
MASTER COPY KEEP THIS COPY ,FOR REPRODUCTION PURPOSES 

AD-A244 107 TATION PAGE 
Form Approved 
OMB No  0704-0188 

a to average i hour o«r respo^ie. including the time tor reviewing initruniom. warcnmg emting aata sources. 
ew.ng the collection ot mtormation Send comments regarding this burden estimate or any other asoect o* this 
den to irVashington Headduaners Services. Directorate tor information Operations and Reoo^s. 12IS Jetterwn 
jce o« Management and Budget Paoerworn Reduction Project (0704-01881. Washington. DC 20S03 

r DATE 
|November 11,  1991 

3. REPORT TYPE  AND DATES COVERED 

Final Report 3/15/88 to 9/14/91 
4. TITLE AND SUBTITLE 
Polymer-Polymer Interfaces in Blends and Composites 

6. AUTHOR(S) 
D.  R.  Paul  and J.  W.  Barlow 

5.  FUNDING NUMBERS 

&MLO 3-99- 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 
The University of Texas at Austin 
Dept. of Chemical Engineering and Center for Polymer 

Research 
Austin, TX 78712 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

U. S. Army Research Office 
P. 0. Box 12211 
Research Triangle Park, NC 27709-2211 

10. SPONSOR,»» MONITORING 
AGENCY RTFORT NUMBER 

f\(Lo 3S**1.3r-cH 

11. SUPPLEMENTARY NOTES 

The view, opinions and/or findings contained in this report are those of the 
author(s) and should not be construed as an official Department of the Army 
position, policy, or decision, unless so designated by other documentation. 

12a. DISTRIBUTION   AVAILABILITY STATEMENT 

Approved for public release; distribution unlimited. 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 words) 

The principal focus of this research has been on improving adhesion at 
the polymer-polymer interface in order to achieve useful polymer blends and 
certain composites. Adhesion measurements were made on several systems to demon- 
strate that favorable enthalpic interactions between the segments of a block 
copolymer and a homopolymer substrate can improve their adhesion and that appro- 
priate chemical reactions at the polymer-oolymer interface also promote adhesion. 
These principles were used for developing polymer blends that are tough. The 
matrix materials of the systems examined include polyamides, styrene/acrylonitrile 
copolymers, styrene/maleic anhydride copolymers, etc. Composites based on liquid 
crystalline polymers were examined briefly. Gas transport properties in selective 
systems are also include.;. A useful way for introducing chemical functionality 
for in situ reactions at the polymer-polymer interface is to add a polymer having 
this functionality which is miscible with one of the components. Several examples 
of  such miscible systems were discovered and are reported here. 

14   SUBJECT TERMS 

polymer blends, copolymers, permeation, miscibility, rubber 
toughening, liquid crystalline polymers, adhesion, reactive 
blending, interfaces 

15. NUMBER OF PAGES 

21 
16  PRICE CODE 

17.    SECURITY CLASSIFICATION 
OF REPORT 

UNCLASSIFIED 

18     SECURITY CLASSIFICATION 
OF THIS PAGE 

UNCLASSIFIED 

19.    SECURITY CLASSIFICATION 
OF ABSTRACT 

UNCLASSIFIED 

20. LIMITATION OF ABSTRACT 

UL 
'S^O-O'-280-5500 Sta-aa'd Fo'f* 298 (Rev   2-89» 

"•r\c D»o t>,   -1W  Sxa    I'R1
! 

;9S •:; 



Polymer-Polymer Interfaces in Blends and Composites 

Final Report 

D. R. Paul and J. W. Barlow 
November 11, 1991 

.O 

U.S.  Army Research Office 
Grant Number:    DAAL03-88-K-0004 

Department of Chemical   Engineering and 
Center for Polymer Research 

The University of Texas at Austin 
Austin, Texas 78712 

Approved for Public Release; 
Distribution Unlimited 

AcLOsio.-;  For 

N'TiS    CSA&I 
DT!C     TAU 

Ji:sh{;cJt!0:i 

 1 

ßy  
Dist-ib it.on/ 

«vrt.iäl.'jiily Ccle: 

Dist 
I  Av.).;  a :;),,;• 

Spt-'Cuü 

fe 
H 

92-00536 



Table of Contents 

I. Statement of the Problem Studied 3 

II. Summary of Important Results 4 

III. Publications Completed to Date 17 

IV. Participating Scientific Personnel 20 

V. Report of Inventions and Subcontracts 21 

The views, opinions and/or findings contained in this 
report are those of the authors and should not be con- 
strued as an official Department of the Army position, 
policy, or decision, unless so designated by other 
documentation. 



