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Investigators; Dr. A. F. Lewis, Senior Materials Scientist, Lord Corp.

Dr. P. kjarwal, Dr. H. M. Li, research associates in the Department of Materials

Engineering; R. Goldthwaite of the Department of Mechanical Engineering and
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SECTION I

SUMMA RY

1.1 NE-A Nylon-Epoxy Adhesives

Chemical composition analysis, dynamic mechanical analysis and adhesive

joint strength tests have been carried out on a commercial nylon-epoxy

adhesive, hereafter referred to as NE-A . Torsional creep compliance, J( t) ,

was measured from 43°C to 160°C , and provided a complete viscoelastic characteriza-

tion of the cured adhesive in the linear range. The time-temperature cure

behavior was determined by the torsional braid analysis (mA ) technique

from which a rheological ‘phase state ’ cure diagram was construeted. DSC

oxperiments on the mmcured film indicated the presence of crystallinity in

the nylon component. Some evidence was also found for an enthalpy relaxation;

for c ured material the apparent ‘It~ , which is close to room temperature , increased

on storage under dry conditions. The ¶[‘ decreased on absorption of moisture

as might be expected for a composition containing 65% nylon .

A model epoxy—nylon material was formulated containing :

resorcinol diglycidyl ether 25 parts
Epon 1031 10 parts
Elvanide 8061 (Nylon) 65 parts
Diallyl melamine 4 parts

- - which was equivalent to the camnercial resin on the basis of infra-red spectra,

DSC analysis and adhesive joint strength tests.

The investigation of the nylon-epoxy materials was discontinued after

six months into the program .

1.2 RE-A Elastaner-Epoxy Adhesives

Adhesive joint acceptance tests were carried out on a commercial elastcaner

modi fied epoxy adhesive; the test data ran generally lower than manufacturer’s

specifications but higher than the Mil. Specs. Characterization of the ccimuercial

1
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material , herea fter referred to as RE—A , included a complete gel-cure study

using ThA, dynamic mechanical spectroscopy with the Rheovibron fran -lOO0C

to 200°C and DSC thermog ram s of uncured and cured fi]in . Analysis of RE-A by gel

permeation chromatography (GPC ) and infra red (IR) spectrun analysis showed

a bisphenol A diglycidyl ether epoxy resin identical to Epon 836 (Shell Chemical

Co.), a carbczy terminated acrylonitrile-butadiene copolymer (“elastaner”)

identical to CTBN 1300 x 8 (18% AN) (B. F. Goodrich) and a curing agent,

2,4 toluene—l,l’ bis (3,3 dimethyl urea) which is not commercially available.

A model elastcmer-epoxy was form ulated containing :

Epon 836 90 parts
CTBN l300x 8 10 parts
Curing agents 5 parts

which was equivalent to RE-A on the basis of GPC, IR spectrun and dynamic

mechanical spectroscopy. The phase separation properties of the model CTBN

elastauer—epoxy resin mixture (uncured) were characterized using the cloud point

technique. From the TBA analysis of be cure behavior it was found that the

¶1\ of the cured resin varied from 100°C to 130°C depending on the cure cycle

even when postcured at high temperature until all reaction was exhausted.

The highest glass transition temperature was observed for the slowest cure

cycle investigated: 30°C + 200°C at 0.050C/min.

£ 
2
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SECTION II

INTRODUCTION

2.1 Program Objectives

The objective of this prog ram was to develop quantitative methodology

for correlating the molecular structure and morphology of polymeric adhesive

systems and their mechanical strength properties. In the first phase of the

program two representative commercial adhesives were to be characterized and

analyzed followed by the preparation and characterization of matching formu-

lations frcAn known , well characterized constituent materials . From these

reference materials others would be prepared using controlled variation of

chemical composition and morphology. In the second phase of the program the

above families of materials were to be characterized by parameters related

directly to molecular structure and by those engineering properties relating

to strength and toughness. The goals of the first phase were acheived although

with considerably more time and effort than had been planned; the goals of the

second phase were not achieved although some new results of sane interest

and importance were found .

2 .2  Discussion

High performance structural adhesives for applications in aircraft are

camnercially available. The more important properties required of these

materials are high toughness and low creep over the temperature range fran

-65°F to 250°F and durability under high hunidity . Roughly equivalent

mechanical performance may be obtained from fozmu].ations based on epoxide

thermosetting resins containing either a nylon resin or an elastcxner as a

modifying agent. The nylon modified resins suffer fran high sensitivity to

moisture with a deterioration of mechanical properties and are no longer

satisfactory for the above mentioned application. The “new technology”

adhesives depend on the use of elastaneric (usually nitrile r ubber) materials 

—— ~~~ -— ~~~~~~
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as a toughening agent . Since these two classes of adhesives appear to

represent two different mechanians for achieving toughness two commercial

resins were chosen for study as prototypes for the model materials.

