-electrons of the aromatic ring­

containing PUR hard segments with the PS phenyl side groups were responsible for 

the increase in PS Tg in the polymer blends. The rigid hard segments were 

believed(286) to have had a Tg in the order of 160°C. Chugthai(194) believed that some 

kind of anti-plasticisation effect and essentially pure PS phases were the grounds of 

the PS Tg shift in IPDI-based PUR/PS IPNs. All these explanations were not entirely 

satisfactory for the present PURlPS lPNs. In the latter, no unsaturation was present 

and the reaction was conducted under comparatively mild conditions so that no 

significant extent of grafting was believed to have occurred. Interactions of phenyl 7t­

electrons were not possible in the PUR/PS IPN based on the cycloaliphatic lPDI. 

Cowie(287) pointed out that not only interactions between 7t-electrons of phenyl rings 

have been observed, but that the It-electrons of a phenyl ring can interact with 

electron lone pairs, as was obscrved(289) in PS/polyvinylmethylether blends. Thus, in 

the present study, interaction of the PS 7t-electrons with the electron lone pairs of the 

ether oxygen in the PUR soft segment or the electron lone pair of the nitrogen atoms 

in the hard segments would have been possible. However, because of the much higher 

content of ether oxygen compared to nitrogen as a result of the high soft segment 

content of this PUR with 69 weight % (section 4.3) a PS Tg shift to lower 
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temperatures and increased phase mixing with the PUR soft segment would have been 

expected. However, the opposite effect was observed in the present study. A recent 

FTIR study(290) on hydrogen bonding of linear PURs in a styrene solvent has shed new 

light on this phenomenon. Feve, Lam and co-workers(290) found that when increasing 

the amount of styrene solvent from 0 to 90% in the solution, an additional N-H 
,r --.... 

stretching vibration appeared. This absorption peak was found intermediate to be" 

between the free (3447 cm·') and the - to the carbonyl group - hydrogen-bonded 

(3347 cm·') N-H stretching. In their opinion, the additional vibrational band that 

appeared at 3400 cm·' was due to the hydrogen-bonded N-H stretching between the 

N-H and the 1t orbitals of the aromatic rings of the PS. The fact that this band was 

located between the free and the hydrogen-bonded N-H stretching gave an indication 

of its average strength. Thus, interaction of the N-H hydrogen of the rigid PUR hard 

segment with 1t orbitals of the PS phenyl rings could have led to an increase in PS Tg. 

This effect was more pronounced at higher PUR compositions in the PUR/PS IPN 

since more urethane links were present. Also, the PS domain sizes decreased 

considerably which will be seen later by TEM. This PS domain size decrease resUlted 

in a greater surface area and, thus, higher contact area with the PUR This explained 

why the PS Tg of the 90:10 PURlPS IPN was the highest at 150°C as seen from 

DMTA compared to 128°C for the PS homonetwork. However, the less significant 

increase of Tg for the PUR component from 100 PUR to the 40:60 PURIPS 

composition might be explained by increased phase mixing with the PS. Also, the 

increase of the PS weight fraction might result in a tighter PS network and, thus, 

decrease the free volume for the PUR component. From the 30:70 to the 10:90 

composition, a decrease of the PUR transition was observed. A similar phenomenon 

has been attributed to plasticisation. effects(63.86) in polymer blends. Dissolved PS 

chains in PUR domains might have disrupted the interactions between urethane links. 

More likely in this study, however, is that the PUR network was incompletely 

formed(63.IIO) Consequences of an incomplete reaction are more dramatic(29') in step­

growth polymerisations than in radically polymerised materials because of a much 

steeper fall in molecular weight at lower conversions. Thus, a lower molecular weight 

PUR polymer/oligomer lead to a Tg shift towards lower temperatures. The storage 

and the loss moduli versus temperature plots for the PURlPS IPN composition series 

. are shown in figures 5.5 and 5.6. 

144 



IOr--------------------------------------, 

9 ~~;;;~;~;~;;;~;~~-;;;;::~:;~Ai:~::· ....... . 
'.\ ':'>" (i) ........ ::: .... 

Cl o 7 
-' 

6 

-50 

" " ......... ..:.: .... " 

~:. ',.... . ...... -... 
~~ . (11) ,':. ..•.. ......... . --"- -'- .. 

:. ',-:. ", ......... ,,', ···.H ........ . 
. . .....--.-.. (~-).... . . ' . . , ...... <...... .... . ..........•. ','; 
'., ......- ... (Q 

" .', ..... . ':'::. 
": ......... ", '" ..... . ..... ............. _~c, 

" .•••.•••.•. -·'H. 

.........:.:::~\:;.,.,,~ ..• ; •••.•. -:: .• ~:.: .•. ;.:.;-;;;.~.~.;:. .... ~ ............. . 
.... ........ .... . 

'-. .... 

..· •• H. (tt) 

(cl .............. ~ 

o 

..... . ......................................... :.:::;:::;:, ... _._. 
.......... (hi ............................ .. 

(';;r·., 

50 100 

Temperature ("C) 

······.H ...•..•..•••. :::.~ 
...... -... " ... ".~ ... 

150 

Figure 5.5 Storage moduli versus temperature for the PUR/PS lPN compositions. (a) 

100 PUR, (b) 90:10 PURlPS, (c) 80:20, (d) 70:30, (e) 60:40, (f) 50:50, (g) 40:60, (h) 

30:70, (i) 20:80, G) 10:90 and (k) 100 PS. 
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Figure 5.6 Loss moduli versus temperature for the PUR/PS compositions. (a) 100 

PUR, (b) 90: 10 PUR/PS, (c) 80:20, (d) 70:30, (e) 60:40, (f) 50:50, (g) 40:60, (h) 

30:70, (i) 20:80, (j) 10:90 and (k) 100 PS. 
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The storage moduli reflected the trend of the loss factor values. A pronounced drop in 

modulus occurred at the PUR and PS transitions. The two-step drop mechanism of 

the storage moduli indicated{4.185) gross phase separation in the IPNs. With increasing 

volume fraction of the PS component, the rubbery plateau between the PUR Tg and 

the PS Tg increased to higher moduli reflecting the change in composition. The 20:80 

PURlPS IPN exhibited a high modulus plateau between the PUR and the PS 

transition. A similar finding had been made with the comparatively high loss factor 

peak height (figure 5.3). This phenomenon was likely to be caused by compositional 

variations across the IPN sheet. However, this could, perhaps, also have indicated a 

change in the IPN morphology, i.e. continuous phase. The loss modulus versus 

temperature showed two distinct transitions (figure 5.6). Similar to the results from 

the loss factor data, the PUR exhibited its Tg at the highest temperature for the 40:60 

PUR/PS composition. The PS transition decreased with decreasing PS content. The 

PUR loss modulus peak was predominant from the 90: 10 to the 30:70 compositions 

inclusive. The change in the dominant peak occurred between the 30:70 and 20:80 

PURlPS composition, again possibly indicating a change ofIPN morphology. 

From the dynamic mechanical data, the PURlPS IPNs clearly exhibited gross phase 

separation over the full composition range. The highest degree of phase mixing 

seemed to occur at intermediate compositions. This was evidenced by the inward shift 

of the PUR peak (figure 5.4). The visual appearance of the films also indicated a 

phase-separated system with only the pure PUR and PS networks being transparent. 

Some degree of transparency was still present at PUR levels of 80 and 90%. This 

indicated that the PS domains were close to the wavelength of visible light. Similar 

results of smaller PS phase domains with increasing PUR content were found(149) 

studying different PURlPS compositions by TEM. This was explained(l49) by the 

combined effect of an increased rate of PUR network formation and an increased 

viscosity of the medium, which are both counteracting phase separation. The opacity 

observed at the other compositions is characteristic(64) of phase-separated materials 

and PURlPS IPNs are known(65) for their immiscibility. This criterion has been 

used{ll2) to study the phase separation in PUR/PS IPN s by monitoring their 

transparency. 
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Modulated-temperature DSC studies. Conventional DSC did not prove sensitive 

enough to detect Tgs in the IPNs. However, with this relatively new technique(248.249) 

both transitions could be detected over most of the IPN composition range. 

Exceptions were the 90: 10 and the 10:90 compositions where no transition could be 

assigned to the minor component. The M-TDSC traces for the 60:40 and 20:80 

PURlPS ~N compositions are shown in figure 5.7. The Tg values versus IPN 

composition are shown in figure 5.8 . 
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Figure 5.8 M-TDSC Tg data versus PURlPS IPN composition. 

Two transition peaks in the derivative heat capacity versus temperature data were 

observed. IPN composition was to some extent reflected in the peak height. The Tgs 

for the homonetworks were -34°C for the PUR and 100°C for the PS. This compared 

to transition values of _5°C and 128°C obtained from the DMTA measurements (loss 

factor, 10 Hz). Because of the dynamic nature of the experiment, the latter were 

higher by 29°C and 28°C, respectively. Tg values from M-TDSC also varied with 

changing composition. The PUR Tg decreased slightly from -34°C for the PUR 

homonetwork to -38°C for the transition in the 20:80 PURlPS. The PS transition 

obtained from M-TDSC showed trends similar to the Tg values obtained from 

DMTA. With increasing weight percent of the PS, Tg shif1ed to lower temperatures. 

While the PS transition in the 80:20 PURlPS was at 114°C, Tg for the PS 

homonetwork was 100°C. 
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Stress-strain and hardness measurements. The mechanical properties of the 

composition series were investigated by tensile testing and Shore A and D hardness 

measurements. The stress and elongation at break, Young's modulus, the toughness 

index and values for Shore A and D hardness are given in table 5.2 

Table 5.2 Mechanical properties of the PURlPS IPN as a function of composition. 

PURlPS IPN Tensile properties Hardness 
Composition Stress Strain Young's Toughness Shore 

at break at break modulus 
[%PS] [MPa] [%] [MPa] [1] A D 

0 1.2 210 1.0 0.6 40 25 
10 2.4 430 1.1 2.0 43 25 
20 4.2 530 1.7 4.0 49 27 
30 12 770 4.3 14 59 35 
40 13 310 7.2 4.2 75 41 
50 10 230 10 2.3 83 52 
60 7 83 33 0.6 94 59 
70 14 20 83 0.3 96 68 
80 36 8 830 0.4 98 95 
90 45 7 1000 0.5 99 96 

100 47 7 1300 0.4 99 97 

As expected, by combining an elastomer with a plastic, an important change in 

mechanical properties was observed. A plot· of the stress and strain at break versus 

IPN composition is show in figure 5.9. The stress at break showed some scatter, but 

generally increased with increasing PS weight percent. However, a certain pattern was 

observed. Stress at break values were very low (below 5 MPa) for the 90: 10 and 

80:20 PURlPS IPNs. They rose with increasing PS content up to 13 MPa for the 

60:40 PURlPS lPN. Surprisingly, they fell again to a value of 7 MPa at the 40:60 

composition. From the 30:70 composition on stress at break values increased 

dramatically with a further increase of PS weight percent. This trend can, perhaps, be 

explained by looking at the phase continuity of the lPNs. The continuous phase is 

known(4) to influence greatly the mechanical properties of lPNs. From the DMTA 

data it was believed that phase inversion took place between the 60:40 and 20:80 

PURlPS composition. The increasing stress at break up to the 60:40 lPN could be 
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explained by the reinforcing effect of the PUR by the ps. Increasing further the ps 

content might have lead to bigger ps domains, and, as a consequence, a decreased 

phase continuity of the PUR network. This weaker PUR network caused by a 

decrease in PUR content and phase continuity lead to lower stress at break values. It 

was, perhaps, only at the 30:70 PURlPS that the PS phases exhibited some degree of 

phase continuity, which could account for the again increasing stress at break values. 

At the 20:80 PURlPS IPN, PS was likely to have exhibited the continuous phase. This 

manifested itself in a steep increase in stress at break from 14 MPa for the 30:70 to 36 

MPa for the 20:80 PURlPS IPN composition. Further evidence for above 

assumptions were obtained from TEM and SEM studies which are reported in a 

subsequent section. 

50 8CXJ 

45 
700 

.... 40 
ca 8CXJ ~ 

~35 tf!. 
~ 

~ soo..ll: 
..lI: ~ ca ca Cl) 
Cl) ... ... 25 4OJ.tl .tl -- ca ca 20 

300 .= 1/1 
1/1 ca 
Cl) 15 b 
b r 200 Cl) 
Cl) 

10 

5 
100 

0 • 0 
0 10 20 ~ 40 50 60 70 80 00 100 

Composition [% PS] 

Figure 5.9 Stress and strain at break versus PURlPS IPN compositions. 

The strain at break versus IPN composition exhibited a different trend (figure 5.9). 

The strain at break values went through a maximum of 770% at the 70:30 PUR/PS 

IPN composition. Clearly inferior values were obtained for IPN s with both higher 

PUR contents and even more pronounced with lower PUR contents. The increase in 

strain at break from 100 PUR to the 70:30 PURlPS IPN compositions could be 

explained by a decrease in the tightness of the PUR network because of the PS 
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domains. The PUR chains were able to align and the more loose network onJy broke 

at higher elongations. The decrease in strain at break from the 60:40 PUR/PS IPN 

compared to the 100 PS was a combination of two factors. From the 60:40 to the 

30:70 PURlPS compositions, the PUR content decreased and, very probably, so did 

the phase continuity of the PUR Fewer PUR chains were able to slide along each 

other causing an early failure. The extremely low values for the strain at break for 

compositions where PS. represented the continuous phase (from 20:80 to 10:90 

PURlPS) were explained by the glassy, and, thus, brittle nature of PS at room 

temperature. 

The touglmess index is a function of the stress and the strain at break. Because of the 

high strain at break value, the touglmess index also exhibited a maximum at the 70:30 

composition. Young's modulus values followed a trend similar to the stress at break. 

The modulus increased with increasing PS weight percent (table 5.2). A sharp 

increase from 83 MPa to 830 MPa took place between the 30:70 and 20:80 PUR/PS 

IPN compositions. A detailed description of the modulus-composition behaviour is 

given in a subsequent section. 

A plot of Shore A and D values against IPN composition is shown in figure 5.10. 

Figure 5.10 Shore A and D hardness versus PURlPS IPN composition. 
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Shore A hardness values exhibited a sigmoidal curve shape. A slightly higher than 

expected increase in Shore A hardness occurred about the 70:30 to 60:40 PUR/PS 

compositions. This might have indicated a change in the continuous phase. However, 

it has to be considered that the useful working ranges for the Shore hardness 

measurements are(292) between 10 and 90 for Shore A (between 30 and 90 for Shore 

D). Thus, reliable results for Shore A were only obtained for compositions up to a PS 

content of 50% and compositions with higher PS contents could not be evaluated by 

Shore A For Shore 0 hardness values, a linear pattern was found for an increase in 

,PS content from the 70:30 to the 30:70 PUR/PS composition. Again, the data 

obtained outside the optimum operating range are not very reliable. However, a very 

significant increase in hardness was obselVed between the 30:70 (Shore D 68) and the 

20:80 (Shore 0 95) PUR/PS compositions. A behaviour similar to the Young's 

modulus was not surprising since hardness is directly related(250) to modulus and 

strength. Thus, from Shore A measurements a slight increase in hardness about the 

70:30 PUR/PS composition was in evidence whereas from Shore 0 a very important 

increase was obselVed between the 30:70 and 20:80 PUR/PS IPN compositions. 

Modulus-composition Studies. Modulus-composition studies(58,73,8o,83,llo,127,293,294) 

have been conducted to investigate phase continuity and phase inversion(98) in polymer 

blends. This is done by relating(295) the shear or tensile moduli to theoretical modulus­

composition models. Several theories have been developed(124.126,296) to predict the 

elastic properties of a multiphase system to its composition and morphology. These 

have been reviewed by Nielsen(297,298,299>, Dickie(300,301) and Hourston(267) Most 

theories assume perfect adhesion between the phases and the sample being 

macroscopically homogeneous and isotropic. Kerner(296) derived a theory for a matrix 

with spherical inclusions. The upper and lower bounds of the modulus of this two­

phase polymer material are given by the equation 5.1. 

G (1-~2)Gl +(a+~2)G2 
-

G1 (1+a~2)GI +a(1-~2)G2 
(5.1 ) 

Here, subscripts I and 2 refer to the matrix and the inclusions, respectively. G is the 

shear modulus, Jjl is the volume fraction and a is a function of the matrix Poisson 
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ratio, V" Cl. = 2(4-SVl)/(7-SVl). A model which predicts phase inversion at mid-range 

compositions in two-phase polymer systems was developed by BudianskYI2
6). 

tA ~ 
G + G =1 

1+&(ct-1) 1+&( cl -1) 
(S.2) 

Again, '" is the volume fraction, E = 2(4-Sv)/IS(I-v), V is the Poisson's ratio of the 

composite, G is the shear modulus and subscripts 1 and 2 represent the component 

polymers. A general mixing equation which often successfully predicts certain 

properties of composites with two continuous phases has been presented by 

Nielsen (299). 

-1< n < 1 (S.3) 

P is a property such as elastic modulus or thermal conductivity. n is some function of 

the morphology of the system For n = 1, the ordinary rule of mixtures results, 

whereas n = -1 describes the inverse rule of mixtures. The logarithmic rule of 

mixtures(18S) results for n = o. The Davies(124.12S) equation, which Hourston and Zia(267) 

class as a special solution to the Nielsen equation(299), is designed for systems in which 

both components are present as continuous phases. It is given by equation S.4, where 

G and '" have been previously defined. 

(5.4) 

In genera~ conversion from the shear to the tensile modulus, E, can be done using the 

equation E = 2G(I+v). However, this was not done since the error that is introduced 

by using E in the expressions for G is small(294) when compared to the predictions of 

the three models and in the order of the error in the measurement of E. Poisson's ratio 

for the homopolymers were assumed to be O.S for the polyurethane and O.3S for the 

PS(80l, and the Poisson's ratios for the compositions were calculated using the 

weighted average(80.294) of the Poisson' s ratio of the two components. 

So far, the fit of experimental data to modulus-composition theories has been 

contradictory. Hourston and Zia(128) found the Davies equation to fit their data well 

for simultaneous semi-2 polyurethane/polymethyl acrylate IPNs. For semi-2 
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PURfPMA IPNS(267), a close fit by the Davies equation was obtained by changing the 

exponent to 1110. A PURlpolyvinylacetate (PVAc) semi-l IPN series(267) fitted the 

Davies equation well, when the exponent was altered to 116. They reasoned that this 

was an indication for better miscibility in the semi-I PURfPVAc system than in the 

semi-2 PURfPMA IPN. Good fits with the Davies equation were also obtained by 

Alien et al. (293) for PURfPMMA and PURlpolyacrylonitrile IPNs. Akay and Rollins(58) 

compared the modulus versus composition plots of simultaneous and sequential 

PURfPMMA IPNs. They found the elastic modulus-composition plots to comply with 

Budiansky's phase inversion model for simultaneous IPNs and with a dual-phase 

continuity model (Davies equation) for sequentialIPNs. The dynamic storage moduli, 

however, behaved according to the Davies equation. For other simultaoeous full and 

semi PURlPMMA IPNs, Klempner et al.(80) found a fairly good fit with the Budiansky 

equation. The fit was better for the Young's modulus versus composition data than for 

the respective shear modulus versus composition data, a fact that was attributed to 

experimental errors. In most of these studies, however, the conclusions drawn were 

based on three and four composition pointS(100), which makes it difficult to make 

predictions over the whole composition range. Therefore, in the present study, the 

entire composition range was prepared in 10 weight percent increments. 

Figure 5.11 shows the Young's moduli versus IPN composition together with four 

modulus-composition predictions. The experimental data showed some scatter and 

did not fit any of the predictions. However, some similarity with the Budiansky model 

which predicts phase inversion at mid-range compositions existed. The experimental 

data suggested that phase inversion took place between the 30:70 and the 20:80 

PURlPS IPN compositions. In addition to log E, a linear plot ofE versus composition 

is shown to illustrate the pronounced increase in E between the 30:70 and the 20:80 

composition. In addition to Young's modulus, the dynamic storage moduli E' (10 Hz) 

of the IPNs and homonetworks were also plotted against the composition (figure 

5.12). A slightly different pattern was observed at different temperatures. Again, the 

experimental data points for the storage modulus did not fit exactly aoy of the 

theoretical models investigated. However, clearly the shape of the Budiansky 

equation, involving phase inversion at the intermediate composition, gives the best 

approximation. The storage modulus taken at ooe seemed to have the phase inversion 

between the 70:30 and the 60:40 PURlPS IPN compositions. 
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From the moduli taken at 23°C, it appeared that phase inversion occurred at the 40:60 

PURlPS composition. However, taking the moduli taken at 100°C resulted in the 

phase inversion occnrring at higher PS contents, namely, between the 30:70 and 20:80 

compositions. Thus, it was noted that the temperature at which the moduli were taken 

had an important bearing on the shape of the modulus-composition plot. With the 

moduli taken at increasingly higher temperatures, the location where the logarithmic 

rule of mixing was crossed moved to higher PS contents. The intermediate 

temperature between the PUR and the PS transition (67°C) might be most appropriate 

to conduct modulus-composition studies. 67°C is roughly intermediate between 23°C 

(phase inversion at 40:60 PURlPS) and 100°C (phase inversion at 20:80 PURlPS). 

Consequently, phase inversion at 67°C might have taken place at the 30:70 PURlPS 

IPN composition. The influence of the temperature where the modulus values are 

taken will be further discussed in section 6.1. 

Morphology via TEM and SEM. The IPN morphology of the composition study 

was further investigated via TEM and SEM in order to corroborate the findings from 

DMTA and mechanical testing. At this point it should be emphasised that TEM only 

offers a two-dimensional picture of the IPN morphology. Thus, domains that appear 

spherical in shape might also be cylindrical or even worm-like inter-connected 

structures(94). The latter is even more likely if many domains exhibit an ellipsoidal 

shape. Thus, conclusions about phase continuity cannot be made with certainty from 

TEM results alone. Better indications about phase continuity can be obtained(94) via 

DMTA and SEM. The fracture surfaces of the failed tensile test specimens were 

investigated by SEM. Tensile testing was conducted at room temperature, thus, above 

the glass transition of the PUR network (-34°C) and below that of the PS network 

(100°C). Because of the different failure behaviour of the two materials, separate 

phases or inhomogeneities in the IPN were expected to become readily visible. The 

micrograph of the pure PUR network exhibited a surprisingly clean fracture pattern 

(figure 5.13(a». The surface structure that appeared on this micrograph was believed 

to be an artefact resulting from the sample preparation rather than an indication of 

hard and soft segment segregation within the PUR The artefact resulted from melting 

of the low Tg PUR because of overheating during the gold sputtering process. 
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Figure 5.13 SEM micrographs for different PURlPS compositions. (a) 100 PUR, (b) 

100 PS, (c) & (d) 80:20 PURlPS, (e)&(f) 70:30 and (g)&(h) 60:40. 
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Figure 5.14 SEM micrographs for different PUR/PS compositions. (a)&(b) 40:60 

PUR/PS, (c)&(d) 30:70, (e)&(f) 20:80 and (g)&(h) 10:90. 
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The scanning electron micrograph of the pure PS is shown in figure 5. 13(b). A brittle 

failure was observed with little surface structure being present. With increasing PS 

weight fraction, a number of interesting findings with respect to phase continuity were 

made. The SEM micrograph of the 80:20 PURlPS IPN showed a fairly 

homogeneously fractured PUR at a low magnification of 5 k (figure 5.13(c». At a 

magnification of20 k, a presumably PUR matrix with small PS domains of 50-200 nm 

was observed (figure 5.13(d». A slight hint of the melting artefact was still noted at 

that IPN composition. However, it disappeared at higher PS contents because of the 

higher PS softening temperature. At the 70:30 composition (figure 5.13(e», a rougher 

surface structure was noted at a magnification of 5 k. At 20 k (figure 5.13(£), it could 

be observed that the PS domains also increased in size to 100 - 300 nm. The SEM 

micrographs (figure 5.13(g) and (h)) of the 60:40 PURlPS IPN composition showed 

the same trend, yet much more pronounced. The fracture surface exhibited a highly 

irregular structure at a magnification of 5 k and the domain size increased even further 

to 200 - 800 nm. In addition to these . domains, cylinder-shaped cavities in the matrix 

were observed (figure l3(h». The presence of important cavities and comparatively 

large domain sizes indicated that phase mixing and cohesion between the PUR and PS 

phases were poor. This corroborated the findings obtained from DMT A of a grossly 

phase separated IPN morphology. At this 60:40 composition, the PS network might 

have exhibited a limited degree of phase continuity. However, it was believed that the 

PUR network still constituted the matrix, with the dispersed PS domains considerably 

increasing in size. The cavities observed throughout the 60:40 to the 40:60 PUR/PS 

IPN compositions were, most likely, PS-rich cylindrical domains. Up to the 40:60 

PURlPS IPN, the PUR network was still believed to have constituted the more 

continuous phase. So far in this' SEM study secondary electrons emitted form the 

material surface were used as the imaging signal. This technique yields(245) 

topographic images of the sample surface. It was attempted to obtain some 

compositional information of the sample by using the back-scattered electron mode. 

Back-scattered electrons are primary beam electrons that have been elastically 

scattered by the nuclei in the sample and escape from the surface. In order to enhance 

the contrast of mass of the nuc1e~ staining with osmium tetroxide was conducted. 

With this information, it was hoped to elucidate further the question of which 

component represented the matrix and which component was present in discrete 
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domains or cylinders. Figure 5.13(h) directly compares the secondary electron (left 

side) to the back-scattered mode (right side). It was hoped that the osmium tetroxide­

stained PUR phase would appear lighter because of a higher percentage of back­

scattered electrons. However, it was obselVed that the surface characteristics had a 

much stronger effect than the difference in nuclear mass. Since no additional 

information was gained using the back-scattering mode, it was solely continued with 

the secondary electron imaging technique. 

A maximum of structure irregularities and cylindrical cavities were observed for the 

40:60 composition (figure 5.14(a». Also, the domain size was the largest with 

diameters of600 nm to 2f.l (figure 5.14(b». At the 30:70 PURlPS composition (figure 

5.14(c», an important change in IPN morphology was obselVed from the fracture 

surface. Clearly fewer and shallower cavities were obselVed. The fracture surface 

though still appeared very rough (figure 5.14(d». This might have been the beginning 

of phase inversion to a predominantly PS-matrix. At the 20:80 PURlPS IPN 

composition (figure 5.14(e», the cylindrical cavities had completely disappeared. At a 

magnification of 5 k, the surface structure showed similarities to th~ 100 PS fracture 

surface. At 50 k though, a fine morphology of small interconnected cylinders of 100-

150 nm in diameter was noted (figure 5.14(£». The 10:90 composition exhibited an 

even finer morphology (figure 5.14(g». The inter-connected cylinders disappeared 

and numerous very small domains of about 50-100 nm diameter appeared. Thus, from 

the SEM micrographs, a two-phase morphology with gross phase separation was 

obselVed. Particularly when considering the lower magnifications, three different 

structures were noted. Up to the 70:30 PURlPS IPN composition, a fairly regular 

fracture surface was obtained, with domain size increasing with higher PS content. 

The 60:40 to 30:70 compositions had a highly irregular fracture surface which 

showed the presence oflarge cylindrical cavities. The latter might have indicated some 

degree of phase continuity of both phases. The 20:80 and 10:90 compositions 

exhibited again a smoother fracture surface having some resemblance with that of 100 

PS. Thus, the mechanical data were corroborated to a high degree by the SEM 

evidence. 

In order to complement the SEM studies, TEM micrographs were taken to elucidate 

further phase domain size and shape (figures 5.15 and 5.16). Even though an 

indication of phase domain sizes could be obtained by the SEM studies, these 
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estimations were limited because of the difficulty in determining the exact borders of 

phase domains and because of not high enough magnifications. The TEM sample 

preparation, including the staining technique and the instrumentation, were reported in 

section 3.4.2. Osmium tetroxide stains preferentially(4) the PUR. Thus, the darker 

regions in the TEM J;Iricrographs consist of PUR or have(65) a high PUR content. A 

micrograph of the osmium tetroxide-stained pure PUR was taken. However, no 

microstructure as a result of possible hard and soft segment segregation was 

observed. TEM studies(204) of phase segregated MDI-based PURs revealed 

microphase separation with hard segment domain sizes in the order of 10 - 20 nm. 

The TEM micrograph of the 80:20 PURlPS is shown in figure 5. 15(a). Many very 

small PS phase domains of 10 - 100 run in diameter were noted. The fact that they 

appeared darker than the matrix is a consequence of a surrounding PUR shell of high 

purity. 

In a recent study, He and co-workers(65) investigated a 30:70 PURlPS lPN by SEM. 

Selective degradation of the PUR by treatment with an ethanolic sodium hydroxide 

solution revealed the existence of a shell surrounding the PS domains. The shell 

contained(65) rather more PUR than the matrix since no obvious degradation could be 

observed for the. latter. A model explaining the development of the PURlPS 

morphology was given and a concentration curve going from the noduli towards the 

matrix was also presented(65). If the same phenomenon of a high purity PUR shell 

surrounding PS domains were to have occurred in the present study, it might have 

been detectable by TEM. A PUR shell of high purity surrounding PS domains should 

have been stained to a greater extent by osmium tetroxide than the matrix, and, 

therefore, appear darker. That was precisely what was observed in most TEM 

micrographs in figures 5.15 and 5.16. The latter confirmed the theory of He and co­

workers(65) and explained the phenomenon of dark PS domains in micrographs of the 

present study. It might also have indicated that the IPN matrix did, perhaps, not 

consist of pure PUR, but that it probably had some PS dissolved in it. Figures 5.15(b) 

and (c) show micrographs of the 70:30 PURlPS IPN. The phase domain sizes clearly 

increased to values between 20 - 200 nm. While the phase domain sizes in the 80:20 

IPN were fairly uniform (figure 5.15 (a», also some larger phase domains of up to 

500 run were found in the 70:30 PURlPS IPN (figure 5.15 (b». 
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200 nm 

Figure 5.15 TEM micrographs for different PURlPS IPN compositions. (a) 80:20 

PURlPS, (b) & (c) 70:30, (d) & ( e) 60:40 and (t) 60:40, unstained. 
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Figure 5.16 TEM micrographs of different PUR/PS compositions. (a) 50: 50 PUR/PS, 
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A further PS phase domain size increase was obselVed for the 60:40 PUR/PS IPN. 

Figures 5.15(d) and (e) show that a distnlJUtion of PS phase domain sizes was 

obtained. Numerous smaller domains of about 50 - 200 run and few bigger domains in 

the order 400 - 700 run were obselVed. Many domains had an ellipsoidal shape which 

could have been an indication of cylindrical domains. The dark-stained PUR was 

believed to have constituted the continuous phase at this composition since no 

pronounced change in morphology was obselVed. Thus, the white PS domains were 

dispersed in the PUR matrix. Again, dark-stained shells surrounding PS phase 

domains were evident (figure 5.15(e». In addition, numerous small black particles 

were obselVed in this micrograph. These were staining artefacts, resulting from 

osmium tetroxide or osmium dioxide crystals that had not been completely washed 

away after the staining process. Figure 5.15(f) depicts the same 60:40 PUR/PS IPN 

composition, however, unstained. A reasonably good electron contrast was present in 

the unstained IPN. In the unstained IPN, the PS domains appeared darker than the 

PUR matrix, indicating that the electron density of the PS was higher than that of the 

PUR. With increasing PS content, larger PS phase domains appeared. Also, within the 

lighter PUR matrix variations were noted similar to those in some stained electron 

mircographs. These might have indicated variations of the PS content that was 

dissolved in the predominantly PUR matrix. These darker matrix regions were more 

frequently obselVed around agglomerates of PS domains and appeared to be to some 

extent interconnected. This might be an indication that as the PS polymerised, first 

spheres and then cylindrical PS-rich domains fonned. This could have indicated a 

change from a nucleation and growth to a spinodal decomposition phase separation 

mechanism A similar phenomenon was noted(S7) for a polybutadienelPS IPN. 