3 

I.  Statement of the Problem Studied 

Multiphase polymer blends or composites often have poor physical 

properties because of low adhesion at the polymer-polymer interface. 

This fact seriously limits the use of this attractive approach for solving 

important materials problems. The interfacial bond can be greatly improved 

by addition of appropriate block or graft copolymers which locate at these 

interfaces. One thesis of this research is that favorable enthalpic inter- 

actions between segments of the block copolymer and the adjacent phases 

will enhance adhesion by virtue of greater interpenetration of the copolymer 

segments into that phase. Thus, for compatibilization, it may be advan- 

tageous to select block copolymers whose segments are not idential with 

the adjacent phase but are chemically different while having a favorable 

interaction that promotes miscibility based on enthalpic considerations 

rather than entropic ones alone. Nevertheless, the availability of such 

preformed copolymers is severely limited and other strategies for compati- 

bilization are desirable. A potentially important alternative is to form 

these copolymers in situ by reactive processing during blending, coextru- 

sion, or thermal lamination using functionalized polymers. A major goal 

of this research has been to examine the fundamental principles of this 

idea and to demonstrate its potentially broad applicability. The function- 

ally reactive groups can be attached directly to the two immiscible polymers 

of interest or attached to other polymers which form miscible mixtures 

with these phases. The latter approach is especially attractive but has 

not been widely considered by others. Thus, it is a main feature of the 

current program.  It acquires discovering or designing functionalized 

polymers that are miscible with the phases of interest. This strategy 

includes many facets about which more fundamental knowledge is required. 
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These include selection of the chemistry to be used (types of functional 

groups), synthesis to incorporate functional groups, processing, rheology, 

blend analysis (chemical and morphological), interfacial adhesion, mechanical 

properties and fracture characteristics, to mention only the most obvious. 

While the main focus has been on the polymer-polymer interface, appropriate 

considerations have been given to all of these issues since the concept 

cannot be adequately demonstrated in blends without doing so. 

The polymer-polymer interface is also important in more structured 

polymer-polymer composites such as multilayer laminates. This area was 

briefly considered where one of the components was a thermotropic liquid 

crystalline polymer. These rigid chain materials have high stiffness 

and strength and are exceptionally good barriers to the permeation of 

small molecules. However, their transverse mechanical characteristics 

are  very poor, but that problem could be mitigated through cross-plying 

in the laminate.  If the interfacial adhesion problem can be solved, then 

combinations with conventional polymers as alternating layers could lead 

to novel and useful materials. 

Some of the major conclusions from this research are summarized in 

the following sections. Details of the research leading to these con- 

clusions can be found in twenty-seven papers published during this grant 

period and in six papers submitted for publicatir-, which have not yet 

appeared in print. 

II. Summary of Important Results 

In the following discussions *ne number in parentheses refer to the 

papers in print or in press lifted in Section III.B and III.C. 
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A. Reviews of Polymer Blends 

During the course of this research, we had occasion to write three 

review papers related to this research (10, 11, 26). These have been 

published in various places which should provide considerable help in 

dissemination of the findings of our research. 

B. New Miscible Polymer-Polymer Pairs 

As outlined previously, one strategy for interfacial coupling of 

two immiscible polymers in a blend or composite is to introduce different 

functional groups into each phase that can meet at the interface and react. 

This forms block or graft copolymers that can "compatibilize" the system 

by reducing the interfacial tension in the melt and enhancing the adhesion 

in the solid state. An interesting but relatively unexplored approach 

for functionalization is to incorporate functional groups into a polymer 

that is added to the appropriate phase. Of course,  it must be miscible 

with that phase. Therefore, knowledge about miscible polymer pairs including 

techniques for prediction that will allow design of miscible, functionalized, 

addition polymers is an essential fundamental skill required to implement 

this approach. Research initiated under prior ARO support in this area 

came to fruition during the period covered by this report. A series of 

papers (3, 7, 12) from the Ph.D. work of C. H. Lai describes a novel group 

contribution method for predicting miscibility of polymer-polymer pairs. 

The technique is based on predicting the heat of mixing which is the prin- 

cipal quantity needed to determine blend phase behavior. This work divided 

the polymer repeat unit into various smaller molecular units and assigned 

both enthalpic and entropic interaction parameters to each pair of groups. 