For engineering purposes it is necessary to characterize the stress-

strain, strength and fracture properties of the adhesive system as a function of

stress state , time, temperature and chemical environment (e .g . ,  moisture , jet

fuel and hydraulic fluid); in what follows the term “mechanical properties”

is understood to include all of these variables. The material parameters which

appear in the constitutive equations relating stress and strain are, for

example , the elastic m oduli , Poi sson ’s ratio and the yield stress. The small

strain elastic modulus is determined by the interatomic forces, or more ecactly

by the repulsive interaction forces , and would be expected) in the case of an

amorphous isotropic polymer, to correlate with the chemical composition and

the nature of the chemical bonding . The plastic flow and strength properties

however usually depend more strongly on microstructural heterogeneities at

sane s~çramolec u1ar level than directly on the molec ular structure. Among

polymeric materials a well developed connection between molecular structure

and constitutive behavior is found in rubber elasticity; more recent statistical

mechanical approaches can , in principle , take into account the detailed conforma—

tional properties of the polymer chains (1,2 ) .  For elastomer networks with

relatively simple structures agreement between theory and experiment is

good . In the highly crosslinked glassy epoxy resins studied in the present

program , the network structures are far more complex. There are several

difficulties to the developnent of a ful l molecular theory of mechanical

behavior . Firstly, since the network arises fran the chemistry of the

crosslink ing (curing ) reaction di fferent topologies for the final state may

arise fran different cure histories, particularly where more than one chemical

4
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crosslinking reaction is possible. Secondly, for the class of materials to be

studied, e.g. the bisphenol A diglycidyl ether (DGEBA) epoxy resins (Figure 1),

the molecular species include different molecular weights in a way which may not

be usefully characterized by the usual average molecular weight parameters .

Examined by gel permeation chromatography (GPC) the Shell Epon 1001 DGEBA type

epoxy resin, for instance, shows (3) an apparently smooth distribution (Figure 2)

of higher molecular weight oliganers but significant fractions of the lower

molecular weight oligomers n=O , and n=2 are also present . A third and

controversial (4) aspect is the existence of “nodules ” , heterogeneities on the

scale of tens of ~ngstr~ms , in cured epoxy resins. The nodules are observed

directly by transmission electron microscopy and predicted theoretically, in

the case of crosslinked systems, as crosslink density fluctuations arising from

developing configurational constraints during the cure reaction (5).

For both types of modified epoxy systems, NE-A and RE-A , there are also larger

heterogeneities on the scale of 10 to lO~ nm which would be expected to have

a large effect on the strength properties of the cured resins. It was found that

the nylon in the uncured NE-A may exist as spherulites which suggests the

possibility that the nylon may persist as a separate phase after cure. In

the RE-A, elastaner m odified epox y system, it is clear that the rubber component

exists mostly as a distinct, separate phase whose presence is of critical

importance to the mechanical behavior of the adhesive . The rubber modified

epox ies , as a generic type , are composites containing inclusions embedded in a

rigid, continucus matrix. It is expected, then, that the mechanical properties of

the composite can be understood in continuun mechanics terms on the basis of the

morphology of the composite and the mechanical properties of the individual phases.

The dependence of the mechanical properties of the latter on molecular structure

could, once their composition is established, then be attempted as separate

5
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tasks. This general approach is illustrated in Figure 3. The properties

and structure of the interface (or interphase) may or may not be critical

depending the limiting modes of failure. Sane interfacial strength is

necessary , of course , to transmit force between the inclusion and the
I

matrix .

I
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SECTION III

NYLON-EPOXY ADHESIVE - NE-A

3.1 Materials

Thirty square feet of unsupported 10 mil film of NE-A was obtained from the

manufacturer, wrapped and stored in a freezer at 0°F.

3.2 Acceptance Tests

Adhesive joint specimens for lap shear and 18O°T peel tests were

fabricated using NE-A and aluninun sheet according to MMM-A-132 speci fications .

The test conditions used were also taken from the same specification. The

adhesive joints were formed in a jig to give the required bond line thickness

and cured at 350°F for 1 hour as recommended by the manufacturer. The test

results are shown in Table 1. The data exceed the specifications claimed

by the manufacturer and of the MMN-A-l32 specification except for the R.T. lap

shear which is 3% lower.

3.3 Chemical Analysis

A. Infra Red Analysis

From review of the technical and patent literature a nunber of typical

epoxy and nylon components were selected. Infra-red spectra of these materials

were compared with that of the uncured NE-A both as solid films and dissolved

in methylene chloride,4nethanol (60/40) solvent mixture run against pure

solvent as reference.