However, it has to be emphasised that the variations in matrix darkness could have 

. also been caused by slight variations in sample film thickness. At the 50:50 PUR/PS 

IPN composition a distribution of small (lOO - 200 run) and larger (500 - 700 run) PS 

domains was obselVed (figure 5.16(a». In addition to these, numerous PS domains of 

I - 3 J.l also appeared. This trend was continued with the 40: 60 composition (figure 

5 .15(b». While a distribution of small PS domains was still obselVed, the big domains 

were in the order of 2 - 6 1-1. At the 30:70 composition, even larger PS domains were 

noted (figure 5.16(c». It was not clear any more which phase represented the 

continuous phase. Even though the volume fraction of the PS domains appeared to be 
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greater than the area of the PUR enriched phases, the latter still appeared more 

continuous. Also, phases with high PUR content and dispersed PS domains were 

observed. Figure 5.15(d) shows that also very small PS phase domains of 50 - 400 nm 

were still present. A dramatic change in IPN morphology was observed at the 20:80 

PURlPS IPN composition. 'This composition showed predominant interconnected PS 

phases (figure 5.16(e». In addition, inbetween the light PS phase, dark worm-like 

domains were observed. These were believed to consist of a PURlPS blend. Thus, at 

the 20:80 composition phase inversion had occurred. The morphology of the 20:80 

composition observed by TEM had a very strong resemblance to the SEM 

micrographs in figure 5.14(f). The 10:90 composition showed a hardly resolvable 

morphology with very small dark PUR domains of 30-80 om in diameter. 

In conclusion, TEMmicrographs showed that in addition to large PS phase domains, 

also small domain sizes of about 10 - 20 om were obtained because of the enforced 

mixing through crosslinking. However, the two well-separated loss factor peaks in the 

dynamic mechanical spectrum and the opacity of the IPN sheet indicated gross phase 

separation. Thus, in addition to phase domain size, emphasis has to be placed on 

phase domain shape and purity of the phase domains in order be able to make 

predictions about IPN miscibility from transmission electron micrographs. Well­

defrned phase boundaries were a better indication for an immiscible IPN than was 

phase domain size. Phase inversion occurred between the 30:70 and 20:80 PURlPS 

IPN compositions. 

Thermogravimetric analysis (TGA). TGA can be employed(291) to assess the 

thermal stability and decomposition temperature and to study the decomposition 

mechanism and products of polymers. For the latter, combination with other analytical 

techniques such as infra-red spectroscopy and gas chromatography is needed(302) 

In a previous TGA study on IPNs, Kim, Klempner and Frisch(81) found improved 

thermal properties for a PURlPMMA IPN. They concluded that the depolymerising 

MMA acted as a radical scavenger and, thus, improved the thermal stability of the 

PUR. The same authors(127) reported a higher weight retention of the PURlPS IPNs 

above 400°C compared to the respective homopolymers. Kim and Kim(149) also found 

an enhancement of thermal stability in PURlPS IPNs. This enhancement was more 

pronounced in IPN s that had been synthesised in the presence of a common solvent, a 
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fact that they attributed to a higher degree of interpenetration in these IPNs. TGA 

studies of selected PUR/PS IPN compositions were conducted. TIle percent weight 

loss versus temperature is shown in figure 5. 17. 
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Figure 5.17 Percent weight loss versus temperature for PUR/PS lPN compositions. 

(a) 100 PUR, (b) 80:20 PUR/PS, (c) 60:40, (d) 40:60 (e) 20:80 and (f) 100 PS. 

While the previous studies were conducted in a nitrogen atmosphere, in the present 

study all air atmosphere was used in order to simulate better environmental 

conditions. The PUR was found to have the poorest thermal stability (figure 5.17(a». 

Considerable weight loss started to occur at 230°C and at 300°C less than 5% of the 

initial weight remained. llle three main decomposition reactions for polyurethanes 

are(206) the dissociation into the isocyanate and the alcohol, the formation of a primary 

amine, CO2 alld an olefin or the formation of a secondary amine and carbon dioxide 

(section 2.3.2). While the dissociation into the isocyanate and alcohol can occur(203) at 

temperatures as low as 140°C, it did not affect the TGA trace since no volatile 

components escaped. The latter two reactions are known(206) to occur above 200°C 

wllich was confirmed in this study by the major weight loss at 230°C. llle 80:20 

PUR/PS IPN composition exhibited a better thermal stability (figure 5.17(b)). Major 

weight loss started to occur only at 260°C. Also a two-stage drop in weight was 



observed. A very steep weight loss down to 30% over 30°C was followed by a more 

gradual degradation down to 5% over 110°C. This corresponded to some extent to 

the weight percentages of PUR and PS present in the IPN. The PS network had a 

much better thermal stability and significant weight loss started to occur only at 

temperatures above 300°C (figure 5. 17(f). The weight loss proceeded in an 

essentially one-step drop down to 3% weight retention. Both the 60:40 and 40:60 

compositions had a similar thermal properties profile (figures 5.17(c) and (d». The 

two-step weight loss started at 270°C. The 20:80 composition showed a surprising 

phenomenon (figure 5. 17(e». While a weight loss of the first 25% occurred at 

temperatures lower than the PS decomposition, the remaining 75% were lost at 

temperatures higher than for the 1 00 PS network. This was similar to the findings 

made by Kim, KJempner and Frisch('27) who observed a higher weight retention above 

400°C for PURlPS IPNs. Thus, the TGA analyses in an air atmosphere showed that 

compared to pure PUR the IPNs showed some improvement in the thermal 

properties. However, no or only a very limited synergism of the thermal properties of 

the IPNs was observed. Over most of the composition, the curves exhibited mere 

averages of the constituent PUR and PS homonetworks. 

Selection of the 60:40 PUR/PS IPN composition for further study. The 60:40 

PURlPS IPN composition was the obvious choice for the continuation of this study. 

Most importantly, a material with a pronounced low Tg transition had to be chosen 

since it was one of the aims of this study to develop damping materials coveriug a 

wide temperature range, including room temperature. Also, at this composition, both 

the PUR and the PS loss factor peaks were clearly discernible and well developed 

(figures 5.18 and 5.19). This is one prerequisite for miscibility studies. Since for such 

a study the shift of the loss factor peak location of the components and the loss factor 

peak height of the inter-transition zone serve as miscibility indicators. Furthermore, a 

very good reproducibility of this composition was observed. Even though 

reproducible resnlts were obtained over the whole composition range, a slight 

variation of the composition within the sheets was observed at higher polystyrene 

contents. A more practical aspect of this choice was that due to the predominant 

polyurethane component and its elastomeric nature good demonlding was possible 

without putting too much strain on the film. 
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Figure 5.18 Loss factor versus temperature data for the 60:40 PUR/PS IPN. 
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60:40 PUR/PS IPN - stirred synthesis. The synthesis procedure and conditions were 

shown to have an influence on the extent of phase separation in IPN s (section 5.1). 

The miscibility of PURlPS IPNs has been reported to be improved and the inter­

transition values raised on conducting the synthesis at low temperature(66), under high 

pressure(274) and in a common solvent(149). In this study, a stirred polymerisation was 

conducted in order to increase the amount of phase mixing and to obtain a high inter­

transition zone. The synthesis procedure deviated from that outlined in section 3.3.2 

in that after combining and mixing all components for 5 mins, the mixture was 

allowed to prepolymerise under moderate stirring for 30 min at 60°C, still in the 

reaction vessel. The stirring had to be conducted at moderate speed (approximately 

120 rpm) in order not to introduce air bubbles into the increasingly viscous reaction 

mixture. At gelation, the cloudy and highly viscous mixture was moulded and cured 

according to the previous curing cycle. 

DMTA studies. Figures 5.20 and 5.21 show the DMTA data for the stirred 60:40 

PURlPS IPN ·and the conventionally produced equivalent. Both IPNs were 

crosslinked at a PPG1025/TMP ratio of7:1 and 1% DVB. From the DMTA data, it 

was noted that the two glass transition peaks of both IPNs were located at similar 

temperatures. These were -5°C and -3°C for the PUR transition and 127°C and 123°C 

for the PS transition for the conventional and stirred polymerisation, respectively. The 

slight inward shift of the transitions for the stirred IPN could have indicated less pure 

component phases. Further, an inversion of the peak heights was observed. In the 

conventionally synthesised IPN, the loss factor value of the PUR peak (0.63) was 

slightly higher than the PS peak (0.59). Whereas in the stirred IPN, the PS (1.08) was 

clearly higher than PUR transition (0.48), indicating, perhaps, a change in the 

continuous phase. Similar to the preparation of high impact PS (HIPS),3D3), this was 

caused by the lower viscosity of styrene monomersloligomers. The PUR reaction 

proceeded first, yet, the formation of a macroscopic PUR network was to a certain 

degree impeded by the stirring. Even though the PUR component was present in the 

higher volume fraction with 60 weight % and was the first formed network, it was PS 

that seemed to form the more continuous phase. The most remarkable difference with 

respect to the damping characteristics of this material, however, was the high loss 

factor values (0.45) of the stirred IPN for the inter-transition values compared to 

those of the conventionally moulded IPN (0.18). 
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Consequently, the area under the loss factor curve, TA, of the stirred IPN was very 

high compared to the conventionally synthesised counterpart. The former indicated 

that a region with a substantially mixed interface existed. This could be explained on 

the grounds that mixing was conducted up to a high viscosity. Both networks were 

forming simultaneously. Growing PS chains were trapped in the developing PUR 

network and vice versa, leading to increased component mixing. Because of the high 

viscosity and entanglement, PS chain movement leading to phase separation was 

impeded and proceeded only at a much slower rate than in the conventional synthesis. 

At moulding, the entire system was interlocked by completion of the network 

formation. 

TEM studies. The conclusions drawn from the DMT A data were confirmed by TEM 

micrographs. The conventional synthesis resulted in light PS domains dispersed in 

dark OsO.-stained PUR matrix. The morphology of the stirred system was clearly 

more complex (figure 5.22). Besides PS domains in a PUR matrix (figure 5.22(a», 

also finely dispersed PUR domains in a PS matrix (figure 5.22(b» and PUR domains 

in PS domains in a PUR matrix could be observed (figure 5. 22( c». A great 

distribution of phase domain sizes was obtained. PUR domains in PS phases varied 

from 20 nm in the ellipsoidal PS phases in figure 5.22(a) to 1 11 in figure 5.22(b). In 

addition to obvious changes in phase domain sizes, the composition of the matrices 

might also have changed. The latter had already been indicated by the inward-shift of 

the PUR and the PS transitions form the DMTA data. In conclusion, this stirred 60:40 

PURlPS IPN resulted in a high damping material with a loss factor range> 0.3 from 

-19°C to 145°C and a very high TA area. This preparation process might be worth 

further study. However, reproducibility of the materials was a major problem since 

exact timing of the transfer into the mould was essential. Also, because of the high 

viscosity, the reaction mixture could not be degassed after stirring so that the 

presence of small air bubbles could not be excluded. To what extent air bubbles could 

have been responsible for the very high damping characteristics was not entirely clear. 

However, PUR foam when compared to the respective PUR elastomer using the same 

Polymer Laboratories MKII DMT A analyser did not show any significant increase in 

loss factor values. 
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Figure 5.22 TEM studies for the stirred 60:40 PURlPS IPN. 
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Influence of the reaction kinetics and the curing cycle. The reaction kinetics of 

the 60:40 PURlPS IPN were studied sioce they have an important beariog(4) on the 

IPN morphology and properties (section 2.1.2). It is known(lOO) that the first-formed 

network greatly influences the IPN properties. The reaction rates of the PUR and the 

PS components were monitored by FTIR spectroscopy. A plot of the percent 

conversion versus time is shown in figure 5.23. 
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Figure 5.23 PUR and PS conversions versus reaction time in the 60:40 PURlPS. 

The actual temperature profile measured in the mould by insertion of a thermocouple 

duriog the curiog cycle was remodelled with the heated cell unit. This temperature 

profile is represented by the solid line in figure 5.23. The conversion curves of both 

networks were monitored by following integrated peak areas versus time. The 

integration limits of the respective functional groups were 2330-2160 cm-l for the 

isocyanate and 1637-1622 cm-l for the vinyl group. Under the present reaction 

conditions, the PUR reaction proceeded faster than the PS formation. Up to a PUR 

conversion of 80%, the two conversion curves did not crQss each other. However, 

during the later stages of the PUR formation, a considerable amount of PS polymer 

was already present. For example, at a PUR conversion of 75% already 30% of the 

PS monomer had reacted. Due to the different reaction mechanisms, linear PUR at 

75% conversion would have been of oligomeric character. However, since the PUR 

component was crosslinked by TMP, a network had already formed at that stage. The 

30% reacted PS monomer had formed polymer. The presence of PS during the 
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formation of the PUR is known(64,65) to result in grossly phase separated materials 

because of the high immiscibility of both polymers, Because of the tertiary nature of 

the NCO group, the rate of the PUR formation was comparatively slow. A more 

reactive NCO group such as in an aromatic diisocyanate might, thus, have resulted in 

less phase separated IPN s, Thus, selecting a more reactive diisocyanate could be a 

means of decreasing phase separation under the given reaction conditions. 

The influence of the curing cycle on the DMTA data of the IPNs was briefly 

investigated. A series of 4 IPN sheets of similar chemical composition were prepared 

and cured simultaneously. Again, the 60:40 PUR/PS IPN composition crosslinked at a 

PPGI0251TMP ratio of 3: I and 5% DVB was chosen for this series. The general 

curing cycle was conducted and interrupted at several stages. One mould was taken 

out after 24 h at 60°C and 80°C. The second IPN represented the general curing cycle 

and was demoulded after further 24 h at 90°C. The third sheet was taken out after 2 

more h at 120oe. This last curing cycle was applied to PUR/PS IPNs with a PS 

content of 60% or greater. Instead of 2h, the last IPN was left in the oven for 24 h at 

120°C. The DMTA data in figures 5.24 and 5.25 indicated that there existed only 

slight differences in the first three sheets. The loss factor peak locations and peak 

heights were very similar for the IPN s cured at 24 h at 600 e and 80°C and 24 h at 

60oe, 800 e and 900 e (figure 5. 24( a) and (b». The IPN that was cured for a further 2 

h at 1200 e exhibited a slightly lower PUR loss factor peak while the PS loss factor 

was somewhat higher. The IPN cured for a further 24 h at 120°C (figure 5.24(d» 

showed clear signs of degradation of the PUR network. Compared to the IPN that 

was cured according to general curing cycle (figure 5.24(b », the PUR transition peak 

diminished to half the original size from 0.64 to 0.32 and shifted to a lower 

temperature of _13°e compared to _2°C. The PS transition on the other hand almost 

tripled in size from 0.42 to 1.04, and also shifted to a lower temperature of l27°e 

compared to 139°e. The PUR transition shift to lower temperatures occurred because 

of a decrease in molar mass and partial break up of the PUR network. A second 

factor, perhaps, was a plasticisation effect which was caused by loose soft segment 

ends and fragments. A further indication for this theory was that the polystyrene peak 

was ahnost three times its original height and also shifted towards lower temperatures. 
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Thus, the restrictions of the PUR network ceased to exist and the PS became more 

continuous which was reflected in the increase in transition peak height. The decrease 

of the PS Tg could, perhaps, be explained by a decrease of urethane links which 

resulted in a decrease of hydrogen-bond interactions between the N-H and the it 

orbitals of the PS phenyl rings. Equally important was that the contact area of the 

PUR with the PS was believed to have decreased. A relatively tight PUR network 

restricted the domain size of the PS. Upon the break-up of the network, PS domains 

could form larger and more continuous domains, and, thus, decrease the possible 

hydrogen-bond interactions between the N-H and the PS phenyl rings. 

From the storage moduli versus temperature a similar trend was observed (figure 

5.25). A two-step drop corroborating the immiscible nature of the IPN was observed 

for all moduli. For curves (a), (b) and (c), the storage modulus drop in the PUR 

transition was very pronounced. This was further demonstrated by the comparatively 

low plateau moduli between the two transitions. The IPN cured for a further 24h at 

120°C additional to the general curing cycle exhibited a different profile. The storage 

modulus drop at the PUR transition was less pronounced and the inter-transition 

plateau consequently higher than for the other three materials. A further very small 

modulus drop in the plateau modulus was observed at about 50°C. This transition was 

not reflected in the loss factor versus temperature profile and might thus have been a 

primary transition. In this IPN it could have been the melting of some associated hard 

segments. Association of hard segments was facilitated by the dissociation of the PUR 

network because of an increase in chain mobility. The degradation or better 

dissociation of the PUR network into the isocyanate and the diol at that low a 

temperature was surprising. Generally, a urethane group between two alkyl groups is 

said(204) to be thermostable up to 250°C, whereas one between two aryls dissociates at 

about 120°C. The degradation in this case, however, is surprising since the urethane 

group was situated between two alkyl groups. The fact that PUR IPNs with PS or 

PMMA exhibit a somewhat higher thermal stability(127,275) due to the radical 

scavenger effect of the depolymerising polymer was not of importance at these low 

temperatures. One explanation for this early degradation could be the relatively high 

amount, 1 weight %, of stannous octoate present in the IPN sheet, which is also 

known(204) to promote PUR dissociation and degradation. 
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5.3 Variation of the Crosslink Density of the 60:40 PURlPS IPN 

The crosslink density is generally believed(lOO,112,128) to have an important effect on 

IPN morphology, Studies(lOO,112) have revealed that especially the crosslink density of 

the first-formed network exerts a strong influence on the phase domain sizes in IPNs, 

The aim of this study was to investigate the influence of the crosslink density in both 

networks on the IPN morphology. Thus, the effect of crosslinking on the loss factor 

versus temperature profile, phase mixing, the continuous phase and the phase domain 

sizes were studied using DMTA, M-TDSC and TEM. Two crosslinking series were 

conducted at the 60:40 PURlPS IPN composition, including two semi-IPNs. Six 

different dioVtriol ratios in the PUR were investigated at a fixed DVB level of 5 mol 

% in the PS component, The ratios were varied from no TMP in the semi-2 IPN to a 

high TMP content at a PPGI025/TMP ratio of 1:3. The other series was conducted at 

a fixed PPG 1025/TMP ratio of3: 1. Six different crosslinking levels in the PS network 

were investigated, These ranged from 0 mol % DVB in the semi-I IPN to 20 mol % 

DVB, 

DMTA studies. Figure 5,26 shows the loss factor and storage modulus versus 

temperature data of the 60:40 PURlPS IPNs at a fixed DVB level of 5 mol % and 

varying dioVtriol ratios, The DMTA data are given in table 5.3, together with values 

for the theoretical average molar mass between crosslinks, Mc,!, for the PUR. M,,! was 

calculated by using equation ( 4.3). 

Table 5,3 DMTA data for the 60:40 PURlPS IPNs at 5 mol % DVB level and 

varying PPG 1 025/TMP ratios, 

Ratio M"t (PUR) IPNPUR IPNPS 
PPGlO25/TMP [glmol] Tg [OC] Tg [0C] tan I) Tg [0C] tan I) 

1:3 620 88 0,51 134 0.45 
1:1 1180 (30) 37 0.51 138 0.32 
3:1 2870 (-5) -1 0,62 139 0.36 
9:2 4110 -9 0.63 139 0,50 
7:1 6260 (-9) -12 0.65 139 0,78 
1:0 linear (-12) -19 0,52 132 1.09 

( ) Tg values for PUR homonetworks from section 4.2. 
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The loss factor peak height of the PUR decreased slightly with higher crosslinking and 

became broader (figures 5.26 and 5.27). 
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Figure 5.27 Loss factor height versus PUR Mc,. in the 60:40 PURlPS lPNs. 

An exception to this was the uncrosslinked semi-2 60:40 PURlPS IPN, where the loss 

factor value of the PUR was lower than in any of the other IPNs. A decrease in loss 

factor peak .height was expected since higher crosslinking limitS(185) the segmental 

movements which are the basis of Tg. A similar tendency of decreasing loss factor 

heights with higher crosslinking was observed for the PUR homonetworks in chapter 

4.2. However, the linear PUR homopolymer exhibited, as expected, the highest loss 

factor peak. Thus, the different behaviour of the PUR transition in the lPN must have 

been caused by the PS network. The loss factor versus temperature data for this semi-

2 IPN (figure 5.26) showed considerably higher loss factor values for the PS 

transition (1.09) than for the PUR (0.52). The small transition spanning from 60°C to 

90°C did not stem from a region of increased PUR-PS phase mixing, but was the f3 

transition(279) of the PS network. It appeared that the PS was the dominant component 

and exhibited a higher degree of phase continuity. The latter, combined with fact that 

PS is glassy at the PUR transition and was crosslinked, might have accounted for the 

lower PUR transition peak height for the semi-2 IPN. The location of the PUR loss 

factor peak in the IPN s shifted strongly to higher temperatures with increasing 

crosslinking density from -19°C for the linear PUR to 88°C for the highly crosslinked 

PUR (figure 5.28). 
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Figure 5.28 Loss factor peak locations versus PUR Mc.! in the 60:40 PURlPS IPNs. 

Comparing these Tg values to those of the PUR homonetworks of similar crosslinking 

density illustrated the influence of the PS network. The Tg values of the linear (-

19°C) and the PPGI025/TMP 7:1 (-12°C) crosslinked PUR transitions in the IPNs 

were lower than those of the corresponding PUR homonetworks (_12°C and -9°C, 

respectively). This could have been a result of a plasticisation effect(63.86) of PS chains 

dispersed in the PUR matrix hindering hydrogen bonding between PUR hard 

segments. More likely, perhaps, was a dilution effect of the PUR precursors by 

poly·styrene. The PUR was essentially formed in solution with 40% styrene as solvent. 

Because of the dilution on the reactive groups, the reaction only proceeded to a lower 

conversion, which resulted in a lower Tg. This effect was very pronounced for the 

linear material and at a low crosslinking density of a PPGI025/TMP ratio of7: I. With 

increasing crosslinking density, however, the molar mass increased towards infinity 

because of the increased presence of multifunctional precursors. Thus, because of the 

network formation, the molar mass build up proceeded at a much faster pace to high 

molar masses even without complete reaction of the functional groups. The PUR 

network caused forming PS chains to be trapped, and this increased the PUR Tg. The 

latter was observed for the IPNs crosslinked at PPGI025/TMP ratios of 3: I and I: I. 

Here, the Tg values for the PUR transition were higher with _1°C and 37°C than 

those of the corresponding PUR homonetworks with -5°C and 30°C, respectively. 
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The variation of the crosslink density in the PUR also influenced the PS transition. 

The PS transition decreased constantly in height, with exception of the highly 

crosslinked IPN at a PPG1025/TMP ratio of 1:3. At no or low crosslinking in the 

PUR (PPG1025/TMP ratios of 1:0 and 7: 1), the PS transition peak was higher than 

the PUR peak (table 5.3). This changed with higher crosslink densities. Since the 

higher transition is usually taken(4) as an indication for the continuous phase, this 

could have meant that crosslinking influenced phase continuity. It has been 

found(lOo.1l2) that the first-formed network represents the continuous phase, and, thus, 

controls the properties of the IPN. However, this study indicated that if the first­

formed network is too lightly crosslinked, the second network can still alter the 

property profile. Further evidence for this obselVation was found in the study varying 

the DVB concentration. While a pronounced difference was observed in the PS loss 

factor peak heights, the PS peak location remained very stable and most Tg values 

were between 138°C and 139°C (figure 5.27). Exceptions were the two extreme 

situations, the linear and the highly crosslinked PUR, where lower T g values were 

obtained. In the semi-2 IPN, the PS transition was found to have been 7°C lower at 

132°C. This could have been because of the fact that the segmental movements of the 

PS were less restricted by the linear PUR than by the PUR network. This could also 

have indicated a decrease of hydrogen-bond interactions between the N-H of the 

methane link and the PS phenyl1t orbita1(290) The decrease of these interactions could 

have been a result of fewer methane links due to the linear character of the PUR. 

Another reason for a decreasing contact area might have been a decrease of PS 

surface area due to bigger phase domain sizes (see TEM micrographs). At the high 

crosslinking density (PPGI025/TMP ratio of 1:3), the inward-shift of the transition 

might well have indicated a higher degree of forced component mixing. A further 

indication for a higher degree of forced component mixing was the high inter­

transition value of 0.24 (figure 5.25). It might have been expected that with increasing 

PUR crosslinking, the PS transition would be shifted to higher temperatures because 

of a decrease in free volume. However, this effect was probably not very pronounced 

because of the high immiscibility of the phase domains. Also, it might have been 

compensated through the increased degree of forced mixing at higher crosslinking, 

which in turn, would have caused an inward shift of the PS transition. 
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Varying the crosslinking density of the PS network showed less pronounced effects by 

far and was less conclusive. The loss factor and storage modulus versus temperature 

data of the 60:40 IPNs at a fixed PPGl0251TMP ratio of3: 1 and varying DVB levels 

are shown in figure 5.28. The DMTA data are given in table 5.4. The loss factor peak 

heights are plotted versus Mc.t of the PS network in figure 5.29. Mc.t was calculated 

using a modification of a previously reported equation(304). 

(5.5) 

XM and Xx are the mol fractions and MM and Mx are the molar masses of the styrene 

monomer and DVB crosslinker, respectively. The higher DVB molar mass of 130 

glmol was taken into account by the second component in the sum. The PUR 

transition heights generally decreased with increasing DVB content (figure 5.30). The 

same general trend was noted for PS transition heights up to crosslinking levels of 

10% DVB. At 20% DVB, however, the PS transition increased from a loss factor 

value of 0.31 to a value of 0.44. 

Table 5.4 DMTA data for the 60:40 PURlPS IPNs at a fixed PPG1025/TMP ratio of 

3: 1 and at varying DVB levels. 

Crosslinker Mo.t PUR PS 
[% DVB] [glmol] Tg [0C] tan /) Tg [0C] tan /) 

20 500 -5 0.39 130 0.44 
10 1100 -2 0.53 125 0.31 
7.5 1400 -4 0.52 121 0.34 

5 2100 -1 0.62 139 0.36 
2.5 4200 -9 0.57 128 0.49 

0 linear -2 0.76 134 0.47 
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Figure 5,29 DMTA data for 60:40 PUR/PS IPNs at a fixed PPGI025/TMP ratio of 

3: I and at varying DVB levels. 
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Figure 5.30 Loss factor height versus PS Mc,t for the 60:40 PURlPS IPNs. 

The PS transition was for the first time in this series higher than the PUR transition, 

possibly indicating a change of the continuous phase or dual phase continuity. Again, 
• 

this might have indicated that the crosslinking level in both networks and not 

exclusively that of the first-formed network determioed the IPN morphology. The 

influence of the crosslinking level on phase continuity might have been a combination 

of two factors. A more lightly crosslinked PUR network was more susceptible to 

segmental movements when swollen with styrene mono mer, allowing the latter to 

develop a more continuous polymer network. Also increasing the amount of 

crosslinker could have brought about a change in the reactivity rates of the system. 

This is particularly true for the crosslinking of styrene, since it is known(305) that DVB 

possesses a far higher reactivity than the latter. Another side effect of the difference in 

reactivity of DVB and styrene is that important variations in the crosslinking density 

of PS networks can result<305). This, combined with the fact that some DVB is too 

sterically hindered(305,306) to act as a crosslinker, sometimes causes the PS network not 

to be completely homogeneous, especially at high DVB levels. With increasing 

crosslinking densities, the PS transition increased in breadth, particularly at DVB 

levels of 7.5% and higher (figure 5.29). Thus, because of the relatively broad PS 

transitions, it was at times difficult to assign a value for Tg. It was, perhaps, for these 

reasons that no clear trend could be observed for the PUR and PS peak locations 

(figure 5.31). 
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Figure 5.31 Loss factor peak location versus PS M.,J for the 60:40 PURlPS lPNs. 

A number of phenomena are influencing the location of the PS transition. Higher 

crosslinking generally causes a shift of Tg to higher temperatures, while it also might 

have resulted in an increase in forced mixing with the PUR It has been 

experienced(ll2) before that incorporation of DVB levels greater than 3% did not 

further increase transparency in PURlPS lPNs. The ineffectiveness of high DVB 

contents was explained in two ways. Either not all of the available vinyl groups of 

DVB could react due to the high viscosity of the reaction medium or the presence of 

the polyurethane network opposed the polystyrene network formation. In conclusion, 

it could be seen that the area under the loss factor curve, TA, generally decreased 

with higher crossIinking. Increasing the crossIinking in the first-fonned network had a 

much more pronounced effect than in the second network fonned. At a higher PUR 

crosslink density, the PUR transition shifted to higher temperatures, yet hardly 

changed in size. The PS transition on the other hand remained at the same 

temperature, however, strongly decreased in height. Apart from a general decrease of 

the loss metor values, no clear trends for the loss factor peak locations were observed 

for an increase in crosslink density of the PS network. 

Modulated-temperature DSC studies. The variation of the crosslink level in the 

PUR proved to influence more dramatically the loss factor data than a variation of the 

crosslink level in the PS. Therefore, the M-TDSC data were obtained for PUR 
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crosslinking series. Plots of the derivative of the heat capacity versus temperature for 

60:40 PUR/PS IPNs of three different crosslinking densities are shown in figure 5.32. 

'The PUR soft segment transition shifts to higher temperatures, as determined by the 

M-TDSC data, were much less pronounced (lower by a factor of 3) than those 

obselVed from the DMTA data. TIle PUR Tgs (M-TDSC) were located at -38, -33 

and -26°C for PUR crosslinking ratios of PPGI025/TMP of 7:1, 3:1 and 1:1, 

respectively. With increasing crosslinking of the PUR, the PS transition shifted to 

slightly higher temperatures. TIle PS Tg was found at 108, I 10 and 115°C for PUR 

crosslinking ratios of PPGI025/TMP of 7: I, 3: I and I: I, respectively. TIlis is in 

contrast to the findings from the DMTA data, where it remained at the same location. 

However, again it has to be emphasised that while the detemlination of the PUR Tg 

was straightforward, a broad PS transition made the exact detennination of the PS Tg 

difficult. In addition to the shift to higher temperatures of the PUR Tg, its breadth 

increased for higher crosslinking levels. Also, the change in heat capacity occurred 

more gradually as was substantiated by the decrease in peak height of the derivative of 

the heat capacity. 
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Figure 5.32 Derivative heat capacity versus temperature for 60:40 PUR/PS IPNs at a 

5 mol % DVB level and at varying PPG 1025/TMP ratios. (a) PPGI025/TMP 7: I, (b) 

3: I and (c) 1: 1. 
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Morphology by TEM. TEM studies were conducted in order to confirm the findings 

from DMTA and M-TDSe and to elucidate further the IPN morphology. Four IPNs 

with highly different crosslinking densities in the PUR network were investigated . 

. These were 60:40 PURlPS IPNs with PPG1025/TMP ratios of 1:0,7:1,1:1 and 1:3. 

The TEM micrographs of these IPNs showed a distinctly different morphology (figure 

5.33). Generally, with increasing crosslinking density of the PUR component, the 

phase domain sizes of the PS decreased. The semi-2 60:40 PURlPS IPN 

(PPG1025/TMP ratio of 1:0) had very large PS phase domain sizes of 500 nm to 

several microns and the PS phases appeared to be interconnected (figure 5.33(a». 

Thus, both the dark PUR and the white PS phases were believed to have exhibited 

some degree of continuity. It had been observed by DMTA that when the PUR was 

linear the loss factor peak of the PS was twice the size of the PUR. The latter 

indicated that the PS phases were interconnected. Thus, the TEM micrographs 

confirmed the findings from DMTA (figure 5.26). At a low crosslinking level of the 

60:40 PURlPS IPN ofa PPGI025/TMP ratio of7: I, the PS phase domains remained 

fairly large (figure 5.33(c». However, the PS phases appeared to be less 

interconnected. The micrograph of the IPN crosslinked at a PPG10251TMP ratio of 

1: 1 showed generally smaller phase domains in the order of 50 - 200 nm (figure 

5.33(d». The matrix seemed to be ofa lighter shade than that of the 7:1 crosslinked 

IPN. At the highest crosslinking density of a PPG 1 0251TMP ratio of 1:3 in addition to 

sporadic larger domains (figure 5.33(e», even smaller PS phase domains were 

observed (figure 5.33(d». Osmium tetroxide-stained and unstained micrographs 

showed very similar patterns. In both micrographs, the PS domains were darker than 

the PUR-rich matrix. This indicated that the osmium tetroxide staining of the PUR 

was less effective at higher crosslinking densities. While the exact mechanism of the 

staining with osmium tetroxide is not known, it is believed(205) that some interaction 

with the ether oxygens of the PUR soft segments occurs. With increasing crosslink 

densities of the PUR network, the amount of soft segment decreased. The IPN 

crosslinked at a 7: 1 PPG1025/TMP ratio had a soft segment content of 75% while 

that of a 1:3 ratio had a soft segment content of only 35%. Thus, fewer interactions 

between osmium tetroxide and the matrix explained the lighter shade of the latter. 