The enthalpic data required to evaluate these parameters was obtained 



from heat of mixing data for low molecular weight liquids. The entropic 

information stems from a fitting of the data to a modification of the 

Guggenheim quasi-chemical approach to mixtures. This scheme can be used 

as a guide in designing copolymers to be miscible with other materials. 

Two papers (14, 22) from the Ph.D. work of G. R. Brannock describe 

the discovery that styrene/acrylic acid copolymers and styrene/maleic 

anhydride copolymers are miscible with poly(methyl methacrylate) and certain 

other polymethacrylates. The anhydride and acid functions are, of course, 

reactive with amine and amino functions in polyamides. These observations 

are currently being employed as part of a strategy for toughening polyamides 

with shell-core impact modifiers where the shell is based on PMMA. The 

styrene-based copolymers are miscible with the PMMA shell but can react 

with the polyamide matrix. These strategies are being pursued as part 

of current ARO research. 

A paper by Kim (8) describes the interactions between styrene/acry- 

lonitrile copolymers, SAN, and styrene/maleic anhydride copolymers, SMA. 

Another paper (6) describes the observations that certain imidized acrylic 

polymers are miscible with SAN materials over a useful range of AN content. 

Some of these imidized materials also have reactive anhydride functionality. 

Thus, both systems provide a mechanism for introducing anhydride function- 

ality into SAN or ABS materials. This was used effectively for reactive 

blending of nylon 6 and ABS materials (23) as described later. These 

observations are also being used in the current ARO research. 

Another paper (20) describes the miscibility of PMMA with phenoxy 

(the polymer based on bisphenol A and epichlorohydrin). Since phenoxy 

has a hydroxyl group that can react, this system also has the potential 

for use in reactive processing; however, this has not been pursued yet. 
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C.  Interfacial Adhesion Measurements 

The adhesion of a triblock copolymer, with short styrene end-blocks 

and a hydrogenated mid-block, to a polystyrene-containing substrate was 

studied using both lap shear and peel test methods (19). The two approaches 

gave wery  similar results. Within the limits examined, the adhesive bond 

strength did not significantly depend on bonding temperature or time. How- 

ever, the adhesive strength did increase substantially as a phenylene ether 

copolymer or PEC, essentially poly(phenylene oxide), was added to the sub- 

strate. This effect is believed to be the result of exothermic mixing of 

PEC with polystyrene that causes an additional driving force, other than 

combinatorial entropy, for interpenetration of segments of the substate 

and the styrenic phase of the block copolymer at the interface. Attempts 

to use a block copolymer having longer styrenic segments resulted in ad- 

hesive bond strength so large that cohesive failure occurred first. We 

believe that the enthalpic hypothesis is also the basis for the greater 

solubilization of PPC than PS in SEBS microdomains and why SEBS is a more 

efficient compatibilizer of blends of polyolefin with materials containing 

PEC than PS. The fact that the adhesion level does not significantly 

depend on bonding temperature or time implies that the adhesion is the 

result of a relatively fast diffusional process and more nearly reflects 

issues relating to the equilibrium nature of the system. These observa- 

tions led to an investigation of toughening polystyrene and PEC containing 

matrices using styrene-based block copolymers (31) described later. 

Lap shear adhesion measurements were also made on laminates of nylon 6 

with SAN (23) and polyolefin (9) phases. To the former, miscible functional- 

ized polymers including an SMA were added. This caused a dramatic increase 
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in adhesion resulting from the reaction of the anhydride units with the 

polyamide to form graft copolymers at the interface. Similarly, glycidyl 

methacrylate units in a polyolefin phase allowed development of strong ad- 

hesion to nylon 6.  In all cases, it proved impossible to follow the kinetics 

of this adhesion development since apparently the reactions of anhydrides 

and glycidyl methacrylate units with polyamides are so rapid. Thus, attempts 

to gain fundamental information by following time changes in adhesion were 

abandoned. 

D.  Polymer Blends Compatibilized by In Situ Reaction 

The first phases of this research involved blending an ethylene glycidyl 

methacrylate copolymer with nylon 6 (9). As indicated above, the glycidyl 

methacrylate units react readily with nylon 6. Because this olefin polymer 

is relatively soft it acts as an impact modifier for the polyamide and pro- 

duces quite higi. levels of toughness. 