B. Chemical Composition

On the basis of these experiments the following composition was derived:

Resorcinol diglycidyl ether, (Heloxy 69) 25 pts

1, 1’, 2, 2’ tetra p-hydroxy phenyl ethane
tetraglycidyl ether (Epon 1031) 10

7
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Elvamide 8061 65

Diallyl melamine 4

C. Preparation of Model Epox y-Nylon Adhesive

Solutions of the above formulation in methanol/chloroform mixture (80/20)

were treated as follows :

1. K milled

2. High speed stir mixed with 0.5% Cab-O-Sil added

3. K milled with 0.5% Cab—O—Sil

Films were drawn down on glass plates using a 50~.i gauge. Best results were

obtained by method 3; use of Cab-O-Sil with good dispersion was found

necessary to prevent segregation of the components during drying .

Films of this basic formula were prepared with and without 4% dicyaridiamide

(dicy). Their infra-red (IR) spectra are shown in Figure 4 and compared to the

IR spectrun of the commercial NE-A material. Each absorption band present in

the NE-A spectrun is duplicated in the model material and the ratios of

absorbance of primary amide (3.4 microns) to epoxide (10.9 microns) are also in

agreement. The determination of the exact structure of the nylon copolymers is

difficult on the basis of IR alone (6). However, our spectrun for Elvamide 8061

appears to be identical with that shown in the literature (6) for a nylon

6:6/6:10; 40/30/30 terpolymer. Confirmation of this could be obtained by

hydrolysis of the Elvanide and identi fication of the products.

A thin film of Elvanide 806] was observed to form spherulites after

melting at 160°C on the hot stage microscope and cooling to about 100°C. This

raises the possibility of variable crystalline morphology in the uncured

adhesive fi lm and possibly in the cured material ; alternatively, this agre-

gation of the nylon prior to curing may result in heterogeneities in the

cured material .

8 
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Figure 5 shows DSC heating curves (100C/min) for the uncured commercial

NE-A and the model adhesive compound. The curves both show a gradual

endothermal fusion region with a peak at about 135°C followed by an exothermnic

peak at 220°C. The former transition corresponds to melting of the nylon

crystallites and the latter is the cure reaction.

Lap shear specimens were prepared using the model adhesive formulation

and tested at R.T.  as described above . The results , shown in Table 1,

indicate that the lap shear streng th of the model nylon-epoxy adhesive is

comparable to that of NE-A .

3.4 Time/Temperature Cure Study of NE-A (Nylon-Epox y) Adhesive

The cure behavior of thermosetting resins (rate, degree and chemo-

kinetic mechanism) is one of the most poorly understood areas of polymer

resin science (Resinology) . To this end, sane useful studies in developing

an understanding of thermosetting resin cure processes have been reported in

the early work on the dynamic mechanical properties of supported polymers by

torsional and flex ural braid analysis by Lewis and Gillham (7 , 8) .

In later work by Gillham and coworkers (9) the cure behavior of an epoxy

resin/anhydrile system was studied using torsional braid analysis (TBA)

with reference to the gelation, vitrification , and rheological phase changes

that occur d uring cure and characterize the thermal cure of the resin system .

Collectively combining the general cure data and the concepts described in

references (8) and (9), a time/temperature cure “phase diag r am ” (Fig ure 6) has

been constructed which illustrates, schematically, the cure time/temperature

behavior of a curing liquid epoxy resin (a Bisphenol A diglycidyl ether epoxy

resin cured with diethylene triamine for example). At very low temperatures

the resin/curative system “freezes” and little curing occurs. At 
higher9
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temperatures, where the resin/curative system becomes a viscous liquid , cure

can proceed at a rate which increases as the temperature . At roan temperature

the cure proceeds or traverses the full range of polymeric, rheological state

“phase” changes; fran liquid through gelation point to rubbery phase and finally

to the glassy state (this isothermal cure line is noted in Figure 6). At

some higher cure temperature (above the Tg of the finally cured resin), the

curing resin traverses fran the liquid range through the gelation point and

directly into the rubbery region; at a still higher “critical” cure temperatures

time dependent degradation of the resin system will occur . The above scheme

provides the basis for the study of the cure behavior of the NE-A adhesive

system .

Uncured NE-A adhesive film was dissolved in a methanolj%nethylene chloride

solvent mixture and coated onto g lass yarn braids . After evaporating the

solvent in the absence of moisture, isothermal cure experiments were performed

(in a dry nitrogen atmosphere) on the NE-A coated braids using the dynamic

mechanical torsional braid analysis technique (10) .