187 

. _ J 



Figure 5.33 TEM micrographs for 60:40 PURlPS IPNs at a 5 mol % DVB level and 

at varying PPGl025/TMP ratios. (a)&(b) PPGl025/TMP ratio 1:0, (c) 7:1, (d) 1:1 

and (d)&(e) 1:3. 
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A higher PS content in the PUR-rich matrix - which could have impeded staining to 

some extent - was not too likely to have caused the lighter shade of the matrix. Since 

PS had a higher electron density than the unstained PUR, a PUR matrix with high 

contents of dissolved PS would have resulted in a darkening of the matrix of the 

unstained IPN. However, this was not observed. In conclusion, the TEM micrographs 

supported the findings from the DMTA data of a more interconnected PS phase 

morphology at low PUR crosslinking levels and smaller PS phase domain sizes at 

high PUR crosslinking densities. 

5.4 Inter-network Grafting 

The introduction of inter-network grafting has been found(112.134-139) to be very 

effective in reducing phase separation in IPN s (section 2. 1.4). Consequently, it could 

represent an important means of obtaining a broad transition region from two 

polymers with Tgs far apart. The objective of this study was to investigate the 

efficiency of various grafting agents in provoking an inward-shift of the two transition 

peaks to result in a high and broad transition zone. The height and shape of the 

transition zone is very important with respect to the damping ability of IPN s. The 

grafting sites in the PUR network were created by the use of unsaturated compounds 

containing either hydroxyl or isocyanate entities. The 5 grafting agents evaluated were 

2-butene-I,4-diol (BED), 7-octene-I,2-diol (OED), a,ro-poly(butadiene) diol (PBD), 

2-hydroxylethyl methacrylate (HEMA) and benzene-l( l-isocyanato-I-methylethyl)-3-

(l-methylethenyl) (TMI). All grafting agents were incorporated into the 60:40 

PURlPS IPN composition. The latter was crosslinked at a PPGI025/TMP ratio of3: 1 

and with 5 mol % DVB. The grafting agents were incorporated at four distinct levels 

of I, 2.5, 5, and 10 weight %. The NCO/OH ratio was constantly kept at 1.1 by 

adjusting the amount ofTMXDI used. The choice of the grafting agents was made in 

order to investigate the efficiency of unsaturation in different chemical environments 

under the present reaction conditions. Those were dialkenes, co-alkenes, methacrylates 

and a-methylstyrene-type environments. 

DMTA studies. DMTA studies were conducted with all 60:40 PURlPS IPNs grafted 

with different levels of the 5 grafting agents. The efficiency of the grafting agents was 

189 



evaluated according to the criteria described in chapter 3.4.1. In brief; these were the 

location and height of the loss factor peaks and the height of the inter-transition 

region. Figures 5.34 to 5.37 show the loss factor versus temperature data for the 

BED-, PBD-, HEMA- and TMI-grafted 60:40 PURlPS IPNs. The DMTA data of the 

OED-grafted IPNs were very similar to those of the BED-grafted IPNs and, thus, are 

not shown. For the TMI-grafted IPNs the storage and loss moduli are shown in 

figures 5.38 and 5.39. The incorporation of BED resulted in a shift to higher 

temperatures of the PUR loss factor peak (figure 5.34). This shift was significant with 

a temperature difference of 65°C from _3°C for 0% BED to 62°C for 10% BED 

incorporation. The PUR transition heights on the other hand remained fairly constant. 

The PS transition first shifted to slightly higher temperatures for 1, 2.5 and 5% BED 

incorporations before it shifted inwards for the incorporation level of 10% grafting 

agent. The PS transition height increased substantially with increasing BED 

incorporation from 0.36 for 0% BED to 0.83 for 10% BED. This increase could not 

be explained since when increasing the cross1inking density in the PUR in a previous 

study (figure 5.26) no such trend was observed. Grafting could not account for this 

transition increase since the occurrence of the latter would have rather depressed the 

transition height as a consequence of a decrease in segmental mobility. Furthermore, it 

was not thought that the shift of the PUR transition to higher temperatures was the 

result of a significant extent of inter-network grafting. BED has a low molar mass of 

88 glmol and was, therefore, part of the PUR hard segment, together with the extra 

TMXDI that had to be used to keep the NCO/OH ratio at 1.1. Thus, the higher 

percentage of hard segment combined with the increased crosslinking density in the 

PUR both provoked an increase in PUR Tg (sections 4.2 and 4.3). The inter-transition 

region increased to a certain extent with a higher amount of BED. This, however, 

could be explained on the grounds of the PUR transition peak moving closer to the 

PS transition. Because of the PUR transition breadth, the inter-transition values did 

not fall to values as low as for the 60:40 PURlPS without BED. Also, a tighter PUR 

network is known(IOO.1l2) to result in a higher degree of forced segmental mixing. A 

similar increase of the inter-transition values was observed in the crosslinking study at 

the highest PPGl025/TMP ratio of 1:3 (figure 5.26). Thus, a higher degree of phase 

mixing might have caused the inward-shift of the PS transition at the 10% BED. 
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Figure 5.34 Loss factor versus temperature data for the 60:40 PUR/PS If>Ns grafted 

with different weight percentages of BED, (a) 0 weight % BED, (b) 1 %, (c) 2.5%, (d) 

5% and (e) 10%. 
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Figure 5.35 Loss factor versus temperature data for the 60:40 PUR/PS IPNs grafted 

with different weight percentages ofPBD, (a) 0 weight % PBD, (b) 1%, (c) 2.5%, (d) 

5% and (e) 10%. 
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Figure 5.36 Loss factor versus temperature data for the 60:40 PUR/PS IPNs grafted 

with different weight percentages of HEM A. (a) 0 weight % HEMA, (b) 0.5%, (c) 

1%, (d) 2.5%, (e) 5% and (f) 10%. 
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Figure 5.38 Storage moduli versus temperature for the 60:40 PUR/PS IPNs grafted 
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Consequently, it was concluded that the unsaturation in the BED did not encourage 

significant inter-network grafting to occur. Very similar DMTA data were obtained 

with the OED study (data not shown). The PUR transition shifted continually to 

higher temperatures. The shifts were, however, less significant than for BED. This 

was because of the higher molar mass of OED, which at 144 glmol is almost twice 

that of BED. As a consequence, at similar weight percentage incorporation levels, 

fewer urethane links were formed. Thus, the DMTA data for the PUR peak locations 

with 5% BED and 10% OED were found to be very similar. The 5% BED transition 

peak was slightly lower by 6°C at 36°C than that of 10% OED, which was at 42°C. 

With the incorporation of OED, no significant shift of the PS transition was noted. 

Only the IPN with a 10% OED incorporation showed a slightly lower value by 3°C. 

Again, this could be explained with the higher degree offorced segmental mixing due 

to higher crosslinking in the PUR component. 

Instead of being incorporated into the PUR hard segment as were both, BED and 

OED, PBD was part of the soft segment. With the PBD-incorporation no significant 

changes in the loss factor versus temperature profile were observed (figure 5.35). 

Both transition peaks remained roughly at the temperatures of the ungrafted 60: 40 

PURJPS IPN. Thus, again, it was thought that, if at all, only a very limited amount of 

inter-network grafting occurred. Since the molar mass of the PBD with 2580 glmol 

was higher than that of the PUR soft segment PPGI025, a decrease in the PUR Tg 

might have been expected. However, it was observed in another study(307) that when 

using polyols of mixed molar masses the location' of the PUR soft segment Tg mainly 

followed that of the lower molar mass polyol. The fact that a small transition peak of 

the PBD was found at -70°C might have indicated limited miscibility of the two 

polyols. The half-peak width of the PUR and the height of the inter-transition region 

decreased with increasing amount of incorporated PBD. An exception to this was the 

2.5% PBD incorporation which exhibited the highest inter-transition values. However, 

it was believed that the latter was not a representative sample. The general decrease in 

the inter-transition heights could have indicated a decrease in forced phase mixing due 

to decreasing crosslinking density in the PUR network. More likely, however, was 

another explanation. PBD-based PURs are highly phase segregated(205), since no 

interactions are possible between the soft and the hard segment. In polyether-based 

PURs, hydrogen bonding between the ether and the urethane link allow.lfor some 
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phase mixing to occur. The latter results in a broadening of the PUR transition 

(section 2.3.2). Thus, with increasing PBD-incorporation, the affinity to the PUR hard 

segment was weakened resulting in a sharper soft segment transition peak. The 

findings that no significant inter-network grafting occurred with PBD were in contrast 

to a study ofPBD-grafted PURlPMMA IPNs(138). Hourston and co_workers(l38) found 

that the average molecular weight between crosslinks decreased with the 

incorporation of the grafting agent. On the grounds of this observation, it was 

concluded that a significant amount of inter-network grafting took place. 

The incorporation of HEMA was conducted at 5 different levels, starting at 0.5% 

(figure 5.36). This was done since already an incorporation level of 1 % produced a 

strong compatibilising effect. HEMA is known(308) to form a random statistical 

copolymer with styrene when it is polymerised by free radical initiation. The primary 

hydroxyl group was expected to react with TMXDI. Thus, it was not surprising that 

HEMA was readily incorporated into both networks. At 2.5% HEMA incorporation, 

only one transition peak was observed (figure 5.36(d». The transition peak was 

located at 63°e, roughly intermediate between the PUR (-3°C) and PS (139°C) 

transitions of the 60:40 PURlPS IPN. At 5% the transition peak became narrower and 

increased in size from a loss factor of 0.63 for the 2.5% to 0.78. At 10% HEMA­

incorporation the transition peak decreased slightly in height and shifted to a higher 

temperature (78°C). The latter was believed to have been the effect of a higher 

crosslinking density in the lO%-grafted IPN. 

TMI was also found to be very effective in increasing the phase mixing in the 60:40 

PURlPS IPN (figure 5.37). Already a 1 % TMI-incorporation produced a pronounced 

inward-shift of both transition peaks. The PUR transition shifted from _3°e to l30e 

and the PS from 139°e to 128°e. Also, the inter-transition values increased 

considerably from a loss factor value of 0.16 to 0.23. At an incorporation level of 

2.5% TMI, the transitions of the respective homonetworks could not be resolved any 

more. A very broad transition region was obtained at this TMI level. The almost 

rectangular shape of the DMTA data indicated the presence of a microheterogeneous 

system This morphology and further TMI-grafted IPNs will be further investigated 

by TEM and SEM in a subsequent section. The loss factor values were equal or 

greater than 0.3 for a temperature range of 80oe, from 45°C to 125°C. Thus, this 

grafted IPN exhibited good damping properties. At higher TMI incorporation levels 

195 



of 5 and 10%, still higher degrees of phase mixing resulted. However, these materials 

were less interesting for damping purposes since the temperature range over which 

they exhibited high damping characteristics was much narrower. The storage moduli 

versus temperature reflected the loss factor data (figure 5.38). While a two-step drop 

in modulus was observed for the ungrafted 60:40 PURfPS IPN, the profile changed 

considerably with increasing lMI-incorporation. At 1% TMI, still a two-step drop in 

modulus was noted. However, the decrease in modulus at the PUR and the PS 

transitions was less pronounced and extended over a wider temperature range. At 

2.5% TMI, an almost linear (on a logarithmic scale) decrease in storage modulus was 

observed. IPNs with higher 1MI levels of5% and 10% exhibited only a one-step drop 

in the storage modulus. The latter was steeper and occurred over a narrower 

temperature range for the lOo/o-grafted IPN than for the 5%-grafted counterpart. 

Furthermore, a general increase in the storage modulus plateau after the PS transition 

was observed. While no significant differences were observed for TMI incorporations 

of 0, I and 2.5%, the storage moduli after the PS transition were significantly higher 

for the 5 and IO%-grafted IPNs. A similar phenomenon of increasing storage moduli 

in the rubbery plateau was observed with increasing crosslinking density in the PUR 

homonetworks (section 4.2). This indicated that inter-network grafting increased the 

apparent crosslinking density in the 60:40 PURfPS IPN. The loss moduli versus 

temperature plots exhibited trends similar to the storage moduli (figure 5.39). For 

extensionallayer damping the loss modulus is of major importance(7.22.1l0\ since both 

stiffuess (a high storage modulus) and high energy dissipation (high loss factor values) 

are needed. While the 2.5% lMI-grafted IPN exhibited high loss factor values over a 

broad temperature range, no broad temperature range with high loss moduli was 

obtained. The 10% lMI-grafted IPN exhibited the best property profile for 

extensionallayer damping applications with high values for the loss modulus spanning 

a temperature range of about 50cC, from _5 C C to 45cC. In this temperature range, the 

product of the loss factor and the storage modulus (which amounts to the loss 

modulus) was higher than the loss moduli below the Tg of the IPN. Thus, it was 

believed that the 10% TMI-grafted 60:40 PURJPS IPN might be a high damping 

material in this temperature region for extensionallayer damping applications. 
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Efficiency of grafting agents. It was found that only some of the grafting agents 

caused an inward shift of both the PUR and the PS Tg values. This indicated that not 

all grafting agents were actually incorporated into both polymer networks. Both 

HEMA and TMI were very efficient grafting agents and resulted in the grafted IPNs 

exhibiting a single loss factor peak in the DMTA data. A single loss factor peak was 

obtained even with small quantities such as, for example, with a 2.5% HEMA 

incorporation. The efficiency of such small quantities was further proof of the 

observation that no significant inter-network grafting was introduced by the use of 

BED, OED and PBD. 

Comparing TMI (MW 201 glmol) to HEMA (MW 130 glmol) revealed that the latter 

was a considerably more efficient grafting agent, even when considering the difference 

in molar masses. At a HEMA level of2.5%, a much narrower single transition peak 

was observed than with 5% TMI. HEMA incorporations above I % also resulted in 

transparent films, while the 2.5% TMI-grafted IPN sheet was translucent. The fact 

that TMI was less effective than HEMA was a result of lower percentage of TMI 

being incorporated into both networks. The latter could be because of the NCO 

functionality or the vinyl group or both did not react as readily with the respective 

polymer networks than did the functional groups of HEMA. Since an NCO/OH ratio 

of 1.1 was used throughout the study, some excess NCO remained unreacted in the 

IPNs. The reactivities of the NCO groups of TMXDI and TMI are known(259) to be 

very similar. Thus, in the absence of secondary PUR reactions with the urethane link, 

roughly 9% of the TMI NCO groups might not have reacted with the PUR network. 

However, the difference in efficiency between HEMA and TMI was clearly greater 

than 9%. Thus, the vinyl group in TMI must have also been a contributing factor to 

the poorer grafting efficiency. When TMI is polymerised(260) with acrylate or 

methacrylate monomers, it enters the polymer at a faster rate than the acrylic 

compound does. However, if styrene is the comonomer, styrene enters the polymer 

faster than does TMf260) This might have resulted in some TMI vinyl groups 

remaining unreacted at the end of the polymerisation. A combination of both factors 

could explain the reduced grafting efficiency of TMI compared to HEMA. However, 

while HEMA was the most efficient grafting agent, no such broad loss factor 

transition range was obtained as with TMI. At 1 % HEMA incorporation a major part 

of the transition curve shifted towards the higher temperature PS transition. This· 

197 



might have been attnlmted to the way in which it was incorporated into the PUR 

network. TMI with the pendent NCO functionality was very likely to have been linked 

directly to a polyol soft segment. HEMA, with the OH moiety, on the other hand, was 

in any case linked to a rigid diisocyanate i. e. the PUR hard segment. While no 

interactions are known to exist between the PPG polyol and PS, some interactions 

between the PUR hard segment and the PS are(290) possible. Amongst these 

interactions in the present study might have been 1t - 1t electron interactions(287) 

between the TMXDI and the PS phenyl rings and hydrogen bonding between the 

urethane N-H and the 1t - orbitals of the PS phenyl ringS(290) Thus, additional 

interactions between the PUR hard segment and the PS might have contributed to a 

decrease in breadth and shift to higher temperatures of the transition region. 

BED, OED and PBD were not incorporated into the PS network to a significant 

extent. lbis was due to the fact that only double bonds in a certain environment are 

prone to react with PS under the given reaction conditions. An indication of whether 

a particular unsaturated monomer is capable of perfonning well as a grafting agent is 

given by its method ofpolymerisation(28S) A monomer which itself can be polymerised 

via the free radical mechanism should perfonn well as a grafting agent. A number of 

monomers with unsaturation cannot be polymerised via the free radical mechanism. 

This is the case of monomers(309) with symmetrically distributed unsaturations, 

monomers carrying two bulky substituents and of allylic monomers due to resonance 

stabilisation. Also, monomers do not polymerise for thennodynamic reasons such as, 

for example, a-methylstyrene. Some of these monomers that cannot react with their 

own radicals still can react with another monomer yielding a copolymer, and, 

therefore, still could be useful as grafting agents. One example for the latter was TMI. 

For unreactive unsaturated compounds grafting can be brought about by changing the 

reaction conditions. By conducting the polymerisation under more severe reaction 

conditions such a synthesis under high pressure and at high temperatures combined 

with a suitable catalyst such as, for example, dicumyl peroxide could have resulted in 

grafting with the less reactive grafting agents. The fact that styrene was the co­

monomer could also have played some role. In free radical polymerisations, the 

reactivity of the monomer is influenced by resonance stability, polarity and steric 

effects(177). Styrene fonns a very stable radical due to the strong electron withdrawing 

effect of the phenyl ring. Thus, the electron is delocalised over the entire ring, 
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resuhing in a high resonance stabilisation. However, if the monomer is highly reactive 

to form a radical, the radical is relatively stable and unreactive. Consequently, the 

formed styrene radical is unreactive and further chain propagation is comparatively 

slow. This applies especially to compounds whose monomer is not reactive, ·i.e. where 

the radical is not stabilised. Consequently, with a less stabilised, and, thus, more 

reactive radical and/or different reaction conditions some more of the investigated 

grafting agents could have proved efficient. 

Modulated-temperature DSC studies. The TMI-grafted 60:40 PURlPS IPNs were 

investigated by M-TDSC. Figure 5.40 shows the heat capacity and the differential 

heat capacity versus temperature plots. The data of the ungrafted 60:40 PURlPS IPN 

are shown in figure 5.40(a). For the latter well-defined PUR and PS transitions were 

observed at -36°C and 112°C, respectively. At 1% TMI incorporation, the PUR 

transition shifted to a slightly higher temperature (-32°C), while no clear transition 

temperature could be assigned to the PS. The same trend continued at the 2.5% TMI­

grafting. The PUR transition temperature shifted to -27°C and a shoulder for the PS 

at 73°C was observed. The change in heat capacity of the PUR transition was less 

steep, but was found to occur over a broader temperature range of about 50°C. This 

indicated a greater compositional variation in the PUR-rich phase, but could also have 

resulted from variations of crosslinking densities. At 5% TMI incorporation, the main 

transition shifted to -23°C, while for the PS transition only a small shoulder was 

observed. At 10% TMI-incorporation, one broad transition was obtained at -17°c' 

The shoulder for the PS transition was still noticeable even though it had further 

decreased in size. 

Thus, the M-TDSC data indicated a two-phase morphology of the TMI-grafted IPNs 

at all grafting levels. However, at 10% TMI-grafting a high degree of miscibility was 

achieved. M-TDSC seemed to be somewhat more sensitive in detecting a two-phase 

morphology in IPNs, since from DMTA one fairly narrow loss factor peak was 

observed for the 10% TMI-grafted IPN. Further comparisons of the two techniques 

will have to be made. 
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Figure 5.40 M-TOSC traces for the TMI-grafted 60:40 PUR/PS IPNs. (a) 0% TMI, 

(b) 1%, (c) 2.5%, (d) 5% and (e) 10%. 
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Stress-strain and hardness measnrements. The mechanical properties of the TMI­

grafted 60:40 PURfPS IPNs were investigated by tensile testing and Shore A and D 

hardness measurements. The stress and strain at break, Young's modulus, the 

toughness index and values for Shore A and D hardness are given in table 5.5. 

Table 5.5 Mechanical properties of grafhid 60:40 PURfPS IPN as a function of TMI-

level. 

PURfPS IPN Tensile properties Hardness 
Grafting level Stress Strain Young's Toughness Shore 

at break at break modulus 
[% TMI] [MPa] [%] [MPa] [J] A D 

0 13.0 310 7 4.2 75 41 
1 13.6 240 24 4.5 86 52 

2.5 12.2 160 61 3.4 93 61 
5 11.2 120 83 2.2 95 64 

10 10.1 90 100 1.7 97 67 

The stress at break decreased slightly from 13 MPa for the ungrafted to 10.1 MPa for 

the 10% TMI-grafted 60:40 PURfPS IPN (table 5.5). The strain at break strongly 

decreased from 310% for the ungrafted to 90% for the 10% TMl-grafted 60:40 

PURfPS IPN. As a consequence, values for the toughness index also decreased 

considerably from 4.2 J to 1.7 1. Young's moduli on the other hand increased 

dramatically with increased TMI-incorporation. The ungrafted 60:40 PURfPS IPN 

had a Young's modulus of7 MPa. With an incorporation of 10% TMl, the Young's 

modulus increased by more than ten-fold to 100 MPa. Since hardness is related to 

Young's modulus the hardness values also increased strongly (table 5.5). The increase 

in Young's moduli and hardness values were expected because of a combination of 

two factors. First, as a result of inter-network grafting the crosslinking density 

increased which in turn led to a higher stiffuess of the IPN. Howe,:er, the increase in 

crossIink density alone could not have accounted for the high Young's moduli. The 

PUR network based on a PPG soft segment with the highest crosslink density had a 

Young's modulus of9 MPa (section 4.2). Thus, a second very probably much more 

important factor must have been a change in IPN morphology. It was believed that PS 
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phase domains were to some extent interconnected and exhibited some phase 

continuity. Since PS was in the glassy state at room temperature, a pronounced 

increase in modulus would be expected. On the same grounds, the decrease in strain 

at break was expected. The slight decrease in stress at break, however, came as a 

surprise. One possible explanation could be that the PUR network was less well 

formed and less continuous. TMI has one NCO group and as a consequence 

terminated the PUR network. If the pendent vinyl group of the TMI did not react with 

the PS network, a loose end which weakened the PUR network resulted. 

Morphology by TEM and SEM. From the DMTA data it was found that inter­

network grafting had a profound influence on the IPN morphology. This could be 

confirmed with the help of the TEM and SEM studies. Again, the TMI-grafted 60:40 

PURlPS IPN series was investigated. Figures 5.41 and 5.42 show TEM and SEM 

micrographs of this series. The ungrafted 60:40 PURlPS IPNs showed phase domain 

sizes between 30 and 300 nm (figure 5.15(d». At 1% TMI-incorporation, the phase 

domain sizes decreased considerably to values of 20 - 100 run, while some bigger 

domains were still present (figure 5.41(a». The change in IPN morphology was 

important. Not only did the phase domain size decrease, but also a change in the PS 

domain shape was observed. The phase domains of the ungrafted IPNs were spherical 

and the phase boundaries between the PS domains and the PUR matrix were well­

defined (figure 5.l5(e». For the 1% TMI-grafted IPN, the PS domains were much 

more irregularly shaped and the phase boundaries were no longer as well-defined. At 

2.5% TMI-incorporation, an even greater change in morphology occurred. For this 

IPN, an almost rectangular loss factor transition profile was observed from the 

DMTA data (figure 5.35(c». Clear PS phase domains were not present any more and 

a very fine morphology with structures in the order of I 0 to 50 nm was seen (figure 

5.41 (c». Both phases seemed to exhibit some degree of continuity. The unstained 

micrograph taken at a lower magnification of 20 k (figure 5.41(d» indicated that 

some bigger PS domains (dark) were still present. However, the extremely fine 

morphology was also evident in this micrograph. At 5% TMI-incorporation, the 

morphology was even finer and no PS phase domains could be resolved any more 

(figure 5.41(e». 
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Figure 5.41 TEM micrographs for the TMI-grafted 60:40 PURlPS IPNs. (a)&(b) 1 % 

TMl, (c) 2.5%, (d) 2.5%, unstained (e) 5% and (f) 10%. 
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Figure 5.42 SEM micrographs for the TMI-grafted 60:40 PURfPS IPNs. (a)&(b) 0% 

TMI, (c)&(d) 1%, (e)&(f) 2.5%, (g) 5% and (f) 10%. 
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At 10% TMI-grafting, no more phase structures could be resolved (figure 5.41(f). 

This was in good agreement with the DMTA data. While for the 5% grafted IPN one 

fairly broad loss factor peak was obtained, a narrow peak similar in breadth to a 

homopolymer was obtained for the 10% TMI-grafted IPN (figure 5.37). The SEM 

micrographs also corroborated the findings of a decrease in phase domain size and an 

increase in component mixing with higher levels of TMI. The ungrafted 60:40 

PURlPS IPN had a rough fracture surface (figure 5.42(a». A higher magnification 

showed numerous voids of 1- 3 11 diameter (figure 5.42(b». An important change in 

morphology was observed upon the incorporation of TMI. At 1% TMI, the fracture 

surface of the IPN became less irregular (figure 5.42(c» and the cavities disappeared 

(figure 5.42(d». At 2.5% TMl, the fracture surface further increased in smoothness 

(figure 5.42(e) and (f). TMI levels of 5% and 10% produced a further increase in 

smoothness. From the SEM micrographs, it appeared that important changes in IPN 

morphology took place at TMI incorporation levels of I % and 2.5% while at higher 

levels only small gains in phase mixing were observed. While both TEM and DMT A 

also indicated that the most important morphology changes occurred at TMl 

incorporation levels of I % and 2.5%, a difference in morphology was also noted at 

5% and 10% TMI incorporation. 

5.5 Incorporation of Compatibilisers 

Even though compatibilisers are commonly used(l,3.93) in polymer blends, no such 

work has been reported in the literature for lPNs. In the present study, reactive 

triblock-type compatibilisers with both ends incorporated into the PS network were 

investigated. Three compatibiliser-types were synthesised from the PUR raw materials 

(section 3.1.2). A urethane acrylate (UA2) was prepared from PUR precursors in a 

TMXDIIPPGI025lHEMA ratio of 1:2:2. The HEMA-TMXDI compatibiliser 

consisted of a HEMA-terminated TMXDI diisocyanate. The TMI-PPGI025 

compatibiliser was a PPG 1 025 molecule end-tipped with TMI. These compatibilisers 

were investigated at the same incorporation levels as the grafting agents, at I, 2.5, 5, 

and 10 weight %. They were incorporated into a 60:40 PURlPS IPN which was 

crosslinked at a PPG1025/TMP ratio of3: 1 and 5 mol % DVB. 
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DMTA studies. The loss factor versus temperature data of 60:40 PURlPS IPNs with 

the three different compatibilisers are sbown in figures 5.43-45. The storage moduli 

versus temperature for the 60:40 PURlPS IPN with different TMI-PPGI025 levels 

are given in figure 5.46. The loss factor versus temperature data of the IPNs with 

incorporated UA2 compatibiliser sbowed important changes at high compatibiliser 

incorporation levels. The location of the PUR transition remained at temperatures of 

about _3°C. The only exception was the 5% compatibilised IPN which had a 

somewhat higher PUR Tg of 3°C. However, a clear trend of decreasing PUR loss 

factor peak heights was observed with higher levels of compatibilisers. The 60:40 

PUR/PS IPN without compatibiliser had a loss factor value of 0.62, whereas the IPN 

containing 10% compatibiliser had a much lower value of 0.27. The PS transition 

shifted continually to lower temperatures. The PS Tg values were at temperatures of 

140, 137, 131, 121 and 103°C for UA2 compatibiliser incorporation levels of 0, 1, 

2.5, 5 and 10 weight %, respectively. The PS transition heights were at loss factor 

values about 0.4, with only the IPN containing 10% UA2 exhibiting a higher value of 

0.50. This shift of the PS transition to lower temperatures was the more pronounced 

the more compatibiliser was incorporated into the IPN. However, even at an 

incorporation level of 10%, two clearly separate transitions for the PUR and the PS 

were observed. Also, the inter-transition region loss factor values did not increase 

significantly. 

With the incorporation ofHEMA-TMXDI compatibiliser, no significant change in Tg 

location was observed for either of the two transitions (figure 5.43). The PUR loss 

factor peak height decreased continually with increasing compatibiliser incorporation. 

The PS transition had a tendency to increase with higher compatibiliser levels. The 

latter indicated that the HEMA-TMXDI compatibiliser was mainly incorporated into 

the PS network. Besides slight inconsistencies at 5% HEMA-TMXDI incorporation, 

no change in the inter-transition height could be noticed. The PUR transition is 

principally caused by the soft segment. It was, thus, not too surprising that no 

transition shift was observed since this compatibiliser did not contain any polyol 

moiety. 

Figure 5.44 sbows the loss factor versus temperature data for the 60:40 PURlPS IPN 

with various levels ofTMI-PPGI025 compatibilisers. 
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Figure 5.43 Loss factor versus temperature data for the 60:40 PUR/PS lPNs with 

different levels ofUA2 compatibilisers. (a) 0% UA2, (b) 1%, (c) 2.5%, (d) 5% and 

(e) 10%. 
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Figure 5.44 Loss factor versus temperature data for the 60:40 PUR/PS IPNs with 

different levels ofTMXDI-HEMA compatibilisers. (a) 0% TMXDI-HEMA, (b) 1%, 

(c) 2.5%, (d) 5% and (e) 10%. 
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Figure 5.45 Loss factor versus temperature data for the 60:40 PUR/PS lPNs with 

different levels ofTMI-PPGI025 compatibilisers. (a) 0% TMI-PPGI025, (b) 1%, (c) 

2.5%, (d) 5% and (e) 10%. 
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Figure 5.46 Storage moduli versus temperature for the 60:40 PUR/PS lPNs with 

different levels ofTMI-PPGI025 compatibilisers. (a) 0% TMI-PPGI025, (b) 1%, (c) 

2.5%, (d) 5% and (e) 10%. 
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At low incorporation levels of 1 and 2.5%, only a moderate inward-shift of both the 

PUR and the PS transitions was noted. At 2.5% TMI-PPG1025-incorporation, the Tg 

values of PUR and PS were at O°C and 129°C, respectively, which compared to _3°C 

and 140°C for the uncompatibilised IPN. The inter-transition loss factor values 

remained low at 0.15. However, at a 5% TMI-PPG1025 incorporation, the loss factor 

profile differed greatly from the previous two compatibiliser-types. The PUR 

transition shifted inwards to 6°C. The PS transition split into two parts, with one part 

exhibiting a transition at 100°C and the other part at 130°C. However, more 

importantly, the inter-transition values increased considerably from a loss factor value 

of 0.15 to a value of 0.26. At a 10% TMI-PPG 1025 incorporation level, three 

transition peaks were observed. One of a predominantly PUR-rich phase at 2°C, one 

transition at 67°C and the third transition stemming from a predominantly PS-rich 

phase at 118°C. As a result of the appearance of the third transition intermediate 

between those of the PUR and PS, very high inter-transition loss factor values of 

greater than 0.3 were observed. The transition at 67°C must have been a result of the 

incorporation of the 10% TMI-PPG1025 compatibiliser. However, its origin was not 

clear. It could have been that the formation of a significant amount of interface 

between the PS domains and the predominantly PUR matrix was encouraged by the 

compatibiliser. In theory, the third transition might also have mainly consisted of 

compatibiliser reacted with itself The latter was highly unlikely though since it is 

known(260) that the vinyl group of TMI is not able to form a homopolymer by free 

radical initiation. Most recently a different explanation{31O·3'2) for an intermediate 

damping peak in polymer composites was given. Hiltner and co-workers{3lO) believe 

that the intermediate peak is purely' of mechanical origin and is a general feature of 

co-continuous polymer blends. After the lower Tg of polymer I the storage modulus 

(E',) and the loss modulus (E",) change rapidly with temperature. The loss factor 

values increase since E', falls more rapidly than E",. In contrast, the storage (E'2) and 

loss (E"2) moduli of polymer 2 change very little with temperature in this region. 