A major component of this research involved blends of nylon 6 with 

various ABS materials including its SAN matrix component. These mixtures 

have very  poor mechanical properties unless properly compatibilized. This 

was done here by adding to the SAN phase a polymer that is miscible with 

it but which contains functional groups that can react with the nylon 6 

to form in situ, graft copolymers at the polymer-polymer interfaces. These 

compatibilizer molecules contained either anhydride or oxazoline units for 

reactivity. Evidence of reactions in the blends was seen in the rheological 

behavior of the melt and in the morphology and mechanical behavior of the 

solid. Some blends exhibited outstanding toughness. A more quantitative 

assessment of the extent of reaction was provided by selective solvent ex- 

traction technique. As mentioned above, lap shear adhesion measurements 
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for laminates of nylon 6 with materials containing reactive polymers pro- 

vided a direct way to assess the effectiveness of the interfacial reaction. 

Polystyrene chains with terminal anhydride groups were synthesized 

by direct chain transfer reaction between poly(styryl) lithium and tri- 

mellitic anhydride chloride (TMAC) and by the alkoxy-dehalogenation reaction 

between TMAC and hydroxy terminated polystyrene (25). For the direct re- 

action a poly(styryl) lithium with a molecular weight of approximately 1000 

(a low molecular weight was used for characterization purposes) was prepared 

and then reacted with TMAC. Higher molecular weight hydroxy terminated 

polystyrenes were used for the indirect addition of terminal anhydride groups. 

These materials were characterized by NMR, gel permeation chromatography, 

and FTIR. A maximum yield of 61% for the direct functionalization route 

and 85% for the indirect functionalization route using hydroxyl terminated 

polystyrene were achieved. Nylon 6/polystyrene blends were reactively com- 

patibilized by addition of these various anhydride functionalized polysty- 

renes (32). The morphology of the blends was examined using a scanning 

electron microscopy technique. The particle size of the disbursed styrenic 

phase was about 3.2 um for the uncompatibilized 8/2 nylon 6/PS blend while 

those of the compatibilized blends were decreased by as much as two orders 

of magnitude depending on the amount and type of the functionalized polysty- 

rene, FPS, added. The effective molecular weight on particle size reduction 

depended on the basis of comparison, mass of additive, or moles of anhydride 

units. A high molecular weight random copolymer of styrene and maleic anhy- 

dride was most effective when compared on a mass basis. The increase in 

adhesion between the nylon 6 and the styrenic phases caused by the in situ 

reaction were evaluated by lap shear adhesion techniques. The free  poly- 

styrene, nylon 6, and nylon-FPS copolymer form were separated by solvent 
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extraction techniques using formic acid and toluene. The extent of coupling 

between the functionalized polystyrene and nylon 6 ranged from 25% to 43%. 

The toughening of nylon 6 using triblock copolymers of the type SEBS 

and a maleic anhydride functionalized version SEBS-g-MA was examined and 

compared with a conventional maleated ethylene/propylene elastomer (28). 

The changes in rheology, adhesion, crystal Unity, morphology, and mechanical 

behavior associated with the reaction of the anhydride with the nylon 6 

were documented. Combinations of the SEBS and SEBS-g-MA elastomer blends 

with nylon 6 gave higher levels of toughening than is achieved with the 

functionalized elastomer alone. The particles of pure SEBS were about 

5 urn in diameter (too large for toughening nylon 6); whereas, SEBS-g-MA 

alone yielded particles of about 0.05 urn (apparently too small for optimal 

toughening). Combination of the two types of elastomers gave a continu- 

ously varying particle size between these extreme limits. This suggests 

the two rubbers form essentially a single population of mixed rubber par- 

ticles. That is, the functionalized triblock copolymer compatibilizes the 

unfunctionalized copolymer in the nylon matrix. The order of mixing did 

not significantly affect the mechanical properties of these ternary blends. 

The evidence for maximum and minimum rubber particle sizes that can be effec- 

tive for toughening nylon 6 is convincing. Similar studies were made on 

toughening of nylon 6,6 (29). A main difference is that nylon 6,6 can be 

made super-tough by blending with SEBS-g-MA alone while addition of SEBS 

merely reduces toughness. The reason for this is that blends of nylon 6,6 

with SEBS-g-MA give rubber particles that are within the optimal size range 

(just less than 1 urn); however, these particles have a very  complex structure. 

