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ABSTRACT

Interpenetrating Polymer Networks (IPN’s) have been 

synthesized by swelling a crosslinked rubbery polymer (1) with 

a second plastic monomer (II or III or II-co-III) plus init­

iator and crosslinking agent and polymerizing the second monomer 

in situ. IPN's have also been produced by inverting the order 

of preparation. According to the overall compositions IPN's 

of elastomeric or leathery or plastic behavior habe been ob­

tained. Polymers employed were poly(ethyl acrylate) (I)> 

polystyrene (II) and poly(methyl methacrylate) (III).

Electron microscopy revealed a very complex structure 

exhibiting various degrees of compatibility: cellular phase 

domains exist simultaneously with a fine structure. Dynamic 

mechanical properties also indicate the extent of phase sepa­

ration. Inverting the sequence of preparation showed that 

the network synthesized first controls the morphology and 

thus the properties of the IPN's.
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I. GENERAL INTRODUCTION

Modification of homopolymers ranks as one of the most 

important processes in polymer technology.. The general ob­

jective for any kind of modification is to make the polymers 

more suitable for special applications. One way to modify 

homopolymers is by incorporating a second, different homopolymer, 

thus yielding two-phase materials. In this fashion rigid 

polymers have been altered by inclusion of elastomers while 

rubbery polymers have been modified by the addition of plastics. 

Improvement in toughness without a significant loss in rigidity 

serves as an example for the former case and an increase in 

ultimate tensile strength for the latter. The first commercial­

ly important heterophase polymer system was an impact resistant 

polystyrene introduced in 1948 by Dow Chemical Co. (1).

Most of the two-phase polymers can be denoted as poly­

blends . They are mixtures of structurally different homo- or 

copolymers. Graft- and block-copolymers are a special type of 

polyblends. They are not strictly blends in the physical sense, 

but they form "solid arrays that physically resemble mixtures’’ 

(2). Substantial contributions to the development of commercial 

polymeric materials are due to graft- and block- copolymers. 

The most common examples are plastic-rubber blends1 \ which 

can vary from homogeneous and transparent and thus more compat­

ible to heterogeneous and opaque and thus incompatible materials.
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The polyblends do not include random copolymers, because the 

homogeneous copolymers do not have enough long segments in the 

chain of either monomer to yield characteristic features of 

either homopolymeric structure (1); i.e. a random copolymer 

behaves almost like another homopolymer with a transition 

temperature between the ones of the pure homopolymers (3).

Interpenetrating Polymer Networks (IPNfs) are structurally 

closer related to graft copolymers than to the other types of 

polyblends. Here two or more polymeric networks are super­

imposed on each other, as shown in Figure 1 (page 30). Accord­

ing to their preparation and synthesis IPN’s are considered to 

be approximately chemically independent but physically inter­

locked. They have first been polymerized in 1960 by MILLAR (4). 

All networks of his IPN's consisted of polystyrene crosslinked 

with divinylbenzene. When one elastomeric and one plastic 

component are superimposed to form an IPN, a novel type of 

polyblend appeared, which has at first been synthesized by 

SPERLING and FRIEDMAN (6). Thus IPN’s consisting of an elas­

tomeric and a plastic network are expected to exhibit interes­

ting properties.

1) Rubber-rubber and plastic-plastic blends are also known. 
The former ones are employed in the tire industry while 

the latter ones are used in the fiberglass industry.
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This thesis is concerned with the elucidation of such 

IPN’s with respect to the dynamic mechanical behavior, the 

morphology, the relationship between these two features, 

and with the degree of compatibility between the elastomeric 

and the plastic component.
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II, BACKGROUND AND REVIEW OF TOO-PHASE POLYMERIC SYSTEMS

Since the IPN*s can be considered as a special type of 

polyblends, this chapter deals with several general aspects 

of these two-phase polymeric materials. The first section, 

on general thermodynamic considerations of mixing, is followed 

by a brief description of the most important methods of prepar­

ing such systems. Deliberately this second section does not 

review the voluminous literature on preparative methods, ex­

cept for a few examples. However, appropriate references will 

be cited and briefly discussed in the following sections on 

dynamic mechanical behavior and on the morphology of two-phase 

polymers.

A. Thermodynamic Considerations

Preparation of t^o-phase polymers is thermodynamically 

considered to be a mixing process of two different polymers. 

Provided the molecular weights of both polymers are equal, 

the following relation holds (7):

= RT ( in v1 + x v 2)

(11,1)

- H2° = RT ( In v2 + x v^)

where n = chemical potential or partial molar free energy 

chemical potential in the standard state
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v = volume fractions in the homopolymers

Xjj= interaction parameter between components i and j

Equation 11,1 represents the chemical potential "for a 

regular binary solution in which the heat of dilution can be 

expressed in the VAN LAAR form" (7,8). The parameter X is 

proportional to the size of the molecule as given by the number 

x of segments per molecule. The free energy of interaction is 

very small when x is very large. That is why the occurring 

entropy change in a mixing process of high molecular weight 

polymers is small - "orders of magnitude less than that for 

mixing equivalent masses of low-molecular weight liquids" (9,10).

The change in GIBBS free energy of interaction, AF, for a 

mixing process is:

AF = AH - TAS (11,2)

where AH and AS are the changes in enthalpy and entropy, 

respectively, and where T is the absolute temperature at which 

these changes occur. AS is small, but positive, since mixing 

increases the randomness of disorder, and thus favors mutual 

solubility. The heat of mixing, AH, determines the degree of 

solubility and thus compatibility. The mixing of a pair of 

polymers is endothermic in most cases. The last is analogous 

to mixing of low molecular liquids and results from the fact 

that the free energy of interaction, w.associated with the 
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formation of a contact between a pair of segments of two 

different molecules usually exceeds the arithmetic mean of 

w^ and Wjj of two identical molecules (7). Because of the 

small value of TAS for mutual solubility to occur, i.e. for 

AF<0, the enghalpy of mixing must be very small or negative.

The quantity AH expresses the affinity of molecules for 

their neighboring molecules. The solubility parameter, Ô, 

which describes the cohesive energy density, allows prediction 

of the affinity of polymer pairs. For endothermic mixing of 

nonpolar substances the enthalpy change, AH is given by (8):

0
AH = V1 v2 (61 - 02)z (H,3)

It is easily seen that AH is always positive. That means that 

in equation 11,2 the term TAS has to be larger than AH in 

order for true solution to occur. This is equivalent with the 

condition of approximate equality of the two solubility para­

meters .

The case AIKO which is possible for polar polymers indi­

cates a decrease in the systems’ energy upon mixing, which ex­

presses the extremely rare case that molecules are attracted 

more by their neighbors than by their own species. These ex­

ceptions occur in cases of strong interactions, i.e. "hydrogen 

bonding between substituent groups on the different molecules" 

(9) and stereoisomerization. Both processes provide favorable 

association energies in the mixture, and therefore tend to 
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produce homogeneous polymers (2,9-11).

SMITH and coworkers investigated the effect of hydrogen 

bonding on polymer mixtures (12). Many polymer pairs possess­

ing a multiplicity of ether and carboxylic acid functions ex­

hibit this phenomenon. Upon mixing aqueous solutions of poly 

(acrylic acid) and poly(ethylene oxide) a polymeric substance 

is precipitated whose characteristic properties differ from 

the ones of the two homopolymers. WATANABE and coworkers (13) 

- in an example for stereoisomerization - prepared mixtures 

of isotactic and syndiotactic poly(methyl methacrylate) which 

melts sharply to clear solution. This mixture is considered 

a complex of "linearly ordered arrays of isotactic and syndio­

tactic helical sequences" (13).

Several tables are available listing sequences of compa­

tible polymer pairs (2,12-16). The difference in the solubili­

ty parameters, 6, of the two polymers does usually not exceed 

the value of 0.5. However, in many cases the listed composite 

polymers do not exhibit mutual solubility and thus compatibi­

lity occurs neither over the whole range of composition (14) 

nor for all different methods of preparation (17). Thus the 

method by which two-phase polymers are produced influences 

their properties.
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B. Methods of Preparation of Two-Phase Polymers

Today there exists a considerable number of standard tech­

niques of preparing two-phase polymeric materials. Some basic 

methods will be presented here. However, only the imagination 

limits the multiplicity of methods.

Generally there are four different classifications (14) 

for producing those materials which can be considered polyblends :

1. The most direct method is mechanical blending, which is 

mostly done in the melted state.

2. The second process incolves mixing of two polymers in a 

common solvent where the product is obtained by precipi­

tation or drying.

3. Dissolving a polymer in a second monomer (or dissolving a 

monomer in an emulsion polymer) and polymerizing the solu­

tion in bulk produces graft copolymers : grafted chains of 

one component on a backbone of the other.

4. Block copolymers are generally prepared in a two-step 

process. The functional groups at the chain ends of the 

first polymer allow a second polymer to be polymerized 

through the activation of the end groups.

1. Melt Blending

Intimate contact and eventually molecular mixing between 

two amorphous polymers can only be achieved by blending above 

the glass transition temperature, Tg, because of the otherwise
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insufficient mobility of the polymer molecules and in order to 

minimize the breakage of bonds.

The blending of latexes, which also fits into this category, 

yields an intimate, uniform dispersion. It enables one to con­

trol the particle size of the dispersed phase to a limited ex­

tent "without affecting the properties of the individual com­

ponent phases" (9).

The determining factor for the degree of molecular mixing 

is the mutual diffusion of the macromolecules (18,19). With 

limited time of mixing, the degree of mutual solubility obtained 

depends on the extent of thermodynamic equilibrium reached. If 

this is not reached then even compatible polymer pairs would 

exhibit at least partial phase separation. A detailed concept 

of the term "compatibility" in relation to phase separation will 

be developed in section VI, E, 1.

2. Solution Mixing

The restricting factor of not reaching equilibrium as with 

melt mixing can be overcome by dissolving both polymers, if 

possible, in a common solvent. A compatible polymer pair at 

sufficient dilution is capable of forming a homogeneous solution. 

Evaporation, drying and precipitation methods are applied for 

gaining the polymeric substance in solid form (14). However, the 

removal of the diluent often changes the domain sizes of the 

blend and may even cause complete phase separation. Since in
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most cases the affinity of both polymers for the diluent is not 

equal, the one with the lesser affinity will selectively pre­

cipitate, Thus even macroheterogeneous systems might result 

by this method (2).

The conditions favorable to solution mixing of polyblends 

for the preparation of microheterogeneous or homogeneous one- 

phase materials are "obviously more stringent than those neces­

sary from the thermodynamic analysis” (2).

3. Graft Copolymers

Conceptually and mechanistically> graft and block poly­

merization reactions can generally be treated as one. Both in­

volve initiation of the polymerization reactions with functional 

groups bound to polymer molecules. With graft copolymers, how­

ever, the activation is restricted to internal repeating units 

of the backbone and the polymerization reaction is directly in­

itiated by the polymer chain radical. There exist three general 

methods for the synthesis of graft copolymers, namely: (a) the 

chain-transfer mechanism mentioned above, (b) a radiation or 

photochemical activation of polymer molecules, which provide the 

active sites for grafting, and (c) "either the use of polymer 

molecules with labile functional groups or the chemical modifi­

cation of polymers to create active sites for grafting” (20). 

In all cases only a small percentage of the molecules in a graft­

copolymer are actually grafted. High impact resistant poly­

styrene (HIPS) and the acrylonitrile-butadiene-styrene plastics 
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(ABS) are the most common commercial examples. Hie former one 

is prepared by dissolving polybutadiene (PB) in styrene (S) 

monomer and subsequent polymerization. The latter one is often 

produced by emulsion polymerization, in which PB rubber latex 

is used as starting material and monomers acrylonitrile (AN) 

and S are added as glassy components. "The key reaction in 

this process lies in the graft reaction of AS copolymer onto 

rubber polymer molecules" (21).

4. Block Copolymers

Materials of homopolymeric segments of considerable 

size which are chemically linked end to end in a polymeric 

chain are termed block copolymers (14, 22,128). As mentioned 

above they are produced in a multiple-step process. The num­

ber of steps depends on the number of segments in the polymeric 

chain. The first homopolymer or chain segment is synthesized 

under conditions, such that the chain ends contain functional 

groups. These can be either alcohols, amines, halides, or 

radicals, cations and anions (2). The second monomer is then 

polymerized through the activation of the end groups. Commer­

cially the most frequently applied technique is anionic poly­

merization. S-B and S-B-S block copolymers are the most 

common examples produced in this way (22-24).
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C. Dynamic Mechanical Behavior of TWo-Phase Polymers

Dynamic mechanical tests measure the response or defor­

mation of a material to periodic or varying forces. Those 

tests provide simultaneous information about an elastic modu­

lus, mostly the shear modulus, and a mechanical damping, which 

corresponds to the fraction of thermal energy dissipated during 

the deformation of the sample.

Out of the large number of different instruments, fre­

quently designed privately, only very few are commercially 

available. The commercial unit employed in this laboratory is 

the direct reading viscoelastometer, Kheovibron, Model DDV-II. 

Besides the torsional pendulum this is the most often used 

commercial equipment. Since 1967 most of the dynamic mechan­

ical data reported in the literature have been obtained with 

the Rheovibron (see section IV,C,2).

Several investigations of commercially important two- 

phase polymeric systems of general novelty are presented and 

summarized below.

HUGHES and BROWN (26,27) investigated several hetero­

geneous polymer systems by conducting torsional modulus 

studies measuring shear moduli. Among these systems was the 

isomeric combination PEA/PMMA, the IPN of which is investi­

gated by this author. Their samples were prepared (a) by 

mixing of the two homopolymer emulsions (50 PEA/50 PMMA),
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(b) by dissolving the two polymers together in CHCl^ (21 PEA/ 

79 PMMA), and (c) by polymerization of EA in the presence of 

the PMMA-backbone containing mercaptan groups which resulted 

in a graft copolymer (21 PEA/79 PMMA). With samples (a) and 

(b) a transition was found at -28 °C corresponding to the PEA- 

homopolymer. No attempt has been made to explain why this 

transition is below the measured Tg for PEA (-22°C), although 

partial molecular mixing between the two isomeric materials 

should cause the opposite effect. The corresponding graft 

copolymer begins to soften slowly above Tg (PEA), however, it 

does not exhibit any transition corresponding to its PEA­

content. Thus it is the most compatible system among these 

three pairs.

The same system of PEA and PMMA has been investigated 

by other authors(28). They prepared their two-phase materi­

als by mixing aqueous dispersions of the homopolymers (par­

ticle size 1000 A). They found between the elevated damping 

peak temperatures of PEA (3°C) and PMMA (108°C) an intermed­

iate peak (51°C), which they ascribed to interactions of the 

PEA- and PMMA- segments in the vicinity of the phase boundar­

ies . This peak vanished upon annealing the materials. The 

dynamic moduli of a series of PEA/PMMA samples, prepared by 

the same investigators (28) via polymerizing EA in the pres­

ence of PMMA, showed in all cases only two clear transition 
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regions, i.e. incompatibility. Indications of a peak in the 

middle region could not be observed.