However, the storage modulus of the composite can not drop below the modulus of 

the glassy layer, E'2, although the ability to absorb energy is still deterrnined{3'O) to a 

great extent by E" ,. The latter continues to decrease. Thus, the loss factor ceases to 

increase, passes through a maximum and starts to decrease. In the present study, the 

mech~sm proposed by Hiltner and co-workers{31O) was not very likely to have 

209 



occurred because of the crosslinked nature of the PUR network. The loss factor 

versus temperature data for the PUR homonetwork did not exhibit an increase in loss 

factor values after the soft segment transition at _5°C (section 4.1). This was a result 

of its crosslinked nature. The PUR E' did not drop as dramaticaUy to very low values 

as generaUy happens in uncrosslinked polymers. Thus, as a consequence of the 

prolonged rubbery plateau due to crosslinking, the loss factor values remained very 

low up to temperatures higher than 120°C. If the crosslinking of the PUR had been 

impeded to some extent because of the incorporation of 10% TMI-PPG1025 

compatibiliser, such an intermediate mechanical damping peak would have been 

possible. However, incomplete crosslinking would have resulted in a different loss 

factor profile as was seen in the crosslinking study in section 5.3 for the semi-2 60:40 

PURlPS IPN. Thus, the most likely explanation of the third intermediate damping 

peak remained that it resulted from an interface layer of increased thickness between 

the PS-rich domains and the PUR-rich matrix. The pronounced difference in the loss 

factor profile between the I, 2.5% and 5 and 10% compatibiliser incorporation was 

difficult to explain. The constant decrease in the PUR transition peak height indicated 

that the TMI-PPGI025 compatibiliser was predominantly incorporated into the PS 

network. At low incorporation percentages, most compatibiliser molecules might have 

been located within the PS-rich domains. It was, perhaps, only at 5% and higher levels 

that a sufficient amount of compatibiliser moieties were located at the PS phase 

domain boundaries. These could then act as compatibilisers and increase the interface 

area. Also, in a radical copolymerisation of styrene and TMI, TMI is known(260) to 

enter the forming copolymer at a significantly lower rate than does styrene. Thus, any 

unreacted traces of vinyl monomer at the end of the polymerisation will be foremost 

the vinyl functionality of TMI. As a consequence, not aU of the compatibiliser 

molecules might have actuaUy incorporated into the PS network. If the latter were 

true, a way of improving the efficiency of the compatibiliser would be to use 

isocyanatoethyl methacryate (IEMi3l3
) as the end-capping agent for PPG1025. IEM is 

known(313) to be more reactive in radical polymerisations, and, thus, will enter the 

copolymer at a faster rate than styrene in a copolymerisation of these two monomers. 

The storage moduli versus temperature of the TMI-PPG1025-compatibilised 60:40 

PURlPS IPN are shown in figure 5.45. The IPNs with 0, 1 and 2.5% TMI-PPGI025 

showed a two-step drop in storage modulus. Reflecting the loss factor profile, an 
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almost linear (on a logarithmic scale) drop in storage modulus was observed for 5 and 

10% incorporation. With the incorporation of 10% TMI-PPGI025 compatibiliser into 

the 60:40 PUR/PS IPN, the loss factor values were greater than 0.3 over a 

temperature range of \30De. Thus, a material with high damping characteristics was 

obtained. TIlis material was investigated further by M-TO se and TEM in order to 

study the nature of the intermediate damping peak andto elucidate the morphology of 

this high damping IPN. 

Modulated-temperature DSC studies. TIle M-TOSe data of the 60:40 PUR/PS 

IPNs without compatibiliser are shoWll in figure 5.40(a). TIle M-TO se data for 0, 5 

and 10% TMI-PPGI025 compatibilised 60:40 PUR/PS IPNs are shown in figure 

5.47. The PUR transition ill form of the peak of the derivative heat capacity versus 

temperature shifted to slightly lugher temperatures for higher TMI-PPG 1 025 

compatibilisation levels. 
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Figure 5.47 M-TOSe data for the 60:40 PUR/PS IPN with various levels of 

compatibilisers. (a) 0% TMI-PPGI025, (b) 5% and (d) 10%. 
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The peak height slightly decreased which indicated that the transition extended over a 

broader temperature range. The PS transition shifted to lower temperatures. The 

shifts were more pronounced than those of the PUR However, it was difficult to 

assign a clear PS Tg because of the breadth of the PS transitions. No clear transition 

peak for the third intermediate damping peak which had been obselVed from the 

DMTA data could be seen. 

Morphology by TEM. The morphology of the IPNs with 5 and 10% TMI-PPGI025 

compatibiliser were compared to the uncompatibilised 60:40 PURlPS IPN (figure 

5.4S). The PS phase domains of the uncompatibilised 60:40 PURlPS IPN were in the 

order of 30 - 300 nm (figure 5.4S(a». The phase domains decreased significantly for 

the IPN with 5% TMI-PPGI025 compatibiliser (figure 5.4S(b) and (c». Most 

domains were in the order of30 - 100 DID, yet some larger PS domains of200 - 300 

nm still remained. The unstained micrograph of the same IPN confirmed the phase 

domain sizes and distribution. However, it did not provide any further information 

about the IPN morphology (figure 5.4S(d». At 10% TMI-PPG1025, the phase 

domain sizes decreased further to 20 - SO nm (figure 5.4S(e». The shape of the phase 

domains was more irregular and the phase boundaries were less clear than for the . 

uncompatibilised IPN. Also, it appeared that the PS phases were more interconnected 

in the 10% compatibilised than in the uncompatibilised IPN. In addition to a dark 

PUR-rich matrix and white PS-rich domains, no third phase was observed which 

could have been responsible for the intermediate damping peak. It was, therefore, 

believed that the interface between the less-well defined PS-rich domains and the 

PUR-rich matrix had increased in thickness. The morphology of the 10% TMI-

. PPGI025-compatibilised 60:40 PURlPS IPN had some resemblance to the 1% TMI­

grafted IPN (figure 5.4I(b». The latter had slightly smaller phase domains, but the PS 

domains in both materials had a fairly irregular shape and ill-defined interface area. 

The PS phase domains were not surrounded by a dark osmium tetroxide stained shell 

of high purity PUR either in the 1 % TMI-grafted or in the 10% TMI-PPG I 025-

compatibilised IPN. This might have indicated the presence of an interface area 

consisting of a compositional mixture of PUR and PS. 
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Figure 5.48 TEM micrograph for the 60:40 PURlPS IPNs with different levels of 

TMI-PPG1025 compatibilisers. (a) 0% TMI-PPGI025, (b)&(c) 5%, (d) 5%, 

unstained and (e )&(f) 10%. 
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However, the 1% TMI-grafted IPN exhibited only two transition peaks in the DMTA 

spectrum. This might have indicated that if an interface area existed, it was not of a 

significant thickness and to small to exhibit its own Tg (smaller than to run). The 

transition shape of the 10% TMI-PPGI025-compatibilised IPN as seen from the 

DMTA data had more similarity with the 2.5% TMI-grafted IPN. Even though with 

both an almost rectangular transition profile was obtained, there existed considerable 

differences in the respective IPN morphologies. The 2.5% TMI-grafted IPN showed a 

much finer structure whereas in the compatibilised IPN at least two separate phases 

were noted. 

5.6 Introduction of Ionic Interactions 

A great number of studies(314.315;J16) have been devoted to ionomers based on 

sulfonated polystyrene, poly(phenylene) oxide and segmented polyurethanes. Fewer 

studies have been reported(143) in the literature with regard to the improvement in 

miscibility in polymer blends(145) and IPNS(143.144.146) by introducing opposite charged 

groups into the polymer backbone. The most commonly used(31?) anionic species 

contain either carboxylate or sulphonate groups. The former are typically prepared by 

co-polymerisation of acrylic or methacrylic acid (MAA) with some co-monomer by 

free radical polymerisation(143) while the latter are more commonly prepared by 

functionalisation of a preformed polymer(318). Because of the simultaneous one-shot 

polymerisation route for the IPNs, only the incorporation of potentially charged 

groups (MAA) was practicable in the present study. The ionomer properties are 

in.fluenced(316) by various factors notably ion content, type and position of ionic group, 

type of polymer backbone and type of counter ion. Most commonly inorganic cations 

such as alkali and transition metals are used as counter ions. In the present study, an ..., 
organic molecule, a tertiary amine, tha~ incorporated into the PUR network was 

selected for neutralisation of the MAA. Two types of structures of ionomers have 

been reported(319). Ionic aggregates termed multiplets consist of small numbers of 

associated ion-pairs that are dispersed in a low-polarity matrix. If the multiplets are 

close enough together for these regions of restricted mobility to overlap, larger 

regions of restricted mobility are formed. When such a region is large enough to 

exhibit its own Tg and behaves as a separate phase, it is termed a cluster(315). Aim of 

the present study was to use ionic interactions to control IPN miscibility in order to 
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obtain a semi-miscible morphology with high damping characteristics. Because of the 

constraints of time no detailed study into the structure of the ionic aggregates could 

be undertaken. Also, studying the ionic aggregates in PUR ionomers is difficu\t(315) 

because the ionic groups are not placed at random inteIVals along the polymer 

backbone. Further complications are the PUR phase segregation into hard and soft 

segments and possible crystallinity. 

Thus, the tertiary amine, N-methyldiethanolamine (MDEA), was incorporated into the 

PUR network while MAA was copolymerised with the styrene monomer. 

Incorporation of the agents was conducted at 0.5, I, 2, 2.5 and 3 MAA weight % 

levels. The MAA weight percentages were taken with respect to the total component 

weight and the equivalent moles of MDEA (MW 119) added to result in a ratio of 

potentially opposite charged groups of I: 1. Two compositions were studied, the 

60:40 and the 70:30 PURlPS IPN. At 3 weight % in the 70:30 composition, the 

highest MAA (MW 86) incorporation corresponded to 12 mol % MAA in the PS. 

The success of this method depended on the transfer of the carboxylic acid proton to 

the tertiary amine base to result ill the formation of an ion paiL 

The schematic interaction between MDEA and MAA is shown in figure 5.49. 

CH3 

[ Ho--CH2-CHd;-& 

b~ 
Hf'=6 
.~ -6~ 

Figure 5.49 Interaction of tertiary amine (MDEA) and pendent carboxylic acid 

groups (MAA). 

Values for the acidity constant (K.) or the negative power of 10 of the acidity 

constant (pI<,,) were not readily available for MDEA and MAA. Also, these pK. 

values are determined(320) in water. It is known(316) that aqueous pK. values could have 

been at best indicative, since acidities determined in aqueous media cannot be 
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extrapolated with certainty to organic media. Thus, a preliminary experimental study 

was undertaken in order to ascertain that this neutralisation reaction occurred. 

Equimolar amounts ofMDEA and MAA were weighed into a glass bottle and mixed 

at room temperature under high stirring. An immediate strong exothermic reaction 

indicated that proton transfer was achieved. Five minutes after the initial mixing the 

glass bottle had cooled down to room temperature indicating that the neutralisation 

reaction was completed. Thus, it was decided that no change to the standard 

preparation procedure was necessary. All components were combined, mixed at high 

speed for five minutes, degassed and subsequently moulded (section 3.3.2). 

DMTA studies. DMTA studies of ionomers can be used to characterise indirectly 

their microstructure, to establish structure property relationships and to determine 

their damPing characteristics. The formation of an ionomer results(J 17) in three 

important changes in the dynamic mechanical properties of a polymeric material. First, 

the Tg generally increases with increasing ionisation. 11ris is a result of the reduced 

polymer backbone mobility because of the formation of ionic crosslinks. Second, an 

extended rubbery plateau modulus above Tg is observed, again because of the ionic 

network. Third, a high temperature mechanical loss peak is observed above Tg which 

is due to motion in the ion-rich phase. Thus, miscibility and damping characteristics of 

the ionic IPNs were investigated by DMTA. Figure 5.50 shows the loss factor versus 

temperature data for the 60:40 PUR/PS IPN composition at various ionic charge 

group levels. The loss factor and the storage and loss moduli for the 60: 40 PURlPS 

IPN with 3% ionic groups are shown in figure 5.51. For the 70:30 PUR/PS of 

different levels of ionic groups the loss factor and storage modulus versus temperature 

data are shown in figures 5.52 and 5.53. 

The 60:40 PURlPS IPN with different levels of MAA and equivalent MDEA ionic 

groups showed significant changes in the loss factor versus temperature profile (figure 

5.50). The loss factor data for 0 and I % ionic groups were very similar (figure 5.50(a) 

and (b». 
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Figure 5.50 Loss factor versus temperature data for the 60:40 PUR/PS IPN at 
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Figure 5.51 Loss factor (a), storage modulus (b) and loss modulus data (c) versus 

temperature data for the 60:40 PUR/PS IPN at 3% MAA weight percentages and 

MDEA equivalents. 
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At 1 % incorporation, the PUR transition shifted to a slightly higher temperature 

(11°C) and increased in height while the PS transition slightly decreased in height. At 

2% incorporation of ionic groups, a dramatic change in the peak shape took place. 

The PUR transition, while still being roughly at the same location (6°C), decreased by 

a factor of 4 to a loss factor of 0.19 compared to 0.80 for the IPN with 1% ionic 

groups. The PS transition on the other hand shifted to a lower temperature (120°C) 

and increased considerably in size (0.68). At a level of 3% ionic groups, the PUR 

transition remained at the same temperatUre (6°C) and slightly decreased in size to 

0.13. No more two transition peaks were obselVed, but the PUR transition figured as 

a shoulder to the PS transition. The latter further decreased in size to 0.50 and shifted 

strongly inwards to 89°C. The fact that a pronounced PUR shoulder was still present 

at 3% ionic incorporation could be explained by the site of the ionic interactions in the 

PUR. The tertiary amine group was incorporated into the PUR hard segment. Thus, 

the interactions that were introduced by the MAA increased mainly the miscibility of 

the P(S-MAA) with the PUR hard segment. This might explain why the PUR soft 

segment transition still remained at a low temperature while a strong shift of the entire 

PS transition to lower temperatures was obselVed. Figure 5.51 shows the loss factor, 

storage modulus and loss modulus data versus temperature for the 60:40 PURlPS 

IPN at 3 % incorporation of ionic groups. The storage moduli decreased in a slight 

two-step drop up to a temperature of 120°C. At temperatures higher than 120°C an 

increase in the storage moduli was obselVed. For 60:40 PURlPS IPNs without ionic 

groups the storage moduli decreased considerably at 180°C because of a softening of 

the dual network system However, for the 60:40 PURlPS IPN with 3% ionic groups 

values for E' were still very high at 180°C with 13 MPa and continued to rise up to a 

temperature of 185°C. The extended rubbery plateau modulus is generally believed(314) 

to have resulted from the oppositlely charged ionic groups acting as additional 

crosslinks. The fact that the storage modulus not only exhibited an extended plateau, 

but even increased could be explained as follows. In genera~ a significant increase in 

storage modulus can be caused(185) by the occurrence of a chemical reaction i.e. 

crosslinking or by the formation of crystalline domains. In the present study, the 

increase in E' must have been caused by the formation of additional ionic crosslinks. 

At higher temperatures, a higher degree of chain segment mobility was obtained in the 
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IPN. Carboxylic acid groups of the PS network that had not been neutralised or 

linked to quaternised amine structures came into contact with tertiary amine groups in 

the PUR network. As a resuh of the formation of additional crosslinks by the 

neutralisation reaction, the storage modulus increased. At 185°C, a slight decrease in 

E' was observed which might have been associated to the breakdown of some ionic 

crosslinks. Viscoelastic measurements on ionomers have shown(314) the existence.of a 

high temperature loss peak between 200 and 240°C, which has been tenned the ionic 

cluster transition. This glass transition of the clustered material has been interpreted 

by most researchers as ion hopping(31S) Ion hopping is(31S) as a process by which the 

ion pairs migrate from one multiplet to another. The loss moduli versus temperature 

showed that in the present study, this high temperature loss peak was not present up 

to a temperature of 230°C (figure 5.51(c)). The present PURfPS IPNs could not be 

studied at higher temperatures because of the onset of PUR degradation which started 

to take place at 220°C (section 5.2). 

A considerable broadening and compatibilising effect was achieved by the 

incorporation of 3% ionic groups into the 60:40 PURfPS IPN. However, the 

transition height at the low temperature end had severely decreased. In order to 

increase the height of the PUR soft segment transition, the 70:30 PURfPS IPN 

composition was chosen for the incorporation of ionic groups. Again, a very similar 

transition profile resulted from the 0 and 1% incorporation of ionic groups (figure 

5.52(a) and (b)). At 2% incorporation, the transition shape changed considerably in 

that the PS transition became predominant. Similar to the 60:40 PURlPS IPNs the 

PUR transition decreased from a loss factor value of 0.81 (1% ionic groups) to 0.24 

while remaining roughly at the same temperature (8°C). The PS transition on the 

other hand shifted to a lower temperature (106°C) and increased from 0.41 (1 % ionic 

groups) to 0.48. A further increase in ionic groups (2.5 and 3%) provoked a further 

increase in PS loss factor height (0.53 and 0.55, respectively) and a shift to lower 

temperatures (94 and 78°C) of the PS Tg. With increasing incorporation of ionic 

groups the PUR low temperature transition decreased further. At 3% ionic groups, it 

was only present as a shoulder. The latter indicated a pronounced increase in 

miscibility between the IPN components. The storage moduli of these 70:30 PURfPS 

IPNs reflected the trends of the loss factor data (figure 5.53). The storage moduli of 
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the IPNs with 2, 2.5 and 3% incorporation of ionic groups almost decreased in a 

linear pattern which indicated a high degree of phase mixing in these IPNs. 

The increase in phase mixing in these IPNs with ionic groups must have been brought 

about by specific intermolecular interactions between the PUR and the PS networks. 

Through the copolymerisation ofMAA with styrene and the incorporation ofMDEA 

into the polyurethane there were three kinds of interactions possible between the two 

polymer networks. The carboxylic acid groups of MAA could form hydrogen bonds 

with the urethane link. If neutralisation occurred, ionic interactions were possible 

between carboxylate anions and quatemised amine moieties in the PUR The 

introduction of inter-network grafting might have been a third mechanism of the 

MAA to improve PUR-PS phase mixing. Under certain conditions, isocyanates react 

with carboxylic acid groups to result in the formation of CO2 and an amide (section 

2.3.2). However, the carboxyl group of the MAA was unlikely to react with the 

forming PUR because its reaction rate with the NCO is much slower than that of the 

primary hydroxyl groups. Also, because of the low curing temperatures (maximum 

90°C) and the low reactivity of the tertiary NCO groups of the TMXDI no amide 

formation was believed to have taken place. An IR spectrum further confirmed the 

absence of new peaks due to the carboxyl-NCO reaction. 

It was of interest to ascertain whether the increase in miscibility was brought about by 

the formation of ion pairs or whether hydrogen bonding introduced by the MAA 

moieties in the PS alone was sufficient to achieve compatibilisation. Therefore, a 

60:40 PURlPS IPN with 3 weight % MAA and no MDEA was prepared. To 

complement the present study, the corresponding 60:40 PURlPS IPN without MAA, 

but with the stoichiometric amount corresponding to 3 weight % MAA of MDEA 

was also prepared. These latter two were compared to the 60:40 PURlPS IPN with 

3% ionic groups and to that without ionic groups, respectively. The loss factor and 

storage modulus versus temperature data for these 4 IPNs are shown in figures 5.54 

and 5.55. Surprisingly, very similar DMTA data were observed for the 60:40 PURlPS 

IPNs with 3% ionic groups and for that with the 3% MAA alone (figures 5.54 and 

5.55). The loss factor transition heights in both IPNs were virtually the same with 

0.13 and 0.52 for the PUR and the PS, respectively. 
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The Tg locations of the IPN with 3% MAA were at _4°C and 100°C for the PUR and 

the PS, respectively. The 3% ionic groups exhibited a slightly more phase-mixed 

morphology with transitions at 6°C and 90°C for the PUR and the PS, respectively. 

The storage moduli versus temperature of both IPNs were also very similar (figure 

5.55). Both IPNs had increasing moduli at temperatures higher than 120°C. The 

similar DMT A data indicated that no tertiary amine was necessary to neutralise the 

carboxylic acid group of the MAA in order to bring about an increase in miscibility in 

the PURlPS IPN. These results can be explained in two possible ways. First, no 

neutralisation of the carboxylic acid occurred and the increase in miscibility was 

brought about by hydrogen bonding with the urethane link alone. This was the 

explanation given by Frisch and co-workers(146) when investigating PUR/P(MMA­

MAA) IPNs. They suggested(146) that a decrease in phase separation in PUR/P(MMA­

MAA) IPNs was brought about by additional hydrogen bonding between the carboxyl 

groups and the urethane links in the PUR A second possibility could be that 

neutralisation of the carboxylic acid group took place involving the nitrogen in the 

urethane link. From the results in the present study, the latter was much more likely. 

The extension of the rubbery plateau modulus to higher temperatures and the increase 

of the latter at temperatures higher than 120°C can only be explained by strong ionic 

interactions. Hydrogen bonding generally becomes(93) very weak at temperatures 

higher than 80°C. In the literature, some studies(321.323) have suggested that urethane 

nitrogens in PUR chains are capable of undergoing quarternisation. In a recent 

study(321) investigating PURlPS ionomer blends, Natansohn and co-workers(321) found 

that the labile protons of sulfonic acid groups were transferred preferentially to 

allophanates, followed by urethane nitrogens and finally by tertiary amine nitrogens. 

Thus, the latter explained the efficiency of 3% MAA incorporation in bringing about 

an increase in IPN miscibility. A neutralisation reaction between the MAA and the 

nitrogen in the urethane link must have taken place. However, when both MAA and 

MDEA were present in the initial mixture, as in the preparation procedure in the 

present study, the proton transfer was believed to have occurred mainly with the 

MDEA since during the initial mixing only very few urethane links had formed. The 

efficiency of MAA in increasing IPN miscibility might be a function of the 

incorporation level and, furthermore, of the degree of MAA neutralisation. The extent 

of proton transfer from the MAA to the MEDA or urethane nitrogens could be a 
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fimction of its acid strength and the basicity of the nitrogens. In the present study, the 

extent of proton transfer was difficult to quantifY. Fan and Bazuin(316) recently 

attempted to make a quantitative calculation of the extent of proton transfer. 

Investigating tertiary amines of different basicity, they related the area under the 

absorption band at 900 - 906 cm-1 to the degree of neutralisation of the ionic groups. 

In the present study, however, this was not undertaken. Because of the dual 

crosslinked nature of the IPN s, it was difficult to obtain IR spectra of a high enough 

quality. 

Another surprising result was obtained when companng the DMTA data of the 

unmodified 60:40 PURlPS IPN to the respective counterpart containing 3% MAA 

equivalent ofMDEA. The loss factor versus temperature data showed an inward shift 

of the PUR and the PS transition for the IPN containing the MDEA moieties. The 

PUR transition shifted from 1°C to 19°C while the PS Tg shifted from 140°C to 

122°C. More importantly, the PUR transition was extremely broad and exhibited high 

loss factor values up to a temperature of 100°C. As a consequence, the inter­

transition values were extremely high with a lowest value of 0.38 compared to a value 

of 0.13 for the unmodified 60:40 PURlPS IPN. The storage moduli exhibited both a 

two-step drop mechanism indicating a phase separated morphology for both IPN s 

(figure 5.55). The storage moduli at the PUR transition decreased more gradually and 

over a broader temperature range for the MDEA-containing lPN. This reflected the 

broader PUR loss factor transition. The pronounced difference between both lPN s 

could not be explained with certainty and further study is needed. The fact that 

MDEA as a tertiary amine is also a strong catalyst for the PUR reaction might have 

played some role. Tin-based catalysts such as stannous octoate used in combination 

with tertiary amines are known(260) to exhibit a synergistic effect. Thus, the resulting 

increase in reaction rate of the PUR network might have had some repercussions of 

the IPN morphology. The fact that tertiary amines are known(203) to favour the 

reaction of isocyanates with water was not believed to have had any influence since 

great care was taken to exclude humidity. The IPN with MDEA had very high 

damping characteristics with loss factor values of higher than 0.3 starting at O°C up to 

the high end of the DMTA experiment (180°C). At 180°C, however, the mechanical 

properties were poor which manifested itself in a low storage moduli of 0.3 MPa. 
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Stress-strain and hardness measurements. Miscible and semi-miscible polymer 

blends often present advantages over immiscible blends(l.]). Thus, the mechanical 

properties of the 70:30 PURlPS IPNs with improved miscibility through the 

incorporation of opposite charged groups were investigated by tensile testing and 

Shore A and D hardness measurements. The stress and elongation at break, Young's 

modulus, the toughness index and values for Shore A and D hardness are given in 

table 5.6. 

Table 5.6 Mechanical properties for 70:30 PURlPS IPNs with different levels of 

oppositely charged groups. 

PURlPS IPN Tensile properties Hardness 
MAAlevel Stress Strain Young's Toughness Shore 

at break at break modulus 
[weight %] [MPa] [%] [MPa] [J] A D 

0 12 770 4 14 59 35 
1 13 330 4 7 67 44 
2 14 370 85 12 92 61 

2.5 14 360 82 13 93 61 
3 14 330 89 10 94 61 

The values for the stress at break increased with increasing content of ionic groups. 

However, the increase was not very significant. The unmodified 70:30 PURlPS had a 

value for the stress at break of 12 MPa, whereas the corresponding IPN with 3% ionic 

groups exhibited a value (14 MPa) which was higher by 17%. The values for the 

strain at break showed a significant decrease with higher ionic group contents. They 

fell by more than half from the unmodified (770%) to the IPN containing 3% ionic 

groups (330%). Since the values for the toughness index are a function of the stress 

and the strain at break, the former were also lower for the IPN s containing ionic 

groups (table 5.6). The fact that the toughness index values were not as low as 

expected for the IPNs with 2, 2.5 and 3% ionic groups was because the shape of the 

stress-strain curve had changed. For the 70:30 PURlPS IPNs with 0 and 1% ionic 

groups high tensile stress values were only obtained at high elongations. The IPNs 

with 2, 2.5 and 3% ionic groups had high tensile stress values right form the start. As 
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a consequence, relatively high areas under the stress-strain cUlVe were obtained for 

the latter despite their low values for the strain at break. The important change in IPN 

properties that was observed from the DMTA data between the I and 2% 

incorporation of ionic groups was even more pronounced in the Young's moduli. The 

latter increased from low values of 4 MPa for 0 and I % ionic incorporation by a 

factor of more than 20 to 85, 83 and 89 MPa for the IPNs with 2, 2.5 and 3% ionic 

groups, respectively. The hardness values also reflected the dramatic change in the 

properties of the IPNs (table 5.6). This dramatic increase in modulus was believed to 

have resulted from a change in IPN morphology. The only explanation possible was 

that the glassy PS network must have assumed some degree of continuity at 2% ionic 

group incorporation. In order to confirm this assumption, the morphology of these 

70:30 PURlPS IPNs with different ionic group contents were investigated by TEM 

and SEM. 

Morphology by TEM and SEM. The findings made from DMTA and tensile testing 

for the 70:30 PURlPS IPN composition with various levels of opposite charged 

groups were confirmed by electron microscopy. The TEM micrographs showed 

significant changes in the IPN morphology (figure 5.54). At 1% ionic group 

incorporation, the PS phase domain sizes were between 100 and 300 run (figure 

5.54(a». Surprisingly, they were clearly greater than in the 70:30 PURlPS IPN 

without ionic groups where PS domains in the order of 50 - 200 run were observed 

(figure 5.15(b». Also, significantly fewer PS domains were noted and their shape was 

more irregular. At a higher magnification, it was observed that PS domains had joined 

together to from these bigger aggregates (figure 5.54(b ». At 2% ionic group 

incorporation, a substantial change in IPN morphology occurred. The PS phase 

domains became smaller and surprisingly formed an interconnected network (figures 

5. 54( c) and (d». The fact that the PS network assumed some degree of continuity at 

this incorporation level explained very well the findings from the DMTA data and 

tensile testing. At a 2% incorporation of ionic groups, the PS loss factor transition 

was higher than that of the PUR indicating some degree of phase continuity of PS. 
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Figure 5,56 TEM micrographs for the 70:30 PURlPS IPNs with different levels of 

oppositely charged groups. (a)&(b) 1%, (c)&(d) 2% and (e)&(t) 3%. 
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At 3% ionic groups, the PS phase structure was even finer and the network exhibited 

a higher degree of continuity (figure 5.54(e) and (f). The SEM micrographs 

confirmed to some extent the findings from TEM. However, limitations of SEM were 

poor contrast between the phases and the fact that not sufficiently high magnifications 

could be achieved with good resolution. It was observed that the phase structure 

decreased with increasing ionic group content (figure 5.55). From figure 5.55(a) the 

PS phase domain size of the 70:30 PURlPS IPN with 1% ionic groups was found to 

have ranged from 100 to 400 run, corroborating the TEM results (100 - 300 nm). 

Also, the PS phase domains at 1% incorporation of ionic groups (figure 5.55(b) were 

larger than for the corresponding unmodified 70:30 PURlPS IPN (figure 5.13(f). A 

similar phenomenon had been observed with TEM. However, the formation of a 

network structure at ionic incorporations of 2% and higher could not be observed 

because of aforementioned limitations of SEM. 

In conclusion, TEM confirmed the DMTA data of higher degrees of phase mixing 

with increasing incorporation levels of ionic groups. A broad transition was obtained 

for the 70:30 PURlPS IPN with an incorporation level 3% ionic groups. The broad 

transition was believed to have been a result of a co-continuous morphology with a 

high degree of phase mixing. In addition to information about the morphology of 

these IPNs with ionic groups, more general information regarding IPN morphologies 

might be deducted. The micrographs of the 70:30 PURlPS IPNs with different levels 

of ionic groups might have revealed some information about the extent of phase 

separation of IPNs from polymer pairs with different levels of miscibility. The IPN 

morphology changed with decreasing incorporation of ionic groups from 3, to 2 to 1 

to 0% from a very fine morphology of co-continuous networks (3%), to more phase 

separated co-continuous networks (2%), to irregularly shaped PS domains in a PUR 

matrix and finally to spherical well-defined PS domains surrounded by a PUR shell of 

high purity (0%). These changes in morphology might be a general feature of changes 

in IPN morphology from polymer pairs of decreasing miscibility. Further studies 

investigating both incorporation levels between 1 and 2% ionic groups and with 

higher incorporation levels than 3 % might prove interesting. 
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6. Polyurethane I Poly(ethyl methacrylate) IPNs 

In the previous study in chapter 5, the morphology, phase continuity and concomitant 

mechanical and thermal properties of PURlPS IPNs as a highly immiscible polymer 

pair were investigated. The gross phase separation was reduced by crosslinking, inter­

network grafting, and the incorporation of compatibilisers and oppositely charged 

ionic groups. In this chapter, PURlpoly(ethyl methacrylate) (PEMA) IPNs were 

investigated as a semi-miscible polymer pair. The difference in solubility 

parameters(254) between PUR (0 = 20.5 (J/cm3)"2) and PEMA (0 = 18.3 (J/cm3)1!2) 

was similar to that between PUR and PS (0 = 18.5 (J/cm3)"2). However, contrary to 

PURlPS blends, the presence in both polymers of groups of some polarity was 

believed to have increased the PUR-PEMA miscibility. Thus, again, elastomeric PUR 

was combined with a high-Tg plastic, PEMA. The same PUR was employed in the 

PURlPEMA IPNs as was used in the PURlPS IPN study. The PUR consisted in most 

cases of TMXDI and PPGI025/TMP at a molar ratio of 3: I (chapter 4). Also, the 

same experimental procedure for the preparation of the IPNs was used (chapter 3). 

Since both the same preparation procedure and PUR were employed direct 

comparison between immiscible and semi-miscible IPNs was possible. 