Cure time/temperature dynamic mechanical property “phase ” diagrams were

sketched according to the data obtained. A sunmnary of these data are presented

in Figure 7 (log decrement) and Figure 8 (apparent torsional modulus*; see foot-

note below) . These two Figures attempt to display a three-dimensional (contour

mapping) profile of the experimental dynamic mechanical data and present a

*Footnote : In the present case , since all the braids were identically
coated with approximately the same amount of NE-A the “apparent” shear 

-

modulus for each braid was estimated from the equation G = Bit f 21/r 4 where G
is the apparent shear modulus, it the length of the braid , f the vibration
frequency, r the (averaged) radius of the coated glass braid and I the moment
of inertia of the free vibration pendulun mass.

10
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general time/temperature cure profile for the NE-A adhesive system; the

gelation line separating the liquid and rubbery region is clearly

illustrated. The latent nature of the curative in the NE-A system is also

evident ; there is no cure at lower temperatures.

Figures 7 and 8 uniquely display the time-temperature cure behavior of the

NE-A theimosetting adhesive system; the data presented (although incomplete)

illustrates the value of the TBA approach in describing the rheological state

“phase diagramming” of complex resin systems.

3.5 Characterization of Cured NE-A

A. Differential Scanning Calorimetry (DSC)

The thermal behavior of cured adhesive films was studied with the

Perkin Elmer DSC lB scanning calorimeter. Scans at 10°C/mm of NE-A and the

model nylon-epoxy both cured for two hours at 175°C are shown in Figure 9

(curves A and B respectively). The transition at 30°C corresponds to a

“glass transition’ associated with the nylon polymer (c.f. curve D) shifted to a

higher temperature presunably by the epoxide crosslinks. The exothennic peak

at 60°C associated with crystallization of the nylon (c.f. curve C) is not

observed in the cured material. This observation does not, however, ~liminate

the possibility of sane form of microcrystallinity.

Subsequent observations suggested that the “glass transition” of the

dried cured film as measured by DSC increases with storage (in a dessicator)

at room temperature. Our preliminary interpretation of this phenomenon is

that it is due to enthalpy relaxation. Similar effects are observed in other

polymers annealed at temperatures up to 30°C below their glass transition

temperatures (11,12). This effect has important practical consequences

for the conditioning of materials prior to measurement of any properties.

11 
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B. Dynamic Mechanical Analysis

1. Rheovibron: Dynamic Tensile Modulus

The dynamic tensile modulus (E*) and loss tangent (tan iS) of cured

and dried NE-A (0.05 mm thick) were measured on a Pheovibron (Toyo Instrument

Co.) at 3.5 Hz and 110 Hz from 20°C to 200°C. The usual procedures for correcting

the measurements for the specimen length effect were followed and the calibration

of the instrtment was checked using a standard Mylar (polyester film ) specimen.

Fran the corrected data shown in Figures 10 and 11, the value of the glassy

10 2 .  -modulus, 2.7 x 10 dynes/cxn , is in good agreement with the value of

2.6 x 10
10 

dynes/crn
2 
reported by Butt and Cotter (13) for a commercial nylon-epoxy

adhesive (NE-A) also determined on a Rheovibron instrument.

The glass transition at 620C (3.5Hz) is higher than that from DSC

results (40°C) because of the higher frequency. After exposure of the cured

film to ambient conditions for several hours the Rheovibron measurements

abowed that the transition temperature had decreased by 15°c. The nylon

polymers are notoriously sensitive to moisture absorption .

The value of the apparent molecular weight between crosslinks, Mc ,

was 2886 g/g-mole as calculated from the observed modulus in the rubbery

region:

(1)

2. Shear Creep Compliance

A detailed study of isothermal creep and creep recovery properties of

NE—A has been carried out using a sensitive creep apparatus which employs a

frictionless levitation magnetic bearing. Isothermal creep measurements over a

temperature range of 30—170°C and covering a time scale of 5 decades were made on

the wet and dry state of the material. Following the usual time—temperature

reduction scheme , master curves for each state were constructed from the

12
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experimental data. The principal findings were that the moisture caused more than

a simple plasticizer effect. The slope of the reduced curves in the transition

region was determined and the distribution function of retardation times of the

two states of the sample were calculated. The problem of predicting the

physical state of the bulk adhesive at higher temperatures was found to

be complicated, possibly due to the presence of nylon crystallites. These

experiments are described in detail in the separate manuscript in Appendix A.

3.6 Conclusions

From the results of infra—red and DSC analyses and adhesive joint

strength tests the model nylon-epoxy adhesive material with the formulation

given in section 3.3 appears to be equivalent to commercial NE-A.

The main glass transition occurs at about 40°C and is sensitive to

moisture content so that the rheological properties of the adhesive will

vary considerably over the range of expected operating conditions. The tests

also suggest that the morphology and therefore the results of characterization

tests will be sensitive to the thermal and processing histories of the material.