For blends containing both SEBS and SEBS-g-MA, there seemed to be two dis- 

tributions of shape but not size. Evidence has shown that the extent of 
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grafting to nylon 6,C is less than in nylon 6 for similar conditions. It 

was proposed that the large difference in morphology found for nylon 6,6 

versus that for nylon 6 stems from basic chemical differences between the 

two polyamides rather than rheological or processing factors. Nylon 6 is 

monofunctional while nylon 6,6 is difunctional in their reactions with an- 

hydrides. This startling result is being pursued with curre ; ARO funding. 

Melt blends of poly(m-xylene adipamide), MXD6, and nylon 6 prepared 

by extrusion at 260CC have two glass transit-Ions and are opaque; whereas, 

similar preparation at 290°C yields transparent melts and materials with 

a single glass transition. This phase homogpnization was shown by thermal, 

dynamic mechanical, and NMR analyses to be the result of interchange re- 

actions. A single phase develops after as few as five interchange reactions 

per molecule. This segmented block structure explains the high level of 

crystal unity that is retained after phase homogenization. Such behavior 

is possible when the unreacted components have an unfavorable but small 

interaction energy density, i.e., near miscibility, as argued using thermo- 

dynamic theories. Retention cf crystal Unity is useful for certain property 

considerations. These phase homogenized mixtures became super-tough when 

blended with SEBS-g-MA (33). Pure nylon 6, pure MXD6, or mixtures of the 

two prepared under low tenperature extrusion conditions tiiac do not lead 

to phase homogenization are not similarly super-toughened by blending with 

SEBS-g-MA. The reasons appear to relate tc differences in elastomer par- 

ticle morphology and inherent ductility for the various matrices. SEBS-g-MA 

blends with nylon 6 are  not super-tough because the rubber particles are 

too small. Addition of MXD6 causes the particles to become larger and of 

optimum size for toughening, but it is postulated that MXD6 is difficult 

to toughen because of low inherent ductility. The polyamide mixtures that 
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were not phase homogenized are also inherently incompatible. The differences 

in rubber particle geometry apparently stem from the functionality of the 

two polyamides towards reactions with anhydride groups as mentioned above. 

E.  Rubber Toughening 

The work described above involved toughening of polyamide matrices 

where in situ chemical reactions were required. Here, the discussion is 

about systems where no reaction is needed.  Interfacial adhesion is accom- 

plished through physical interactions. 

One paper (1) describes the synergistic toughening of an SAN matrix 

using two different types of elastomers while a second paper (5) describes 

the distribution of a shell-core impact modifier between two immiscible 

matrix phases. The latter phenomenon has since been explained in terms 

of interfacial tension arguments. 

Beginning from observations described above, the effects of the molecular 

architecture of elastomeric styrene-based block copolymers on efficiency 

of toughening a brittle (polystyrene) and a ductile (a miscible blend of 

80% PEC and 20% polystyrene or 80PEC) polymer were explored (31). Toughen- 

ing appears to be mainly controlled by the blend morphology which is deter- 

mined by the rheological characteristics of the block copolymer relative 

to that of the matrix. The formation of disbursed particles during melt 

blending in a Brabender Plasticorder is strongly influenced by the ratio 

of the viscosities of the matrix and block copolymers. To a first approxi- 

mation the effect of block copolymer architecture on toughening efficiency 

is related to how this structure affects the rheological behavior of the 

copolymer. Excellent toughness of polystyrene was achieved when the particle 

size was larger than 1 to 2 urn. The 80% PEC material is best toughened 
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by block copolymers that form a co-continuous phase morphology. The extent 

of toughening of this matrix appears to be a strong function of the styrene 

block molecular weight; whereas, this structural feature seems to have no 

significant effect in toughening polystyrene. 

Styrene/maleic anhydride copolymers were toughened by blending with 

an SAN grafted rubber (16). The AN content of the SAN graft was fixed at 

about 22.5% and the MA content of the SMA matrix was varied from 8% to 25%. 

The maximum impact strength was observed for blends based on SMA copolymers 

containing 14% to 17% MA depending on the rubber content. These compositions 

are near the boundary of miscibility between the SMA matrix and SAN graft 

since miscibility of SMA and SAN occurs when the MA and AN contents are 

about the same in each copolymer. Dilational processes were shown to be 

the major mechanism of deformation for these blends. Scanning electron 

microscopy showed fracture surfaces that changed as the miscibility between 

SMA and SAN changed. Toughening of miscible SMA/SAN matrices by this modi- 

fier was also examined. The results demonstrate the benefits of coupling 

of the rubber to the matrix via miscibility of the latter with the SAN graft 

chains. 