In the literature, only two studies(324.325) on PURlPEMA IPN s have been reported. In 

a series of investigations on castor oil-based IPNs, Suthar and co-workers(324) studied 

the resistance to chemical reagents, optical properties, thermal behaviour and 

mechanical and dynamic mechanical properties of PURlPEMA IPNs. The PUR was 

based on castor oil and MDI. Investigating three (15:85, 25:75 and 35:65) 

simultaneous PURlPEMA IPN compositions they found improved resistance to 

chemical reagents compared to the respective homopolymers. From the DMT A data, 

they concluded that considerable phase mixing existed, whereas in SEM micrographs 

two distinct phases were observed. The PUR was believed to have represented the 

continuous phase in all IPN compositions. In the second study(325) on PURlPEMA 

IPNs, the damping ability of 70:30 compositions of PURlpolyethylacrylate and 

PURlPEMA IPNs were compared to 70:30 compositions ofPURlpolymethylacrylate 

and PURlPMMA IPNs, respectively. The PURs were based on a polyepichlorohydrin 

polyol (MW 1000 glmol), TMP and TDI. A microphase-separated morphology and a 
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broadening of the Tg region was shown by TEM micrographs and DMIA data. Chen 

and co-workers(325) found that the IPNs with the pendent ethyl groups exhibited 

considerably higher loss factor values than those with the methyl groups. Thus, so far 

no detailed study on the morphology and phase continuity of PURlPEMA IPNs has 

been conducted. Consequently, the aim of the present study on PURlPEMA IPNs was 

to elucidate further the morphology and concomitant mechanical and thermal 

properties ofPURlPEMA IPNs as potentially high damping materials. The main focus 

was placed on studying the IPN miscibility and phase continuity and how the latter 

influenced the damping characteristics. Therefore, the full IPN composition range was 

investigated using DMIA, M-TDSC, stress-strain and hardness measurements and 

swelling studies. The storage and the elastic moduli were compared to modulus­

composition theories to predict phase continuity and phase inversion. IEM and SEM 

were used to corroborate the findings from the mechanical and thermal tests. 

Furthermore, factors to alter the PURlPEMA morphology were investigated. These 

included varying the crosslinking density in both networks and variations in the PUR 

network. 

6.1 PURJPEMA IPN Composition Study 

The full composition range of PURlPEMA IPNs was investigated in 10 weight % 

increments. Special focus was placed on phase continuity since the latter strongly 

influences the mechanical properties of the polymer blend. Similar to the PURlPS IPN 

compositions, the PURlPEMA IPNs were prepared at a PPGI025/TMP ratio of 3: I 

in the PUR component and at 5 mol % tetraethyleneglycol dimethacrylate (TEGDM) 

in thePEMA. 

DMTA studies. DMTA data can be used to study the morphology i.e. the miscibility 

and phase continuity of a polymer blend as was explained in section 3.4. 1. The loss 

factor versus temperature data for both homonetworks and PURlPEMA IPN 

compositions are shown in figures 6.1 and 6.2. The storage and loss moduli versus 

temperature of these IPNs are presented in figures 6.3 and 6.4. The DMTA data (10 

Hz), including the Tg values, the loss factor peak heights, the inter-transition values at 

50°C and the half-peak widths are listed in table 6. I. 
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Table 6.1 Dynamic mechanical properties (10 Hz) for the PURfPEMA IPNs and 

homonetworks as a function of composition. 

IPN Tg Tan 0 maximum Inter-transition Half-peak 
Composition [tan 0, 0C] height width (d) [0C] 

[%PEMA] PUR PEMA PUR PEMA at 50°C PUR PEMA 

0 -5 1.08 (o.loi') 27 
10 3 0.84 0.24 43 
20 10 0.63 .0.28 57 
30(') 18 87 0.40 0.42 0.40 153 
40(') 10 87 0.30 0.48 0.35 131 
50(') ,/ -10 27(b) 88 0.14 0.26(b) 0.75 0.32 64 
60(') ,/ -12 88 0.08 0.78 0.32 55 
70 79 0.81 0.39 50 
80 85 0.95 0.32 46 
90 95 1.06 0.27 42 

100 105 1.04 (0.12)(') 41 

(a) Glass transition temperatures at these compositions were difficult to detennine because of the 

presence of a significant shoulder for the second component. 

(h) A small intennediate third transition was observed for the 50:50 PURlPEMA IPN. 

(c) No second transition was present at these IPN compositions. 

(d) Half-peak widths were given for the component with the highest loss factor transition peak. 

While for the PURlPS IPNs two Tg values were obtained for all IPN compositions, 

only one transition with a more or less developed shoulder was observed in the 

PURlPEMA IPNs. A single transition peak in the loss factor versus temperature data 

was observed for the 90:10, 80:20, 30:70, 20:80 and 10:90 PURlPEMA IPN 

compositions. The intermediate compositions between 70:30 and 40:60 appeared 

phase-separated to some extent and exhibited a loss factor shoulder for the second 

transition. The fact that the Tg for the PUR shoulder at the 50:50 and 40:60 

PURlPEMA compositions was even at a lower temperature than that of the PUR 

homonetwork can be explained by a plasticisation effect(86) and, probably more 

importantly, by an incompletely formed PUR network(63) containing defects such as 

loose chain ends. 
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Figure 6.1 Loss factor versus temperature data for the PU R1PEMA lPN 

compositions. (a) 100 PUR, (b) 90:10 PURlPEMA, (c) 80:20, (d) 70:30, (e) 60:40 
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Figure 6.3 Storage moduli versus temperature for the PUR/PEMA IPN 

compositions. (a) 100 PUR, (b) 90:10 PURlPEMA, (c) 80:20, (d) 70:30, (e) 60:40, 
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Figure 6.4 Loss moduli versus temperature for the PURlPEMA IPN compositions. 

(a) 100 PUR, (b) 90: 10 PURlPEMA, (c) 80:20, (d) 70:30, (e) 60:40, (t) 50:50, (g) 

40:60, (h) 30:70, (i) 20:80, G) 10:90 and (k) 100 PEMA. 
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A similar trend of very low PUR Tg values was observed at high PS contents in the 

PURlPS IPNs (section 5.2). The 50:50 PURlPEMA IPN composition showed three 

transitions, one main peak at 88ce with two shoulders at 27ce and -Ioce. A similar 

phenomenon has been reported(63,86,147) previously for PURlPMMA IPNs and was 

explained by the presence of a substantial interface region, Another possible, however, 

very different explanation could be that the intermediate damping peak(31()'312) was of 

mechanical origin as was explained in section 5.4. The latter phenomenon will be 

further investigated by M-TDSe and TEM, 

Figure 6.5 shows a plot of the IPN Tg values versus PEMA content. Tg values 

obtained from both the loss factor and the loss modulus peaks were reported. These 

were compared to the FOX(I84) equation (equation 2,17) which predicts a concave 

curve for Tg versus composition, 
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Figure 6,5 IPN Tg values from the loss factor (tan 8) and the loss modulus (E") peaks 

versus PEMA content. The solid lines represent the respective Tg predictions by the 

Fox equation. 

Looking at the loss factor Tg data, only the data points for the 90: 10, 80:20 and 

70:30 PURlPEMA IPNs were in line with the prediction. Even though essentially only 

a single Tg was obtained for the IPNs containing 70, 80 and 90% PEMA, a good fit 

with the FOX(I84) equation did not result. The mid-range compositions were not 
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expected to fit the prediction, smce unsymmetrical transitions with important 

shoulders were obtained. Yet, no gross phase separation took place, which was 

corroborated by the in-ward shift of the transition peaks, high inter-transition loss 

factor values and a large temperature range for the half-peak widths (table 6.1). 

Surprisingly, the pattern of the loss modulus Tg peaks versus PEMA content differed 

quite significantly from the correspondingly loss factor values. The fact that the E" Tg 

values were lower was expected since as a polymer goes through its Tg the E" peak 

always occurS(4) before that of the loss factor. However, the E" Tg values gave a more 

phase-separated picture of the lPNs. The E" peaks changed only marginally up to the 

30:70 PURlPEMA lPN composition (figure 6.5). At this composition a major Tg shift 

to higher temperatures occurred. The prediction by the Fox('84) equation only fitted 

well the 20:80 and 10:90 PURlPEMA lPNs. While most loss factor Tg values were 

higher than the prediction, those of the loss modulus were all below the predicted 

curve. 

Unlike the PURlPS lPNs, the loss factor peak heights versus composition that of the 

PURlPEMA lPNs could not be shown for both the PUR and the PEMA networks. 

Over most of the composition range only one loss factor peak resulted from this semi­

miscible lPN. Figure 6.6 shows the highest loss factor values and values for the half­

peak width for the lPN compositions versus PEMA content. The loss factor peak 

maxima had their lowest values at the 70:30 PURlPEMA lPN composition with 0.42. 

lPN s with both lower and higher PEMA contents exhibited significantly higher loss 

factor values (table 6.1). The PUR homopolymer network (1.08), the 10:90 

PURlPEMA lPN (l.06) and the PEMA homonetwork (l.04) had the highest loss 

factor yalues. The half-peak widths exhibited the opposite trend. Similar to the loss 

factor values in the inter-transition region the half-peak widths can be used as a 

measure(326) of the level of mixing of the components in a phase-separated polymer 

system The PUR (27°C) and PEMA (41°C) homonetworks had the lowest half-peak 

widths. At the 70:30 PURlPEMA lPN composition the half-peak width was the 

highest with 153°C. The inter-transition loss factor values at SO°C showed a similar 

trend to the half-peak widths (table 6. I). The highest inter-transition value of 0.40 

was obtained with the 70:30 PURlPEMA lPN composition. The trends of the loss 

factor peak heights and the half-peak widths corroborated earlier findings(327) that 
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limits to the area under the loss factor area exist and that the loss factor peak heights 

and the transition breadth cannot be chosen independently. 
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Figure 6.6 Loss factor maxima and half-peak widths for the PURlPEMA IPN 

compositions versus PEMA content. 

The storage moduli versus temperature for the PURlPEMA IPN compositions are 

shown in figure 6.3. From thcsedata, it appeared that the PURlPEMA IPNs had a 

semi-miscible morphology. The storage moduli did not decrease in a clear-cut two­

step manner, which would be indicative of two-phase polymer blends. For the 70:30 

composition, for example, E' steadily decreased in an almost linear mode until it 

reached the rubbery plateau (figure 6.3(d». The storage modulus in the rubbery 

plateau was highest for the pure PEMA network (figure 6.3(k». The latter was 

crosslinked with 5 mol % TEGDM which amounted to a theoretical average molar 

mass between crosslinks (M,.t) of 1300 glmol. The lower E' of the rubbery plateau for 

the pure PUR network could be explained because of a higher Mc•t • A PPG 1 025/TMP 

ratio of 3: 1 resulted in an M,.t of 2900 glmol. Surprisingly, intermediate compositions 

such as the 70:30 and the 50:50 IPN exhibited even lower storage moduli in the 

rubbery plateau region than either of the two homonetworks. This was indicative of a 

lower apparent crosslinking density in these IPNs. This might be explained on the 

grounds that when both networks were continuous they impeded the complete 
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formation of the other. Incomplete network formation of the PUR was already 

suspected from the low Tg data for PUR contents of 50% and lower. 

The 1055 moduli versus temperature confirmed that no gross phase separation existed 

(figure 6.4). Only one transition peak was observed for all IPN compositions. This 

was unlike the 1055 moduli of the PURfPS IPN 5 that all exhibited two clear transition 

peaks (figure 5.6). However, some IPNs such as for example the 40:60 PURlPEMA 

composition (figure 6.4(g» showed a broad peak shape with an important shoulder 

indicating some degree of phase separation. 

Modulated-temperature DSC studies. M-TDSC studies were conducted in order 

to investigate further IPN miscibility and Tg behaviour (figures 6.8 to 6.11). Figure 

6.7 shows the PURfPEMA IPN Tg values versus the PEMA content as observed 

from the peak of the derivative of the heat capacity. The latter were again compared 

with the prediction by the FOX(I84) equation (equation 2.17). 
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Figure 6.7 IPN Tg values from M-TDSC versus PEMA content. The solid line 

represents the Tg prediction by the Fox equation. 

Generally, the M-TDSC data for the PEMAlPUR IPNs showed a less phase-separated 

morphology than that for the PURfPS IPNs (section 5.2). However, the differences as 

seen by M-TDSC data were less pronounced than those observed by DMT A. 
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The PUR transitions remained at about the same location for compositions of 100% 

to 40% PUR. At PUR contents of30% and less, the PUR transitions were difficult to 

distinguish. The PEMA transitions showed some scatter in part because it was 

difficult to assign clearly the PEMA Tg (figures 6.S to 6.11). Intermediate transition 

peaks appeared at some compositions, such as, for example, for the 50:50 and 40:60 

PURlPEMA IPNs (figures 6.9 and 6.10). At other compositions, the transition 

spectrum was very broad and it was difficult to assign a clear PEMA Tg (figure 6.11). 

Both phenomena might have accounted for the scatter of the PEMA Tg data. The 

slight intermediate DMTA damping peak for the 50:50 PURJPEMA IPN was 

reflected by a third M-TDSC transition peak between the PUR (-33°C) and the 

PEMA (67°C) at ISoC. Thus, M-TDSC corroborated that the intermediate transition 

must have stemmed from a phase-mixed interface region and was not a purely 

mechanical phenomenon. 

With the M-TDSC Tg data the poorest fit with the Fox equation resulted. From the 

Tg values determined by M-TDSC, the PURlPEMA IPNs appeared to be more phase 

separated than from the DMTA Tg data. The latter might have been a result from a 

higher resolution potential of M-TDSC with the latter being more sensitive to phase 

separation. A high resolution potential of M-TDSC was already found in a study(328) 

on the T g behaviour of PMMA/poly( styrene-co-acrylonitrile) blends. Studying 

physical polymer mixtures using M-TDSC Hourston and co-workers(328) showed that 

differences in transition temperatures of the constituent polymers as small as 10°C 

could be readily resolved. 

Stress-strain and hardness measurements. The mechanical properties of the 

composition series were investigated by tensile testing and Shore A and 0 hardness 

measurements. The stress and elopgation at break, Young's modulus, the toughness 

index and values for Shore A and 0 hardness are given in table 6.2. As was expected 

by combining an elastomeric with a glassy polymer, an important change in 

mechanical properties was observed. A plot of the stress and strain at break versus 

IPN composition is show in figure 6. 11. The stress at break showed some scatter, but 

generally increased with increasing PEMA content. However, a certain pattern was 

observed which was somewhat similar to that of the PURJPS IPNs (section 5.2). The 

values for the stress at break showed three distinctive regions. 
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Table 6.2 Mechanical properties of the PURiPEMA IPNs as a function of 

composition. 

IPN Tensile properties Hardness 
Composition Stress Strain Young's Toughness Shore 

at break at break modulus 
[%PEMA] [MPa] [%] [MPa] [1] A D 

0 1.2 210 1.0 0.6 40 25 
10 1.4/ 280 1.3 l.l 41 27 
20 4.2 410 3.3 2.7 46 28 
30 9.3" 360 8.0 7.5 74 41 
40 9.6 230 39 4.6 85 49 
50 10- lIO 70 3.7 94 62 
60 13 75 210 3.7 98 70 
70 12 44 300 2.5 99 79 
80 18 22 500 1.8 99 88 
90 32· 12 770 1.I 99 95 

100 45 \0 870 0.9 99 97 
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Figure 6.12 Stress and strain at break versus PURJPEMA IPN composition. 
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The first region had the stress at break values increasing continually from the 100 

PUR (1.2 MPa) to the 70:30 PURlPEMA IPN (9.3 MPa). The values for the 100:0, 

90: 10 and 80:20 PURlPEMA IPNs were below 4.2 MPa. From DMTA data, it was 

noted that at these 3 compositions it was the PUR network that constituted 

predominantly the matrix. The increase to 9.3 MPa for the 70:30 PURlPEMA IPN 

represented a more than two-fold increase in stress at break. At this composition, the 

DMTA data had PUR and PEMA loss factor values ofroughiy equal heights, perhaps, 

indicating some phase continuity of the PEMA network. In the second region from 

the 70:30 to the 30:70 PURlPEMA IPN compositions the stress at break values 

generally increased slowly from 9.3 to 12 MPa. These fairly constant stress at break 

values might have indicated that at these mid-range compositions a co-continuous 

morphology was present. From the 20:80 PURlPEMA IPN to the 100 PEMA a rapid 

increase in the stress at break values from 18 MPa to 45 MPa was observed. This was 

an indication of a further change in IPN morphology to an increasingly predominant 

PEMA matrix, with very little or no continuity of the PUR network. The finding of an 

important change in morphology about the 30:70 PUR/PEMA composition was 

corroborated by the loss modulus peak locations (figure 6.5). The loss modulus is the 

product of the storage modulus and the loss factor. The transition location and 

magnitude for the latter two depend strongly upon the miscibility and connectivity of 

the polymer components. For a completely miscible polymer blend, the location of the 

linear E" peak would move to increasingly higher temperatures with increasing 

fractions of the higher Tg polymer. In this semi-miscible PURfPEMA IPN, a different 

pattern was observed. The loss modulus peak location remained very much 

unchanged up to around 70 weight % PEMA. At this composition, a major E" peak 

shift towards higher temperatures occurred. This is a strong indication that the 

properties of the 30:70 PURfPEMA IPN were to a great extent determined by a 

continuous PEMA phase with discontinuous PUR domains dispersed in it. At lower 

PEMA compositions, the PUR component influenced the IPN properties significantly, 

and was, thus, thought to be continuous to some degree. 

For both the strain at break and the toughness index, true synergistic effects were 

observed, with the IPN surpassing, by far, either of the two homonetworks. These 

special properties were both obtained around the 70:30 PURfPEMA composition. 

This might be explained by the fuct that both networks were continuous to some 
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extent and that network interpenetration was achieved on a high level The strain at 

break values exhibited a maximum between the 80:20 and 70:30 PURiPEMA IPN 

composition (table 6.2). The largest strain at break (410%) was almost twice as high 

as that of the pure PUR network (210%). The location of the highest strain at break 

between the 80:20 and 70:30 PURlPEMA IPN compositions coincided with the 

lowest storage modulus for the 70:30 PURlPEMA IPN in the rubbery region at 

140°C (figure 6.3). This might have been an indication of a lower apparent 

crosslinking density in the IPN and indicated that both networks did prevent each 

other from developing fully. 

The toughness index for the 70:30 PURlPEMA IPN with 7.5 J was more than 7 times 

as high as either of the homonetwork values (table 6.2). This coincided with the broad 

loss factor transition that was found from the DMTA data (6.1( d». Thus, this 70:30 

PURlPEMA composition possessed very good energy absorbing characteristics. 

The Shore A and D indentation hardness values versus IPN composition are shown in 

figure 6.13. 
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Figure 6. \3 Shore A and D versus PURlPEMA IPN composition. 

The Shore A values exlnbited a sigmoidal curve shape. A considerable increase in 

Shore A hardness was found for the 70:30 PURlPEMA composition which might 

have indicated a change in the continuous phase. For Shore D hardness values, a 
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linear pattern was found for an increase in PEMA content. However, it must be 

emphasised that the data obtained at the outer ranges are not very reliable. The useful 

working ranges were indicated(286) to be between 10 and 90 for Shore A and between 

30 and 90 for Shore D. Thus, the possible change in IPN morphology at the 70:30 

composition was below the useful operating range of Shore D. 

Modulus-composition studies. The plot of the Young's or storage moduli versus 

composition at a given temperature can be related to models which allow predictions 

about phase continuity and phase inversion in a polymer blend to be made. The 

equations for the Kerner, Oavies and Budiansky models were described in section 5.2. 

Also, a brief review of modulus-composition studies on IPN s was given. Some IPN s 

followed the Budiansky model while most researchers found their data to fit best the 

Davies equation indicating dual-phase continuity. The fact that no clear conclusions 

could be drawn might have been because of the fact that in most cases only three to 

four data points were employed to make predictions over the full composition range. 

The PURlPS IPN composition series in chapter 5 resembled best the Budiansky 

model and phase inversion was believed to have occurred between the 30:70 and the 

20:80 PURlPS IPN composition. The dynamic storage moduli (10 Hz) at 23°e of the 

PURlPEMA IPNs and the PUR and PEMA homonetworks are plotted against the 

composition in figure 6.14. The experimental data points for the storage moduli did 

not fit exactly any of the theoretical models investigated. However, clearly the shape 

of the Budiansky equation, involving phase inversion at the intermediate composition, 

gave the best approximation. From the storage moduli for this simultaneous 

PURlPEMA IPN phase inversion seemed to have taken place at the 80:20 

PURlPEMA IPN composition. The Young's moduli obtained from tensile testing at 

room temperature are shown versus composition in figure 6.15. Akay and RoIlinS(58) 

ob~erved different trends for Young's moduli and dynamic storage moduli, with the 

former following the Budiansky and the latter the Davies equation. In contrast to that, 

in the present study, the curve shapes of Young's moduli versus composition were 

very similar to those of the dynamic storage moduli. The values for the latter were 

higher than the Young's moduli which was explained by the frequency effect. 
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Figure 6.14 Storage moduli (23°C, 10Hz) versus lPN composition compared with 

modulus compositiou models. (a) the logaritlunic rule of mixing, (b) the Davies 

equation, (c) the Budiansky equation and (d) the upper and lower bounds of the 

Kemer equation. 
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Figure 6.15 Young's moduli (23°C) versus IPN composition compared with modulus 

composition models. (a) the logaritiunic rule of mixing, (b) the Davies equation, (c) 

the Budiansky equation and (d) the upper and lower bounds of the Kemer equation. 
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Phase inversion seemed to have taken place at a slightly higher PEMA content, 

namely at the 70:30 PURlPEMA IPN composition. An important factor that has been 

neglected so far in modulus-composition studies is the temperature at which the 

investigation is conducted. Because of its practical importance and convenience for 

tensile testing, most modulus-composition studies have been conducted using room 

temperature data, irrespective of the glass transition temperatures of the constituent 

polymers. The fact that temperature might have an influence on the shape of the 

modulus-composition curve was experienced in figures 6.14 and 6.15. From the 

dynamic storage modulus data phase inversion seemed to have occurred at a lower 

PEMA content (20%) than from Young's modulus (30%). Since in dynamic 

experiments frequency is equivalent(93) to temperature, it seemed that by conducting 

modulus-composition studies closer to the Tg of the lower Tg component, phase 

inversion was apparently shifted to lower weight fractions of the higher Tg polymer. 

In order to confrrm this assumption, plots of storage moduli versus composition were 

made at O°C, lOoC, 23°, 43°C and 80°C (figure 6.16). These temperatures were 

chosen because one (O°C) was near the glass transition of the PUR network (_5°C 

from the loss factor peak) and 80°C was relatively near the PEMA network Tg 

(105°C). The temperatures of the half-step drop of the pure PUR network (_9°C) and 

of the pure PEMA network (95°C) storage moduli were determined in figure 6.3. The 

temperature (43°C) intermediate between these two points was chosen for this 

modulus-composition study. The five curves in figure 6.16 clearly confrrmed the 

above idea. Conducting the modulus-composition studies at temperatures nearer to 

the lower Tg polymer resulted in an apparent phase inversion at lower weight 

fractions of the higher Tg polymer (figure 6. 16(d) to (b». An extreme case is shown 

in figure 6. 16( a), where no phase inversion appeared to be occurring with the curve 

resembling the Davies equation for dual-phase continuity. At the other extreme of 

80°C, the curve was concave in shape. Thus, altering the exponent (1/5) from the 

Davies equation to a value for the exponent n of 0 > n > -1 and introducing it into 

Nielsen's general mixing equation(185) (section 5.2) would have yielded a similar 

concave curve shape. Between these two extremes, intermediate curve shapes were 

obtained at different temperatures. 
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The irregularities, particularly in the curve at 80°C, changing from the 40: 60 to the 

30:70 composition were due to a difference in miscibility/morphology of the IPN 

which was already in evidence in figures 6.2 and 6.3 and table 6.1. The same 

irregularities were seen, to a lesser extent, in the modulus-composition study at 43°C. 

At this intermediate temperature between the half-step drop of the homonetwork 

storage moduli, phase inversion seemed to have taken place at the 70:30 PURlPEMA 

IPN composition. This further corroborated the finding of co-continuous phases 

which had already been indicated by the equal loss factor peak heights in the DMTA 

data (figure 6.1). The fact that the Young's modulus versus composition plot 

predicted, correctly, the phase inversion to have taken place at the 70:30 composition 

was because the latter was determined by a static test. Tgs obtained from DSC 

measurements for the PUR (-38°C) and the PEMA (7S°C) homonetworks happened 

to be approximately 30°C lower, so that room temperature (23°C) was very close to 

the intermediate temperature (19°C). Thus, it can be concluded that contradictory 

results in the literature might have arisen because of an insufficient number of 

composition data points and disregard of the effect of the temperature on the test 

results. 

In conclusion, a new insight regarding modulus-composition studies has been gained. 

The temperature, at which the modulus values were taken, was seen to influence 

greatly the shape of the modulus-composition plot. An important change from Davies­

like data to Budiansky-like data, indicating phase inversion at the mid-range 

composition, was observed. It was, therefore, suggested that in order to make such 

modulus-composition studies, modulus data should be taken at the intermediate 

temperature of the half-drop of the storage modulus curves of the PUR and PEMA 

homonetworks. Following this suggestion in the present study indicated that phase 

inversion to took place at the 70:30 composition, which was in accordance with the 

findings from complimentary experimental techniques. 

Morphology by TEM and SEM. TEM and SEM studies were undertaken in order 

to further characterise the IPN morphology, i.e. the phase continuity, phase domain 

size and shape. Figures 6.17 and 18 show the TEM micrographs and figure 6.19 the 

SEM micrographs. The former were stained with OsO •. SEM studies were conducted 

on the fractured surfaces of the tensile testing specimens. 
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Figure 6.17 TEM micrographs for PURlPEMA IPN compositions. (a) 80:20 

PURlPEMA, (b)&(c) 70:30, (d) 60:40, (e) 60:40, unstained and (f) 50:50. 
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Figure 6.18 TEM micrographs for PURlPEMA IPN compositions. (a) 50:50 

PURlPEMA, (b)&(c) 40:60, (d)&(e) 30:70 and (f) 20:80. 
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Figure 6.19 SEM micrographs for PURlPEMA IPN compositions. (a) 70:30 

PUR/PEMA, (b) 60:40, (c)&(d) 50:50, (e)&(f) 40:60, (g) 30:70 and (h) 20:80. 
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For all PURlPEMA IPN compositions, no gross phase separation was observed by 

TEM. Contrary to the PURlPS IPNs where the phase domains were spherical in shape 

the phase domains in the PURlPEMA IPNs were not that well-defined which 

indicated better phase mixing. The IPN morphology changed considerably with 

composition. The 90: 10 and the 80:20 PURfPEMA IPNs were difficult to 

ultramicrotome because of their soft nature at room temperature. The micrograph of 

the 80:20 PURlPEMA IPN showed a very fine morphology with white PEMA 

domains in the order of 5-40 nm in a dark Os04-stained PUR matrix (figure 6. 17(a». 

For the 70:30 PURlPEMA IPN composition white interconnected domains of PEMA 

in a dominant PUR matrix were observed (figure 6. 17(b». Thus, the TEM 

micrograph corroborated the DMTA findings of some degree of continuity of both 

phases. At a higher magnification of 50 k, in addition to a dark PUR matrix and white 

PEMA domains, an important interface with different shades of grey was in evidence 

(figure 6. 17(c». This interface of varying composition might have been on the grouod 

of the very broad loss factor transition with high inter-transition values. The 60:40 

PURlPEMA IPN had bigger and more interconnected PEMA phase domains (figure 

6. 17(d». The uostained IPN had a much weaker phase contrast (figure 6. 17(e». 

However, the same pattern was observed indicating that the PUR had a higher 

electron density than the PEMA. Since no additional information was gained from the 

uostained 60:40 PURlPEMA IPN, no further studies were undertaken on the 

uostained specimens. With an increasing amouot of PEMA, the white phase became 

more dominant. At the 50:50 PURlPEMA composition, interconnected PUR and 

PEMA phases were present to an equal extent (figure 6. 17(f). A superstructure 

which exhibited phase domains in the range of 100-500 nm was observed. Also, a 

finer structure which in most cases could be described as PUR domains within PEMA 

domains within a PUR matrix was observed (figure 6.18(a». Here, very small phase 

domains of 5-50 nm were noted. The latter structure might be responsible for the third 

transition that was observed in the loss factor versus temperature curve at the 50:50 

composition. At the 40:60 PURlPEMA composition, both phases still appeared to be 

co-continuous (figure 6. 18(b». However, a general trend towards a PEMA matrix 

with dispersed PUR domains of 50-300 nm was observed (figure 6. I 8(c». At the 

30:70 composition, a change in the properties to a predominantly PEMA-dominated 

profile was fouod in the mechanical tests. The micrograph of this composition showed 
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fairly small (5 - 50 run) PUR domains in a PEMA matrix (figures 6.18(d) and (e», 

which was in good agreement with the observations made from the mechanical tests. 

At the 20:80 composition, the PUR phase domains were only just resolvable by TEM 

(figure 6.18(f). The PUR domains were in the order of 1-10 nm. Consequently, TEM 

micrographs confirmed that the mid-compositions had a dual-phase mOll'hology with 

phase separation occurring on a 30 - 300 run scale being present. The IPNs at the 

outer composition ranges had a clearly finer morphology with one dominant matrix 

containing the other polymer dispersed in it. 

The SEM micrographs of the PURfPEMA IPNs (figure 6.19) confirmed a finer 

morphology for the latter than was observed for the PURlPS IPN composition in 

section 5.2. The SEM micrograph of the 70:30 PURfPEMA IPN composition showed 

a relatively smooth fracture surface (figure 6.19(a». No small phase domains as were 

seen in the 70:30 PURfPS IPNs could be detected with confidence. At the 60:40 

PURfPEMA IPN composition, a rougher surface was observed (figure 6.19(b». 

However, still no clear phase domains were noted. It was thought that the surface 

roughness could stem from interconnected PEMA cylinders. However, no such large 

cavities as were observed for the 60:40 PURfPS IPNs (figure 5.(h» were noted. A 

somewhat rougher fracture surface was found for the 50:50 PURfPEMA IPN 

composition (figure 6.19(c) and (d». A limited number of small interconnected 

cavities were in evidence (figure 6.19(d». The latter might have been evidence for a 

certain degree of connectivity of both phases. At the 40:60 PURfPEMA IPN 

composition, clearly fewer and shallower cavities were noted on the fracture surface 

(figures 6.19(e) and (f). The fracture surface for the 30:70 PURlPEMA IPN was 

considerably smoother, perhaps, indicating that PEMA predominantly constituted the 

matrix at this IPN composition (figure 6.19(g». The 20:80 PURfPEMA IPN 

composition (figure 6.19(h» had a fracture surface that was similar to the lOO PEMA. 

In conclusion, it was evident that SEM was not as useful to investigate the 

PURlPEMA IPN morphology as it was studying the PURfPS IPNs. This was a result 

of the much smaller phase domains of the PURfPEMA IPN compositions and a 

morphology that was to a lesser extent phase-separated than that of the PURfPS 

IPNs. 
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Swelling studies. Swelling studies(93) can be used to determine the average molecular 

weight between cross1inks, Mc,!, the solubility parameter, 0, and the sol/gel content of 

a cross1inked polymeric material, The Mc" values of the PUR networks were 

calculated and compared with the experimentally determined values in section 4,2. In 

the present study, the solubility parameters were determined for the PUR network, the 

50:50 PURlPEMA IPN and the PEMA network (figure 6.20). 
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Figure 6.20 Swelling data of the 100 PUR, 50:50 PURlPEMA IPN and 100 PEMA. 

The swelling solvent series comprised pentane (0 = 14.3), diethyl ether (0 = 15.1), 

ethyl methacrylate (0 = 17.0), butylformate (0 = 18.2), methyl cyclohexane (0 = 19.0), 

cyclohexanone (0 = 20.3), dimethyl acetamide (0 = 22.1) and methanol (0 = 29.7). 

The solubility parameters in (J/cm3)1I2 were taken from reference 254. 