In a classical paper TAKAYANAGI and coworkers (29) de­

veloped and investigated a method for the evaluation of the 

viscoelastic behavior of blends of two amorphous polymers 

from those of component polymers. They derived equations ex­

pressing the behavior of several types of blends. The re­

searchers investigated an ABS polymer and a blend of PVC and 

NBR prepared by evaporation of the THF-solution of the two 

components where the former served as an example of two sep­

arate phases and the latter as an example of a molecularly 

mixed system.

Dynamic mechanical experiments employing a Rheovibron, 

Model DDV-I, at 138 cps confirmed that the behavior of two 

separate phases could be described by a simple mechanical 

model. Glass and rubbery plateau moduli of the component pol­

ymers as well as their volume fractions and the type of mixing 

were used for developing this model (29). For the molecularly 

mixed system the investigators found one broad dispersion at 

an intermediate temperature between glass transition regions 

of the two component polymers. The broadening of the disper­

sion was explained by the existence of a microheterogeneous 

phase. No mechanical model has been successfully applied in 

this case.
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MANABE and coworkers from TAKAYANAGI1s laboratory (30) 

recently made a new approach of developing a model for a mi- 

croheterogeneous blend (PVC/NBR blend). They assumed that a 

blend system is composed of many cells having different values 

of free volume fraction. An explanation of the viscoelastic 

behavior of actual polymer blends was presented by using a 

distribution function of a free volume fraction. This func­

tion was obtained from dilatometric experiments. The agree­

ment between the calculated dynamic storage modulus, E', and 

the experimental data was fairly good, while the experimental 

dynamic loss modulus, e,t> deviated considerably from the 

model values.

MATSUO (31,32) investigated the dynamic mechanical be­

havior of the same system TAKAYANAGI (29) did. However, he 

prepared the PVC/NBR materials by mechanical blending of the 

two polymers. TAKAYANAGI did not specify the AN-content 

(acrylonitrile content) in the NBR-phase, while MATSUO varied 

the AN-portion systematically. He found that the compatibility 

in PVC/NBR blends is controlled by the AN-content of the NBR: 

an increase in AN-content results in an increase in their 

compatibility with PVC. A comparison of the two studies by 

MATSUO (31) and TAKAYANAGI (29) reveals that besides the AN­

content also the method of preparation determines the degree 

of compatibility. This conclusion has been investigated in
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detail and confirmed by MANABE and coinvestigators (30). They 

prepared samples of PVC/NBR containing various small amounts 

of BMP and chloroform. It should be noted that BMP and chloro­

form . are the solvents for NBR and PVC, respectively. The 

investigators found that by treatment with chloroform the peak 

of E * * became broader and its location was shifted to lower 

temperatures but that this peak did not separate into two peaks. 

"This means that PVC, which is insoluble in chloroform itself, 

becomes soluble in chloroform by the existence of NBR" (30), 

i.e. the free volume of PVC/NBR and the solvent are communized1^ 

with each other. A similar tendency is found for the system 

containing BMP as solvent.

Among the commercially widely used block copolymers much 

attention has been given to ABA type polymers in which the 

intermediate block is PB and the end blocks are PS (SBS block 

copolymers). One of the most frequently investigated materials 

of this type is the elastomeric Kraton 101 (Shell Chemical Co.) 

(33-37) which contains 30 wt.% of styrene. COOPER and TOBOLSK? 

(36) showed in modulus-temperature curves that this material 

exhibits an extended high rubbery "plateau modulus", at inter­

mediate temperatures from which they concluded that physical 

^Free volumes of several components are communized, when all 

components after mixing behave as one component with a common 

free volume (30).
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interaction reinforces the structure until the T$ of the higher 

modulus is reached.

BEECHER and coworkers (33) showed that for SBS block co­

polymers time and temperature can be considered equivalent 

variables, because the fit of the WLF equation is surprisingly 

good (below 0°C, the chosen reference temp.). This has been 

confirmed by SMITH and DICKIE (35). The investigators (33) 

found in addition to the two distinct transitions of PS and 

PB an intermediate broad damping peak for Kraton samples cast 

from CC14- This peak was less marked for samples cast from 

mixtures of benzene/heptane and THF/MEK (33,37). The inter­

mediate peak was interpreted to be due to a glass transition 

of PS segments which are not completely separated from the 

PB phase, thus indicating a certain degree of phase mixing. 

Since HOLDEN and coworkers (34) did only find two glass 

transitions for compression molded Kraton samples, however, 

no intermediate peak, the partial phase mixing (33) must be 

due to the presence of the solvents.

MATSUO (31) systematically investigated the PS/PB block 

copolymers. His first series of samples contained various 

block fractions like SB, BSB, SBS, SBSB of a constant mole 

ratio of S/B. A similar series was also studied by HARPELL 

and THRASHER (38). Essentially no differences were found from 

dynamic mechanical measurements, which showed two E’ '-peaks 
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indicating a heterogeneous, two-phase system. NIELSEN (39) and 

STATESMAN (40) have reported these two E1’-peak already several 

years ago for HiPS, where the two phases of PS and PB are con­

nected by physical blending. The later discovered graft type 

HiPS shows approximately the same dynamic mechanical behavior 

(31). The mechanical differences between the block copolymers 

are evident. The SBS and SBSB samples were demonstrated to be 

extremely tough while SB and BSB samples are as brittle as pure 

PS (31,32,34,41). References (31,32,42,43) show that the dif­

ferences in physical behavior between the various block co­

polymers and also between the HiPS blend and graft type depend 

on the morphology (see section II,C). MATSUO’s second series 

of SBS samples with various block B fractions showed variations 

in heights of the E’’-peaks according to the S/B mole ratio(31). 

Dynamic mechanical properties of a model reinforced elas­

tomer, SBR reinforced with PS particles (400 K ), were studied 

by KRAUS and coworkers (44,45) and by NIELSEN (46). The rub­

bery plateau region was raised dramatically by the addition of 

the PS filler, while the glass plateau region remained almost 

constant. The height of the loss tangent maximum was unaffect­

ed. MORTON and HEALY (47) demonstrated that the PS filler 

increases tensile strength of the elastomers because of the 

increased viscoelasticity. All the essential features of the 

dynamic behavior of SBR reinforced with PS "could be described 
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in terms of the properties of the component polymers by the 

phenomenological equivalent mechanical model treatment of 

TAKAYANAGI” (44). A system similar to the SBR is the SIR (36, 

41,48,49). Here the PB has been replaced by PI (polyisoprene); 

however, this system has not been as successful commercially 

as the SBR’s.

COOPER and TOBOLSKY (36) investigated polyurethanes (PU). 

Their dynamic mechanical experiments showed that the PU behave 

like block copolymers, which has been confirmed by ESTES and 

coworkers (50) and by HARRELL (51). PVC and many of its al­

tered forms is another commercially very important polymer, 

which in many cases can be considered as a two-phase system 

(e.g. when plasticized). Their dynamic mechanical properties 

have been extensively investigated (52-56). Mentioning of 

similar investigations for blends of poly(2,6-dimethyl-1, 4 

phenylene ether) and PS (57) and of epoxy polymers (58) may 

conclude this list.

p, Morphology of Two-Phase Polymers via Electron Microscopy

KATO’s discovery of the Os0^-staining (59) of unsaturated 

polymer particles in 1966 led the research in the field of 

morphology of two-phase polymeric systems in a completely new 

direction. Before that many investigators tried various meth­

ods of sample preparation such as bromination (59,60), Cr- 

shadowing (59,61), staining by heavy metal salts (62), phase 
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contrast microscopy (63) or fracture electron microscopy (28,40).

KATO found that exposure to 0s04 vapor (59) and soaking 

in dilute aqueous solution of 0s04 (64) "produces excellent 

fixing and staining of polybutadiene and other unsaturated 

polymer particles, resulting in good electron micrographs’’ ( 59 ). 

He postulated that unsaturated double bonds are responsible 

for the 0s04 reaction and that the extent of staining caused 

by osmium precipitation is apparently proportional to the 

content of the unsaturated component involved.

An extensive electron microscopical investigation of 

various ABS polymers was undertaken by KATO himself (21,64,67). 

ABS polymers belong to the family of rubber reinforced plastics, 

such as HiPS, MBS (methacrylate butadiene styrene), HiPMMA 

(high impact resistant PMMA) and modified PVC. With all of 

these examples the plastic phase is continuous wherein the 

rubber is dispersed.

One generally distinguishes two types of ABS plastics. 

The type G resin is manufactured by an emulsion polymeriza­

tion process. PB latex is used as starting material (seed 

latex) and monomers AN and S are added as glassy components 

to provide polymerization such that grafting of the AS co­

polymer onto rubber molecules takes place. The electron 

micrographs for the grafted ABS plastic (type G) show a cel­

lular (salami type) structure : rubber particles up to lp in 
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diameter are finely dispersed in the continuous plastic matrix, 

however, the rubbery domains contain occluded AS copolymer 

particles. The type B resin results from latex blending of 

the two components where AB or SB copolymer can serve as the 

rubbery material and AS or PS as the plastic component. These 

materials exhibit also a dispersion of rubber particles in the 

continuous AS phase, however, the elastomeric particles are 

coalesced to some extent.

MATSUO and coworkers (31,32) studied the same types of 

ABS plastics. Their results differ slightly from KATO’s, 

which might depend on the preparation method. They did not 

detect any essential difference between the blend and the 

graft type ABS polymers, except good separation of the indi­

vidual rubber particles with the latter. The G-type, however, 

showed exceedingly higher impact values than the former. With 

some commercial ABS polymers these investigators did find the 

cellular structure mentioned above.

The morphology of PVC/rubber blends, and of SBR-block 

copolymers has been systematically investigated by the same 

researchers (31,32). For various compositions of PVC/PB 

(high in PVC) the investigators found irregularly shaped, well 

defined rubber particles, several microns in diameter, dispersed 

in the PVC matrix. These rubber particles decrease in size as 

increasing amounts of AN are added to the PB, until clear in­
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dications of a network formation of the NBR-phase appear. Then 

"the rubber phase no longer forms particles but a network 

structure extends throughout the PVC-matrix" (31). At still 

higher concentrations of AN (40%), a system exhibiting apparent 

compatibility from dynamic mechanical data, shows that micro- 

heterogeneous particles of 100 A still remain, i.e. that 

viscoelastic experiments are not as sensitive to the morphology 

as microscopy.

Compression molded sheets of SBS, SB and BSB block co­

polymers exhibited interesting features (31,68,69). The SBS 

materials show an almost spherical agglomeration of the block 

B phases where the diameter increases with the B content. The 

block B phases tend to link together with the SB and BSB block 

copolymers forming irregularly shaped rods. MATSUO also in­

vestigated the fine structure of the SBS block copolymers as 

cast from toluene solutions (31). He found that an increase 

in the block B fraction in the copolymer changes the structure 

from spheres to rods of the rubbery phase and finally to alter­

nate layers of both phases, a lamellar structure. These mor­

phological features, however, were found to depend on the type 

of solvent, which is extensively discussed by MOLAU (70).

Electron microscopy studies on narrow molecular weight 

distribution SB-block copolymers were done by BRADFORD and 

VANZO (61). The interior of the samples exhibited regular 
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alignment, where the spacing of the internal layers corresponds 

with those at the surface. The widths of the copolymer layer 

spacings increase with molecular weight and agree well with 

theoretically calculated values. The observed structures re­

semble very much the alternate layers MATSUO found (31,68,69). 

Similar patterns have also been observed by INOUE and coworkers 

(71) and by ROBINSON and WHITE (48) for Si-block copolymers 

cast from toluene and MEK solution.

BEECHER and coworkers (33) investigated a SBS block co­

polymer (Kraton 101, 30 wt.% PS) via electron microscopy as 

cast from different solutions. In all cases aggregated domains 

of S blocks could be observed. They consisted of spherical 

o 
formations, the size of which (110 + 30 A) depended on the 

solvent.

An interesting type of a graft copolymer is the system 

PVC/EVA (ethyl vinyl acetate) as investigated by MATSUO and 

SAGAYE (68,69), where the normally unsaturated rubber (PB) 

has been replaced by the saturated EVA in order to yield 

better weatherability. Samples with low EVA content (5 and 

20%) exhibit a rubbery network formation resembling a cellular 

structure. The excellent flow properties of these materials 

are interpreted by a slippage mechanism : "PVC phases separ­

ated by the thin EVA network flow as one flow unit” (69).
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A system prepared by mixing aqueous dispersions of the 

isomeric homopolymers PEA and PMMA (particle size 0.1 n) ex­

hibited an interesting fine structure (28). Already at a con­

tent of ca. 15% PMMA the samples showed PMMA as the continuous 

phase whereas PEA forms discrete almost spherical particles up 

to 4 n in diameter. The border regions between PEA and PMMA 

indicate a certain degree of network formation. IPN's of the 

same components will be discussed in section V,C.

E. Domain Formation

In an attempt to develop a better understanding of the 

domain formation in two phase polymeric materials mechanisms 

and models have been derived. It is difficult to generalize 

such findings because the methods of preparation strongly in­

fluence the morphology and thus the question whether phase 

separation occurs on a macroscopic level as with polymer mix­

tures or on a microscopic scale as e.g. with block copolymers.

MOLAU and KESKKULA (72) presented a mechanism for the 

formation of rubber particles in the polymerization of solu­

tions in vinyl monomers. While a solution of rubber in styrene- 

a POO-emulsion1) (73) - is polymerized, phase separation occurs 

as soon as a sufficient amount of PS has been formed and the 

complete "immiscibility approximation" (74) holds at a relative

^POO-emulsions, i.e. polymeric oil in oil emulsions, consist 

of immiscible polymer solutions which are emulsified with 

graft copolymers as emulsifying agents.
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ly low degree of conversion. This initial PS phase must neces­

sarily be the dispersed phase, because it is much too small to 

be the continuous phase. As the polymerization process continues 

a point of conversion is reached at which the polystyrene phase 

is too large for still being the dispersed phase of the POO- 

emulsion. At this point, an inversion of the phases occurs, 

due to employed agitation where the rubber phase becomes the 

discontinuous phase. The rubber still contains the occluded 

PS-particles, thus exhibiting the well known structure of 

grafted HiPS (31,32,72,75). It is believed that the same 

mechanism produces the cellular structure of the graft-type 

ABS polymers (21,31,32,65-67).

In their investigation of block-copolymers, a SBS type 

thermoplastic elastomer (Kraton 101), BEECHER and coworkers 

(33) arrived at a general conclusion: PS chain ends aggregate 

o 
forming an almost spherical domain of 120 + 20 A in diameter. 