SAN copolymers were toughened by the addition of several SAN emulsion 

grafted rubbers (24). The main variables of this study included the AN 

content of the SAN graft and the AN content of the SAN matrix. The aim 

was to develop general principles underlying the properties c' rubber 

toughened SAN or ABS materials. Rubber-matrix adhesion, state of rubber 

particle dispersion, and the inherent ductility of the matrix polymer were 

evaluated. The trends found in mechanical behavior of the blends were 

reasonably explained in terms of these three factors. The concept of in- 

herent ductility, in particular, was effectively utilized and its importance 
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in the ultimate properties of rubber toughened SAN was demonstrated. 

The plain strain fracture toughness, KJC» of  a series of styrene co- 

polymers with acrylonitrile, maleic anhydride, and acrylic acid were investi- 

gated (27) in order to further examine the issue of inherent ductility on 

rubber toughening of brittle matrices. Relative to polystyrene, the values 

of Kjrj for the copolymers increase with acrylonitrile content but decrease 

with maleic anhydride or acrylic acid content. The values of KJC for SAN 

copolymers are lowered by addition of PMMA but are maximum in the AN range 

where SAN is miscible with PMMA. The toughness of rubber modified blends 

of these materials correlate with the K\Q  of the matrix. 

Since PMMA is miscible with SAN, it is possible to couple an SAN matrix 

to a rubber phase that has been grafted with MMA. Monodisperse methyl meth- 

acrylate grafted latex rubber (MMA-g) particles (approximately 0.12 urn in 

diameter) were, thus, used for the impact toughening of a series of SAN 

copolymers of varying AN content (18).  It was found that the MMA-g particles 

are most effective in toughening SAN copolymers containing about 25% to 

34% AN. Mechanical properties, interphase adhesion, mechanical dilatometry, 

and phase morphology by transmission electron microscopy were determined 

on blends containing 20% to 30% rubber. The range over which SAN copolymers 

are miscible with the PMMA graft is a factor that determines the relationship 

between the mechanical properties and the characteristic features of the 

blends.  Issues relating the impact strength and deformation mechanisms, 

interphase adhesion, and particle morphology are also factors. It appears 

that the high impact strength of some of the blends is caused by particle 

clustering. Craze initiation, shear yielding, and significant matrix defor- 

mation all contribute to the overall ductility of the blend. 
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F. Gas Permeation 

Research on gas permeation initiated under previous ARO funding was 

completed during the period covered by this report. One paper describes 

the permeation of gases in dry Nafion films (4) while another (2) describes 

the effect of tacticity of PMMA on gas permeation. Two papers (13, 21) 

describe gas permeation behavior of liquid crystalline polymers. 

G. LCP Composites 

A visiting scholar who was associated with this program for one year 

synthesized some novel liquid crystalline polymers that are described in 

two papers (15, 17). Two undergraduate students, who received no support 

from this contract, were used to explore laminated composites based on liquid 

crystalline polymers.  It was found that the liquid crystalline materials 

produced by the Eastman Kodak Company, which are based on ethylene tereph- 

thalate and p-oxybenzoate units, adhere strongly to poly(ethylene tereph- 

thalate), PET. Three layer, coextruded films were prepared where the two 

outer layers were PET and the inner layer was the liquid crystalline polymer, 

LCP. Next, multiple sheets of these layered composites were bonded together 

in a compression molding step. Of course, the chains of the LCP are preferen- 

tially oriented in the direction of extrusion. This direction was varied 

from layer to layer in the laminate that was bonded by compression molding. 

Two problems were encountered. The first was that during the slow cooling 

from the compression molding step the PET crystallized into a large spheru- 

litic form that embrittled this component. That problem was resolved by 

switching to a polyester copolymer that did not crystallize but did adhere 

to the LCP. However, a second problem could not be resolved. As it turned 

out, during the compression molding step the LCP material lost its continuity 
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by evidently an instability driven by interfacial tension. In the melt, 

the LCP has a relatively low viscosity and experienced drop breakup driven 

by interfacial tension. This problem could be solved by continuous extru- 

sion processes; however, we did not have the equipment necessary to effect 

this approach. Consequently, this promising avenue of investigation could 

not be pursued further. 
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