The procedure and a table with the different swelling agents were reported in section 

3.4.10. With the exception of pentane (weak) and methane (strong), all solvents used 

were moderately hydrogen bonding. This was done in order to eliminate additional 

interactions that might have been caused by different degrees of swelling agent 

polarity. By swelling the material in a series of swelling agents of different solubility 

parameters, a curve was constructed. The swelling agent that resulted in the highest 

degree of swelling of the material was taken' as the closest to the material solubility 

parameter. In the present study, the peaks of the swelling curves were fairly broad 

which made the determination of an exact solubility parameter difficult. Nevertheless, 
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the values of20.3 (J/cm3)ln for the PUR and 18.0 (J/cm3)ln for the PEMA were in 

very good agreement with the literature values(254) of 20.5 (J/cm3)l!2 and 18.3 

(J/cm3)1f2, respectively. The swelling percentages of the 50:50 PUR IPN were 

intermediate between the PUR and PEMA networks. The location of the highest 

swelling behaviour was very similar to the PUR network. Thus, the solubility 

parameter of the 50:50 PURJPEMA IPN was similar to that of the PUR network 

(20.3 (J/cm3)lf2). Using cyclohexanone as swelling agent, the swelling behaviour of 

the full PURJPEMA IPN composition series was studied. The percent swelling against 

composition is shown in figure 6.21. 
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Figure 6.21 Swelling studies of the PURJPEMA IPN compositions. The swelling 

agent was cyclohexanone. 

The trend of the swelling percentages were generally in line with expectations. At high 

PUR contents of 90 and 80% slightly higher values were obtained. This could have 

indicated that the PUR network did not form completely. A slightly looser PUR 

network was swollen to a greater extent by the swelling agent. The slightly lower than 

expected swelling percentages at 40 and 30% PUR might have indicated that some 

PUR domains enclosed in a PEMA matrix could not be swollen to the same extent as 

the PUR network. However, the deviations from the expected swelling values at 

lower PUR contents were only very small (> 10%). 
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Soxhlet extraction studies were conducted in order to confirm a complete network 

formation. The full composition series was investigated. Refluxing acetone was used 

as the extraction solvent according to the procedure outlined in section 3.4.10. All 

IPNs and both homonetworks had a gel content of greater than 96%. This confirmed 

that complete network formation took place at a PPGI025/TMP ratio of 3: 1 in the 

PUR and a crosslinker level of 5% TEGDM in the PEMA network. 

Selection of the 70:30 PURlPEMA IPN composition. The 70:30 PURlPEMA IPN 

composition was chosen for further study because of the very broad loss factor 

transition region that was obtained by DMTA. A microheterogeneous morphology 

with phase domains in the order of 10 - 200 nm was confirmed by TEM. Furthermore, 

stress-strain measurements revealed synergistic effects which manifested itself in 

maxima for the strain at break and the toughness index. The loss factor and storage 

and loss moduli are shown in figures 6.22 and 6.23. The loss factor values were 

greater than 0.3 over a temperature region of l300e (figure 6.22). The storage and 

loss moduli versus temperature reflected the loss factor profile. Both moduli fell 

continually in a linear manner which is characteristic(152) for a broad loss factor 

transition caused by a microheterogeneous morphology. 

The reaction kinetics of the 70:30 PURlPEMA IPN were studied by FT-IR with a 

heated cell unit. The same procedure (section 3.4.9) as in section 5.2 for the PUR/PS 

IPN s was applied. Since a very similar conversion versus time pattern to that of the 

PURlPS IPN was obtained the data are not shown here. The study confirmed that the 

PUR was formed to a great extent (70% conversion) before the onset of the EMA 

polymerisation. This indicated that the EMA polymerisation proceeded at a slightly 

higher rate than the PS formation. 
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Figure 6.22 Loss factor versus temperature data for the 70:30 PURlPEMA lPN. 
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Figure 6.23 Storage modulus (a) and loss modulus (b) versus temperature for the 

70:30 PURlPEMA lPN. 
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6.2 Variation of the Crosslink Density in the 70:30 PURlPEMA IPN 

The special properties of IPNs are brought about by permanent interlocking of 

polymer chains through chemical cross\inkS(4). TEM studies(IOO) revealed that high 

crosslinking of the first-formed network restricts the phase domain size for the second 

polymer. Thus, the crosslinking density in the polymer networks greatly influences the 

mechanical properties and the damping characteristics. In the PURlPS IPN 

crosslinking study, it was found that crosslinking decreased the phase domain sizes 

and influenced the phase continuity and reaction kinetics (section 5.3). In the present 

study, the influence of the cross\ink density in both networks in a PURlPEMA IPN 

was investigated. The 70:30 PURlPEMA IPN composition was selected for this 

crosslinking study because of its broad loss factor transition (section 6.1). DMTA 

studies were conducted in order to determine the inherent damping of tbe IPN s. The 

influence of crosslinking on the morphology, the thermal and the mechanical 

properties was determined using TEM, M-msc, TGA and stress-strain and hardness 

measurements. 

DMTA studies. The thermoset character makes IPNs very difficult to 

characterise(329) Therefore, the values for the theoretical average molar mass between 

cross\inks, Mc.., were calculated for the constituent homopolymers in order to 

correlate these with the DMT A data. The calculation of tbe PUR Mc,t and the 

experimental determination by equilibrium swelling, the rubbery plateau modulus and 

the use of the Nielsen equation(26S) were fully discussed in section 4.3. The 

crosslinking density of the PEMA network was calculated using equation 5.5. 

Because of the high TEGDM molar mass of 330 g/mo~ this was taken into account 

by the second component in the sum. Figures 6.24 and 6.25 show the loss factor and 

the storage modulus versus temperature data for the 70:30 PURlPEMA IPN at a 

fixed crosslinked level of 5 mol % TEGDM and various PPG1025/TMP ratios. The 

DMTA data are given in table 6.3 together with Mc.t values. The DMTA data for the 

PUR homonetworks from section 4.2 are also given for comparison. The loss factor 

data showed, as expected, that with increasing triol content, the PUR transition 

moved to increasingly higher temperatures. The semi-2 PURlPEMA IPN which was 

synthesised by leaving out the triol in the PUR had the lowest Tg witb -16°C (figure 

6.24(a». 
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Table 6.3 Dynamic mechanical properties (10 Hz) of the 70:30 PURlPEMA IPN 

as a function of crosslink density. 

IPN Mc.! [glmol] Tg [tan 0, 0c] Tan 0 maximum Half-peak 
PURlPEMA PURlPEMA [PUR] PUR PEMA [PUR] PUR PEMA width [0C] 

I: I 15% 1200/1300 [30] 54 (a) [0.73] 0.60 
2:1/5% 2000/1300 [4] 29 (a) [0.92] 0.55 
3:1/10% 29001 700 18 95 0.47 0.26 
3:115% 2900/1300 [-5] 18 87 [ 1.08] 0.40 0.42 
3:1/2.5% 2900/2400 20 75 0.43 0.42 
3: 11 1% 2900/5800 45 (a) 0.50 
3:1 10% 2900 1 linear 29 (a) 0.60 
7: 1/5% 6300/1300 [-9] -9 75 [1.41] 0.39 0.43 
1:0/5% linear 1 1300 [-12] -16 (b) [1.60] 0.40 (b) 

(a) No glass transition temperature for the second component could be determined. 

(b) Material became too soft for measurement. 

[1 Values in square brackets are for the PUR homonetworks (section 4.2). 
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The loss factor peak height of the PUR in the IPN (0.40) was four times lower than 

that in the PUR homonetwork (I. 60). This might have indicated that the linear PUR 

in the IPN exhibited only limited phase continuity. No loss factor transition peak was 

obtained for the PEMA network because of an important softening of the IPN at 

temperatures above 50°C. With increasing triol content in the PUR, the Tg shifted to 

higher temperatures. At a PPGI025/TMP ratio of7: I, the PUR transition shifted to -

9°C. A very broad transition plateau was obtained which made the determination of 

the PEMA transition (-75°C) difficult (figure 6.24(b». The loss factor values were 

greater than 0.3 from -23°C to !08°C, thus, making this IPN an exceUent damping 

material. The IPN crosslinked at a PPG/TMP ratio of 3: 1 was discussed in 'section 

6.1. It had an equally broad high damping transition at a slightly higher temperature 

range. The loss factor values were greater than 0.3 for a temperature range of 130°C, 

from _4°C to 126°C. The latter two IPNs had PUR and PEMA loss factor peaks of 

roughly equal heights which suggested dual-phase continuity in these materials . 
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Figure 6.24 Loss factor versus temperature data for the 70:30 PURlPEMA IPNs 

crosslinked with 5 mol % TEGDM and different PUR network crosslinking levels. (a) 

PPGI025/TMP 1:0, (b)7: I, (c)3: I, (d) 2: I and (e) I: 1. 
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Figure 6.25 Storage moduli versus temperature for the 70:30 PURlPEMA lPNs 

crosslinked with 5 mol % TEGDM and different PUR network crosslinkillg levels. (a) 

PPGl025/TMP 1:0, (b)7: I, (c) 3: I, (d) 2: I and (e) I: 1. 
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the PUR networks. At a PPG I 025ffMP ratio of I: I, for example, the PUR Tg of the 

IPN was 54°C, whereas the Tg of the respective PUR network (30°C) was lower by 

24°C. For the IPN only one Tg was obselVed. The latter confirmed that the PUR 

transition in the IPN did not stem from pure PUR, but from a highly phase mixed 

PUR-PEMA region. The storage moduli versus temperature profile confirmed the 

trend of higher Tg values for higher cross1inking densities in the PUR (figure 6.25). 

Also, the softening of the semi-2 IPN at temperatures of higher than 50°C was 

mirrored by the abrupt decrease in the storage modulus values. The storage moduli 

versus temperature profile of the full PURlPEMA IPNs decreased gradually with 

increasing temperatures. The latter was evidence of a semi-miscible morphology. The 

highest cross1inking density in the IPN crosslinked at a PPG I 025/TMP ratio of I: I 

was reflected by the highest rubbery plateau modnlus. 

In addition to the cross1inking density in the PUR network, also that in the PEMA 

component of the IPN was varied. While varying the PEMA crosslinking levels, the 

PPGI025/TMP ratio was fixed at 3: I. The loss factor and storage modulus versus 

temperature data for the 70:30 PURlPEMA IPNs with the different PEMA 

cross1inking densities are shown in figures 6.26 and 6.27. Increasing the crosslinker 

level moved part of the IPN transition to higher temperatures. The transition split into 

two parts, with the PUR part shifting to slightly lower temperatures, whereas the 

PEMA strongly shifted to higher temperatures (table 6.3). Thus, as opposed to higher 

cross1inking in the PUR, higher cross1inking in the PEMA generally resulted in a 

broadening of the IPN transition peak. The latter indicated the presence of a less 

phase-mixed IPN system. The semi-I IPN with 0% TEGDM crosslinker exhibited the 

highest loss factor peak (0.60) and the narrowest loss factor half-peak width with 

84°C (table 6.3). No significant high-temperature shoulder for the PEMA transition 

was present. This suggested that the best mixing occurred with this IPN. With 

increasing amount of crosslinker, the transition breadth increased and the PEMA 

transition moved to higher temperatures. At a 1 % TEGDM incorporation leve~ a 

single, clearly broader transition peak was, however, still obtained. The less phase­

mixed struc~e manifested itself in a lower loss factor peak height (0.50) and a higher 

half-peak width value (111°C). Furthermore, as a consequence of the increased· 

cross1inking density, the IPN Tg shifted from 29°C to 45°C. 
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Figure 6.26 Loss factor versus temperature data for 70:30 PURlPEMA IPNs with a 

PPGI025/TMP ratio of3:1 and different PEMA network cTOsslinkillg levels. (a) 0% 
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Figure 6.27 Storage moduli versus temperature for 70:30 PURlPEMA IPNs with a 

PPGI025/TMP ratio of3: I and different PEMA network cTOsslinking levels. (a) 0% 

TEGDM, (b) 1%, (c) 2.5%, (d) 5% and (e) 10%. 
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With 2.5% TEGDM, a split of the IPN transition peak occurred. Part of the transition 

moved to lower temperatures (the PUR transition) while a very significant shoulder 

appeared at the high-temperature end. Also, the half-peak width further increased to a 

value of 131 QC. The material with the broadest transition with a half-peak width of 

156QC was obtained with 5% TEGDM crossJinking. Further, increasing the 

crosslinking to 10% TEGDM, led to a significant decrease in the loss factor height for 

the PEMA transition because of reduced chain segment mobility. The storage moduli 

versus temperature showed that altering the cross\inking density in the first-formed 

network had a more pronounced effect on the dynamic mechanical properties of the 

IPN (figure 6.27) than had changing the crossJinking density in the PEMA. From the 

storage moduli very little difference between the 5 IPN s with different PEMA 

crosslinking levels were observed. Comparing the loss factor and the storage modulus 

data of the PEMA crossJinking study, it appeared that the loss factor data were more 

sensitive to changes in crosslinking density in the higher Tg IPN component than the 

storage moduli. The differences observed between increasing the crosslink density in 

the PUR and in the PEMA component might be explained by the following points. 

Increasing the PEMA crossJinking shifted the transition to higher temperatures, thus, 

away from the PUR transition. Whereas higher crosslin.king in the PUR shifted the 

transition towards the PEMA transition. Higher crosslinking in the first-formed PUR 

network increased phase mixing by restricting the domain size of the PEMA network. 

Higher cross\inking of the PEMA network had little influence on the already formed 

PUR network and rather decompatibilised the IPN by decreasing the PEMA chain 

segment mobility and increasing the PEMA Tg. 

Modulated-temperature DSC studies. The Tg behaviour of the 70:30 PURlPEMA 

IPNs of varying crossJinking density in both networks was investigated by M-TDSC. 

Because of the high degree of enforced phase mixing and the resulting breadth of the 

transitions the determination of Tg was difficult at ·times. This was particularly true 

for the PEMA transition. The general trend ofthe Tg behaviour was similar for both 

the DMT A and M-TDSC studies, however, some substantial differences existed. M­

TDSC seemed to have been more sensitive to phase separation than was DMTA. 

With the exception of the IPN crosslinked at a PPGI025/TMP ratio of 1:1, two M­

TDSC Tg transitions were resolved for all compositions (table 6.4). 
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Table 6.4 M-TDSC Tg values for 70:30 PURlPEMA IPNs of varying crosslinking 

densities in both networks. 

Crosslinking Tg [0C] Crosslinking 
PURl PEMA PURl PE MA PUR/PEMA 

I: I 15% -19/(a) 3:1/10% 
2: I 15% -29/62 3: 1/5% 
3: 1/5% -33 148 3:1/2.5% 
7: 1/5% -38 I 62 3: I 1 1% 
1:0/5% -41 162 3: 1/0% 

(a) No second transition could be determined with certainty. 
(b) Material not investi!!ilted. 

Tg [QC] 
PURl PEMA 

-32 I 60 
-33/48 
-32/53 
-331 50 

(b) 

One example for the higher sensitivity of M-TDSC was the 70:30 PURlPEMA lPN 

crosslinked at a PPGI025/TMP ratio of3: I and 1% TEGDM. TIle DMTA loss factor 

data exhibited one fairly broad IPN transition at 45°C (table 6.3 and fignre 6.26(b)), 

whereas the M-TDSC data showed a PUR transition at _33°C and a PEMA transition 

at 50°C (figure 6.28). 
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Fignre 6.28 Heat capacity (a) and derivative heat capacity (b) of the 70:30 

PURlPEMA crosslinked at a PPG I 025ITMP ratio 3: I and 1% TEGDM. 
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Similar to the DMTA data, increasing the crosslinking density in the PUR network 

resuhed in a steadily increasing PUR M-TDSC Tg. The magnitude of the Tg increase, 

however, was very different. The PUR Tg of the semi-2 70:30 PURfPEMA IPN was -

16°C and -41°C for the DMTA and M-TDSC stndies, respectively. When changing 

the crosslinking density in the IPN PUR from a PPGI025/TMP ratio ofl:O to I: I, the 

Tg shifted to 54°C (DMTA) and -19°C (M-TDSC). From DMTA data, a Tg increase 

of 70°C was obtained, while a mere 22°C were noticed with M-TDSC. The more than 

three-fold lower Tg shift in the M-TDSC data showed that the different measurement 

principles of both techniques strongly influenced the Tg results. In this stndy, when 

varying the PUR crosslinking density and keeping the PEMA crosslinking density 

fixed, no clear trend could ·be noticed for the PEMA transition. At the highest PUR 

crosslinking density of a PPG I 025/TMP ratio of 1: 1, the PEMA transition could not 

be determined with certainty. With the exception of one scattered value (48°C) the 

PEMA Tg remained at 62°C for all other PUR crosslinking densities. 

Increasing the PEMA crosslinking density resulted in less pronounced Tg changes. 

The PEMA transition had a tendency to increase with higher crosslinking level (table 

6.4). The PUR Tgs on the other hand remained unchanged. Thus, again it was noted 

that the crosslinking density in the first-formed PUR network influenced the IPN 

behaviour to a much greater extent. Some differences between the M-rosc and the 

DMTA data were in evidence. In addition to a difference in sensitivity to phase­

separated structures, also the observed transition magnitudes and the T g shifts with 

increasing crosslinking were different. While from the DMTA data similar loss factor 

peak heights were observed for most 70:30 PURlPEMA IPNs, the PUR transition 

was clearly dominant in the M-TDSC traces. Consequently, M-TDSC measurements 

might be more sensitive to a difference in heat capacity and polymer weight fraction 

whereas DMTA might be to a greater degree influenced by phase continuity. 

Stress-strain and hardness measurements. The mechanical properties were 

investigated by tensile testing and hardness measurements. A compilation of the 

results is shown in table 6.5. In order to quantifY the effect of the crosslinking on the 

mechanical properties, the stress at break and the strain at break were plotted against 

Mc., for both crossIink series (figures 6.29 and 6.30). With increasing PUR 

crosslinking density, an increase in the stress at break values was in evidence (table 
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6.5). A more than ten-fold increase in stress at break was noted from the semi-2 70:30 

PURlPEMA(5% TEGDM) IPN (0.8 MPa) compared to the corresponding IPN 

crosslinked at a PPGI025ffMP ratio of 1:1 (13.3 MPa). Thus, when plotting the 

stress at break against M.o.t a steep rise of the values was noted (figure 6.29). The 

second series in this figure exhibited a much less pronounced increase in stress at 

break. This was the data series for varying PEMA crosslinking levels with the PUR 

crosslinking fixed at a ratio of PPG 1 025/TMP of3: I. The stress at break increase was 

only in the order of 40% from 6.7 MPa for the semi-I 70:30 PUR(PPG1025/TMP 

3: I)/PEMA IPN to 9.6 MPa for the corresponding IPN crosslinked at 10% TEGDM. 

Table 6.5 Mechanical properties of the 70:30 PURlPEMA IPN as a function of 

the crosslink density. 

Crosslinking Tensile properties Hardness(a) 

70:30 IPN Stress Strain Young's Toughness 
at break at break modulus Shore A 

PUR/PEMA [MPa] [%] [MPa] [1] 

1: 1/5% 13.3 280 33.5 7.9 92 
2:1/5% 9.4 380 8.3 7.0 71 
3: 1/ 10% 9.6 380 8.0 7.5 77 
3: 1/5% 9.4 360 8.0 7.6 74 
3:1/2.5% 8.5 450 7.6 7.0 71 
3:1/1% 6.9 550 7.3 5.7 67 
3:1/0% 6.7 640 6.2 6.8 61 
7:1/5% 4.3 490 6.7 4.1 60 
1:0/5% 0.8 200 2.5 0.3 45 
1:0/0% 0.8 590 0.8 0.9 30 

(a) Shore D values were not evaluated since most were below the useful working range. 

The important difference in the steepness of the two lines connecting the data points 

confirmed once more that the crosslinking density in the PUR network had a much 

stronger effect on the IPN properties than that in the PEMA network (figure 6.29). 

The strain at break values showed a similar general trend for both the PUR and 

PEMA crosslinking series (table 6.5 and figure 6.30). An increase in the strain at 

break values was obtained with decreasing crosslinking density. 
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Figure 6.29 Stress at break versus Mc.1 data. The solid lines are the best fit through 

the 70:30 PURlPEMA(5% TEGDM) IPNs with different PPGI025/TMP ratios 

(PUR) and the 70:30 PUR(PPGl025/TMP 3:1)/PEMA IPNs with different TEGDM 
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Figure 6.30 Strain at break versus Mc.1 data. The solid lines are the best fit through 

the 70:30 PURlPEMA(5% TEGDM) IPNs with different PPGI025/TMP ratios 

(PUR) and the 70:30 PUR(PPGl025/TMP 3:1)/PEMA IPNs with different TEGDM 

levels (PEMA). 
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The only exception was the semi-2 IPN where the PUR was present in the linear 

form. This IPN resulted in the lowest strain at break (200%) of all materials. From the 

DMTA data, it was obselVed that this material was more phase-separated (figure 

6. 24( a», a fact that could have accounted for the poorer mechanical properties. The 

change in the strain at break values with decreasing ~.t was not as pronounced as for 

the PUR stress at break data. As a consequence of the latter, higher values for the 

toughness index were obtained with the higher crosslinked IPNs which exhibited 

higher values for the stress at break. Thus, the 70:30 PUR(PPGI025/TMP 

1:1)/PEMA(5% TEGDM) IPN that exhibited the highest stress at break (13.3 MPa) 

had also the highest toughness index (7.9 1). Higher crosslinking generally resulted in 

increased values for the Young's modulus. The increase was much more pronounced 

for changing the crosslinking density in the PUR network than in the PEMA. For the 

former, the Young's moduli increased from a value of2.5 MPa for the semi-2 70:30 

PURlPEMA IPN to 33.5 MPa for .the corresponding IPN crosslinked at a 

PPG 1025/TMP ratio of 1: I. On the other hand, when varying the crosslinking density 

of the PEMA network the Young's moduli merely increased from 6.2 MPa to 8.0 

MPa. The Shore A hardness values showed the same trend as the Young's moduli. 

Varying the crosslinking density in the PUR network resulted in changes of the Shore 

A values from 45 to 92, while with variations of the PEMA network crosslinking 

density only a change from 61 to 77 was obtained. The latter re-emphasised the 

importance of the first-formed network, but, furthermore, indicated that the PUR 

network was continuous to a greater extent in the present 70:30 PURlPEMA IPNs. 

TGA studies. TGA studies were conducted with the two homopolymer networks, 

the 70:30 PURlPEMA linear blend and IPNs of different crosslink density. Similar to 

the TGA study on the PURlPS IPNs (section 5.2), the present investigation revealed a 

different degradation pattern for the homopolymers and the respective IPNs (figure 

6.31). Both homopolymers degraded essentially in a one-step mechanism, whereas a 

two-step mechanism was obselVed for the'IPNs. PEMA was thermally stable up to 

270°C, whereas the PUR network started to decompose significantly at 200°C (all 

measurements were conducted in air atmosphere). Comparing four 70:30 

PURlPEMA compositions with different crosslinking densities, considerable 

differences in the thermal stability were noted. 
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Figure 6.31 Percent weight loss versus temperature. (a) PUR(PPG I 02SrrMP 3: I) 

homonetwork, (b) 70:30 PURlPEMA linear blend, (c) 70:30 PUR (3: I)/PEMA(S% 

TEGDM) IPN, (d) 70:30 PUR(3:1)/PEMA(10%), (e) 70:30 PUR (1:I)fPEMA(S%) 

and (f) PEMA(S%) homonetwork. 

The linear blend was clearly inferior to the lPNs (figure 6.13(b)). Looking at the three 

full 70:30 PURlPEMA IPNs of different crosslinking densities, it was noted that the 

crosslinking density in the PUR network determined the thermal properties of the 

lPN s. The IPN with the highest PUR crosslinking level (PPG 1 02SfTMP ratio of I: I) 

was thennostable up to the highest temperature. On the other hand, only a slight 

improvement in weight retention between 300°C and 400°C was noticed for the lPN 

crosslinked with 10% TEGDM compared to that crosslinked at 5% TEGDM (figures 

6.3l(d) and (c». It was interesting to note that all lPNs exhibited a clearly higher 

weight retention than either homonetworks and the linear 70:30 PUR-PEMA blend at 

temperatures higher than 300°C. However, the latter was of little practical importance 

since at 300°C only roughly 30 weight percent of the material were present. 

Morphology by TEM. TEM micrographs were prepared in order to investigate the 

influence of the crosslinking density on the IPN morphology. TIle dark regions consist 

predominantly of PUR which is preferentially stained(239) by OS04. The three lPNs 

investigated are shown in figure 6.32. 



SOOnm 

Figure 6.32 TEM micrographs for the 70:30 PURJPEMA IPNs at a 5 mol.% DVB 

level and at varying PPGl025/TMP ratios. (a) PPG10251TMP ratio 7:1, 5% 

TEGDM, (b) 1:1,5% and (c) 3:1,10%. 
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The broadest half-peak width, 156°C (table 6.3), was obtained with the IPN 

cross1inked at a PPGI025/TMP ratio of3:1 and 5% TEGDM. The TEM micrograph 

of this 70:30 PURlPEMA IPN was shown in figure 6.17(b) and (c). It had PEMA 

domains in the order of 50 - 300 urn. The TEM micrograph of the corresponding IPN 

cross1inked at a PPGI025/TMP ratio of 7:1 and 5% TEGDM is shown in figure 

6.23(a). It had an almost equally broad (149°C) half-peak width. The PEMA phase 

domains appeared somewhat bigger (50 - 400 nm), which was almost certainly due to 

the lower PUR cross1ink density. The latter IPN was compared with the IPN with the 

narrowest half-peak width (72°C), which was cross1inked at a PPG 1 025ITMP ratio of 

1: I and 5 % TEGDM. The TEM micrograph of this material showed a clearly finer 

phase structure (figure 6.23(b». In addition to some larger domain structures (lOO -

300 nm), many very small domains of 10 - lOO nm were present. This confinned 

earlier findingS(IOO) that a tighter network of the material that forms first restricts the 

domain size of the second-formed network. Increasing the crosslinking density of the 

second network was also investigated. Figure 6.32( c) shows the IPN cross1inked at a 

PPGI025/TMP ratio of3: I and with 10% TEGDM. It could be seen that crosslinking 

in the second formed PEMA network led to rather larger and much better-defined 

phase domains. This confirmed the findings from the DMT A data of poorer phase 

mixing and poorer phase continuity of the PEMA phase in the 10% TEGDM­

cross1inked IPN. Compared to the IPN that was crosslinked at a PPGI025/TMP ratio 

of 3:1 and 5% TEGDM, the PEMA loss factor transition shifted to a higher 

temperature (from 87°C to 95°C) and decreased in height (from 0.42 to 0.26). Thus, 

with increasing cross1ink density in the PEMA network, a coarser IPN morphology 

with purer and less continuous PEMA domains was obtained. The latter was not 

expected. 

6.3 Variation in the PUR Network 

PURs are(205) a very versatile class of materials (section 2.3) and, thus, open up further 

avenues for changing the IPN properties. In the present study, (i) a variation in the 

molar mass of the PPG polyo~ (ii) the use of different types of polyols and (iii) a 

variation in the PUR hard segment were investigated. The variation of the PUR 

network was conducted in a 70:30 PURlPEMA IPN which was crosslinked at 5 
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mol% TEGDM. The IPNs were investigated by DMTA and stress-strain and hardness 

measurements. 

DMT A studies. The loss factor and storage modulus versus temperature data for the 

three studies are shown in figures 6.33 to 6.38. The DMTA data for the IPNs are 

shown in table 6.6. In varying the molar mass of the PUR soft segment, it was 

attempted to tailor the IPN maximum damping ability. By using higher molar mass 

PPG polyols the damping range was extended to lower temperatures. The loss factor 

versus temperature data for the 70:30 PUR(PPG4000/TMP 3:1)/PEMA(5% 

TEGDM) IPN containing a polyol of a molar mass of 4000 showed a phase-separated 

morphology (figure 6.33(a». 

Table 6.6 Dynamic mechanical properties (10 Hz) of the 70:30 PURlPEMA IPNs as 

a function of the PUR network. 

70:30 IPN Tg [tan 0, 0C] Tan 0 maximum Inter-transition Half-peak 
PUR I PEMA [PUR] PUR I PEMA [PUR] PUR I PEMA minimum width[°C] 

Soft segment variation (TMXDI. polyollTMP 3: 1) 
PPG425 [40] 53 I (a) [1.53] 0.80 I (a) 
PPGl025 [-5] 18 187 [1.08] 0.40 I 0.42 
PPG2025 [-26] -25/96 [1.31] 0.41/0.39 
PPG4000 [-40] -41 172 [1.72] 0.57/0.55 

PTHF2000 
PCL2000 
PBD2500 

[-37] -40 I 117 
[-19] -211117 
[-45] -44/103 

[0.77] 0.33/0.43 
[1.13] 0.27 I 0.48 
[0.89] 0.35 10.22 

Hard segment variation (PPG1025/chain extender 3: 1) 
TMXDI, TMP [-5] 18/87 [1.08] 0.40 I 0.42 
TMXDI, BD(d) [-7] 5/85/126 [1.35] 0.36/0.55/0.48 
MDI, TMP [20] 37 I (a) [1.09] 0.67 I (a) 
MDI, BD [14] 10 I (c) [1.33] 0.381 (c) 

[1 Values in square brackets are for the PUR homonetworks (section 4.2). 

(a) 
0.40 
0.32 
0.26 

0.12 
0.10 
0.12 

0.40 
0.36 

(a) 
(c) 

(a) No glass transition temperature for the second component could be determined. 

(b) Not applicable because of low inter-transition values. 

(c) Material became too soft for measurement. 

(d) One main transition peak with two main shoulders were observed. 
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Figure 6.33 Loss factor versus temperature data for the 70:30 PURlPEMA IPNs as a 

function of molar mass of the PPG polyol at a constant polyollTMP ratio of3:1. (a) 

PPG4000, (b) PPG2025, (c) PPGI025 and (d) PPG425. 
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Figure 6.34 Storage moduli versus temperature for the 70:30 PURlPEMA IPNs as a 

function of molar mass of the PPG polyol at a constant polyollTMP ratio of 3: 1. (a) 

PPG4000, (b) PPG2025, (c) PPGl025 and (d) PPG425. 
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Figure 6.35 Loss factor versus temperature data for the 70:30 PURlPEMA lPNs as a 

function of type of the polyol at a constant polyoVTMP ratio of3: I. (a) PPG2025, (b) 

PTHF2000, (c) PCLZOOO and (d) PBD2500. 
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Figure 6.36 Storage moduli versus temperature for the 70:30 PURlPEMA lPNs as a 

function of type of the polyol at a constant polyoVTMP ratio of3: I. (a) PPG2025, (b) 

PTHF2000, (c) PCL2000 and (d) PBD2500. 
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Figure 6.37 Loss factor versus temperature data for the 70:30 PURlPEMA IPNs as a 

function of PUR hard segment. (a) TMXDl, PPGI025/TMP 3: I, (b) TMXOl, 

PPGI025/BD 3: I, (c) MOl, PPGl025/TMP 3: 1 and (d) MDI, PPGI025/BD 3: I. 
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Figure 6.38 Storage moduli versus temperature for the 70:30 PURlPEMA IPNs as a 

fimction of PUR hard segment. (a) TMXOl, PPGl025/TMP 3: 1, (b) TMXOl, 

PPGl025/BD 3: I, (c) MDl, PPG 1 025/TMP 3:1 and (d) MD!, PPG1025IBD 3: I. 



Two loss factor peaks were observed, at -41°e and noe (table 6.6). The loss factor 

value for the inter-transition minimum was relatively high at 0.26, indicating some 

degree of phase-mixing. In this study, the inter-transition minima were given instead 

of the inter-transition value. This was done since a great number of these IPNs had 

highly unsymmetrical transition profiles. Thus, taking the loss factor height at a fixed 

temperature between the Tg temperatures of the constituent homopolymer networks 

might have resulted in an unrepresentatively high value. The IPN containing the 

PPG2025 polyol showed a much more phase-mixed loss factor profile (figure 

6.33(b». The PUR transition peak was at -25°e and the PEMA transition was very 

broad (96°C). With the exception of the slightly higher PUR transition peak (0.41), 

the transition had an ahnost rectangular shape. The inter-transition loss factor 

minimum was very high with 0.32 confirming a high degree of component mixing. 