KRAUSE (76,77) took this as evidence for the existence of 

microphase separation in block copolymers. Upon ignoring the 

effect of the boundaries between the microphases she developed 

reasonable predictions of the circumstances under which micro­

phase separation takes place : it becomes more and more diffi­

cult, i.e. separation occurs at higher and higher values of 

the interaction parameter, X^, as the number of blocks in­

creases in block copolymers of equal composition, and molecular 
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weight of each block. According to MEIER (78) "the critical 

block molecular weights required for domain formation are many­

fold greater than required for phase separation of a simple 

mixture of the component blocksM (78).

In a subsequent paper MEIER (79) varied his statistical 

thermodynamic theory in order to make predictions of stable 

domain shapes (lamellar, cylindrical) other than spherical. 

He is the first to consider the influence of solvent on domain 

morphology. It was shown that the domain structure which 

forms first as solvent evaporates - depending on the two inter­

action parameters of the two block components with the solvent - 

will persist as solvent is removed. INOUE and coworkers (71, 

80,81) present an alternative treatment from a completely 

different viewpoint, however, their results are similar to 

MEIER's.
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III. INTERPENETRATING POLYMER NETWORKS

In addition to the variety of two-phase polymeric systems 

a new composition of polymeric matter, the IPN's, is presented 

in this endeavor. According to their preparation and synthesis 

IPN’s are considered to be largely chemically independent but 

physically interlocked. This chapter treats the historical 

background of the IPN’s in the first part, while the second 

section presents a statement of the problem as derived from 

the stage of developments of IPN’s when the author started 

this investigation.

A. History of IPN’s

IPN’s have first been prepared by MILLAR (4) in 1960. 

Because of the two plastic phases his materials could also be 

termed interpenetrating plastic networks. He synthesized cross­

linked polymers from styrene and divinylbenzene (DVB), which 

served as crosslinking agent, by a "conventional pearl" 

polymerization (4), i.e. suspension polymerization technique. 

These primary products, also called parent or mother polymer, 

were fully swollen to equilibrium in their appropriate styrene 

monomer mixtures containing the same amount of DVB. The swol­

len system was then polymerized again under heat as before. 

Thus he obtained two interpenetrating networks, each of them 

having the same crosslinking density. A schematic illustra­

tion of molecular and phase domain morphologies in IPN’s of 
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two superimposed networks is given in Figure 1. A repetition 

of the above process yielded a tertiary intermeshed copolymer, 

i,e. three interpenetrating networks. The polymerization for 

the second and third step was carried out after the initial 

beads had imbided the added monomer solution and after "the 

network had reached a state of balanced stress, as indicated 

by the disappearance of the characteristic strain patterns 

between crossed polarizing filters" (4).

MILLAR compared physical properties and swelling behavior 

of his secondary and tertiary networks with conventionally 

crosslinked polystyrene. He found slight progressive increas­

es in density and decreases in toluene regain. Furthermore, 

the results reported in his paper emphasize the importance of 

the entanglement concept for the physical properties of simple 

crosslinked polymers, and "show how it may be possible to 

modify physical properties by increasing the entanglement 

factor without increasing the concentration of covalent cross­

links" (4), i.e. by producing an IPN.

SHIBAYAMA a d SUZUKI (5) prepared IPM's of the same poly­

mer and crosslinking agent as MILLAR. The polymerization pro­

cess was carried out between glass plates by heat (between 

90 and 130°C). They polymerized two series of IPN’s. The 

first one had increasing crosslinking density, which was the 

same for the mother polymer and the superimposed polymer net-
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Figure 1. Schematic illustration of an IPN synthesis
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work, while the second one consisted of samples which had dif­

ferent crosslink density in the mother and the superimposed 

polymer. All composite polymers, i.e IPN*s were prepared 

from equilibrium swelling.

The authors (5) investigated the viscoelastic properties 

using a direct reading apparatus at 138 cps. This equipment 

was an earlier model of the dynamic viscoelastometer "Rheo- 

vibron", Model DDV-II, which has been employed by this author. 

All of their IPN's exhibited higher rubber modulus values than 

the mother polymer. Furthermore the rubbery plateau values 

were increasing with increasing DVB content. The maxima of 

the loss tangents are shifted towards higher temperatures and 

are decreased in amplitude with increasing crosslinking density.

SHIBAYAMA and KODAMA (126,127) also synthesized plastic 

IPN's of PS and PMMA, divinylbenzene (DVB) and ethylene glycol 

dimethacrylate (EGDM) being the crosslinking agents, respect­

ively. They varied the composition stepwise from pure PS to 

pure PMMA, where the network with the higher weight fraction 

was polymerized first. The viscoelastic measurements (relaxa­

tion modulus and loss tangent) exhibited in all cases one 

transition. The maximum loss tangent temperatures increased 

gradually from Tg(PS) to Tg (PMMA). The occurrence of only 

one transition was also confirmed by specific volume measure­

ments. The authors (5,126,127) drew the conclusion that their 
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IPNrs have characteristic features of multiple network struc­

tures .

FRISCH and coworkers (82-84) prepared a partical inter­

penetrating elastomeric network (IEN) by mixing equal portions 

of aqueous emulsions of two different elastomers. They em­

ployed a crosslinked polyether-based poly(urethane urea) (U) 

and a linear poly(butadiene-co-acrylonitrile) (A) together with 

crosslinking agents and stabilizers. Films were cast, followed 

by curing at 130 °C to form a partial IEN. The authors were 

able to present partial proof for the structure by separating 

the poly(butadiene-co-acrylonitrile) from the partial IEN by 

hydrolysis of the partially interpenetrating poly(urethane 

urea) network. This demonstrates that there is no chemical 

interaction between the two polymer phases. A second indica­

tion for partial interpenetration is an effective crosslinking 

density of the IEN’s which is greater than the arithmetic mean 

of the crosslinking densities of the component networks. For 

a series of IEN's varying in the polymer composition, the 

authors found that both tensile strength and crosslinking 

density exhibit a maximum at about 70% poly(butadiene-co- 

acrylonitrile). Both maximum values are significantly higher 

than those of the highest component polymers.

MATSUO and KWEI (85) investigated the materials prepared 

by FRISCH et al. (82-84) for structure-property relationships, 
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via electron microscopy, dynamic viscoelasticity and tensile 

measurements. They successfully fitted the results to one of 

the theoretical models of polyblends proposed by TAKAYANAGI 

(29). A further discussion of their dynamic mechanical data 

will be presented in connection with the corresponding results 

of this author in section IV, 2. The electron microscope study 

confirms the structures predicted from the dynamic viscoelastic 

data, including a phase inversion which occurs at a composition 

of A/U = 30/70. They drew the conclusion that "the original 

particles of the urethane-urea prepolymer latex (1-5^) are 

preserved in the mixture even after cure, whereas those of the 

polyacrylate latex cover the poly-U particles and fuse to­

gether to form a continuous phase" (85). Thus interpenetra­

tion of the two networks apparently has occurred only partial­

ly near the interface.

A novel type of IPN’s has been prepared by SPERLING and 

ARNTS (86). Herewith, a simultaneous synthesis of two polymer 

networks in the same batch requires two independent, noninter­

ferring reactions (87,88). These materials have been termed 

Simultaneous Interpenetrating Networks (SIN's) in order to 

distinguish them from IPN’s which are sequentially polymerized. 

The authors (86) employed an epoxy resin formulation cured by 

a tertiary amine and an ethyl acrylate formulation. Thus 

minimal interference occurs between the condensation and the 
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addition polymerization. Their method of preparation em­

ployed a polymerization cell which contained the two appro­

priate components. The cell was simultaneously subjected to 

heat and ultraviolet light. An investigation of the properties 

of the SIN's is currently being undertaken.

The type of IPN's this thesis is concerned with has been 

polymerized by SPERLING and FRIEDMAN (6) predating the IEN's 

by FRISCH and coworkers (82). Following the swelling tech­

nique which had been applied earlier by other investigators 

(4,5,89), they synthesized IPN's of poly(ethyl acrylate) (PEA) 

and polystyrene (PS). They were first to combine an elasto­

meric and a plastic material to form an IPN, in order to take 

advantage of the favorable properties of both components.

Their method of polymerization was identical with the 

one used by this investigator. Therefore it will be discussed 

in detail in section IV,B. SPERLING and FRIEDMAN employed a 

GEHMAN-torsion apparatus to measure the shear modulus at 10 

sec. They determined the modulus as a function of composition 

at 22 °C and for a midrange composition as a function of temper­

ature. They found two distinct glass transitions, which was 

interpreted to be indicative of the presence of two distinct 

polymer phases. The IPN exhibited a relatively flat modulus 

plateau between the two glass transitions, similar to poly­

blends. The lower glass temperature was raised somewhat while 
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the higher one was lowered, which suggests that molecular 

mixing does occur to a very limited extent. Chains of "visit­

ing" polymer change the glass transition similar to the way 

observed in copolymers (90). The modulus was found to under­

go a sharp transition at a midrange composition. The authors 

suggest that a phase inversion occurs at this composition 

range.

In a later publication SPERLING and coworkers (91) report 

on the glass-rubber transition behavior and the compatibility 

of an IPN consisting of PEA and PMMA. This isomeric polymer 

pair has a heat of mixing almost equal to zero, thus allowing 

mutual solubility or chemical compatibility (14). This IPN- 

series exhibits one broadened glass transition for all compo­

sitions. This might indicate a single phase or a series of 

two phase regions varying in composition.

Two further contributions, to which this investigator is 

a coauthor, have been published (92,93). The results pre­

sented in these were to a major extent obtained during the 

early stages of this investigation. Therefore they will be 

discussed in detail in section VI.
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B. Statement of the Problem

The preliminary experiments carried out with IPN’s as 

developed by SPERLING and coworkers (6,91) showed interesting 

results with respect to their glass-rubber transition behavior, 

which was also indicative of a change in compatibility. A de­

tailed investigation of the IPN’s is highly desirable in order 

to compare these materials with common polyblends. It should 

be noted, however, that it will not be tried to optimize the 

IPN’s with respect to physical properties.

The component polymers have been chosen such, and the 

concentrations will be altered such that the IPN’s will ex­

press different degrees of compatibility.

The three major questions which will be emphasized are: 

a. How are the glass-rubber transitions and the shape 

of dispersion regions affected by increased molecular 

mixing?

b. What is the detailed morphology of the IPN’s and how 

does it express variations in compatibility?

c. How does the inversion of the preparative sequence of 

the IPN’s affect the morphology and thus the dynamic 

mechanical behavior?

Based on the answers to the previous questions a qualita­

tive concept for compatibility of polyblends will be developed 

phenomenologically.
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IV. EXPERIMENTAL

The experimental work involved in the elucidation of 

the IPN’s was exclusively carried out by the author in this 

laboratory. The only exception was the elemental analysis of 

the polymerized samples which was done by an outside labora­

tory (see section IV,B). The materials and the equipment 

items as well as the associated experimental procedures used 

in this research investigation are discussed in detail below. 

A. Materials

PEA has been selected as the elastomeric polymer, while 

PMMA or PS or random copolymers of the latter two served as 

the plastic omponent. The corresponding three monomers were 

supplied by the Borden Chemical Co., Philadelphia, Pa.

In order to make the rubbery phase susceptible to stain­

ing by 0s04 (Fisher Scientific Co., New York, N. Y.) traces 

of butadiene were added to the ethyl acrylate monomer. Buta­

diene gas was supplied by Air Products and Chemicals, Inc., 

Trexlertown, Pa. It was liquified in a solution of dry ice 

in acetone and then bottled under pressure. For storage it 

was kept at -30°C.

The crosslink agent and the activator used for the poly­

merization process were tetraethylene glycol dimethacrylate 

(TEGDM) and benzoin, respectively. Both components were 

supplied by X & K Laboratories, Inc., Plainview, N. Y.
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B. Synthesis

All IPN's were synthesized by a photopolymerization tech­

nique according to references (6) and (91). The photo-polymer­

ization unit as built in this laboratory consists of an asbes­

tos-lined wooden box containing several common, commercially 

available ultraviolet sunlamps (General Electric Co., 275 watts). 

The lamps are placed 30 cm apart from each other. Light is 

incident through one open side of the box onto the polymeriza­

tion cells, which are set 15 cm apart from the lamps, such 

that the center of a lamp faces the center of a cell at the 

same height. Each cell consists of 2 glass plates (10 x 10 

X 0.3 cm3) separated by a Teflon gasket (0.3 or 0.7 mm thick). 

The "sandwich" is kept together by two steel frames attached 

on both sides of the glass plates and by four C-clamps.

The monomer solutions were injected into the cells through 

a hole in the Teflon gaskets, using a hypodermic syringe 

(Propper Mfg. Co. Inc.) and a hypodermic needle (Huber point 

with bevel, Yale, 27G,3/8", Becton, Dickinson and Co., Ruther­

ford, N. J.). Upon injection of the monomer solution the 

hole in the gasket was closed with adhesive tape in order to 

minimize evaporation. The polymerization cells were exposed 

to the sunlamps for 24 hours, each side facing the light 

sources for 12 hours, in order to ensure equal exposure time 

on both sides of the polymer sample. Overheating was eliminated 
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by placing one fan each on both sides of the polymerization 

units.

Monomer solutions were made according to the following 

recipe: 0.3 g benzoin (as activator or initiator) and 0.5 ml 

TEGDM (as crosslinking agent) per 100 ml monomer. (2 ml TEGDM 

have been used with samples for GERMAN-experiments, series G; 

see Table I) The homopolymer was kept at 90°C in a vacuum oven 

between 12 and 60 hours and dried to constant weight. The 

polymer was cut into strips and a certain weight of the second 

monomer or comonomer solution was swollen into it at ambient 

temperature. The duration of imbibing depends on the desired 

overall composition of the IPN. In order to reach internal 

swelling equilibrium» i.e. a state of balanced stress » the 

swollen polymers were stored (except for series I; see Table I) 

for 12 hours in an airtight container. The sample was then 

subjected to a second photopolymerization in situ, again for 

12 hours per side upon which the drying to constant weight was 

repeated.

Five series of IPNrs have been polymerized, the composi­

tions of which are given in Table 1. The underlined polymer

1) A state of balanced stress is identical with a molecularly 
uniform distribution of the second monomer solution provided 

the molecular weight of the chain segments between the 

chemical crosslinks is constant.
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Table 1. Compositions of the investigated IPN’s
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has been polymerized first. This was always PEA, except for 

series I (inverse series), where the plastic homopolymer PS 

or PMMA was polymerized first. The samples of series G (GEH- 

MAN series) were only tested for their shear moduli in a 

GERMAN torsion stiffness tester. The amount of crosslinking 

agent in the G series was 2 ml of TEGDM.

Two changes were made with the preparation of the samples 

of the four remaining series. Firstly, the amount of cross­

linking agent was lowered to 0.5 ml TEGDM for the following 

reason. Swelling experiments of PS indicated that the initial 

crosslinking density of 2 ml TEGDM was very high. PS samples 

(0.7 mm thick) fell apart into little pieces when they were 

swollen for 1000 to 1500 seconds with styrene- or MMA- or 

EA-monomer solution. The same phenomenon occurred upon swell­

ing with common solvents like benzene, acetone or tetrahydro­

furan. PS-samples containing 0.5 or 0.2 ml TEGDM per 100 ml 

monomer did not fall apart after swelling them for one week. 