J In view of the experimental difficulties in characterization of this

class of nylon-modified epoxies portended by the above observation and the

diminished interest in these materials for high performance adhesive applications

work on the NE—A system was discontinued.
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SECTION IV

ELASTOMER MODIFIED EPOXY RESIN - RE-A

4.0 Intrc.duction

The current interest in rubber toughened epox ies centers on the

use of a reactive prepolymer-carboxyl terminated butadiene-acrylonitrile

copolymer (CTBN ) which , when mixed with epoxy resin and cured , separates

out as a rubbery phase (including some epoxy resin) as small (4’lo 3rm) ,

roughly spherical inclusions . In their recent and comprehensive review of

CTBN—epoxies Drake and Sibert (14) view this technology as an analogue of

the much earlier nitrile rubber modified phenolic resins. Although CTBN is

the usual choice for the elastaneric component, equivalent rubber toughening

of epoxies has been accomplished (15) with carboxy terminated isoprene/acrylonitrile

(CTIN), ethyl acrylate-butyl acrylate (CTA), and butadiene (CTB) copolymers.

The criteria (14) for a significant rubber toughening effect appear to include:

1. a discr .te second phase of rubbery inclusions
2. chemical bonding between rubber particles and matrix
3. the correct particle size

Similar criteria have been established for rubber toughening of g lassy thermo-

plastics (16) . Rubber toughened epoxy systems show improvements in fracture

toughness , fatigue properties , and impact strength.

The main feature of this clasu of materials is the phase separation

which occurs during cure and the advantageous mechanical properties thus

conferred on the cured material. The thermodynamics of phase separation in

rubber—epoxy resin mixtures has been discussed by Sultan (17) and by Bucknall

and Yoshii (18) with reference to the Flory-Huggins theory. An initially

homogeneous mixture will demix when the Gibbs free energy of mixing , ~iQn ,

becomes positive; for the mixing of two polymer species t~.Gn is given by (19)

L~G .  = ~~~~ ln VA 
4 ln VB + x ABVAvB] 

(2)

14 
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where V is tht total volume of the mix ture , VR is a reference volume

which is taken as close to the molar volume of the smallest polyner repeat

unit as possible, VA and VB are the volume fractions of polymer A and polymer B

in the mix ture, X~ and X3 are the degree of polymerization in terms of the

reference volume, VR~ 
respectively , and is the interaction parameter

between the two polymers. is related to the enthalpy of interaction of

the polymer repeat units, each of molar volume, ‘1R’ and is given by

X~~~=~~~~(iS
A

_ i S
B
)2 (3)

where iSA and ISB are the Hildebrarid solubility parameters . In the more

recent methods of toughening epoxy resins , carboxy terminated elastciner

prepolymers are prereacted with an excess of diepcicide to form an adduct.

In this case the two polymers A and B mentioned above would both be linear

diepoxide species one of which would contain within it an elastomer moeity

the other would not. The last term in Equation 2 is the enthalpy term and is

always positive, the preceding terms represent the entropy of mixing which is

always negative.

As each species increases in molecular weight the entropic terms in

Equation 2 becomes numerically smaller until eventually ~G changes from

negative to positive and phase separation is thennodynanically favored and

phase containing the elastomer is precipitated. Although these general

principles provide a useful qualitative description, real polymer mixtures are

far more difficult to describe in detail (20,21,22). This topic is discussed

further in Section V in connection with some experimental compatibility studies.

From the initial mixture of ingredients in a typical resin mix the

composition of the growing macromolecules is determined by the chemical

selectivity and reactivity of each of the various molecular species present

during the curing reaction; the chemistry of the CTBN-epoxy reactions has

• 
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been discussed in detail by Siebert and Riew (23) and provides considerable

insight into the likely chemical compositions of the continuous and the

dispersed phases .

The only published studies on structure-morphology of CTBN-epczcy systems

and ultimate mechanical properties are by McGarry , et al. (24,25,26,27),

Siebert , et al. at B. F. Goodrich (14 ,15 ,23 ) and more recently, Bucknall (18) .

Other mechanical studies of fracture behavior have been carried out by

Bascan, et al. (29,30) and Mostovoy, et a]. (31). The principal observations

from their work may be summarized as follows:

1. Toughening as measured in crack propagation experiments is optimised

by a certain concentration of rubber and a certain size range for

the precipitated inclusions (24). Bucknall’s work (18), however,

shows that the fracture toughness is linearly proportional to the

rubber phase volume (as distinct from the fraction of CTBN added

in the formulation); the particle size was of secondary importance.