The transition half-peak width of 198°e was exceptionally high. Also, the temperature 

range where the loss factor were greater than 0.3 was broad (160°C) spanning from -

33° to 127°e. This IPN was a potentially excellent damping material. The 70:30 

PURfPEMA IPN containing the PPGI025 had been discussed in sections 6.1 and 6.2. 

A highly phase mixed structure manifested itself in a very broad, ahnost regular loss 

factor transition profile (figure 6.33(c». It was an almost equally good damping 

material with loss factor values greater than 0.3 spanning a' temperature range of 

l30oe. Further decreasing the molar mass of the PPG polyol to 425 resulted in one 

high (0.80) loss factor peak. The highly phase mixed morphology manifested itselfin a 

comparatively narrow half-peak width (52°C). The IPN PUR Tg values were 

compared to those of the respective PUR homonetworks (table 6.6). For PPG molar 

masses of 4000 and 2025, the PUR Tgs were very similar for the IPNs and the PUR 

homonetworks. However, the loss factor heights decreased considerably from the 

PUR to the IPNs from I.n to 0.57 for PPG4000 and from 1.31 to 0.41 for 

PPG2025. The PEMA transition on the other hand shifted to lower temperatures. The 

Tg of the PEMA homonetwork crosslinked at 5% TEGDM was at 105°e (table 6.1). 

Thus, the fact that the PEMA Tg was at noe and 96°e for the lPNs based on 

PPG4000 and PPG2025 indicated that these transitions did not result from pure 

PEMA. The morphology of these two IPNs could, therefore, best be described by two 

different phases. An essentially pure PUR phase existed together with a phase-mixed 

region of varying compositions which was responsible for the broad transition range 
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at the high-temperature transition end. A different trend was observed for the IPNs 

based on PPG1025 and PPG425. For these IPNs, in addition to PEMA shift to lower 

temperatures, also a significant in-ward shift of the PUR transitions was obselVed. It 

shifted from _5cC for the PUR homonetwork to 18cC for the IPN PUR Tg for 

PPGI025 and from 40°C to 53cC for PPG425. This indicated that a high degree of 

enforced component mixing was present. The broad transition profile stemmed from a 

distribution of regions of different PUR and PEMA compositions. It was believed that 

neither pure PUR nor pure PEMA phases existed in these IPNs. Clearly, the latter 

could be only concluded on the basis of the resolution of the DMTA experiment 

which is(107) in the order of 10 nm The different loss factor behaviour of the 

PPG4000- and PPG2025- on the one hand and PPGl025- and PPG425-based IPNs 

on the other hand was likely to have been caused by two factors. One of which was 

that the crosslink density of the PUR network in the four IPNs was very different. 

Using equation 4.3, the calculated M,.t values for the respective PUR networks were 

1700, 2900, 4900 and 8800 glmol for the PPG425, PPGI025, PPG2025 and 

PPG4000, respectively. Because of the clearly lower Mc,t values, PPG425 and 

PPG 1025 were more effective in causing a degree of enforced phase mixing. A 

second factor was the increased miscibility of the PUR networks containing more 

polar urethane links. Since intermolecular interactions were possible between the 

PEMA carbonyl and the N-H bond of the urethane link, a higher hard segment 

content was believed to have been favourable for increased phase mixing. The hard 

segment contents of the respective PUR networks were given in table 4.1. With 

increasing niolar mass of the PPG polyol the hard segment contents were 50, 30, 18 

and 10 weight %. Thus, the IPN PUR networks based on the lower molar mass 

PPG425 and PPG I 025 had stronger interactions with the PEMA resulting in a better 

IPN miscibility. Both the better miscibility combined with a higher degree of enforced 

mixing resulted in the better phase-mixing of the IPN s based on the low molar mass 

PPGs. The storage moduli confirmed above findings (figure 6.34). 

In addition to molar mass of the PPG polyol, the influence of the type of polyol was 

also investigated. The loss factor and storage modulus versus temperature data 

revealed very different profiles even though all polyols had roughly the same molar 

mass of 2000 glmol (figures 6.35 and 6.36). The IPN based on PPG2025 has been 

discussed in the previous paragraph. A high degree of enforced component mixing 
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resulted in an extremely broad loss factor transition (figure 6.35(a». On the other 

hand, the 70:30 PURlPEMA IPNs based on PTHF2000, PCL2000 and PBD2500 all 

exhibited a pronounced two-phase morphology. The latter was corroborated by the 

very low values (0.10 to 0.12) for the inter-transition minimum. For the PPG2025-

based IPN this value was three times as high (0.32). For the lPNs based on 

PTHF2000, and PCL2000 some kind of transition was observed around O°C - 10°C in 

the loss factor profile. These transitions were even more pronounced in the storage 

modulus versus temperature data (figure 6.36). Similar phenomena, however at 

slightly higher temperatures, were observed for the PUR homonetworks based on 

these two polyols (figures 4.18 and 4.19). Using DSC and WAXD techniques 

confirmed that these were primary transitions due to crystallisation and melting of 

PTHF2000 and PCL2000 chain segments (section 4.4). The fact that these 

phenomena occurred at lower temperatures indicated that not the entire chain 

participated in the crystallisation or melting process. The presence of some degree of 

crystallinity in the soft segments of these two lPN s corroborated that the PUR and the 

PEMA were grossly phase-separated. The fact that the polyols were able to crystallise 

might well have been a driving force for phase separation, since the chemical nature of 

both polyols was not that different from PPG2025, which resulted in a phase mixed 

PURlPEMA IPN morphology. The storage modulus versus temperature profile of the 

PBD2500-based IPN had a two-step drop mechanism indicating gross phase 

separation. The poor phase mixing was not surprising. Polybutadiene has(254) a low 

solubility parameter (8 = 17.2 (J/cm3)112) and does not contain any heteroatoms. As a 

consequence no interactions between the polybutadiene and PEMA were possible. 

The high rubbery plateau modulus at 180°C indicated that, perhaps, because of the 

high degree of phase separation a high degree of network formation was obtained. A 

further possibility might have been that some grafting between the PBD and the 

PEMA network occurred. In the latter case, an in-ward shift of both transitions would 

have been expected. However, the transitions for the PUR (-44°C) and the PEMA 

(103°C) in the IPN were virtually the same as those for the respective PUR (-45°C) 

and PEMA (105°C) homonetworks. The latter made it rather unlikely that a 

significant amount of inter-network grafting had occurred. 
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The PUR hard segment was varied in two ways. The TMP triol was replaced by 1,4-

butanediol (BD). The use of BD as chain extender is known(204) to result in highly 

ordered hard segments with strong hydrogen bonding. Thus, the chemically 

cross\inked PUR networks were compared to the physically crosslinked equivalents. 

The latter was done for MDI- and TMXDI-based 70:30 PUR(PPGI025IBD 

3:1)/PEMA(5% PEMA). Also, the respective chemically crossIinked IPNs based on 

MDI and TMXDI were compared. The chemically cross\inked TMXDI- and MDI­

based 70:30 PUR(PPGl025/TMP)/PEMA(5% TEGDM) IPNs showed very different 

loss factor versus temperature data (figure 6.37(a) and (c». As already discussed in 

sections 6.1 and 6.2, the loss factor transition of the TMXDI-based IPN was very 

broad, which was mirrored by a half-peak width of 156°C. That of the MDI-based 

IPN on the other hand exhibited only one transition with a fairly narrow half-peak 

width of 59°C. Compared to the respective MDI-based PUR homonetwork, the loss 

factor peak height had decreased from 1.09 to 0.67 and shifted from 20°C to 37°C. A 

faster PUR reaction rate of the MDI-based IPN might have caused this very different 

transition profile. The PUR was believed to have been formed completely before the 

onset of the EMA polymerisation. As a consequence, the formed· PUR network 

restricted the PEMA phase domain sizes which resulted in a higher degree of enforced 

phase mixing. However, as a result the temperature range of the transition was clearly 

inferior to that of the TMXDI-based IPN. Comparing the chemically (TMP) to the 

physically (BD) cross\inked 70:30 PUR(TMXDI, PPG1025/TMP or BD 

3:1)/PEMA(5% TEGDM) IPN resulted in an interesting finding. The BD-based IPN 

had an even broader transition range than the TMP-based IPN. The loss factor values 

were greater than 0.3 over a temperature range of 170°C. The transition shape was 

slightly different. One major transition peak at 85°C with a low- (5°C) and a high­

temperature (125°C) shoulder were observed. The broader transition range indicated 

that the physically cross\inked IPN was slightly less phase-separated than the 

chemically cross\inked IPN. The physically cross\inked MDI-based had a very 

different loss factor profile. A PUR transition peak was observed at 10°C. No second 

transition could be determined because the IPN became very soft and the loss factor 

values did not cease to rise at temperatures higher than 100°C. The difference 

between the TMXDI- and the MDI-based physically cross\inked IPNs might be 

explained as follows. In the MDI-based IPN, the PUR network was formed before the 
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onset of the EMA polymerisation. This restricted the phase domain size for the 

PEMA. In addition, it also prevented the PEMA from forming a complete and 

continuous second polymer network. As the test temperature increased to values of 

higher than 80°C, the physical PUR network formed through hydrogen bonding 

became increasingly weaker and, thus, the IPN increasingly softer. While in the slower 

reacting TMXDI-based IPN some phase continuity of the PEMA existed that 

prevented the IPN from an important softening that was not the case for the MDI­

based IPN. The storage modulus versus temperature profiles confirmed that the 

physically crosslinked MDI-based IPN had the lowest storage modulus above a 

temperature of 120°C. It was, furthermore, observed that the chemically crosslinked 

IPN based on MDI had an exceptionally high rubbery modulus at 180°C. The latter 

also corroborated the belief that the faster reaction rate of the MDI-based IPN was 

crucial in determining the IPN morphology. It allowed a more complete formation of 

the PUR network while hindering the formation of phase continuity of the PEMA 

network. On the other hand, the storage moduli of both TMXDI-based IPNs were 

fairly similar (figure 6.38(a) and (b». 

Stress-strain and hardness measurement. The mechanical properties of these IPNs 

with variations in the PUR network were determined by tensile testing and hardness 

measurements (table 6.7). The mechanical properties showed equally pronounced 

differences when varying the PPG molar mass as did the DMT A data. The stress at 

break, Young's modulus, the toughness index and the Shore hardness values greatly 

increased with decreasing PPG molar mass. The latter was a result of an increase in 

PUR hard segment content and increased crosslinking densities which increased the 

PUR-PEMA miscibility and phase mixing. With exception of the PPG4000-based 

IPN, the strain at break values showed the opposite trend. The latter was expected 

since a decrease in crosslinking density generally results in higher strain at break 

values. The very low strain value for the PPG4000-based IPN might have been a 

result of the considerably phase-separated IPN morphology which was observed by 

the loss factor profile. The variation of the type of polyol also resulted in marked 

differences in the IPN properties. The PPG2025- and PBD2500-based IPNs exhibited 

generally poorer mechanical properties than the PTHF2000- and PCL2000-based 
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IPNs. The pronounced differences between these two groups were already evident in 

the mechanical properties of the PUR homonetworks (table 4.3). 

Table 6.7 Mechanical properties of the 70:30 PURlPEMA IPNs as a function of 

the PUR component. 

70:30 IPN Tensile properties Hardness 
PURlPEMA Stress Strain Young's Toughness Shore 

at break at break modulus A. D 
[MPa] [%] [MPa] [J] 

Soft segment variation (TMXDI, 1l0lvollTMP 3: I) 
PPG425 24 310 83 14.7 97 84 
PPGI025 9.4 360 8.0 7.6 74 41 
PPG2025 5.1 580 1.0 5.9 59 32 
PPG4000 0.3 70 0.9 0.1 28 22 

PTHF2000 18 480 10 18.2 86 55 
PCL2000 25 530 30 27.1 96 65 
PBD2500 6.1 150 6.7 1.9 81 51 

Hard segment variation (PPG I 025/chain extender 3: I) 
TMXDIJTMP 9.4 360 8.0 7.6 74 41 
TMXDI/BD 2.2(') 350 7.0 2.1 71 37 
MDIITMP 1l.2 330 9.3 6.8 83 50 
MDI/BD 4.5(') 290 12.1 2.9 84 49 

(a) Maximum stress. 

These differences were clearly due to the crystallinity that was encountered io the 

PTHF2000- and PCL2000-based materials. The stress-straio measurements further 

accentuated these differences sioce it is known(156) that hlgh strain can ioduce or 

further increase crystallinity in polymers. Thus, the very hlgh stress at break values for 

the PTHF2000 and PCL2000-based IPNs with 10 MPa and 18MPa were not 

surprisiog. The variation of the PUR hard segment also resulted in IPNs with a 

different property profile. The stress at break values of the chemically crosslinked 

TMXDI- (9.4 MPa) and MDI-based (11.2 MPa) IPNs were clearly hlgher than those 

of the physically crosslinked equivalents (2.2 MPa and 4.5 MPa, respectively). 

Surprisiogly, the straio at break values for the IPN s where the PUR was chemically 

crosslinked were fairly similar to those where the PUR had physical crosslinks only. 
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As a result, the values for the toughness index of the IPNs with chemically crosslinked 

PUR were higher than those of the physically crosslinked counterparts. 

In conclusion, it was found that varying the PUR network had an important bearing 

on the mechanical properties of the IPN. In the present study, a variation of the type 

and the molar mass of the soft segment polyol had a more pronounced influence than 

a variation in the diisocyanate and chain extender. 

6.4 High Damping Materials 

The damping characteristics of IPNs can be assessed from DMTA experiments, 

namely from the loss factor and loss modulus data. These are two important quantities 

since in constrained layer damping applications, the loss factor of the viscoelastic layer 

greatly influences(7,22,150) the damping ability 'of the system On the other hand, in 

extensional layer damping, maximisation of E" is desired(22) Only at a very high 

system loss factor, i.e. for a high thickness ratio of the polymer layer compared to the 

substrate, : e(,e,· (22) th~ l~ss factC;rhugher contribution to the damping ability than E'. 

Thus, the PURJPEMA IPNs of the crosslinking and the composition studies were 

further investigated in terms of their damping characteristics. Also, selected PURJPS 

IPNs were discussed again in this section. The temperature range where the loss 

factor values were greater than 0.3 was already given, together with the loss factor 

half-peak widths. Further characteristics that have been used as an indication of the 

energy absorbing ability(164.166) of polymeric materials will be employed in this section 

to quantifY the IPN damping characteristics. These were the areas under both the 

linear loss modulus curve, LA, and the linear loss factor curve, TA (section 2.2.3). 

TA and LA areas. The calculation principles for the temperature range where the 

loss factor ~ 0.3, the TA area, the temperature range where E" > E" below Tg and 

two LA areas are shown in figure 6.40 for the linear 70:30 PURlPEMA polymer 

blend. TA was obtained by extrapolation of the loss factor curve at the lower and 

upper temperature limit and subsequent integration of the area under the curve (figure 

6.40(b». In order to integrate the LA area base-line corrections(167) similar to in infra-
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red spectroscopy were made. In the present study; LA is given with two different 

straight line type base-line correctionsl )67) 
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Figure 6.40 DMTA data for the 70:30 linear PURlPEMA blend. Illustration of (a) the 

loss factor temperature range where the tan 1) values are greater than 0.3 (tan 1) > 0.3 

LK]), (b) the extrapolation and area wider the linear loss factor curve (TA [K]), (c) 

the loss modulus temperature range where the E" values are higher than at the 

constant value below Tg (E" > E",), (d) the area under the linear loss modulus curve 

above the constant E" (LA. [GPaK)) and (e) for the straight base-line type (LA 

[GPaK]). 

Also, the temperature range where the loss modulus was greater than the constant 

loss modulus value below Tg (E" > E",) was given. 111is was done because assessing 

the damping ability of a polymer for extensional layer damping in terms of the area 

under the E" curve might not be appropriate. Part of the loss modulus versus 

temperature curve exhibited lower E" values than did the polymer below its Tg. 

Below Tg, loss factor values for polymers(l72) are in the range of 0.0 I - 0.02, which 

combined with the high modulus of 2-3 GPa results in constant E" values of 20-60 

MPa. A better way might be to indicate the temperature range where E" of the blend 

is higher than below Tg (E">E",), and give the area of this curve (LAc). 111US, the 

second base-line type was applied in a manner to calculate LAc. 
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The results for the damping characteristics of the PURfPEMA IPNs and selected 

PURfPS IPNs are shown in table 6.8. The loss factor versus temperature data for the 

PURfPEMA IPNs of different compositions are shown in figures 6.1 and 6.2. Figure 

6.41 shows a plot of the temperatures where the loss factors were greater or equal to 

0.3 versus IPN composition . 
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Figure 6.41 Values for the area under the linear loss factor curve, TA, and loss 

modulus curve, LA, versus PURfPEMA IPN composition. 

As already discussed in section 6.1 the 70:30 PUR!PEMA IPN exhibited a very broad 

and almost rectangular transition which is characteristic(152) for semi-miscible, 

microheterogeneous polymer blends. This composition exhibited the widest 

temperature range of loss factor values of greater than or equal to 0.3 over 130°C 

(table 6.8). It also had the highest value for the TA area with 62 K Significantly 

lower TA values were found both below and above the 70:30 PURlPEMA 

composition. From the data in table 6.8, it was, furthermore, observed that the TA 

area and the range where the loss factor was;:: 0.3 had a similar trend. 
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Table 6.8 Damping characteristics of 70:30 PURlPEMA IPNs as a function of 

composition and crosslinking density and selected 60:40 PURlPS IPNs. 

IPN Loss factor, tan 8(') Loss modulus, E"(') 

>0.3 [K] TA[K] >E"c LAc [GPaK] LA [GPaK] 

PURlPEMA IPNs of different cO!!!jlosition [% PEMA] 

0 37 30 43 2.5 3.1 
10 60 42 45 1.9 2.3 
20 62 41 48 2.3 2.9 
30 130 62 58 2.3 2.8 
40 100 56 70 2.9 3.5 
50 82 57 86 2.5 3.8 
60 71 52 \10 3.5 4.5 
70 65 48 113 4.2 5.3 
80 65 49 116 5.3 6.5 
90 62 46 128 6.8 8.3 

100 59 38 142 8.0 9.7 

70:30 PURlPEMA IPNs of various crosslinking densities 
~PGI025/TMP/%TEGDMJ 

1: 1/5% 72 48 87 2.7 3.4 
2:11 5% 79 51 58 2.4 3.1 
3: 1/10% 79 49 57 2.2 2.6 
3: I 15% 130 62 58 2.2 2.7 
3:1/2.5% 115 55 53 2.5 3.0 
3: 11 1% 96 54 49 2.1 2.6 
3:110% 84 50 50 2.4 3.1 
7: 1/5% 125 59 45 2.6 3.0 
1:0/5% (b) (b) 39 2.1 2.4 
1:0/0% (l08) 68 49 1.9 2.4 

60:40 PURlPS IPNs 

2.5% Grafting TMl 80 47 74 3.5 4.0 
5% Grafting TMl 70 47 78 4.5 5.6 
10% Grafting TMl 51 35 86 3.7 4.4 
10% Compatibiliser 135 52 55 3.8 4.6 
Stirred polym. 164 85 63 3.5 3.8 

(a) The abbreviations are explained in figure 6.40. 

(b) Not available due to softening of the material. 

() For values in brackets substantial curve extrapolation had to be conducted. 
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The log loss modulus versus temperature data forthe PURlPEMA IPN composition 

series are shown in figure 6.4. However, for the calculation of LA the linear loss 

modulus versus temperature data was needed. In order to illustrate the LA area 

findings, the linear loss modulus versus temperature data are shown in figure 6.42 for 

selected PURlPEMA lPN compositions. 
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Linear loss moduli versus temperature for PURlPEMA lPN 

compositions. (a) 100 PUR, (b) 60:40 PURlPEMA IPN, (c) 50:50, (d) 40:60, (e) 

30:70, (f) 20:80 and (g) 100 PEMA. 

The peak location and peak shape varied greatly with the lPN composition. These 

variations were already discussed in section 6.1. In brief, from the 40:60 to the 30:70 

composition a major change in E" peak location and shape took place. The peak 

maximum shifted from -l30e to 300e and the 30:70 composition was dominated by 

the PEMA. The breadth of the temperature range where E" > E", steadily increased 

with increasing PEMA content from a value of 43°e for the 100 PUR to 142°e to the 

PEMA homonetwork (table 6.8). However, the maximum damping peak shifted to a 

higher temperatures with increasing PEMA (figure 6.42). TIle area under the linear 

loss modulus curve, LA, followed a similar trend, with the highest LA values being 
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obtained for the PEMA homonetwork. The trends for the LA values were different 

from that of the TA, yet similar for both types of base-lines. The LA and LA., values 

continually increased with increasing PEMA content. Furtber, it was observed that 

values for LA were clearly below those expected from the linear rule of mixing of the 

two homonetwork LA values (figure 6.41). lbis is in contrast to the earlier 

thought(l68) that semi-miscible IPNs exhibit larger LA values, whereas only very 

miscible and highly immiscible blends result in low values for LA. In this composition 

study, the network first-formed was rubbery and network 2 was glassy. Also, the LA 

value for network 1 was much lower than the LA value for network 2, both factors, 

that might have had an influence on the LA values. Equally important could have been 

the relatively good miscibility of both polymers, which was noted from the DMT A 

data of the linear blend in figure 1. Introducing crosslinks into the PEMA resulted in a 

considerable broadening of the polymer blend transition. The PEMA transition shifted 

clearly to higher temperatures and a decompatibilising effect was believed to have 

occurred (section 6.2). In conclusion, it was found that in the PURlPEMA IPN 

composition series the TA area had an optimum at the 70:30 composition, whereas 

LA increased with increasing PEMA component. LA values were yet lower than the 

linear rule of mixing suggested. 

Crosslinking also proved to have an influence on the TA area and the temperature 

range where the loss factor was;;>: 0.3. From the values in table 6.8 it was noted that 

generally low crosslinking in the PUR network resulted in greater values for both TA 

and the temperature range where the loss factor was;;>: 0.3. An exception to this was 

the IPN crosslinked at a diolltriol ratio of 3: 1 and 5% TEGDM which exhibited 

maxima for both TA (62 K) and the temperature range where the loss factor was ;;>: 

0.3 (\30°C). 5% TEGDM crosslinking also proved to be the optimum level for the 

crosslinking of the PEMA network. Higher and lower crosslinking in the PEMA 

network resulted in lower loss factor damping characteristics. Generally, the same 

tendency was observed for TA, the temperature range where the loss factor was;;>: 0.3 

and also for the half-peak widths (table 6.3). 

The loss modulus versus temperature data revealed a different pattern, yet again 

similar tendencies for both LA baseline-types were observed. Both LAs seemed to 

increase slightly with higher crosslinking in the PUR, as did the temperature range 

where E" > E"c. On the other hand, both LAs and E" > E"c were not influenced to a 
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significant extent by the crosslinking of the glassy network. This can be explained by 

the nature ofE". The latter is the product of the storage modulus and the loss factor. 

When an amorphous polymer undergoes its Tg, E' decreases by 3-4 decades, while 

loss factor values can, at best, increase by 2 decades from 0.02 to 2. Thus, E' 

determines E" to a large extent. In a broad IPN transition, the component at the 

higher temperature transition end does not make any contribution to E" because of the 

low E' value that overrides the loss factor increase. 

The five 60:40 PURlPS IPNs that are listed in table 6.8 exhibited a broad loss factor 

transition range. The DMTA data and the TEM micrographs had been shown and 

discussed in depth in chapter 5. The 60:40 PURlPS IPN grafted with 2.5% TMl 

exhibited one broad transition with loss factor values;:: 0.3 from 45°C to 125°C. At 

higher incorporation levels of 5% and 10% TMl a clearly more narrow transition 

resulted. In table 6.8, it can be seen that the values for the TA area were steadily 

falling with increasing grafting agent content. On the other hand, the temperature 

range where E" was greater than the constant E" below Tg increased with increasing 

grafting agent content. The LA area seemed rather to increase at first and than 

decrease again at high grafting levels of 10%. This seemed to be true for both base­

line types. 

The 60:40 PURlPS IPN with 10% TMl-PPGl025 compatibi1iser had a broad and 

high transition of 135°C, spanning from -12°C to 123°C. Despite the 

microheterogeneous morphology, the LA and LAc values were fairly low. This was 

further corroborated by the low temperature range (55°C) where E" > E"c. 

The 60:40 PURlPS IPN that was synthesised by a stirred polymerisation showed very 

high inter-transition values which resulted in a very broad loss factor peak region. The 

loss factor values were;:: 0.3 from -19°C to 145°C. Consequently, the TA area of the 

stirred system was very high with a value of 85 K compared to the conventionally 

synthesised counterpart which had a value of 58 K This stirred IPN had the highest 

TA area of all IPNs investigated. On the other hand, both LA areas (3.5 and 3.8 

GPaK) and the temperature range (63°C) where E" > E"c were amongst the lowest of 

all 60:40 PURlPS IPNs investigated. 

In conclusion, it was found that no relation between the TA and the LA areas was 

found. Values for the TA area seemed to be higher for IPNs with a predominantly 

elastomeric continuous phase. Also, a low cross1inking level in the elastomeric 
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network generally increased TA. LA increased with higher contents of the glassy IPN 

component. A high level of crosslinking in the elastomeric network increased LA. 

Generally, it had to be said that loss factor data showed excellent reproducibility, 

whereas the magnitude of the loss modulus data was much more susceptible to 

variations. The latter were a result of variations in clamping the test specimens. This 

was acknowledged in earlier studies(59,330) where a variation of E" of up to 30% was 

observed(59). Also, the loss modulus data determined by different instruments are 

known(I64-I66) to vary considerably. Chang and co-workers(I64-I66) tried to compensate 

for the latter by introducing a correction factor. However, the clamping variations stiD 

remain a considerable problem when comparing loss modulus data_ 
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7. IPNS CONTAINING LATEX PARTICLES 

One major potential application for IPNs is in the field of sound and vibration 

damping(4,13,153). In real damping applications, wide variations of temperature and 

frequency are experienced, thus requiring damping systems with a high and broad loss 

factor range. One method to broaden further the temperature range of IPN s are three­

component IPNs. By choosing three polymer components with Tgs far apart a broad 

transition range might be achieved. A very limited number of studies have been 

conducted on three-component IPNs by Klempner and Frisch(331,332) and by Wang and 

co-workers(333) The simultaneous syntheses of these three-component IPNs relied on 

three independent polymerisation reactions, isocyanate and epoxy curing and a free 

radical reaction. In the present study, a different approach was investigated. PS latex 

particles were prepared first, and, then. mixed and reacted with PUR precursors, 

methacrylic monomer and crosslinker. Structured latex particles have been used for 

the toughening of homopolymers such as thermoplastic PMMA(334) and thermosets 

such as epoxy resins(335). For this purpose, latex particles with a diameter(335) between 

0.2 - 2 ID'with a low Tg core polymer are most commonly used. In the present study, 

glassy functionalised and unfunctionalised PS particles were incorporated into an 

elastomeric IPN. The objective of this study was to develop materials that exhibit 

better mechanical properties at high temperatures than the PUR/poly(n-butyl 

methacrylate) (PBMA) two-component IPN. The latter is a good damping material 

with high intrinsic damping characteristics over a limited temperature/frequency 

range. The principal objective was to broaden further the damping temperature range 

by the incorporation of functionalised latex particles into the PURlPBMA IPN. In 

addition to extending the transition region to higher temperatures, the PS latex 

particles should act as a polymeric filler in the IPN, since at the Tg transitions of the 

PUR and the PBMA, the PS latex particles are still in the glassy state. Fillers are 

known to be able to broaden(185,197) the damping range and increase(13,185,333) the 

damping ability by introducing additional damping mechanisms. They can resonate(336) 

and/or reflect impinging sound waves back through the polymer. Also, energy can be 

converted(185,l97) into heat through an increase in friction and shear in the system. This 

is achieved through particle - particle friction(185) in filler agglomerates, particle -
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polymer friction or through filler particles acting as mini-constrained layer(197) systems. 

The composition range of the filler which will yield improved damping is likely to be 

limited by two factors. Too little filler will be ineffective, while too much will decrease 

the volume percentage of the IPN, so that the height of the Tg transition will be 

reduced and shifted out of the desired damping range. Increasing the damping ability 

through the creation of additional shear in the system and broadening the damping 

range might require different weight fractions of filler addition. While 7% has been 

found as an optimum(333) for the former, around 20% of a polymer is needed to 

observe an effect on the dynamic mechanical property profile. Thus, the PS composite 

latex particles were incorporated at 17 weight %. A 70:30 PURlPBMA IPN 

composition was chosen because of the special properties found at this composition 

for many PURlmethacrylic IPNs(lIO). 

7.1 Synthesis of IPNs Containing Functional Latex Particles 

The preparation of the three-component IPNs differed considerably from that of the 

two-component IPN s. Since the three-component IPN s represented only a small part 

of this study and in order not to complicate further the experimental chapter, the 

synthesis was not covered there. Therefore, a brief outline of the preparation 

procedure is given in the following. 

Materials. The PUR network was made from TMXDI and PPG I 025/TMP at a ratio 

of 3:1. The acrylic component consisted of n-butyl methacrylate mODomer (BMA) 

which was crosslinked with TEGDM. The DVB crosslinked PS latex particles were 

initiated with 4,4-azobis(4-cyanovaleric acid) (AVA). 2-Hydroxyethyl methacrylate 

(HEMA) was incorporated into the PS latex particles to provide surface functionality. 

Dodecyl sulphate sodium salt (DSS) was used as the emulsifier. 

Synthesis of PS and PS-HEMA latex particles. Crosslinked (1 mol% DVB) PS 

latex particles and functionalised particles containing HEMA were synthesised by 

emulsion polymerisation (figure 7.1). A SIDVB mixture was used to form a seed. 

Thus, 10% of the charge was added with the initiator after conditioning the water -

emulsifier system for lh under nitrogen at 75°C. 
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Figure 7.1 Schematic representation of the crosslinked (a) and the HEMA­

functionalised (b) PS latex particles. 

The remaining 90% SfDVB was fed in two stages over 4h. 80% was added over 3h. 

After a further 30 minutes, the remaining 10%, with the HEMA, was added. Finally, 

the latex was cryo-crashed, filtered and washed with hot water. The copolymerisation 

ratios(254) for S and HEMA are r, = 0.57 and r2 = 0.65, which indicated a tendency 

towards an alternating copolymerisation. This, together with the low levels ofHEMA, 

meant that no substantial poly(hydroxyethyl methacrylate) (PHEMA) segments were 

formed. The latter was important since both HEMA and PHEMA are strongly 

hydrophilic. The latices were synthesised at overall HEMA levels of 0, 0.5 and 3 

weight percent. 

Characterisation of the latex particles. Photon correlation spectroscopy yielded 

particle sizes between 90 to 100 DID for the PS latex and the PS-HEMA composite 

latex particles. Particle sizing via TEM resulted in lower values of 60 to 80 run (figure 

7.2). 

Diffuse reflectance infra red spectroscopy studies were conducted in order to confirm 

the incorporation of the HEMA into the PS latex particles (figure 7.3). Comparing the 

spectra obtained from the PS latex and the functional latex, the incorporation of 

HEMA was obvious from the presence of two additional absorption peaks. The 

hydroxyl peak appeared at 3458 cm-' and the carbonyl stretching at 1745 cm·'. 
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Figure 7.2 TEM micrograph of structural PS-HEMA latex particles on a carbon film. 
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Figure 7.3 Diffusion reflectance infra red spectra of (a) the PS and (b) the HEMA­

functionalised PS latex particles. 
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M-TDSC studies revealed a lower Tg for the functionalised particle than for the pure 

crosslinked PS latex (figure 7.4). The glass transition temperature of PHEMA (254) is 

65°C. 
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Figure 7.4 Comparison of the differential of heat capacity versus temperature for the 

polystyrene and the HEMA-functionalised latex particles. 