These samples did probably not break up because the ultimate 

strain of the internal chains between two crosslinks is much 

bigger at these lower crosslink densities than the strain with 

the high crosslink density. Since a PEA sample with 0.2 ml 

TEGDM per 100 ml monomer was very sticky and could not be 

completely separated from the sandwich type polymerization cells 

it was decided to prepare the remaining four series with a cross­

linking density corresponding to 0.5 ml of TEGDM per 100 ml 



42

monomer. It may be noted that pure PEA samples containing 

0.5 ml TEGDM are considerably stronger than the others when 

compared qualitatively.

Secondly, traces of butadiene (1-2%) were added to the 

EA-monomer solution, in order to make the rubbery phase sus­

ceptible to 0s04 staining (59,64), which enables one to dis­

tinguish between the rubbery and the plastic phase under the 

electron microscope. The poly(ethyl acrylate) prepared from 

a butadiene doped monomer will be denoted as PEAB and treated 

like a homopolymer.

Series L (leathery series) contains approximately 50 wt.% 

of PEAB, which provides leathery materials, while series E 

(elastomeric series), which contains ca 75 wt.% of PEAB, yields 

self reinforcing elastomeric materials. Series P (plastic se­

ries) contains approximately 25 wt.% PEAB and thus exhibits 

properties of toughened plastics. With these three series of 

IPN’s (L,E and P) the second component again is either PS or 

PMMA or a random copolymer of the latter two.

In an IPN the component polymerized first is always 

strained due to the diffusional swelling forces of the second 

monomer solution. Therefore it was of particular interest to 

prepare an inverse series of IPN’s (series I) where the plastic 

component has been polymerized first. Since the compositions 

of this series are almost identical with some samples of 

the series L, E and P, they may be effectively compared 
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with those. The following samples match (see Table I): I1/E1, 

I.2/L1, I3/P1, I4/E4, I.5/L6, and L6/P5. The samples of series 

G,L,E and P will hereafter be referred to as normal samples 

whereas those of series I will be denoted as inverse samples.

The exact compositions of the IPN’s as given in Table I 

were determined in the following way. When the samples were 

made up only from two homopolymers the weight difference before 

and after the second polymerization step provided the necessary 

information. That was the case with all border compositions of 

the series G,L,E, and P as well as with all IPN's of series I. 

The remaining samples contained a random copolymer of PS and 

PMMA as the plastic phase. Since the rate of diffusion of 

MMA into PEA was smaller than the one of S, the MMA fraction 

of the plastic IPN phase was smaller than its part in the mono­

mer solution, i.e. only the overall composition of the elasto­

meric and the plastic phase could be determined via weight 

difference. The samples were analyzed due to its C- and H- 

content by Robertson Laboratory, George I. Robertson Jr., 

Florham Park, N. J. The C- and H-contents allowed the calcu­

lation of the actual S/MMA ratio. For comparison the samples 

containing two homopolymers were also analyzed in this way. In 

al "i cases the compositions calculated from the C- and H-content 

were in exact agreement with the ones obtained via weight dif­

ference In all calculations the traces of butadiene in the 



44

elastomeric phase were disregarded.

The thickness of the Teflon gaskets used inside the poly­

merization cells and thus the thickness of the samples was 

0.7 mm for series G, and 0.3 mm for the other series L,E,P, 

and I (see IV, 0,2).

A conventional polyblend of 50% PEA and 50% PS has been 

prepared for the sake of comparison. Uncrosslinked PEA and 

PS were polymerized according to the following recipe: 0.3 g 

benzoin (as activator or initiator) and 1 ml 1-dodecanethiol 

(as chain transfer agent) per 100 ml monomer (EA and S). The 

monomer solutions were polymerized by UV-radiation from com- 

merical "black lights" in the freezing compartment of a refrig­

erator (-30°C). After evaporation of the unreacted monomer, 

the polymers were dissolved in a 50/50 mixture of methyl ethyl 

ketone and toluene. The polyblend was obtained by coprecipita­

tion of equal amounts of the two solutions in methanol. Sam­

ples for Rheovibron experiments were compression molded from 

the resulting white precipitate.

Unfortunately this type of polyblend could not be pre­

pared with a butadiene doped PE AB-phase and thus no electron­

micrograph could be obtained. The reason is, that PEAB con­

taining ca. 1% butadiene could not be dissolved, even when a 

higher amount of chain transfer agent was employed than the 

above. The double bond of the butadiene caused a certain degree 

of grafting, which prevented the PEAB from being dissolved.
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C. Mechanical Experiments

Two types of mechanical experiments were carried out with 

the IPN’s: 1. shear moduli were measured using a torsional 

wire apparatus (GERMAN), and 2. dynamic mechanical behavior 

was investigated with a direct reading viscoelastometer (Rheo- 

vibron). Both of these experimental tests are described below.

1. GERMAN Torsion Stiffness Tester

The torsional modulus was measured with a modified GERMAN 

torsion stiffness tester. The experimental procedure consisted 

in connecting a sample in series with a calibrated torsional 

wire, twisting the top of the wire 180° and recording the cor­

responding angle of twist at the bottom of the wire after 10 

seconds or as a function of time. The upper portion of the wire 

is attached to a spring allowing the separation between the jaws 

of the instrument to become larger as the temperature is raised 

thus compensating for thermal expansion of the sample.

An assortment of wires of various diameters was calibrated 

using a calibration bar with a known moment of inertia (130). 

An appropriate wire was used for a given sample in order to 

maintain the angle of twist in the preferred range of approxi­

mately 30° to 150°.

Samples for this experiment were carefully cut with a 

special blade into reactangular strips approximately 40 x 6 x 

0.8 mm3 in dimensions. These dimensions were measured at 



46

various positions and the values averaged.

YOUNGS's modulus, E, is calculated from the following 

expression:
2

2.694 109 K L ,180 - 6 (dynes/cm ) (IV,I)
E 3 G (t) ----- -3---------  ( 6 )

a b p

where

X = torsional constant of the wire (g cm/degree of twist)

L = length of the test specimen (mm) 

a = width of the test specimen (mm) 

b = thickness of the test specimen (mm) 

u = f(a/b), read from Table IV, AST# D 1053 - 61 

6 = angle of twist (degrees)

A DEWAR flask containing 20 est silicone oil was used as 

a temperature bath. The apparatus was lowered into the bath 

until the specimen was covered. The temperature was kept con­

stant within 0.02°C for modulus-time experiments and it was 

raised at a rate of 1°C per minute for modulus-temperature 

experiments.

2. Viscoelastometer (Rheovibron)

The measurement of the complex modulus, B*, and of the 

damping, tan 6, are two of the basic methods of examing the 

physical properties of polymeric materials ■1) For these 

measurements this investigator used a direct reading dynamic 

viscoelastometer (model DOV - II), manufactured by Toyo
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Measuring Instruments Co., Ltd., Tokyo, Japan, developed by 

TAKAYANAGI (29,94). In this apparatus a sinusoidal tensile 

strain is applied at one end of the test specimen. This 

strain is transformed into an electrical output through an 

unbonded type strain gauge specified for strain detection. 

The sinusoidal stress generated at the other end of the spe­

cimen is transformed into an electrical output by another 

strain gauge specified for stress detection. Thus tan ô val­

ues are read off directly from the meter. The storage modulus, 

E’, and the loss modulus, E", are calculated from the ampli­

tudes of stress and strain and the ô value. Since the specimen 

between the strain and the stress chucks is situated in a 

heating chamber, dispersion curves can be prepared over a 

wide range of temperatures above ambient temperature (94). 

This heating chamber was modified by providing the upper and 

the lower insulation compartment with one hole each, which 

enabled one to pour liquid nitrogen into the chamber, thus 

allowing measurements below ambient temperature.

Measurements were conducted at a definite frequency, 

110 cps, from -50°C to 175°C. The rate of heating was 1°C 

per minute. The temperature was measured by a thermocouple

+ i E", where 
is the dynamic

= e”/e’

^definition of the complex modulus : E - E 
E* is the dynamic storage modulus and E 
loss modulus ; definition of damping; tan ô 
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set with its tip close to the specimen. The environmental 

chamber is equipped with a window on its top for observation 

of the sample. The test specimen was clamped between the two 

chucks before the cooling process was started. Proceeding in 

this sequence keeps the amount of frosting negligible. The 

sample was held under slight tension in order to keep it 

straight as it cools. However, as the sample shrinks on cool­

ing, the tension screw at the apparatus had to be partially 

released so as to keep the slight tension approximately con­

stant .

Preliminary experiments with the Rheovibron showed that 

the specimen dimensions ( < 0.1 mm thick) as proposed by the 

producer (94) were firstly very hard to prepare, although 

several different methods were used, and secondly could not 

be used for temperatures above approximately 60 °C, for the 

dynamic force range of the instrument was insufficient at 

higher temperatures for samples of that particular cross sec­

tion. On the other hand specimens of bigger dimensions (1 mm 

thick) (58) provided very unstable results at temperatures 

below -10°C. In both cases those difficulties could apparent­

ly have been overcome by using two samples of different cross 

sections for one run throughout the whole temperature range. 

However, the disadvantage in this case was that the over­

lapping temperature regions of the two branches of the modulus-



49

temperature plots did not always exactly coincide. Thus a 

particular thickness of the specimens was searched for, which 

allowed the viscoelastic behavior to be investigated over the 

whole temperature range without exchanging the sample. Sizes 

of the specimens used for all Rheovibron experiments were ap­

proximately 0.3 mm thick, 2.5 mm wide and 4 cm long. In order 

to extend the temperature range (by ca. 20°C) to even higher 

temperatures than the dynamic force range allowed at this par­

ticular cross section and length, these samples were shortened 

to 1.5 cm without being forced to exchange them with a complete­

ly new sample. Dynamic mechanical data were easily reproduced 

except for tan 6 values below -35°C.

D. Electron Microscopy

The technique used here is partially based on KATO's OsO^ 

staining technique (59,64) and on MATSUOrs two step sectioning 

method (85). Three pieces per sheet of a polymerized IPN of 

approximately 0.3 x 0.5 x 10 mm^ were exposed to OsO^-vapor 

for a period of two weeks in order to selectively stain the 

butadiene portion of the PEAB-phase completely to the center 

of the pieces. Sections of these stained pieces of about 0.1 

x 0.1 x 2 mm^ were imbedded in an epoxy resin, such that the 

long dimension of the section was perpendicular to the cutting 

direction of the microtome. A Porter-Blum MT-2 ultramicrotome 

equipped with a diamond knife was used for ultrathin sectioning
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O , 
at room temperature. A thickness of approximately 400 A yield 

ed satisfactory results. Transparency electron micrographs 

were taken by direct observation of the ultrathin sections 

employing a RCA, EMU-3G electron microscope.
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V. EXPERIMENTAL RESULTS

The results of the endeavor to elucidate the IPN’s will 

be presented in this chapter. Creep data and dynamic mechani­

cal results are presented in sections A and B, respectively, 

while the electron micrographs revealing the morphology are 

displayed in section C.

The polymerized samples of the leathery series exhibited 

a whitish color"and opaqueness for the PEA/PS border composi­

tion Gl. As the S mers were gradually replaced by MMA mers 

this appearance vanished and a whitish blue haze could be 

observed. The PEA/PMMA samples were completely clear and 

transparent. Preliminary turbidity measurements (121) via 

light scattering showed in spite of broad scattering the 

following trend for leathery IPN’s: the turbidity, t, decreases 

with a definite slope from a value of ca. 45 cm for a PEA/PS 

sample and has almost a horizontal slope at ca. 2 cm for a 

PEA/PMMA sample. A similar trend of the optical appearance 

could be noticed also with the other IPN-series, however, the 

indications were strongest for the 50/50 overall composition 

of series G and L.
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A. Creep Data

Two types of experiments were carried out with the GERMAN 

torsion stiffness tester, as reported in chapter IV, C, 1. 

Three times the shear modulus at 10 seconds, 3G(10), as a 

function of temperature were recorded for the samples of ser­

ies G and the shear modulus as a function of time was measured 

for sample G5. The compositions of these samples are given 

in Table 1. The terms YOUNG’s modulus, E, and three times 

the shear modulus, 3G, will be used interchangeably, since 

POISSON’s ratio, v> can be assumed to almost equal 0.5 (96):

E = 2 G (1 + v) (V,l)

Figure 2 shows modulus-tempe rature relationships, 3G(10) 

vs. T for three different compositions of the G-series (93): 

Gl, G3 and G5. Sample Gl, consisting of 50.5 PEA/49.5 PS, 

shows two distinct transition regions due to the glass transi­

tion temperatures of both component polymers. The lower glass 

transition of PEA has been raised while the upper one of PS 

has been lowered somewhat. It is difficult to express this 

in terms of temperatures, since a generally accepted defini­

tion of the glass transition temperature in two phase polyblends 

does not exist for shear modulus-temperature curves.
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The indications of two transitions are still noticeable 

with sample G3 containing 50% PEA and a random copolymer 

plastic phase of 19.6% PMMA and 30.4% PS.

With sample G5 where all PS has been replaced by PMMA only 

one broad transition region remains covering a temperature 

range of approximately 120 °C as compared to 40 °C with homo­

polymers and random copolymers.

The different values for the rubbery plateau values, E2> 

as given in Table 2 are worthwhile mentioning. The rubbery 

modulus of PEA was measured at room temperature while the 

corresponding moduli for the two plastic homopolymers were 

measured at 135°C. Figure 2 shows that the GEHMAN-experi-

ments, G(T), for the G-series were carried up to 130°C. The

E
-values for the IPN’s increase from 1.3 to 4.3 x 10

dyne/cm2

as the S mers are replaced by MMA mers.

The second type of experiments carried out with the 

GEHMAN torsion stiffness tester recorded 3G(t) at various 

temperatures for sample G5 (49.4% PEA/50.6 PMMA). A plot 

of the time dependent YOUNG's modulus is presented in

Figure 3 (92).
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B. Dynamic Mechanical Behavior

Rheovibron data for a selection of the IPN’s (see Table 1) 

are presented for samples of the leathery, elastomeric, plastic 

and inveree series. The IPNrs within a series have been chosen 

such that changes can easily be observed from one composition 

to another.

1. Leathery Series

Figures 4 through 7 show the temperature dependence of the 

dynamic storage modulus, ET, and the dynamic loss modulus, ET1, 

for four TPM's of the leathery series, L1, L4, L5 and L6. The 

storage modulus, ET(T) for sample L1 (Figure 4) shows two dis­

tinct transitions which correspond to the transitions of the 

two homopolymers, PEAB and PS. The loss modulus curve, E"(T), 

exhibits two loss peaks at considerably different magnitudes : 

2 x 109 dynes/cm2 for the PEAB-peak as compared to 1.9 x 108 

dynes/cm2 for the PS-peak. The temperatures of the loss peak 

maxima are at -2°C and at 115°C for the PEAB and PS transition, 

respectively.