2. Yield behavior is also dependent on particle size (27). Very small

(100 tin ) inclusions reduce the yield stress whereas larger particles

(1—2 x l0~ tin) reduce the yield stress but follow a different yield

criterion under multiaxial loading . When both principal stresses

are tensile a cavitational type of yielding occurs (the material

stress—whitens); when one principal stress is tensile and the other

compressive then the usual shear yielding occurs. The origin of

this particle size effect is not known .

3. For a given fixed chemical composition of epoxy resin and rubber

prepolymer (CTBN ) mixture the size and vo].une fraction of the

inclusions after curing the mixture is dependent upon the choice

of curing agent and the cure temperature (24,18).

16
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4. The fracture toughness of CTBN toughened epoxy resins is

rate sensitive, e.g. the apparent K is a function of crack

velocity (29 , 30) .

5. The ‘toughness ’ of a CTBN-epoxy adhesive bond is strongly

dependent on the characteristic size of plastic zone at the

crack tip in relation to the thickness of the adhesive

layer (29).

One factor not accounted for in the above work is a possible variation

in the mechanical properties of the inclusion itself as a function of its

size, which is not unlikely since the particle size was controlled by

varying the chemical kinetic parameters, e.g. temperature, curing agent,

etc. The importance of the gel-cure conditions on morphology and properties

has recently been elegantly demonstrated by Gilihani (32) using the TEA

technique.

The observation by Bascan that the toughness of adhesive joints

formed from rubber modified epoxies is a function of the size of the crack tip

plastic zone in relation to the bond line thickness suggests that the

usual methods of measuring fracture toughness of adhesive joints based

on linear elastic fracture mechanics are of limited applicability to more

ductile materials (33).

4.1 Materials

~Nenty—eight square feet of RE-A supported film (0.085 lbs/sq.ft . on

mat carrier , unsupported fi~hn is not available) was obtained from the

manufacturer. The material was wrapped and stored in a freezer at 0°F.

17
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4 . 2  Acceptance Tests of RE— A

Adhesive joint specimens for lap shear and 180°T-peel tests were

fabricated f rom RE-A and aluminum sheet according to MMM-A— l32 specifica-

tions. The adhesive joints were formed in a jig to give the required bond line

thickness and cured at 300°F for 1 hour as recommended by the manufacturer

(another set was prepared at a cure temperature of 250°F ) .  The test

results , obtained under conditions given in the above specification, are

shown in Table 2. The data were less than the manufacturer’s specifications;

some large void defects were observed in the adhesive layer and the bond line

thickness was not uniform.

4.3 Analysis of RE—A

A. Infra Red Spectrum Analysis

RE-A adhesive was only available to us as supported film on polyethylene

terephthalate scrim. In the initial work the resin was extracted fran

the as received film by soaking in chloroform overnight at room temperature.

Subsequently, some discrepancies observed in the infra-red spectra of GPC

fractions obtained from these extracts indicated polyester contamination. From

the literature it is known that PET contains low molecular weight (mostly

cyclized) c ligomers extractable with hot chloroform (34) although the quantity,

1.5%, seemed too small to explain the observed discrepancies. From inquiries

to Du Pont it was learned that Reemay , a Du Pont spun bonded non-woven PET

mat , contains from 10 to 15% of polyethylene i~~pthalate which acts as a low

melting point binding agent in the manufacturing process . Our examination of

samples of Reanay showed that in a 24 hour soak in chloroform at roan temperature

there was a 5% weight loss . Toluene , methanol , methyl ethyl ketone and

trichloroethylene were found to produce no measurable weight loss under similar

conditions .

18

__________________ _________ - ______



_ _ _  

_ _  - —
~~~~~~~~~~~~~~~~~~~~~~ - -

~~~~~
-- - - -

Films of adhesive resin , extracted from the carrier mat with

toluene , were solvent cast on dry sodium chloride plates. Infra red

3 spectra were obtained on a Beckman AccuLab 4 Spectrophotometer at a scan

speed of 7.5 mm /scan . The spectrum of RE-A , Figure 12, shows all the absorp-

tion bands characteristic of the bisphenol A diglycidyl ether (DGEBA) epoxy

resins; e.g . hydroxyl (2.9 pm), aromatic ether (8.1 i z n ) ,  aliphatic ether

(9.6 pin) and the para substituted benzene nucleus (12.0 iim). The terminal

oxirane (epoxy) group absorbs at 10.0 ~in and at 11.6 pin ( 6 ) ,  ( 35 ) ,  (36) , ( see

also spectra of commercial DGEBA resins shown in the Appendix). Noticeable

additional absorptions compared to DGEBA epoxies are at 5.85 pm , characteristic

of the carboxylic ester group; at about 6.2 pm; increased absorption at

10.35 ~m ; and a weak but definite absorption at 4.4 pm characteristic of

nitrile. These comparisons can be made fran Figures 12 and 13.