IPN Preparation. The AIDN was dissolved in the BMNTEGDM mixture. In a 

separate receptacle, the TMP was melted and dissolved in the PPG I 025 at 60°C. At 

room temperature, the latex particles were dispersed in the polyol mixture using a 

high speed mixer and the mixture was subsequently degassed. Both components were 

combined and the PUR catalyst and the TMXDI added. For the preparation of the 

IPNs with the hydroxyl-fWlctionalised latex particles, an additional stoichiometric 

amount of diisocyanate (TMXDI) was added to the origiual formulation in order to 

ascertain good network formation. TIle mixture was stirred at high speed for 5 

minutes and then degassed for I minute. TIleu, the mixture was cast into a stainless 

steel spring-loaded O-ring mould, which had been pre-treated with release agent. TIle 

moulds were placed into an open air oven for curing. The curing cycle consisted of 

three stages of 24h at 60°C, 24h at 80°C and 24h at 90°C. Four IPNs were 

synthesised at a 70:30 PURlPBMA composition. One of which was the two-
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component PURlPBMA IPN, whereas the remaining three contained 20 parts (17 

weight %) of unfunctionalised and HEMA-functionalised (0.5 and 3 weight % of 

HEMA) PS latex particles. 

7.2 Properties and Morphology pfIPNs Containing Latex Particles 

The properties and morphology of the IPNs containing latex particles were 

characterised using DMT A, stress-strain and hardness measurements and by SEM and 

TEM micrographs. 

DMT A studies. PUR and PBMA are a partially miscible polymer pair. Both contain 

groups that exhibit some polarity and their solubility parameters, determined by 

equilibrium swelling, are 20.3 (J/cm3
)112 for the PUR(284) and 17.9 (J/cm3)1I2 for the 

PBMA(2S4). The 70:30 PURlPBMA IPN exhibited a broad transition peak with high 

loss factor values spanning both Tg transitions (figure 7.5 (a». However, its 

usefulness at temperatures higher than 80°C was very limited because of the 

significant softening of the material. At 80°C, the mechanical properties were poor 

which was manifested in the storage modulus curve approaching 0.1 MPa (figure 7.6). 

Incorporation of the latex particles was conducted in order to increase the working 

temperature range of the damping material. The PS latex particles were swollen to 

some extent by the monomer/crosslinker/initiator mixture and, thus, upon 

polymerisation, physically entangled with the methacrylic network. The incorporation 

of 20 parts of 1 mol% DVB crosslinked PS latex particles into the IPN sheet resulted 

in an additional peak at 148°C in the loss factor curve (table 7.1 and figure 7.5). The 

storage modulus curve now remained greater than 0.1 MPa until above 160°C (figure 

7.6). Yet, the inter-transition loss factor values were low (0.11) because of the poor 

miscibility between PBMA and PS. A better result was obtained with the hydroxyl 

functionalised latex particles which were also incorporated at 20 parts by weight. In 

addition to the forced physical entanglement with the PBMA network, the hydroxyl 

functionality of the latex particles could also react with the TMXDI to become 

chemically linked to the PUR network, thus, improving the dispersion of the latex 

particles. The latter could be observed by the inward shift of the PS transition from 

148°C to l31°C for the 0.5% and to 118°C for the 3% HEMA functionalised latex 

particles. 
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Figure 7.5 Loss factor versus temperature for the 70:30 PUR/PBMA IPNs containing 

fatex particles. (a) 70:30 PURlPBMA IPN without latex particles, (b) + 17% PS, (c) 

+ 17% PS-(O.S%HEMA) and (d) + 17% PS-(3%HEMA) . 
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. Figure 7.6 Storage moduli versus temperature for the 70:30 PURlPBMA IPNs 

containing latex particles. (a) 70:30 PURlPBMA IPN without latex particles, (b) + 

17% PS, (c) + 17% PS-(O.S%HEMA) and (d) + 17% PS-(3%HEMA). 
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Further, a clear increase of the loss factor value for the inter-transition was observed 

from 0.11 for the system with the PS latex to 0.18 for both PS-HEMA functionalised 

latex particles. However, for a good damping materia~ a loss factor value of 0.3(172) 

over the entire transition should be achieved. Therefore, further increase of miscibility 

of the latex particles with the lPN is needed in order to obtain a good damping 

material. This may be achieved either by allowing more time for the PS latex particles 

to be swollen to a greater extend or by selecting a latex polymer with a solubility 

parameter closer to that of the methacrylic component. Work with PMMA latex 

particles might prove interesting. 

The area under the linear loss factor curve, TA, is an indication of the damping ability 

ofa material (section 6.4). In this study, it was difficult to compare the respective TA 

areas since the PURlPBMA lPN became too soft at higher temperatures. Therefore, it 

was difficult to establish whether the PS latex particles acted as a filler and so 

imparted additional damping mechanisms into the material. Yet, from assessing the 

areas of the three-component lPNs, it could be noted that the incorporation of HEM A 

decreased the TA area. This could be attributed to the increase in crosslink density 

that was brought about by the functionalised latex particles. The pendent hydroxyl 

functionality of the HEMA-PS latex particles grafted onto the forming PUR network 

to form trifunctional crosslinks. These additional crosslinks decreased further the 

segmental mobility within the PUR network, resulting in a weakening of the glass 

transition phenomenon which in turn showed itself in lower values for the loss factor. 

Stress-strain and hardness measurements. The tensile testing results are listed in 

table 7. L Behaviour typical of a filled polymer(lS6.18S) was observed. An increase in 

Young's modulus was combined with a decrease in elongation and stress at break. The 

Young's modulus increased from L 9 MPa for the PURlPBMA lPN to 14, 15 and 21 

MPa for the materials with the incorporated latex particles. The values for the 

elongation at break decreased considerably from 450% for the two-component lPN to 

less than 200% for all of the three-component lPNs. As a result, the toughness index 

also decreased by half from 3.6 J to around 2 J for the three PS-filled lPNs. For the 

stress at break, a more differentiated pattern was observed. The 70:30 PUR/PBMA 

lPN exhibited a greater value (4.3 MPa) than the lPN filled with 17 weight % PS 

latex particles (3.7 MPa). 
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Table 7.1 Dynamic mechanical and mechanical properties of the IPNs. 

Samples 
70:30 IPN 
PURfPBMA 

DMTA [tOHz] 
Tg [tan 1) /0C] 

Tensile properties 
Stress Elongation Young's Toughness 

at break at break modulus 
PURfPBMNPS [MPa] [%] [MPa] [J] 

70:30 IPN -2/ (a) 4.3 450 1.9 3.6 
+PS -2/62/148 3.7 170 14 1.8 
+PS-HEMAO.5% -2/59/131 4.6 160 IS 1.8 
+PS-HEMA3% -2/551118 7.4 180 21 2.5 

Ca) Material became too soft for measurement. 

Hardness 
Shore A 

48 
76 
80 
86 

This indicated that the latex particles were not entangled to a great extent with the 

PBMA component. Upon introduction ofHEMA into the PS latex particles, the stress 

at break values increased. With 0.5% HEMA incorporated in the PS latex, a slightly 

higher value of 4.6 MPa than for the two-component IPN was obtained. At 3% 

HEMA incorporation, the highest value by far with 7.4 MPa resulted for the stress at 

break. This indicated a better adhesion between the composite latex particles and the 

matrix which was caused by the formation of covalent bonds from the reaction of the 

hydroxyl groups with the isocyanate groups. 

The Shore A hardness values increased strongly (table 7.1) with the incorporation of 

the functional latex particles from a value of 48 for the PUR/PBMA to 76 for the 

material with 17% PS latex particles. The functionalised particles resulted in even 

higher values with 80 for the particles with 0.5% HEMA and 86 for the material with 

3%HEMA. 

Morphology by TEM and SEM. TEM studies were conducted to investigate the 

IPN morphology (figure 7.7). Again, for a better contrast, the samples were stained 

with osmium tetroxide which is known(242) to stain the PUR preferentially. For the 

PURfPBMA IPN, a fine morphology with very small phase domains was observed 

(figure 7.7(a». Both larger PEMA-rich (white) domains of200 - 300 nm and smaller 

domains of 40 - 70 urn in size were present. 
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Figure 7.7 TEM micrographs for the 70:30 PURlPBMA IPNs containing latex 

particles. (a) 70:30 PURlPBMA IPNs without latex particles, (b)&(c)&(d)&(e) + 

17% PS and (f) + 17% PS-(3%HEMA). 

302 



An even stronger indication of some degree of miscibility of the PURlPBMA IPN 

than the small phase domain sizes was the blurred interface area. Various shades of 

grey indicated that the composition was changing only gradually, whereas in 

immiscible IPNs, such as, for example, in PURlPS IPNS(4) (chapter 5) clear-cut 

internees were observed. The TEM micrographs of the three-component IPN s with 

the incorporated latex particles were all macroscopically similar in morphology and 

showed that the majority of the latex particles were not dispersed on an individual 

level. Agglomerates of the latex particles in the IPN matrix could be seen (figure 

7.7(b) to (f). The size of these agglomerates was in the order of 2 - 30 Il:"with a 

trend towards a smaller agglomerate size for the materials with the higher degree of 

functionalisation in the latex particles. This trend towards smaller agglomerate sizes 

might be explained by the reaction of the forming PUR network during the 5 minutes 

mixing period with the hydroxyl-functionalised latex particles. Functionalised latex 

particles that were chemically linked with the forming PUR network were believed to 

have been more prone to being tom out of the agglomerates, thus, leading to the 

partial break-up of the latter. A micrograph of one PS latex particle agglomerate of 3 

- 4 11 which is surrounded by a PURlPBMA matrix is shown in figure 7.7(c). The 

individual PS latex particles (white) can be seen in a dark agglomerate matrix. It was 

difficult to determine whether the agglomerate matrix was predominately composed 

of PUR or PBMA. Figure 7.7(c) would indicate that the dark agglomerate matrix 

consisted mainly of osmium tetroxide-stained PUR However, besides osmium 

tetroxide staining, the electron density (darkness) of the phases is also strongly 

influenced by the thickness of the ultrathin sample section. In this study, 

ultramicrotoming was conducted at room temperature. As a result, there was a 

pronounced difference in hardness of the PS-rich agglomerates and the surrounding 

matrix because of the high glass transition temperature of the PS. This might have led 

to a variation in section thickness which in turn could explain that in other 

micrographs (figures 7.7(e) and (f), the agglomerate matrix appeared lighter than the 

surrounding PURlPBMA matrix. Further, the TEM micrographs confirmed that the 

PS latex particles were not swollen to a great extent by the BMA monomer and the 

crosslinker. A comparison at the same magnification between the latex particles 

measured on a carbon film (figure 7.2) and the particles in an ultramicrotomed section 

of the three-component IPN with 17% PS latex particles (figure 7. 7( d» showed them 
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to be very similar in size. At a high magnification of 50 k times, an additional 

difference between the incorporation of unfunctionalised and functionalised latex 

particles was noted. At a functionalisation level of 3% .HEMA in the PS latex 

particles, numerous single functionalised PS particles were also observed outside the 

agglomerates in the PURlPBMA matrix. Still, the interface between the PS latex 

particles agglomerates and the PURlPBMA matrix was clearly visible, but much less 

well-defined for the material with the 3% HEMA functionalised PS latex particle 

agglomerates. Figures 7. 7( e) and (f) showed similar interface regions of a material 

with unfunctionalised PS latex particles and with 3 % HEMA functionalised particles. 

While in figure 7. 7( e) the single latex particles can be easily distinguished, much less 

well-defined interfaces within the agglomerate matrix were seen in figure 7.7(f). This 

was believed to have stemmed from the reaction of the functionalised latex particles 

with the PUR network. The dark regions represent PUR-rich zones. Reaction 

between the forming PUR network and the functionalised latex particles lead to the 

greater degree of forced mixing seen in this micrograph. 

SEM micrographs were prepared from the fractured tensile test specimens (figure 

7.S). The micrograph of the two-component 70:30 PURlPBMA IPN is shown in 

figure 7.S(a). A fairly fine phase morphology was observed. Upon the incorporation 

of 17% PS latex particles, a comparatively irregular surface structure resulted (figure 

7.S(b». Agglomerates of latex particles of 5 - 50 11 in' size were observed. 

Incorporating HEMA-functionalised latex particles seemed < to have resulted in 

considerably smaller agglomerate sizes of2 - 20 11 (figure 7.S(c». At a magnification 

of 5 K it could be seen how the agglomerates were embedded into tbe PUR!PBMA 

IPN matrix (figure 7.S(d». At even higher magnifications (- IO~ ) tbe single latex 

particles in the agglomerates were observed (figures 7.S(e) and (f). The size of 60 -

90 nm was in good accordance with the findings from the TEM micrographs (60 - SO 

nm). Comparing the IPNs containing PS and PS-HEMA-functionalised latex particles 

it could be observed that the functionalised latex particles seemed to have been better 

joined/mixed with the IPN PURlPBMA matrix. This was believed to have resulted 

from the OH surface functionality of the latex particles that reacted with the forming 

PUR network. 
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Figure 7.8 SEM micrographs for the 70:30 PURlPBMA IPNs containing latex 

particles. (a) 70:30 PURlPBMA IPN without latex particles, (b) + 17% PS, (c) + 17% 

PS-(0.5%HEMA), (d)&(e) + 17% PS and (f) + 17% PS-(0.5%HEMA). 
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The SEM micrographs clearly confirmed that the latex particles were not dispersed on 

an individual level, but that they formed agglomerates of varying sizes. The fact that 

they were not dispersed individually might have accounted for their marked influence 

in the DMTA data. On the other hand, a better dispersion might have resulted in 

stronger materials with better mechanical properties. Also, an increase of the PS -

PURfPBMA interface might have resulted, leading to a higher degree of 

interpenetration between the different polymer networks. The latter might have 

increased the friction in the system leading to higher damping characteristics. Thus, 

future work in this area should concentrate on obtaining a better dispersion of the 

latex particles. This might be achieved by either an improvement of the dispersion 

process of the latex particles or by modifYing the surface of the latter making them 

more stable in the PUR precursor/monomer reaction medium. 
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8. Conclusions and Further Work 

8.1 Achievement of Controlled IPN Morphology 

IPN morphology, Le. the phase miscibility, phase continuity and phase domain sizes 

and shapes"':" investigated for the highly immiscible PURlPS polymer pair and the 

semi-miscible PURlPEMA polymer pair. Methods used to control the IPN 

morphology were the variation of the crosslink density in both networks, the 

introduction of inter-network grafting, compatibilisers and ionic interactions and the 

variation of the PUR components. 

PURlPS IPNs. In the PURlPS IPN composition series, all compositions were found 

to have a grossly phase-separated morphology. All compositions had two well­

separated loss factor transitions and exhibited a two-step drop in the storage modulus 

versus temperature data. The DMTA Tg data were confirmed by M-msc. With ""­

decreasing PUR content, the PUR Tg values increased first and then strongly 

decreased from the 40:60 PURlPS IPN composition onwards. The latter was 

explained by first, an increase in phase mixing as a result of interpenetration of the 

two networks. At lower PUR contents, complete network formation was impeded, 

which resulted in even lower Tg values than were observed for the pure PUR 

network. The PS transition shifted to higher temperatures with lower PS contents. 

The origin of this phenomenon could not be resolved with certainty. However, it was 

believed that it resulted from interactions between the hydrogen atoms of the urethane 

links and the It-electron orbitals of the PS phenyl rings. The phase domain sizes of the 

PS domains decreased with decreasing PS content. The latter caused an increase of 

the PUR hard segment - PS contact area and, thus, resulted in an increase of the PS 

Tg. Modulus-composition studies were conducted to investigate the IPN phase 

continuity. The curve ofiog modulus versus IPN composition had the best fit with the 

Budiansky model. From the Young's and the storage moduli, it appeared that phase 

inversion took place at the 30:70 PURlPS IPN composition. However, it was noted 

that the temperature at which the moduli were taken had an important bearing on the 

composition where phase inversion occurred. Generally, taking the moduli at lower 

temperatures shifted the phase inversion to lower contents of the polymer with the 
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higher Tg. SEM and TEM micrographs corroborated the two-phase morphology and 

the occurrence of phase inversion about the 30:70 PURlPS IPN composition. SEM 

studies showed a very irregular fracture surface and deep cavities over the mid-range 

compositions, from the 60:40 to the 30:70 PURlPS IPNs. TEM showed that the PS 

phase domains continually increased with increasing PS content up to the 30:70 

PURlPS IPN composition. The PS domains were spherical. The PUR-PS phase 

boundary was well-defined and in most cases a dark shell of high PUR content 

surrounded the PS domains. 

Cross1inking in either network did not significantly improve miscibility of the two 

networks as observed by DMTA data. However, it was observed that cross1inking 

seemed to influence the IPN phase continuity. Generally, the component with the 

higher cross1ink density represented the more continuous phase. TEM micrographs 

showed that the phase domain sizes decreased considerably with increasing crosslink 

density. However, even at high cross1ink levels and very small domain sizes of 20 -

200 nm a two-phase morphology was observed by both DMTA and M-TDSC. 

The 60:40 PURlPS IPN had two loss factor peaks of roughly equal height and was 

thus selected for the subsequent studies. Inter-network grafting was successful in 

increasing phase mixing. At levels of 5 weight % TMI (or HEMA), only one loss 

factor transition peak was observed in the DMTA data. The M-TDSC data for these 

IPNs showed one main transition and a considerable shoulder indicating that M­

TDSC had a higher sensitivity to phase separated structures. The introduction of 

additional cross1inks by inter-network grafting was inirrored in the decrease of the 

strain at break with increasing grafting level. Surprisingly, the stress at break values 

decreased slightly from 13 MPa for the ungrafted to 10 MPa for the 10% TMI grafted 

IPN. Young's modulus and the hardness values strongly increased with higher 

grafting levels. TEM and SEM studies corroborated the decrease in phase domain 

sizes and the increase in phase mixing. At 10% TMI grafting, no phase structure 

could be resolved even at a 100 k magnification. 

From the four different reactive compatibilisers, only the one that resembled most 

closely the PUR soft segment was successful in increasing the inter-transition height. 

At 10% TMI-PPGI025, one broad transition range was obtained. In addition to small 

PUR and PS transitions, a third intermediate transition was observed. Even though it 

was difficult to find conclusive evidence from the M-TDSC and the TEM studies it 
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was not believed that the intermediate damping peak was not purely a mechanical 

phenomenon. Instead, it was thought that a highly phase-mixed interface region was 

on the grounds of the intermediate damping peak. 

The introduction of ionic interactions also proved effective in reducing phase 

separation and achieving a fine phase morphology. An incorporation level of 1% 

MAA in combination with a tertiary amine (MDEA) still exhibited gross phase 

separation as seen by the loss factor data. At 2% and 3%, the PUR and the PS loss 

factor peaks shifted inwards. The higher degree of phase mixing in the latter was also 

mirrored in higher inter-transition loss factor values. Surprisingly, the incorporation of 

3% MAA without tertiary amine resulted in very similar DMTA data to the former 

IPN. This could be explained by the fact that the urethane nitrogen atom was also 

capable of neutralising the carboxylic acid groups in the PS network. The introduction 

of 3% MDEA without MAA resulted in a material with a high inter-transition region 

and a broad and high loss factor transition range. The latter could not be explained 

with certainty and will need further investigation. TEM micrographs explained the 

change in transition shape that was observed between I % and 2% MAA and MDEA 

levels. At 1%, separate agglomerates of PS were observed. At 2%, the PS domains 

started to form a macroscopic network structure. Thus, the PS was continuous to a 

great extent and strongly influenced the IPN properties. The latter was mirrored in the 

PS transition that was higher than that of the PUR. SEM micrographs confirmed that 

with increasing ionic group content, a finer phase morphology resulted. 

PURlPEMA IPNs. The DMTA data of the PURlPEMA IPN composition series 

confirmed the semi-miscible nature of this polymer pair. The latter manifested itselfin 

a significant inward shift of the loss factor peaks and an essentially single-step drop 

mechanism of the storage moduli. A matrix of predominantly PUR with dispersed 

PEMA was believed to exist at the 90: 10 and 80:20 PURlPEMA compositions. The 

70:30 PURlPEMA IPN composition exhibited a very broad and almost rectangular 

loss factor transition. The equal loss factor peak height was an indication of dual­

phase continuity. The mid-range IPN compositions from 70:30 to 40:60 PURlPEMA 

all were slightly less miscible than the outer ranges. For these compositions, a 

significant shoulder in the loss factor data was apparent for the second component. 

From the 30:70 to 10:90 IPN compositions, a predominantly PEMA matrix with 
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dissolved, discontinuous PUR was observed from the DMTA data. The Tg data from 

the M-TDSC experiment indicated a higher degree of phase separation in the 

PURlPEMA IPNs.· This indicated again that M-TDSC might be more sensitive to 

phase-separated structures. Further study comparing DMTA and M-TDSC Tg results 

will be needed. Strong synergistic effects were observed for the mechanical properties 

about the 70:30 PURlPEMA IPN composition. This composition exhibited the 

highest values by far for the strain at break and toughness index. Shore A hardness 

values also strongly increased at the 70:30 PURlPEMA TPN composition. The stress 

at break, on the other hand, showed an increase in three different regimes with 

increasing PEMA content. The new insight gained from the PURlPS IPN composition 

series regarding modulus-composition studies was corroborated in these PUR/PEMA 

IPN s. The temperature at which the modulus values were taken influenced greatly the 

shape of the modulus-composition plot. When taking the moduli at higher 

temperatures, the latter changed from Davies-like behaviour to Budiansky-like 

behaviour, indicating phase inversion at the mid-range composition. It was, therefore, 

suggested that in order to make such modulus-composition studies, modulus data 

should be taken at the intermediate temperature of the half-drop of the storage 

modulus curves of the PUR and PEMA homonetworks. Following this suggestion in 

the present study indicated that phase mverSlOn to took place at the 70:30 

composition, which was in accordance with the findings from complimentary 

experimental techniques. TEM micrographs fully confirmed the findings from DMTA 

and the modulus-composition study. For the 70:30 PURlPEMA IPN a predominately 

PUR matrix with interconnected PEMA domains was noted. Generally, a fine phase 

morphology was observed in the TEM micrographs. Contrary to the PS phase 

domains, the PEMA domains did not exhibit a sharp contrast with the PUR matrix. 

The presence of a highly mixed, relatively large interface area was mirrored in the 

various shades of grey in the TEM micrographs. The outer compositions had very 

small phase domains of 3 - 30 nm of the lesser polymer, whereas the mid-range 

compositions had phase domain sizes between \0 - 500 nm. SEM micrographs 

showed a clearly smoother fracture surface for the PURlPEMA IPNs than for their 

PURlPS counterparts which confirmed the better phase mixing of the former. In 

conclusion, it was believed that the fact that phase' inversion in the PURlPEMA IPN 

(70:30) and the PURlPS IPN (30:70) occurred at very different compositions despite 
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the same preparation procedure was a result of the differences in miscibility of the two 

polymer pairs. The high interfacial tension between the PUR and the PS domains 

prevented the latter from achieving a degree of continuity at low PS contents. In 

PURlPS IPN s, phase separation occurred before the mechanical ramification of a 

phase-mixed morphology. 

The influence of the cross\ink density of both networks was investigated in the 70:30 

PURlPEMA IPN. Control of crosslinking was successful in adjusting the Tg location 

and the transition shape and, thus, tailoring the damping profile. Cross\inking of the 

PUR network seemed to increase phase mixing, resulting in a narrower and higher 

transition shifted to higher temperatures. Cross\inking in the second-formed PEMA 

network decompatibilised the IPNs which resulted in a broadening of the transition 

and some very broad transitions resulted. Crosslinking of the PUR (first-formed 

network with higher weight percentage) exerted a stronger influence on the 

mechanical properties such as stress at break and Young's modulus. TGA results 

revealed a two-step degradation pattern for the IPNs, as opposed to the one-step 

pattern of both homopolymer networks. TEM micrographs confirmed a finer 

morphology for the materials with a higher crosslink density in the PUR, whereas 

increasing the crosslink density in the PEMA network resulted in a decrease of phase 

moong. 

The variation of the PUR network in the 70:30 PUR/PEMA IPN strongly altered the 

IPN morphology and properties. Using PPG polyols of increasing molar masses 

(which amounted to a decreasing crosslink density) resulted in less phase mixed IPN s. 

For a PPG polyol of a molar mass of 42l;~~'loss factor peak was obtained whereas 

for a molar mass of 4000 two well-separated transitions resulted. The mechanical 

properties for the PPG425-based IPN were much higher. IPNs based on PPGI025 

and PPG2025 resulted in very broad loss factor transition regions. The latter indicated 

that a considerable degree of phase mixing was present. Comparing the PPG2025 

with different polyol-types of similar molar mass resulted in IPNs with very different 

properties. IPNs based on PCL2000 and PTHF2000 polyols exhibited some degree of 

crystallinity and were - maybe as a result of the latter - phase-separated. The 

PBD2500-based IPN also showed two clearly separated transitions in the DMT A 

data. A variation of the diisocyanate and the chain extender also considerably changed 

the dynamic mechanical properties of the IPN s. The highest mechanical properties 
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were obtained from the PCL2000- and PTHF2000-based IPNs because of their partly 

crystalline structure. 

8.2 Development of Higb Damping Materials 

A number of IPNs with high damping characteristics over a broad temperature range 

were developed. This was achieved both with the highly immiscible polymer pair, 

PURlPS, and with the semi-miscible PURlPEMA IPN. For the former, the use of 

grafting agents, compatibilisers, charged groups or a change in the polymerisation 

conditions was needed in order to bring about the desired properties. 

IPNs with a broad loss factor range ~ 0.3. A number of IPNs with excellent 

damping properties were developed. The damping ability of some of these were 

characterised by the area under the linear loss factor (TA) and loss modulus (LA) 

data. The TA area was generally seen to follow the same trend as the temperature 

region where the loss factor values were ~ 0.3. Generally, with an increase in 

crosslink density values for both quantities decreased. However, there were 

exceptions. For example, as a consequence of low crosslink levels in the PPG4000-

based 70:30 PURlPEMA IPN, the material had a phase-separated loss factor profile. 

The inter-transition loss factor values dropped below 0.3 and, thus, strongly restricted 

the useful damping region. Another example was the study of the variation of the 

crosslinking density of the PEMA network in the 70:30 PURlPEMA IPN. For the 

latter a higher temperature where the loss factor ~ 0.3 and higher values for the TA 

area resulted when increasing the PEMA crosslinking from 0% to 5% TEGDM. The 

eight best damping materials as seen from the temp erature range where the loss factor 

was ~ 0.3 are given in table 8.1. 

High damping IPNs were developed from both PURlPEMA and PURlPSIPNs. 

However, it was believed that the PURlPEMA IPNs generally exhibited better 

damping characteristics. Tailoring the latter was easier, siruply by varying the PUR 

network. The stirred 60:40 PURlPS IPN that performed best amongst the PUR/PS 

IPNs was very difficult to synthesise reproducibly. The 60:40 IPN with 3% MDEA 

had a high transition range. However, the mechanical properties at the upper 

transition end were extremely poor. 
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Table 8.1 High damping IPNs as judged by the temperature range where the loss 

factor was ~ 0.3. 

IPN identification 

70:30 PUR(PPG2025ITMP 3: I )/PEMA(5%) 
70:30 PUR(PPGl025IBD 3: 1)/PEMA(5%) 
60:40 PURlPS IPN, stirred polym 
60:40 PURlPS IPN, + 3% MDEA 
60:40 PURlPS, + 10% TMI-PPGl025 
70:30 PUR(PPGI025/TMP 3:1)/PEMA(5%) 
70:30 PUR(PPGl025/TMP 7: I )/PEMA(5%) 
60:40 PURlPS, + 2.5% TMI 

Temperature range 

loss factor ~ 0.3 [0C) 

171 
168 
164 
16Z<') 
135 
130 
127 
80 

From To 

[0C] [0C] 

-33 138 
-10 158 
-19 145 

-2 160(') 
-12 123 

-5 125 
-19 108 

45 125 

(a) Curve extrapolation had to be conducted for the high temperature end of the PS loss factor peak. 

This manifested itself in the very low storage moduli. Also, the loss factor values at 

the higher PS transition end did not decrease below a value of 0.3; because of 

significant softening. The 70:30 PURlPEMA based on a PPG2025 polyol had the 

greatest temperature range with 171°C of loss factor values ~ 0.3 (table 8.1). The 
• 

damping range was centred about room temperature. It was a potentially excellent 

damping material. Even if substantial variations of temperature (± 50°C) or frequency 

(7 decades) towards higher or lower temperatures occurred there would still be an 

important high damping safety margin. 

Characterisation of the damping ability of the IPN s by using the loss modulus and 

related quantities was more difficult by far than using the loss factor. The loss 

modulus and related quantities such as the LA area were subject to variations due to 

differences in sample clamping. Consequently, no emphasis was placed on the latter in 

this study. In brief; in the PURlPEMA IPN composition study, it was observed that 

the LA area increased with increasing PEMA content. Thus, the highest LA area was 

obtained with the PEMA homonetwork. However, the En maximum and, thus, the 

maximum extensional layer damping ability varied with IPN composition. When 

varying the crosslink density in the 70:30 PURlPEMA IPN, it was observed that 
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higher crossIinking in the first-formed PUR network seemed to increase slightly the 

LA. On the other hand, no obvious change in the LA area was noticed when altering 

the crosslink density in the PEMA network. 

IPNs containing functional latex particles. The incorporation of 17 weight % of 

composite PS latex particles significantly altered the property profile of a 70:30 PURl 

PBMA IPN. The mechanical properties of the IPN were significantly improved by the 

incorporation oflatex particles. This was evident in the higher values for the Young's 

modulus and the Shore A hardness. Also, increased values for the storage modulus in 

the higher temperature range from 80°C to 140°C were found. Functional latex 

particles with hydroxyl functionality exhibited a better mixing with the 

microheterogeneous PURlPBMA IPN than unfunctionalised PS latex particles, and, 

therefore, resulted in materials with better damping properties in the temperature 

range between 80°C and 140°C. TEM micrographs confirmed the improved mixing of 

the functionalised latex particles with the IPN matrix. Further, it was observed that 

the latex particles were not dispersed on an individual level, but that agglomerates of a 

size between 2 - 40 ~ were formed. 

8.3 Recommendations for Future Work 

Research often raises more questions .! .... it answers. In the course of this study it was 

observed that the following points will need further study. 

1) More work is needed to investigate the IPN morphology and phase continuity and 

factors influencing the latter. The use of SAXS and solid-state NMR for 

characterisation of highly miscible IPN systems might yield further valuable 

information. A wider comparison of the advantages and limitations ofDMTA and M­

TDSC as a means of studying polymer Tg behaviour, morphology and properties 

should prove interesting. 

2) A continuation of the development of high damping IPN s with latex particles might 

result in an even broader transition range. Functionalised latex particles of a polymer 

that is inherently more miscible with the monomer mixture and, thus, swollen to a 
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greater extent might prove interesting. Ways of improving the dispersion of the latex 

particles should be investigated. The latter might be achieved by changing the 

preparation procedure. Changing the order of addition, allowing more time for the 

latex particles to be swollen in the monomer mixture andlor working at a higher 

reaction mixture viscosity might be some avenues that might be worth following up. 

Also, improving the stability of the dispersion by chemically modiJYing the latex 

particle shell might prove interesting. For example, copolymerising a methacrylate­

terminated PPG polyol into the latex particle shell should dramatically improve the 

latex particle stability in the PUR precursors. 

In the present study, it was attempted to increase the high temperature properties of 

the PURlPBMA IPN. The incorporation of latex particles with core Tg values 

intermediate or below the two IPN polymers might result in interesting materials. 

Also, instead of working with high Tg core latex particles as organic fillers, the use of 

composite particles of inorganic filler overcoated with polymer might result in 

materials with a high inherent damping ability. 

3) A number of potentially high damping materials were developed in the present 

study. However, testing these damping materials under controlled conditions in simple 

extensional and constrained layer damping systems is needed. The latter will hopefully 

determine whether, for example, the high temperature end of the loss factor transition 

makes a high contribution to the system damping even though the material mechanical 

properties are already very weak. 

4) It should be attempted to make IPNs more relevant for industrial applications. To 

overcome their thermoset character, which results in disadvantages in processing and 

recycling two directions can be chosen. Thermoplastic IPNs based on versatile PURs 

and methacrylic polymers might be developed using intramolecular interactions such 

as hydrogen bonding or ionic interactions. Also, latex IPNs made, for example, by 

combining PUR disperi10ns with (meth)acrylics could result in products with 

interesting properties. Finally, extending the use of the RIM technology to polymer 

pairs other than PUR and epoxy to prepare IPNs might result in interesting materials. 
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