As S mers are gradually replaced by MMA mers the two tran­

sitions start to merge. The E1-slope of the intermediate portion 

between the two transitions gets steeper whereas the corres­

ponding region of the loss modulus curve is raised. When the 

plastic phase of the IPN is pure PMMA (Figure 7, sample L6)
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one no longer observes two transitions. The storage modulus 

exhibitis one broad transition whereas the loss modulus shows 

a broad peak at the PEAB transition which slowly decreases 

with temperature. No peak is observed due to the PMMA phase, 

however the decrease of E* with temperature becomes more rapid 

as 125 °C is exceeded, which is indicative of a small shoulder.

The temperatures of the maximum rubbery loss moduli, 

T(Et 1 ) gradually increase with the PMMA content from -2 °C

for sample L1 to +2°C for sample L6. The shift of 4 °C from 

the PEAB/PS IPN to the PEAB/PMMA IPN is small but real. The 

E,f-values of the PEAB-peak fluctuate randomly between 1.3 

and 2 x 109 dyne/cm2; i.e. the damping of these materials at 

approximately 0°C is fairly constant.

2. Elastomeric Series

Figures 8 through 11 present the Rheovibron results for 

the IPN's of the elastomeric series, E (ca. 75 PEAB/25 P(MMA- 

co-S. With all samples the EM-peak corresponding to PEAB 

was observed at temperatures between -1 and +1°C. The inten­

sity of these peaks was fairly constant, the maximum being 

between 2.5 and 3.2 x 10 dyne/cm .

A peak for the transition of the plastic component could 

not be observed with any sample. A damping plot, tan 6 va. T 

did not reveal these peaks either. It is noticed, however,
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that the experiments might not have been conducted to high 

enough temperatures. Unfortunately the investigator was re­

stricted here due to the limited dynamic force range of the 

Rheovibron.

3. Plastic Series

Storage and loss modulus of the plastic IPN's are given 

in Figures 12 through 15 (samples P1, P3, P4 and P5). Two 

transitions are observed, as expected, for E’(T) and E* * (T) 

of sample Pl. The transition which corresponds to PEAB is 

very weak in the storage modulus, but quite distinct in the 

loss modulus. With this IPN the intensity of the PS-peak 

(1.2 x 109 dyne/cm2 at 112°C) is considerably higher than the 

Q 9 .
one of the PEAB-peak (5.6 x 10 dyne/cm at -5°C). The inter­

mediate plateau of the loss modulus curve exhibits a broad 

g 
minimum with a relatively high modulus value of 3.2 x 10 

dyne/cm2. The intensity of this plateau modulus increases 

as MMA mers gradually replace S mers. With sample P4 (Fig­

ure 14) one does not observe a PEAB-peak any more since the 

loss modulus of the plateau at this composition is higher than 

the initial PEAB-peak. The plastic peak at this composition 

has been transformed into a shoulder. With sample P5 (Figure 

15) a very broad intermediate plateau maximum is observed be­

tween 60 and 85°C with two shoulders at 15°C and at 135°C.
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A third shoulder is found in Figure 17 at 95°C. It is consid­

ered to correspond to the p-transition of PMMA which will be 

discussed later.

4. Inverse IPN's

The plots in Figures 16 through 21 show the storage and 

the loss moduli of the inverse IPN’s. The border IPM's^ of 

the normal series L, E and P, shown for comparison, have ap­

proximately the same composition as the corresponding inverse 

IPN’s, the difference being the sequence of preparation (see 

section IV, B). The inverse compositions of series L match 

with the border compositions of the series L, E or P (see 

Table 1): Il/El, I2/L1, I3/P1, I4/E4, I5/L6 and I6/P5. The 

two IPN's 12 and L1 in Figure 17 are compared with a conven­

tional polyblend of the same composition, which has been 

prepared by coprecipitation of the two homopolymer solutions 

in a common solvent.

^The !PN*s of series L, E and P having a pure plastic phase 

(either PS or PMMA but not P(S-co-MMA)) are denoted border 

IPN's.



73

1010

10

10

ta  246PS/75.4 PEAB

»• 74.4 PEAB/256PS _____ 1 1 I
10-50 0 W 150

Figure 16. Temperature dependence of E* and E" of

two IPN’s, Il and El



74

110 CPS

E
',E

" (D
Y
N

E
 /C

M
 )

A

T

50.7 PS/49.3 PEA B

% i

- o* 48.8PEAB/51.2PS -
y *+ BLEND 50PEA/50PS 

. 10-50 6 50 100 150
TCC)

Figure 17. Temperature dependence of E* and E” of two

IPN’s, 12, LI and blend



75

j

110 CPS ■
(D

Y
N

E
/C

M
 )

T(°C)
Figure 18. Temperature dependence of E* and E” of two

IPN's, 13 and Pl



76

27PMMA/73PEAB 

722PEAB/278PMMA

* V&

Tec)
Figure 19. Temperature dependence of E* and En of two

IPN's, 14 and E4



77

(D
Y

N
E

/C
M

 )

537PMMA/46.3PEAB ' A -
%

-7 o •477PEAB/ 52.9 PMMA 

A ! ‘

Figure 20. Temperature dependence of E1 and E" of two

IPN’s, 15 and L6



78

if

(D
Y
N

E
/C

M
O

10

Ld 10

10

110CPS

- ▼ 775PMMA/22.5PEAB

o • 233PEAB/767PMMA

100 
Tec)

Figure 21. Temperature dependence of E’ and E" of two

IPN's, 16 and P5



79

C. Electron Micrographs

Electron micrographs have been obtained for representa­

tive samples of the L, E > P and I series• in general all 

electron micrographs revealed a very complex structure, which 

was made visible by the incorporation of butadiene as a com­

onomer in the PEA component. Subsequent OsO* exposure resulted 

in selective staining of the rubbery phase. Therefore the 

PEAB domains appear black or dark grey while the unstained 

plastic regions are whitish or light grey.

1. Leathery Series

The greatest heterogeneity is exhibited by the electron 

micrographs of the leathery 50/50 composition. Figures 22 

through 25 show photo micrographs of series L (nos. L1, L4, 

L5 and LG). Sample L1 (48.8 PEAB/51.2 PB) exhibits a complex 

cellular morphology (Figure 22). The cell walls are largely 

PEAB. The inner cell domains are mainly PS. A fine structure 

is observed mainly within the cell walls but also - however 

weaker and not as frequently - inside the cells. In the first 

case PS domains are pervading the PEAB walls whereas in the 

latter PEAB particles are pervading the cellular envelopes. 

The size of the cells are approximately 1000 A. The PEAB and 

O 
the PS microstructure particles are of the order of 100 A.
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Figure 22. Electron micrograph of IPN LI:

48.8 PEAB/51.2 PS
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Although the cells are irregularly shaped, they exhibit a cer­

tain orientation which coincides with the radiation direction 

of the polymerization. Large darker areas often arranged in 

forms of streaks are not a morphological feature. They result 

from the microtoming process and coincide with the cutting 

direction.

Figures 23 and 24 show electron micrographs for IPN com­

positions of 51.2 PEAB/P (25.4 MMA-co-23.4 S) and 48.4 PEAB/P 

(38.0 MMA-co-13.6 S), respectively. It can be seen how the 

cell walls become less distinct as S mers are gradually replaced 

by MMA mers. Furthermore the areas of fine dispersion increase. 

One notices a decrease in the rubber particle size to the order 

below 100 A as well as a decrease in the cell size down to 

about 500 to 600 A. It seems like the plastic rich cells are 

increasingly pervaded by PEAB starting from the walls.

Sample L6 in Figure 25 shows a more compatible structure 

than the previous ones. The cell walls are completely dis­

integrated although PMMA phase domains remain without marked 

o 
boundaries. They are between 300 and 500 A in diameter whereas 

o .
the distinct PE AB particles are below 100 A in diameter.

Figures 26 shows an electron micrograph of sample G1 

(50.5 PEA/49.5 PS), which has the same composition as sample 

L1 (Figure 22) except for a higher crosslink density and no 

o 
butadiene. The dispersed stained portions of 50 to 200 A in
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Figure 23. Electron micrograph of IPN L4:

51.2 PEAB/P(25.4 MMA-co-23.4 S)
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Figure 24. Electron micrograph of IPN L5:

48.8 PEAB/P(38.0 MMA-co-13.6 S)
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Figure 25. Electron micrograph of IPN L6

47.1 PEAB/52.9 PMMA
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50.5 PBA/49.5 PS
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diameter have to represent a precipitate formed by the reac­

tion of 0s04 with PEA. Figures 22 and 26 do hardly resemble 

each other.

2. Elastomeric Series

An interesting sequence of structures is exhibited by the 

IPX's of the elastomeric series given in Figures 27 through 30. 

Figure 27 shows the microstructure of sample El consisting of 

74.4 PEAB/25.6 PS. The basic matrix shows two continuous 

phases, where PS appears to be the more continuous one. The 

larger oriented white areas are part of the PS matrix which do 

not contain any rubbery material. They vary considerably in 

o 
size, the longer dimension being between 800 and 1500 A. The 

PEAB particles are again approximately 100 A in diameter, how­

ever, in many cases a few of these PEAB particles form agglo­

merates .

Figure 28 of sample E2 (75.9 PEAB/P (8.4 MMA-co-15.7 S)) 

reveals the influence of MMA in the plastic phase. The pure 

plastic areas are more numerous than in Figure 27, and cover 

a wider region in domain size (from 200 to 750 A); their shape 

is more spherical as compared to the oriented stretched PS 

domain structure in Figure 27. Sample E3 with the morphology 

as shown in Figure 29 (75.5 PEAB/P (14.6 MMA-co-9.9 S)) shows 

a similar structure as sample E2. The number of pure plastic 

domains has increased again whereas the average size is some­

what smaller.
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Figure 27. Electron micrograph of IPN El

74.4 PEAB/25.6 Ps
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Figure 28. Electron micrograph of IPN E2;

75.9 PEAB/P(8.4 MMA-co-15.7 S)
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Figure 29. Electron micrograph of IFN E3:

75.5 PEAB/P(14.6 MMA-co-9.9 S)
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Figure 30. Electron micrograph of IPN E4:

72.2 PEAB/27.8 PMMA
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The final figure in this series, Figure 30, corresponds 

to sample E4 (72.2 PEAB/27.8 PMMA) which does not contain 

any S mers. It shows a very fine dispersion of PE AB particles 

in PMMA and vice versa.

3. Plastic Series

The morphology of the plastic IPN’s is shown in Figures 

31 through 34. The plastic matrix is the more continuous phase 

in all cases. As long as the samples contain a certain amount 

of S (samples P1, P3 and P4) traces of a cellular structure 

are revealed. However, the interconnected spheroids of PE AB 

do not form long enough particulate chains in order to sur­

round the plastic cell core completely; i.e. the vast majority 

of the cells are not closed. The differences between samples 

Pl (23.9 PEAB/76.1 PS), P3 (24.7 PEAB/34.4 MMA-co-40.9 S)) and 

P4 (25.4 PEAB/49.7 MMA-co-24.9 S)) as observed on the electron 

micrographs are small. The sizes of the cellular traces are 

approximately 1000 A, their shape is irregular, although a 

stretched orientation is noticable. Sample P5 (23.3 PEAB/76.7 

PMMA) in Figure 34 shows small remainders of a cellular struc­

ture with weakly marked walls.
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Figure 31. Electron micrograph of IPN PI:

23.9 PEAB/76.1 PS
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Figure 32. Electron micrograph of IPN P3:

24.7 PEAB/P(34.4 MMA-co-40.9 S)
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Figure 33. Electron micrograph of IPN P4:

25.4 PEAB/P(49.7 MMA-co-24.9 S)



Figure 34. Electron micrograph of IPN P5: 

23.3 PEAB/76.7 PMMA
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4. Inverse IPN's

Only one inverse IPN containing PMMA has been success­

fully investigated microscopically (sample 16), whereas photo 

micrographs for all PS containing IPN’s have been obtained.

Figure 35 shows the morphology of sample 12 (50.7 PS/49.3 

PEAB). Like its counter composition (sample L1 in Figure 22) 

it exhibits a complex cellular structure. A PS rich matrix 

contains PEAB rich cellular inclusions. The cellular domains 

cover a wide size range; the longer dimension of the stretched 

o 
cells is between 400 and 2000 A and the smaller one is between 

150 and 1000 A. It is hard to measure individual particle 

sizes of the fine structure accurately from the electron 

o 
micrographs. However they are obviously smaller than 100 A. 

The quality of the electron micrograph for sample II (24.6 

PS/75.4 PEAB, Figure 36) is unfortunately inferior if com­

pared to the other photomicrographs. It reveals, nevertheless 

clear indications of a cellular structure. PS or a PS rich 

phase is the more continuous matrix which contains PEAB rich 

cells.

The morphology for the inverse plastic IPN of sample 13 

(71.4 PS/28.6 PEAB) is revealed in Figure 37. PEAB particles 

o
or agglomerates of a few particles up to 150 A are regularly 

dispersed in a PS matrix. In many cases they started to form 

loosely connected cell boundaries which are incomplete and 

never closed due to lack in PEAB.



Figure 35. Electron micrograph of IPN 12: 

50.7 PS/49.3 PEAS
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Figure 36. Electron micrograph of IPN 

24.6 PS/75.5 PEAB



Figure 37. Electron micrograph of IPN 13 : 

71.4 PS/28.6 PEAB
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Figure 38. Electron micrograph of IPN 16: 

77.5 PMMA/22.5 PEAB
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The micrograph for the plastic inverse IPN 16 (77.5 PMMA/ 

22.5 PE AB) exhibits an uniform fine structure which is very 

similar to its normal counter composition P5 (Figure 38,34) 

PMMA is probably the more continuous phase with both samples. 

However, this is difficult to determine. The areas of micro­

morphology show finely dispersed particles which are clearly 

o
below 100 A in diameter. Sample 16 shows besides the inter­

penetrating structure randomly dispersed dark spots of ca. 

o
150 A, in diameter, which might be agglomerates of PEAB 

% 

particles.
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VI. DISCUSSION

In this chapter the results of the research on IPN’s 

presented in chapter V, will be discussed and compared with 

other two-phase polymeric materials. The research on the 

viscoelasticity and the morphology will indicate that IPN’s 

are a special type of polyblend. However, it will be clear 

that no attempts were made to optimize the investigated IPN’s 

for commercial applicability with respect to such properties 

as impact strength or maximum elongation at break or with 

respect to the polymeric components used. 

A. Creep Behavior

1. Glass Transition Behavior

The GERMAN data for the three selected samples G1, G3 

and G5 (Figure 2) showed interesting changes as S mers were 

replaced by MMA mers. The intermediate plateau with sample 

GI, i.e. the slope of the modulus between the two sharply 

inclined transition regions, is relatively flat. This indi­

cates a high degree of phase separation. However, a certain 

very limited degree of molecular mixing between the PEA and 

the PS phases can be read from the fact that the intermediate 

slope is far from being horizontal. In support of this explan­

ation is the fact that the two glass transitions have been 

shifted towards each other.
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The indications of two glass transitions are less distinct 

with sample G3 than with G1. These mitigating effects are due 

to the amount of added MMA, which partially replaced S in the 

plastic component. Thus it is clearly understood that PMMA, 

which is isomeric to PEA, increases the compatibility and 

molecular mixing ensues. This trend is continued with sample 

G5, where only one broad transition remains. The breadth of 

the temperature range this transition covers depends of course 

on the Tg/s of the two homopolymers. This effect had been 

found for the same system by SPERLING and coworkers (91). 

The morphological reasons for this change from two transitions 

to one broad transition become clear from observation of the 

corresponding electron micrographs (Figures 22 through 25), 

which exhibit a gradual disintegration of the cellular struc­

ture as MMA replaces S in the plastic network.

2. Rubbery Plateau Considerations

Two types of errors are generally involved in the GERMAN 

experiments : a) a rapid decrease in the accuracy of the ap­

paratus as the angle of twist exceeds 165°, and b) a certain 

amount of friction in the mechanics of the equipment. The 

difference between Eg(PS) and Eg(Gl) (see Table 2 and Figure 2) 

might be within the range of these errors. However, the differ­

ences between the Eg-values for the samples G1 and G5 cannot 

be explained by the inaccuracies. Thus the indicated trend 



104

must be real.

The same amount of crosslinking agent was employed for 

all samples in Table 2: 2 ml TEGDM per 100 ml monomer. The 

effectiveness of the crosslinking agent must differ with each 

sample in order to explain the differences in the rubbery 

moduli. It might depend on the affinity of the TEGDM molecule 

to the monomer molecule or on the diffusion rate into the pri­

mary network or on the reaction kinetics. The first reason 

would explain the considerable smaller difference between the 

E2-values of PEA and PMMA, the monomers of which are isomeric, 

and the bigger differences between the Devalues of PS and 

PEA or PMMA, respectively.

One has to keep in mind at this point that the polymer­

ized networks are a kind of copolymers, because of the dis­

similarities between the monomer molecules and the TEGDM 

molecule. Thus it might have been more appropriate to use 

divinylbenzene (DVB) and ethylene glycol dimethacrylate (EGDM) 

for crosslinking pure PS and PMMA, respectively. In this case 

the crosslinking of the comonomer solution of S and MMA would 

have created a problem.

KLEMPNER and coworkers (83) report for their partial IPN’s 

an effective crosslink density greater than the arithmetic mean 

of the crosslink densities of the component networks. Their 

preparation method - film deposition from aqueous emulsions 
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of both components - is quite distinct from the preparation 

of the IPN’s. However, SHIBAYAMA’s and SUZUKI’s materials 

(5,126,127) are truly IPN’s in the sense employed by this 

author. Their PS/PS IPN’s (5) were in all cases prepared by 

maximum volume swelling techniques. This difference might 

explain an increase in rubbery modulus with each additional 

superimposed network. MILLAR’s investigations (4) show clearly 

that the subsequent swelling is controlled by the network with 

the highest crosslink density. This means qualitatively that 

the overall rubbery modulus of an IPN is controlled by the 

higher modulus of the two independent networks, assuming two 

continuous phases. These considerations are valid for two 

superimposed interpenetrating networks of the same homopolymer 

and for maximum swelling.

The PS/PMMA IPN’s by SHIBAYAMA and KODAMA (125) of various 

composition not obtained by maximum swelling do not show a 

certain trend in the rubber modulus values. Thus these IPN’s 

correspond closest to this author's materials. So do their 

findings for the B^-values.
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3. Relaxation Behavior (92,93,97)

The creep data presented in Figure 3 were converted to 

relaxation data by using the semiempirical treatment of 

FERRY (98).

Although it is well known that the standard time-tempera­

ture superposition principle (99) and the WLF equation do not 

strictly apply to broadened transitions, it is still instruc­

tive to construct master curves, as has been done by 

TAKAYANAGY (30).

Figure 39 (92) shows the master curve for sample G5 at 

a reference temperature of 30°C. The broad transition appear­

ing with this IPN is analogous to the corresponding curve in 

Figure 2 and to the modulus temperature data reported by 

SPERLING and coworkers (91).

The empirical shift factors for this IPN are compared to 

the theoretical WLF values in Figure 40, 20°C being chosen as 

close to the classical glass transition temperature (based on 

ref. 92; Fig. 39). For a classical homopolymer, the shift 

factor covers about 8 decades of time in a temperature inter­

val of approximately 40°C. This corresponds to the central 

portion (25° to 65°C) of Figure 40 (92). The WLF equation 

fits the center and the lower portions of the data quite well. 

The reason lies in the value of the derivative, d log(t/tQ)/dT,
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which is nearly equal for the WLF equation and the experimen­

tal points. This is not surprising since the IPN transition 

covers both a broader time scale and temperature range as 

compared to homopolymers. This increased breadth of the IPN 

transition becomes apparent on observing the upper portion 

of Figure 40, which does not have an analog in the WLF formu­

lation.

In 1964, the time-dependent relaxation modulus Ep(t) was 

interpreted by TOBOLSKY and AKLONIS as the sum of two Rouse 

functions (100). One, R^, is associated with torsional vibra­

tions and internal rotations. The other, R^, is associated 

with an entangled network of Gaussian segments. The R^ func­

tion was derived to be

E T i, / \
r1 = 1..%— t* (rt/r%(%)- r/ (vi,i)

10 2
where E. = the tensile modulus (3 x 10 dynes/cm ) in the

1 glassy state

min = the minimum relaxation time

= the tabulated incomplete gamma function of argument

= the first normal mode relaxation time

t = the time

Z = the number of Gaussian segments in a polymer 
molecule
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In a later paper, TOBOLSK? (101) approximated this 

function with

R _ E1W

1 TlnV
(VI,2)

For the PEA and PMMA homopolymers, a modified form of the

double Rouse function will be employed;

EpW -

EiW 

^min^+ t^ + R2 (VI,3)

Because of the unusual breadth of the transition with 

this IPN (sample G5), it will be assumed that the sample does 

not consist of a single composition but of a continuous range 

of compositions. Each composition region will be assumed 

to have its own characteristic relaxation time. The average 

composition, of course, will be equal to the overall composi­

tion. A number of simple distributions were analyzed by use 

of the formula

n
Ep(t) = 3G(t) = Er y 

i=l

(VI,4)
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where is the frequency for composition i, normalized to 

satisfy

n
22 wi ~1 

i=l

(VI,5)

The values of T appearing in eq.(VI,4) were evaluated 

as follows. For homopolymers, the single value of was 

obtained (100) by use of a plot of log (R^(t)/E^) versus 

log By sliding tabulated values of eq. (VI,2) over

a plot of the experimental values of log (3G/E^) versus log t 

in the transition region, the values of which gave the 

best fit were selected.

For pure PMMA T . was estimated at +30°C to be 1 x 10$ 

r min

sec. The value of T . for pure PEA was estimated at -20°C 
min

to be 1 x 10”1 sec. T . for pure PEA at +30°C was calculated 
min

by use of the WLF equation

log
-17.44(T - Tg)

51.6 + T -Tg

a
to be 4,46 x 10“ sec was assumed equal to -20°C).

(VI,6)
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The above method for determing t is applicable to 

homopolymers when a slope of is obtained in the transition 

region. This method cannot be used with the intermediate IPN 

compositions since slopes significantly less than were 

found. It was therefore assumed that log varied as a 

linear function of weight per cent PEA. This assumption is 

quite arbitrary and was made for the sake of simplicity. 

Other t , distributions, such as log V -log composition, 
min min

gave the same or poorer results, as discussed below.

Of the several phase distributions studied (Gaussian, etc.), 

the simplest, which assumed all compositions to have equal 

weight, gave the best fit. A distribution containing nine 

equally spaced compositions of equal weight covering the entire 

composition range yielded the ( o ) line in Figure 39. For 

comparison, a curve based on eq.(VI,3) is shown as the ( + ) 

line.

Only distributions which included the whole range of com­

positions from 0 to 100% by weight PEA reasonably approximated 

the form of the master curve. As can be seen from Figure 39 

even the last yielded an imperfect fit to the experimental data. 

However, the assumption of a single relaxation time results in 

a much poorer fit. This suggests that the actual composition 

distribution, although it may be quite complex, will have to 

include the whole continuous range of compositions (32).

The original ROUSE-BUECHE theory (102,103) requires
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approximately 50 mers to undergo coordinated motion for the 

glass transition phenomenon to occur. A volume of about 

10,000 A is involved. Due to the size of polymer chains, 
O3

however, only much larger regions, perhaps 100,000 A , can be 

expected to have a mean composition. A broadened transition 

will result if the minimum volume required for independent 

contribution to the relaxation spectrum is subject to wide 

composition variation, even in thermodynamically compatible 

polymer mixes. If this argument is valid, one cannot decide 

whether any polymer pair is compatible or not by observing 

the glass transition behavior alone, 

4. Grafting Effects

An amount of 0.5 ml TEGDM per 100 ml monomer was employed 

as crosslinking agent through the series L, E, P and I (see 

Table 1). The PEA phase for these samples was butadiene doped 

in order to make it susceptible to OsO^-staining. It was of 

interest to estimate the amount of grafting due to the C = C 

double bond of the unsaturated butadiene by comparing the 

pure PEA with the doped PEAB.

The rubbery plateau values for a pure and a butadience 

doped (ca. 2% butadiene) PEA sample were determined at ambient 

temperature employing aGEHMAN torsion stiffness tester. Table 

3 gives the rubbery moduli, E^, and the crosslink densi­

ties, gE» as determined from Eg values. Eg is an average value 
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of three experiments > where the maximum scattering was 5%. 

They are compared with the crosslink density, d, calculated 

from the amount of crosslinking agent used.

Table 3. Rubbery moduli and crosslink densities of PEA and 

PEAB

0.5 ml TEGDM/100 ml monomer . PEA . PEAB .

7 2
E2 x 10" (dyne/cm ) 1.70 1.86

g„ x 104 (mole/g) 
£i

2.065 2.260

d x 104 (mole/g) 1.85 1.85

The crosslink density values, g^, account for the effec­

tive chemical crosslinks plus the trapped physical entangle­

ments. The effective chemical crosslinks allow that not 

every molecule of TEGDM produces a chemical crosslink and that 

crosslinks at terminated chain ends are less effective. If 

physical chain entanglements are trapped by chemical cross­

links they become permanent features of the network (104) 

and thus contribute to the crosslink density. If it is assumed 

that the effectiveness of TEGDM is constant for both sam­

ples, the difference between gg(PEAB) and g^(PEA) accounts 
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for the amount of grafting. Provided, however# that TEGDM 

is fully effective# the difference between g_(PEA) and d 

could be attributed to trapped entanglements. The data in­

dicate clearly that the amount of grafting due to butadiene 

doping is negligible.

The amount of grafting between both networks, although 

quantitatively unknown# may be considerable, since a-hydrogens 

on the four ether groups of the TEGDM act as strong chain 

transfer agents in addition to the possibility existing on 

the first polymer's chain structure. This grafting, which 

is mainly introduced upon swelling in the second monomer solu­

tion, occurs with PMMA and PS as well as with PEA. The effect 

of these grafts in connecting the two networks is estimated 

to be somewhat smaller than the effect due to the physical 

interlocking (95).



116

B. Dynamic Mechanical Behavior

The Rheovibron data will be treated from two different 

viewpoints : 1) for each series L, E and P particular features 

will be followed and discussed as the plastic phase is gradu­

ally changed from PS via P(S-co-MMA) to PMMA, and 2) the change 

in concentration of the normal border compositions will be com­

pared with the corresponding inverse IPN's.

The terms "compatibility" and "semicompatibility" play an 

important part in these discussions. Since it is very diffi­

cult to define them for two phase polymeric materials satisfac­

torily the author will also use more obvious terms like "more 

compatible" or "trend towards compatibility". A qualitative 

concept for compatibility is developed in section VI ,E.

1. Change in Compatibility within Series L, E, and P

The change in compatibility becomes almost obvious from 

the dynamic mechanical data for series L (Figures 4 through 7). 

The two initially observed peaks of the loss modulus start to 

gradually merge upon replacing S mers by MMA mers. This is an 

indication for an increase in molecular mixing of the rubbery 

and the plastic phase, which is supported by the 4°C shift in 

T(E,’maX) of the PE AB peak. This trend would be even more 

evident if the difference between the PEAB and the plastic 

peak height would be considerably smaller than one order of 

magnitude.
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This is the case with the IPN’s of the P series (Figures 

12 through 15). There the two loss peaks of sample Pl start 

to merge and finally in sample P5 form one broad elevated peak. 

Its E*r value is above the initial peak heights, thus leaving 

only two shoulders indicative of the rubbery and the plastic 

transition.

The Rheovibron results for the elastomeric series (Fig­

ures 8 through 11) exhibit only one rubbery peak due to the 

high PE AB concentration. In this case no relationship between 

composition and peak temperature was found. Thus the shift in 

Tg from -12°C (for pure PEAB) to ca. O°C appears to be inde­

pendent of the plastic component. This is not in contradic­

tion to the observed trend with series L, since one would ex­

pect a smaller influence of the plastic network composition 

upon Tg because of the overall low plastic content. Also 

these data show a trend towards higher compatibility as the 

S mers are gradually replaced by MMA mers. Another indication 

for a broadened transition region is the gradual increase in 

temperature at a randomly chosen storage modulus value of 

Q 9
E’=10 dyne/cm with increasing MMA content.
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2. Comparison Normal - Inverse IPN's

Sections B, C and D in chapter II contain several examples 

showing that different methods of synthesis produce different 

polyblends with respect to morphology and behavior in spite 

of equal overall compositions. Thus it was expected that the 

behavior of IPN’s depends on the order of preparation. This 

becomes obvious from Figures 16 through 21 where in each plot 

the storage and the loss moduli of inverse IPN’s are compared 

with normal ones of approximately the same composition.

The following general differences are observed between 

the normal border composition samples and their inverses : 

1. a) For the inverse samples the slope of the intermediate 

storage modulus plateau (between the two transitions) 

is always bigger, i.e more flat, than for the normal ones. 

b) For the inverse samples the intermediate plateau moduli

E’, for the IPN’s containing PS are considerably higher 

than for the normal ones.

2. a) The loss modulus peaks corresponding to PE AB are observed 

at lower temperatures with the inverse IPN’s than with 

the normal ones. Likewise, the PS peaks of the inverse 

IPN’s occur at higher temperatures.

b) The loss modulus peaks corresponding to PEAB are observed 

at lower E’’-values with the inverse IPN’s than with the 

normal ones. Likewise, the PS peaks of the inverse IPN’s
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occur at higher E”-values.

3. The dynamic mechanical differences between the inverse 

and the normal IPN’s are bigger with the system 

PEAB/PS than with the system PEAB/PMMA.

The general observations indicate that the IPN component 

polymerized first controls the dynamic mechanical properties.
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C. Micromorphology

1. OsO^ Staining Technique

The OsO^ staining technique has mainly been applied to 

rubbery phases containing unsaturated PB or PI. A different 

staining technique employing OsO^ has been applied by MATSUO 

(68,69). He treated the PVC/EVA (ethylene vinylacetate) graft 

copolymers with a saturated solution of NaOH in methanol, thus 

making the EVA phase near the surface susceptible to 0s04 in­

corporation .

KAEMPF and SCHUSTER (122) have shown that an exact re 

presentation of the stained phase depends on an adequate 

0s04-fixation, i.e. the proper exposure time. They showed 

that flattening of spherical rubber particles was caused by a 

too low fixation, while a too high fixation resulted in swel­

ling of the particles. In both cases excessive particle diame 

ters are obtained. The maximum deviation in diameter of PB 

latex particles (ca. 600 A) was 25.6%. The authors found an 

incorporation of one 0s04~molecule per eight monomer units of 

butadiene being appropriate although an incorporation of one 

0s04-molecule per two unsaturated monomer units results in a 

complete saturation, i.e. split of adjacent C = C double bonds 

and connection of the two mers by an 0s04-molecule.
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The amount of butadiene employed in the EA monomer solu­

tion results actually in a random copolymer of PEA and PB with 

an approximate concentration of one butadiene mer per 50 or 

o . _
100 EA mers. Thus a stained particle of 100 A in diameter 

contains approximately 10 OsO^-molecules. The photographic 

contrast is therefore not as good as it would be with an un­

saturated rubber phase.

It is unknown how OsO4 reacts with the C=0 double bond 

of the EA molecules. But the black precipitates as shown in 

Figure 26 clearly indicate that some kind of reaction takes 

place between 0s04 and PEA, since OsO^ does not react with 

PS. The nature of this reaction is unknown and obviously 

less than with materials containing butadiene as one phase.
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The micrograph in Figure 26 exhibits a random dispersion 

of stained particles covering a domain size range from 50 to 

o
200 A. These particles are sometimes loosely arranged so as 

to form encirclements. Beyond that Figures 22 and 26 do not 

show any resemblances. CURTIUS et al. (106,124) have shown 

that for PB/PS IPN’s different crosslink densities result 

basically in the same morphology, however, on a different size 

scale. It appears that the length of the average chain seg­

ment between crosslinks only limits the size of the phase 

domains that form but does not vary the basic features of the 

structure. Thus it is believed that the big differences be­

tween Figure 22 and 26 are solely due to the butadiene content 

in the PEA phase of sample Ll.

It is clear from these qualitative considerations that the 

stained portions of the IPN electron micrographs do not exactly 

represent the complete domain area of the rubber phase even 

under the assumption of total fixation of the incorporated buta­

diene mers. Single dark stained PE AB domains are therefore 

expected to be somewhat smaller than the actual PEAB particles 

although the measurements are considered to be in the right 

order of magnitude. However, the arrays of stained PEAB parti­

cles (e.g. interconnected spheroids in cellular formations) 

propably indicate dimensions with fairly good accuracy.
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2. Micromorphological Features

Areas of fine dispersion of particles in a matrix - very 

often to the extent that it is dificult to determine which phase 

is the continuous one - have been interpreted (31,32,68,69) as 

being indicative of network formation. If one transfers this 

interpretation to the IPN’s, where those finely dispersed areas 

are observed on a much finer scale, one can draw the conclusion 

that those areas are an indication for double network formation 

and for interpenetration as well.

Almost all electron micrographs contain at least some do­

mains which show this nicely. Excellent examples are given in 

Figures 23 and 24. They resemble very much - however on a 

scale of one order of magnitude smaller - those of a graft 

copolymer of PVC and ethylene vinylacetate rubber (EVA) invest­

igated by MATSUO (68,69). A sample containing 5% EVA exhibits 

a cellular structure where the EVA phase forms a network which 

separates the PVC matrix into particles with ca. 0.5 in dia­

meter (68).

The elastomeric series (Figures 27 through 30) reveals 

interesting features. One observes with sample El two continu­

ous networks, where PS appears to be the more continuous one. 

This is in contradiction to the structure predicted from dynamic 

mechanical data in Figure 43. This might certainly be caused 

by the underrepresentation of the rubbery phase as explained 
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above. The micrograph shows that a little higher concentra­

tion of dark particles would easily cause the dark phase to 

be the more continuous one. It is observed with this series 

that the plastic domains decrease in size and finally disap­

pear as S mers are replaced by MMA mers. This leads one to 

the speculation that the plastic domains of samples E2 and E^ 

must be PS rich, while the remaining PE AB rich matrix probably 

contains mainly PMMA as plastic material since it expresses 

a higher degree of compatibility and thus real interpenetra­

tion and double network formation. The incompatibility be­

tween PS and PEAB in Figure 27 might be a reason for the dif­

ferent appearance of the matrix as compared to the ones in 

Figures 28, 29 and 30.

The variation in size of the cellular domains was observed 

to be greatest with sample 12 (Figure 35). As reported above 

the longer dimension of the stretched cells is between 400 and 

o
1000 A. If the cells are assumed to be qherical, their volume 

would vary by a factor of up to 200. It is not known why this 

variation is greatest with this particular IPN, although the 

biggest heterogeneities have been observed with the leathery 

series. The border regions of the cellular inclusions appear 

relatively distinct. This is surprising since the matrix con­

tains PEAB besides PS and since the cells contain PS besides 

PEAB. There are however indications that the PS rich matrix 
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is not of constant concentration. It appears that the PS con­

centration of the matrix is particularly high in the vicinity 

of the walls, which would cause clear distinctions between the 

cells and the matrix.

A comparison of this structure with the normal sample LI 

(Figure 22) yields big differences in spite of the same overall 

composition. However, certain features seem to be inverted. 

The cellular content is PS with the normal and PEAB rich with 

the inverse sample. The matrix on the other hand is PEAB rich 

for the normal IPN and PS rich for the inverse IPN. However, 

the matrix of the normal sample consists mainly of intercon­

nected PEAB spheroids. The partially inverse character of the 

structures becomes more obvious by comparing sample 12 (Figure 

35) with sample L5 (Figure 24). Generally it can be stated 

that the network synthesized first forms the major content of 

the more continuous phase.

All the IPN samples exhibiting a complex cellular structure 

showed an orientation of these cells parallel to the radiation 

direction. The ratio of the long dimension over the broad one 

very seldom exceeded a value of 2, which leads one to believe 

that the cells might approximately describe an ellipsoidal en­

velope. The electron micrographs show a cross section through 

the plastic ellipsoids. These cross sections vary considerably 

in size depending on the thickness of the microtomed slices.
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Since the PS domains are unstained and transparent at a thick­

ness below 500 A the stained interconnected PE AB spheroids of 

the cellular envelope are still, however weakly, observable if 

they are below the cutting surface.

The micrographs of series L and E (Figures 22 through 30) 

are obvious examples for this presented interpretation of the 

electron micrographs. This means that the observed cells con­

tain pure PS or P(S-co-MMA). The inverse samples (Figures 35 

through 38) apparently cannot be interpreted in this way. They 

are believed to exhibit clear interpenetration also inside the 

cells.

It is clearly understood from the "sandwich" polymeriza­

tion method that all electron micrographs represent a structure 

of a plane which was normal to the direction of radiation. 

Thus the question arises whether the morphology in a plane par­

allel to the radiation would exhibit a different picture. Ex­

treme examples for vast morphological differences in two normal 

directions have been demonstrated by MATSUO and SAGAYE (69) and 

have been discussed by MOLAU (70), where cylindrical rods ap­

pear like layers in one plane and like spheroids in a normal 

plane. With IPN’s the above interpretation for the cellular 

structure is evidence for the morphology in two perpendicular 

planes being the same, provided the differences in the long 

and broad dimension of the cells are less than a factor of
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approximately two.

A general comparison of the morphology of IPN’s discussed 

above with the lEN's prepared by FRISCH and KELMPNER (82-85) 

shows that heterogeneity takes place on a much bigger scale 

with the latter. The poly(urethane urea) particles are between 

1 and 5 n in size, which is between 1 and 2 orders of magnitude 

too large for real network formation and interpenetration to 

occur. Therefore the investigators drew the conclusion that 

interpenetration of the two networks could only have occurred 

near the interfaces. Whether the term interpenetration is 

properly used here depends on the thickness of the layer within 

which interpenetration occurs. For interpenetration occurs 

certainly with all two-phase polymeric materials if the thick­

ness of the layer under consideration does not exceed molecular 

dimensions. It is certain, however, that bulk interpenetration 

does not occur with the partial IENTs.

Although electron micrographs of numerous two-phase poly­

meric systems (see section II,D) have been published there are 

hardly any examples (see next section) known where the hetero­

geneity between the two phases is found at a 100 R level. This 

indicates that the technique for preparing IPN^s of PEA, PS and 

PMMA provides extremely fine structures and thus emphasizes the 

special position of IPN’s within polyblends.
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The different cellular and fine structures of the IPN’s 

as revealed via electron microscopy require a detailed under­

standing of molecular interpenetration for proper interpretra- 

tion. A rough qualitative understanding of the less complex 

morphology in grafted HiPS has been given by MOLAU and KESKKULA 

(72). MEIER (78,79) succeeded in developing a quantitative 

model via statistical thermodynamics for phase separated AB- 

type block copolymers, which exhibit a dispersion type of 

morphology.

Several trials of structure predictions for IPN’s failed 

since the problem of simultaneous existence of cells and fine 

structure within each other as well as separated from each 

other could not be solved. THOMAS (129) developed a prelimin­

ary model for IPN’s which is able to account solely for the 

small size of the domains.
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D. General Discussion

1. E*-Morphology Considerations

In Figures 41 and 42 the slopes of the intermediate stor­

age moduli> E’, are plotted versus the compositions of the 

border IPN’s. The Intermediate slopes were taken between 30°C 

and 70 °C, where the storage modulus could easily be approxi­

mated by a straight line. The slopes have to be negative, of 

course. However, the closer they are to zero, i.e. a horizon­

tal intermediate plateau, the less compatible is the particu­

lar polyblend and the less molecular mixing takes place between 

both components.

These slopes are mainly controlled by the choice of the two 

component homopolymers of a polyblend. The storage modulus 

value, E’, at the middle of this intermediate plateau region 

is at midrange compositions (ca. between 20% and 80%) primarily 

controlled by the overall composition. (The influence of the 

composition upon the slope is minor). Ample evidence does exist 

that both, the intermediate slope, d log E*/dT, and the mean 

modulus value, E’, at this slope are strongly influenced by the 

method of preparation.

A very illustrating example for the controlling influence 

of the preparative method is given in Figure 17, which shows 

three almost extreme cases of dynamic mechanical behavior for 

approximately equal compositions. The supporting micromorpholo-
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gies of the two IPN’s Li and 12 are displayed in Figures 22 

and 35.

The prediction of the storage moduli for polyblends has 

been treated in several papers (28-30, 107-111). These calcu­

lations are based on mechnical models connected in series or 

parallel or by a combination of the two, and therefore the 

final results are very similar. The limiting types of phase 

morphology treated are :

1) one continuous matrix contains a dispersion of the 

discontinuous phase ;

2) both phases are continuous.

BAUER and coworkers (28) give the following equations for 

two cases :

la) plastic particles are dispersed in a rubbery matrix

(P in R):
+ E ,/E’p 

K r g t
R

(VI,7)

lb) rubbery particles are dispersed in a plastic matrix

(R in P):
- (1 + ERt/Erp)

E * = ~~ 2/ x ,. ■ E * p
fR 7 -FR ' (1-E\/E'p) XVI,8)
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with ET = storage modulus of the polyblend

E’plE’R = storage modulus of the plastic and rubbery 

phase, respectively

Yp, = volume fraction of the plastic and rubbery 

phase, respectively

These two equations are plotted in Figures 43 and 44 for the 

border composition IPN’s PEAB/PS and PEAB/PMMA, respectively, 

at room temperature, TR = 25°C. The dashed lines in both fig­

ures represent the morphological type where both phases are 

continuous. The corresponding equation for both phases being 

continuous is very complex and cannot be expressed in explicit 

form. Therefore the values for the two dashed curves are tak­

en from data by BAUER and coworkers (28).

At two compositions of the PEAB/PS IPN’s (Figure 43) the 

E’-value of the normal IPN’s is considerably below the E’-value 

for the inverse IPN’s, indicating that the inverse composition 

is stiffer at room temperature. The normal leathery composi­

tion (sample Ll) behaves similarly to a polyblend prepared by 

emulsion grafting (27), although the different methods of pre­

paration will certainly result in a different morphology. The 

leathery polyblend prepared in this laboratory by a coprecipi­

tation method has even a higher storage modulus than the 

leathery inverse IPN (sample 12).
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Three compositions are observed to fall outside the theo­

retically possible morphological range. Since the Rheovibron 

data showed very good reproducibility, ca. 10% deviation, ex­

perimental errors cannot account for this effect. Thus the 

reason has to originate from the generally made assumptions 

for the deviation of the theoretical curve. The most crucial 

ones are :

1. A homogeneous state of stress for the elements in 

series of the mechanical models ;

2. A homogeneous state of deformation for the parallel 

elements of the mechanical models.

Many years ago VOIGT showed that both assumptions are not cor­

rect (112). Therefore it is obvious that the lines in Figures 

43 and 44 are only good for approximate morphological estima­

tions . It is reasonable to assume that with IPN's both phases 

are continuous. However, they certainly differ in the degree 

of continuity, i.e. one phase is more continuous than the other 

and thus influences the properties stronger than the other.

It is clear from these considerations that with the inverse 

IPNts the PS phase is the more continuous one as compared to 

the normal IPN's. This is in exact agreement with the electron 

micrographs of samples 11, 12 and 13 (Figures 35 through 37). 

The points in Figure 43 for samples 11 (Figure 36) and Pl Fig­

ure 31) are supposed to exhibit two equally continuous phases.
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The corresponding micrographs show, however, that PS is the 

more continuous phase. This might indicate that the line of 

equal continuity is at too high storage moduli values for the 

IPN:s.

2. E’T-Considerations

Three aspects which influence the temperatures of the 

loss modulus peaks, T(ET’ v) include: The crosslink density, 

the frequency of dynamic mechanical testing and the degree of 

molecular mixing between the two components. The shift in the 

glass transition or in the loss peak temperature due to cross­

linking depends strongly on the crosslinking agent used. If 

the crosslinking agent is very different in character from the 

monomer units, crosslinked polymers are formed which are, in a 

sense, copolymers (113). PMMA may serve as an example. Every

20
increase of 10 crosslinks per gram raises T of PMMA by 11°C 

g

if ethylene glycol dimethacrylate, EGDM, is used as crosslinking 

agent. However, employment of decamethylene glycol dimethacry­

late, DMGDM, lowers T of PMMA by 23 °C (114). Therefore it is 

a reasonable assumption that the raise of T$. due to TEGDM is 

somewhat smaller than 11°C at the same crosslink density.

TOBOLSKY and coworkers (115) derived an equation for the 

shear modulus of crosslinked polymers in dependency of the 

molecular weight between crosslinks, Mq. The value for M^, 

which is inversely proportional to ATg. (116-118), controls
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the shift in T . The proportionality constant depends on the 
9" »

polymer and on the assumption that the crosslinking agent is 

chemically similar to the monomer unit (e.g. PS and DVB or 

PMMA and EGDM). This assumption is not funfilled for the 

IPN’s using TEGDM.

The rise in T with frequency, w, depends on the activa­

tion energy, aH, and on the temperature according to the fol­

lowing equation (119):

(VI’9)

In the present case only the total shifts in T^~values 

are known. However, the experimental data do not allow dis­

tinguishing between the contributions of both effects, cross­

link density and frequency.

Table 4. Glass transition temperatures (°C) and maximum loss 
peak temperatures of the employed homopolymers.

ml TEGDM frequency PEA PS PMMA PMMAQ8)

0 1 -22 100 105 36-50

0.5 ml 110 -12 125 136 100

Table 4 lists the maximum loss peak temperatures for the used 

crosslinked homopolymers as determined with the Rheovibron at 

110 cps1). The different shifts indicate that the contributions 

13 The dynamic moduli of the three homo polymers are given 

in Figures A1, A2 and A3 in the appendix.
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from the crosslink density and the frequency are not the same 

for the three polymers. This becomes evident from the differ­

ent rubbery plateau values, Eg' If these values are used for 

calculating the molecular weights, M^, between crosslinks 

(which is the reciprocal of the crosslink density) the follow­

ing values for the pure homopolymers are obtained:

MC(PEAB) = 4,430; MC(PS) = 11,220; M^PMMA) = 5,160 g/mole

The last column in Table 4 lists the shift in the second­

ary or ^-transition of PMMA which is caused by motion of the 

carbonmethoxyl groups. Due to the small activation energy 

associated with the/3-peak (considerably smaller than aH for 

the primary peak) the temperature at which this peak occurs 

depends much more on the method of investigation (119). There­

fore -peaks have been reported over a broad range of tempera­

tures (120).

Since aH is small with secondary transitions their peaks 

are often hard to observe in polyblends. Therefore most dynamic 

modulus curves do not show the -peaks. In some cases, however 

secondary PMMA transitions are noticed with the loss modulus 

curves. Examples are the IPN’s L6 at 75°C (Fig. 7) and 15 at 

90°C (Fig. 20) as well as P5 at 95°C (Fig. 15) and 16 at 105°C 

(Fig. 21). It is noted that the /3-peak temperatures are 10 to 

15°C higher for the inverse samples than for the normal ones.
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The effect of molecular mixing between the two IPN com­

ponents upon the loss peaks is presented in Figure 45, where 

T(E” ) is plotted versus wt.% of the plastic network. It is 
max 

observed that the extent of molecular mixing is in all cases 

higher with the normal IPNTs than with the inverse compositions 

since the E’’ -values are shifted more towards each other 
max 

with the normal IPN’s. This result is in agreement with the 

conclusion drawn from the slopes of the intermediate storage 

modulus regions.

The curves for the PEAB/PS IPN’s (Fig. 45) pass through 

a maximum for the rubbery loss peaks at approximately 28 wt.% 

PS. The corresponding curves for the PS loss peaks exhibit a 

minimum at approximately 18 wt.% PE AB. It is noticed that the 

PEAB loss peaks for the PEAB/PMMA IPN’s do not show a maximum 

up to 50% PMMA.

Four interesting damping curves have been selected for 

presentation in Figure 46: the normal and the inverse IPN’s of 

the elastomeric samples E4, 14, El and 11. It is observed with 

the PEAB/PMMA IPN’s a) that the damping remains approximately 

constant above 5°C, and b) that the damping for the normal and 

the inverse samples is almost the same. A material whose damp­

ing characteristics are invariant with temperature and whose 

loss tangent is relatively high has certainly useful application 

properties since it is able to dissipate mechanical energies
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over a wide temperature range.

Figure 47 shows how the PE AB and the PS damping maxima 

depend on the PS fraction in the IPNTs. The tan6 differences 

between the PEAB and the PS damping peaks are bigger with the 

inverse IPN’s than with the normal ones in all cases. This 

means that equal damping maxima will be observed at a consider­

ably lower plastic fraction with the inverse IPN’s than with 

the normal materials. These compositions are read from the 

plot at the intersection of the two corresponding curves• 

They are at 14 wt.% and at 42 wt.% PS for the inverse and the 

normal IPN’s, respectively. Equal damping values for the PE AB 

and the PMMA ’’peaks” are read from Figure 46 at ca. 27.4 wt.% 

PMMA, which is almost exactly the arithmetic mean of the two 

PS contents.
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E. Dynamic Mechanical Behavior-Structure Relationship

The dynamic mechanical behavior and the morphology are 

supplementary. Certain general correlations which exist be­

tween them will be treated here.

1. Compatibility

The only polyblend found to exhibit structures of the 

same order of magnitude as the investigated IPN’s is a PVC/NBR 

blend studied by MATSUO and coworkers (31,32). The blends of 

PVC/NBR-30 (100/15) where the NBR phase contains 30% AN show 

o 
a very fine dispersion of rubber particles of ca. 100 A inside 

the PVC matrix. The blend PVC/NBR-40 (100/15) with 40% AN in 

the NBR phase revealed this fine dispersion throughout the 

matrix. The estimated order of magnitude of the dispersed 

o 
particles is in the sub 100 A range. This fine structure has 

also been observed with the IPNTs E4, P5 and 16 (Figures 30, 34 

and 38). The micrographs do not allow any definite distinc­

tions between those four polyblends. The corresponding dynamic 

mechanical data reveal considerable differences. Sample E4 

shows elastomeric features (Fig. 11), whereas samples P5 and 16 

show E’ and E11 curves indicative of a semicompatible polyblend. 

The PVC/NBR-40 blend is close to a homo polymer in its dynamic 

behavior. The transition is only slightly broadened.

The similarity of the electron micrographs and the differ­
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ences in their dynamic mechanical behavior lead to the conclu­

sion that domain sizes which individually affect the viscoelas­

tic properties of a polyblend must be considerably below the 

O o
100 A diameter dimension, perhaps as low as 10 A.

The fact that blending by milling PVC and NBR-40 results 

already in micro heterogeneity illustrates the high degree of 

compatibility of this system.

YU (123) states that the term "compatibility as applied 

to polyblends cannot represent the state of homogeneous or 

nearly complete mixing. Conceptually, compatibility is a 

representation of how close the system can approach this ulti­

mate state of molecular mixing as a limit. Phenomenologically, 

compatibility is a relative measure of the degree of hetero­

geneity of the polyblend, i.e. how fine is one polymer dis­

persed in another" (123).

CURTIUS (106,124) and this author tried to develop a gen­

eral compatibility number, C.N., for polyblends. C.N. was 

developed from dynamic mechanical properties like the slopes of 

the storage modulus at the two transitions and at the intermed­

iate plateau. Other attempts were made employing the maximum 

loss peak temperatures, T(E’Tmax) of homopolymers and their 

shifts in polyblends or using the corresponding peak heights. 

However, all methods resulted in unsatisfactory equations.

They indicated only trends, provided the method of preparation 
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was constant and the dynamic mechanical behavior of a polyblend 

is known prior to calculating C.N.

TURLEY (105) pointed out that such comparisons of poly­

blends must be made within a given system. This has been con­

firmed by KESKKULA and coworkers (75), by YU (123) and by 

BUCKNALL and HALL (125). "It is to be noted that compatibility 

of polyblends, being a relative attribute of the system, cannot 

be measured quantitatively" (123). MOLAU (70) and YU (123) 

mention the "compatibilizing" effect of block and graft co­

polymers from monomers whose polymers are not compatible in 

comparison with mechanical blends.

The results obtained for the normal and the inverse IRN's 

(in particular see Figure 17) and the information of chapter II 

stress the importance of the method of preparation with poly­

blends. Thus the compatibility of a two phase polymeric system 

is not clearly defined from its components, although one cer­

tainly can distinguish between systems which are generally more 

compatible than others.

These considerations support the idea of associating a 

compatibility range, C.R., rather than a compatibility number, 

C.N., with a certain polyblend. It has been shown via visco­

elasticity and morphology that C.R. for the system PEA/PS is 

broader and generally less compatible than C.R. for the system 

PEA/PMMA. It was also pointed out that C.R. for the PVC/NBR-40 
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blend is narrower and generally more compatible than with the 

PEA/PMMA system. Since the compatibility for a polyblend in 

its phenomenological sense can be associated with a constant 

C.N. it is obvious that the method of preparation fixes C.N. 

within C.R. Figure 48 compares qualitatively C.R.’s for 3 poly­

blends .

2. Phase Inversion

The term "phase inversion" with IPN’s means that the more 

continuous phase is inverted into the less continuous phase. 

Figure 43 predicts phase inversions for the PEAB/PS IPN’s. 

These are read from the graph to occur between 55 and 75 wt.% 

PS for the normal IPN’s and below 25 wt.% PS for the inverse 

IPN’s. (For compariosn: a mono-disperse spherical closest pack­

ing becomes continuous at 74.1%). The inversion range for 

the normal system is readily confirmed by the corresponding 

electron micrographs (Figures 22 and 31). IPN’s for supporting 

evidence of the latter inversion have not been prepared. Sarn­

ies Pl and II (Figures 31 and 36) which lie approximately on 

the curve show that even the predicted inversions from the more 

to the less continuous phase are at somewhat too high E”-values, 

since both phases exhibit PS at the more continuous phase.

SPERLING and FRIEDMAN (6) predicted a phase inversion for 

PEA/PS IPN’s between 40 and 60 wt.% PS. However, they obtained 

this result by considering inverse IPN’s for high PS contents
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5

Figure 48. Compatibility ranges for three polyblend systems. The C.R.*s 
are not drawn on the base line for better distinction; there is no ordinate.
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and normal IPN’s for high PEA contents simultaneously in the 

same curve, whereas the gap in data (4-47% PS) had been extra­

polated . The fact that they connected inverse and normal data 

results of course in a discrepancy to this suthors findings. 

However, under those circumstances one would expect their pre­

dicted inversion range to fall between the ones found in this 

study which is the case. The phase inversion reported for the 

IEN’s (85) at ca. 30 vol.% does hardly compare with the ones 

found for the IPN’s, since with the IEN’s both phases are not 

really continuous.

3 . Evidence of Interpenetration

It is clear from the presentation and the discussion of 

the results that the in depth interpenetration of the two net­

works cannot really be proved. However, some points will be 

discussed briefly which are in supporting evidence of the fact 

that interpenetration does really occur.

The synthesis of an IPN produces a network with the first 

polymerization step. The second polymerization step produces 

a second network, which is chemically independent from the 

first one if one disregards grafting between the two networks, 

and which is physically pervading the first network. This re­

action casuses both networks to be continuous within each other. 

This continuity does not change with the choice of the two 

polymers. However, if both components consist of chemically 
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distinct polymers, some degree of phase separation results 

without changing the independent continuity of the two net­

works . In a limiting case of high compatibility between both 

components, both networks are visualized as being interpene­

trating even on a molecular scale.

Two dimensional electron micrographs of course cannot 

exhibit two continuous phases. However, all areas showing fine 

o
structures at the 100 A level of approximately equal continu­

ity are indicative of double network formation and thus of in­

terpenetration .



152

VII. Conclusions

This investigation employing dynamic mechanical experi­

ments and electron microscopy showed that IPN’s are a special 

type of polyblend. Conclusions from this research are pre­

sented below :

1. If one polymeric component is elastomeric and the other 

one is glassy at ambient temperature, the resulting IPN 

tends to behave synergistically, and depending on the 

predominating phase either a reinforced rubber, a leathery 

material or a toughened plastic result.

2. IPN’s exhibit a very complex structure. The electron 

micrographs show a characteristic cellular morphology 

simultaneously with a fine structure with phase domains 

o
of the order of 100 A. The cellular envelopes disappear 

gradually as MMA mers replace S mers in the plastic com­

ponent . Cocurrently, dynamic mechanical studies yielded 

two distinct loss peaks for the incompatible pair, PEAB/PS, 

and one very broad peak for the semicompatible pair, 

PEAB/PMMA.

3. The interpretation of the electron micrographs leads one 

to believe that, except for the orientation in the struc­

tural cellular domains, the morphology is independent of 

the plane of observation.
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4. The sequence of preparation is of great importance since 

the network synthesized first tends to form the more con­

tinuous phase and thus controls the morphology and the 

dynamic mechanical properties of the IPN’s. However, in­

verting the order of preparation does not result in an 

exact inversion of the morphology.

5. Inverting the sequence of preparation yields in all cases 

bigger differences (in dynamic mechanical behavior and 

morphology) for the PEAB/PS IPNrs than for the PEAB/PMMA 

IPNTs. This indicates a lower degree of compatibility 

and a broader compatibility range for the PEAB/PS system 

than for the PEAB/PMMS system.
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VIII. RECOMMENDATIONS

The above investigation of the IPNts can be considered as 

a thorough endeavor to elucidate IPN’s. However, numerous pos­

sible extensions of this treatise of IPN’s may be conceived of. 

To be brief, only those which are directly related to and de­

rived from this thesis will be recommended for further investi­

gation .

1. From the lack of mechanical property investigations it is 

clear that no attempts were undertaken to optimize the 

IPN’s with respect to mechanical properties such as impact 

resistance, ultimate tensile strength and damping. Such 

experiments should be carried out by varying a) the concen­

tration, b) the polymer components, and c) the crosslink 

density.

2. Up to now the effects of annealing and quenching as well 

as pre- and post-swelling (126,127) on the morphology and 

thus on the properties are unknown.

3. It is of major interest to substantially decrease the 

amount of grafting between the two networks in order to 

produce an IPN whose components are approximately chemi­

cally independent. In order to compare those materials 

with the ones investigated here it is recommended to 

prepare identical IPN’s except for the TEGDM.A suitable 
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crosslinking agent to be employed instead is 1.3 butylene 

diacrylate(95) which is known to result in low chain trans­

fer.

4. A detailed understanding of molecular interpenetration 

and thus of the complex morphology is lacking. Although 

it is realized that a statistical thermodynamic theory is 

easily a complete thesis in itself, such a treatment would 

elucidate several raised questions.
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IX. APPENDIX

Figures of the dynamic storage and loss moduli of the 

three homopolymers PE AB, PS and PMMA.
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