The absorption at 10.35 pm could be due to 1,4 trans unsaturation. This

combined with the ester group immediately suggested the possible presence of

a carboxy terminated butadiene polymer (Figure 14). It was found that

conversion of the free carbacylic acid end group to ester by reaction with an

epoxy resin shifted the carbonyl absorption to the same position as observed

in the IR spectrum of RE-A. It is well known that “end group modification” of

carboxy terminated elastaners improves their compatability with epoxy resins

and generally improves properties of the cured resin mixtures (15).

It was learned fran an independent study that the curing agent in

RE—A was 2,4 tolylene—1,l-bis(3,3—dimethyl urea). Since this material was

not cceunercially available it was synthesized in the laboratory : 2 ,4 toluene

diisocyanate (Fisher Scientific Reagent grade) was added to diinethylaxnine

(Fisher Reagent) in a small r.b. flask, the desired adduct immediately

separated out as a white crystalline solid; its melting point was 184°C.

19
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The IR spectrum of this material, Figure 15, shows a strong absorption

at 6.0 pm coinciding with a band at the sane wavelength in the RE-A

spectrum .

B. Gel Permeation Chromatography

Epoxy resins based on kiisphenol A can be manufactured by two

different methods, both methods lead to products having the sane structural

formula, Figure 1. In the so-called “taffy” process , bisphenol A is reacted

with epichlorohydrin in alkaline conditions. The molecular weight of the

resin produce is controlled by the ratio of the two reactants:

The product of this process contains all the diepoxide oligcxners. The exact

distribution of oligomers depends of course on the ratio of reactants and

the degree of reaction. In the “fusion” or “advancement” process the

t diepoxide oligomer k~0 is condensed in varying ratio with bisphenol A

in a base catalysed reaction:

C( H Cua_.e(i_

j
~~~~~_o_CHz_Cf H, +

CR’
I (k — 0,2.4,6...) -

In this process only the even oliganers k=0,2,4,--- are produced .
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The composition of a DGEBA epoxy resin in terms of the distribution of

the various oligcsners can be determined by gel permeation chromatography (GPC)

where the usual general purpose instruments can separate oligomers corresponding

to k=0 ,l ,2 and 3 but the higher oligomers usually elute as a single broad

peak. Higher resolution e.g . up to k=7 or 7 can be obtained with multiple

columns (37), and with the gradient separation technique (38) resolution

up to k=24 has been obtained. Results of GPC analysis of commercial epoxy

resins have been published (3 ,38,39,40) . The most comprehensive study was

by Larsen but unfortunately there appears to have been an error in the peak

assignments and an impurity peak was assigned as k=l. In Larsen ’s results

reproduced here (Figures 16 and 17) this error has been corrected as

indicated. In other results published by Dark, et al. (38) it was found

that of two different lots (41) of Epon 1004 one contained even and odd

oligcgners (Figure 15, ref .  38) while the other contained only the

even oligcrners (Figure 16 , ref. 38). Evidently even though the two resins

carried the same product number they were manufactured by a process involving

different chemistries and actually contained different molecular weight

compositions . A detailed discussion of the molecular weight distribution

for epoxy resins of the same epoxide equivalent weight made by the two

processes is given in the studies of Batzer and Zahir (37,42). Furthermore

we have found that the Epon 836 used in our work contained only the even

oligomers and was evidently manufactured by the “ fusion ” process. This

is in contrast to the earlier finding of Larsen (see Figure 17, c.f. Figure 19)

where Epon 836 was made by the ”taffy ” process.

In our analysis of RE-A two different GPC units have been used. Figure 18

shows gel permeation chranatogram s for RE-A and Epon 836 obtained on a Waters

Model 200 Chrctnatograph (instrument A) with a bank of four Poragel columns with
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pore sizes of 500 , 250 , 100 and 60 in series with toluene as a solvent;

1% w/v solutions were injected for two iinnutes and the flow rate was 0.53 cc

per minute for the sample side at a pressure of 35-40 psi . The detector was

a differential refractometer. The peaks at counts 22.5 (and shoulder at

21.5) , 24.6 , 26.5 , 30.2 and 32.0 correspond exactly in both resins . Differences

occur at the low molecular weight end at count 37. These peaks in the epoxy

resin are probably due to impurities such as epichlorohydrin. The enhanced

peak at count 37 corresponds, however, to the elution count for acetone as

determined in a separate run thus suggesting that acetone may be a solvent

used in the processing of the RE-A. The additional peak at count 19.4 was found

to correspond to the elastaner adduct. Further work to establish this was

also done on a Waters Model 200 but a different instrument (instrument B):

four columns of 50/80, 80/100, 700/2000, and 5 x l0~/l.5 x l0~ ~ pore sizes

were used with tetrahydrofuran solvent. Solutions were 2% w/v and

the detector was again a differential refractometer. Chromatograms of RE-A

and Epon 836 are shown in Figure 19; the correspondence is excellent.

The peaks beyond count 33 are due to THF impurities and inhibitors. In none

of our GPC analyses of RE-A have we been able to identify a peak attributable

to the curing agent. This is probably because in addition to its low concentration

its effective molecular volume is not much different from the lowesc mI~lecular

weight DGEBA oligomer. This point is discussed further in the Appendix B.

In order to identify the elastomer adduct in RE-A a careful fractionation

of the extracted resin was performed on a Waters Model 200 GPC unit (Instrument

B) with THF solvent. Solutions, 2% w/v, were injected for two minutes at a

flow rate of 0.53 cc/minute for the sample side at a pressure of 35 psi. The

chranatogran is shown in Figure 20; the fraction at count 21 corresponds to the
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elastauer adduct. Three rounds of injections were applied to the column to

collect , between counts 18 and 22, sufficient material for an IR spectrum

analysis which is shown in Figure 21. The clear absorption band at

4.4 ~im is confirmation for the presence of acrylonitrile in the elastaner

component of RE-A .

Three model adduct materials were prepared by reacting Epon 836 epoxy resin

with three different carboxy terminated acrylonitrile-butadiene copolyners at

1:1 ratio by weight for two hours at 1700C with 0.3% triphenyl phosphine catalyst.

The reaction products , shown schematically in Figure 22, were then fractionated

by GPC as described above; a typical chromatogram i.  shown in Figure 23. The

higher molecular weight fractions, of the adduct type shown in Figure 22, were

collected and IR spectra, Figure 24, obtained for each. Ahsorptions were

calculated from the spectra for several different characteristic bands and

the absorption ratios calculated for each adduct and compared, Table 3,

with similar calculations on the IR spectrum obtained on the adduct material

fractionated from RE-A itself. An excellent match was obtained with the

adduct prepared from Hycar CTBN- 1300 x 8, which contains 18 wt% acrylonitrile.

Several m odel resins were prepared based on Epon 836 with varying amounts

- t of CTBN (18% AN) epoxy adduct) . Based on comparison of IR spectra of sane

model compositions with that of RE-A resin the estimated composition of the

latter is:

Epon 836 90 parts

CTBN (1300 x 8) 10 parts

Curing agent 5 parts
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4.4 Time/Temperature Cure Study of RE-A Adhesive

A time/temperature cure study of the rubber modi fied epoxy adhesive

RE-A was conducted employing the Torsional Braid Analysis (TEA)

technique . The dynamic mechanical damping (log decrement) and moduli

(apparent modul us) of adhesive coated glass fiber braids (braids coated

fran MEK solution of the adhesive) were determined at several temperatures

in a dry nitrogen athosphere. The changes in damping and modulus that occurred 
11

were followed for over one week (~‘l0 , 080 minutes) at the various temperatures

(50°C, 75°C, 100°C, 125°C, and 149°C). The data obtained are presented in

Fig tires 25 and 26 where the changes in rheological state during cure are

indicated. At the lower temperatures (50° to 100°C) the adhesives are clearly

observed to traverse the various rheological states: fluid polymer, gel phase,

rubber and finally to the glassy state . At 125°C and 149°C , the adhesive

polymer shows a cure profile indicating that the system does not enter the

glassy state during cure. Such behavior indicates that the dynamic glass

transition temperature for the RE-A adhesive material is between 100° and

125°C. As a check on this, the dynamic mechanical properties of a film of

the adhesive cured for 2 hours at 165°C were measured (Figure 27) using

the Rheovibron and a dynamic glass temperature of 130°C (3.5 Hz) was

observed.

The coitinercial literature on RE-A specifies a cure temperature

between 225°F (107°C) to 300°F (149°C). Reviewing Figures 25 and 26,

one can rationalize that the commercially recommended cure schedules

specify reasonably proper cure temperatures although the cure time

might be somewhat short for the lower specified temperatures. Figures 25

and 26 provide a use ful guide for the processing engineer planning to employ

RE-A for aircraft fabrications. The data in these experiments raise an
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interesting materials  question regarding the nitrile—epoxy adhesive cured

at say 100°C vs. the sane system cured at 149°C. Do the distinct

differences in cure history ef fec t  the functional and/or terminal behavior

(envirorinental durability , fracture toughness) of adhesive joints fabricated

fran these materials?

4.5 Characterization of Cured Re—A

A. Differential Scanning Calorimetry

A sample of uncured resin was solvent extracted from the mat supported

film and examined in the Perkin—Eixner DSC lB Scanning Calorimeter . DSC

scans, shown in Figure 28, show an acothennic curing peak in the range

0 0 0
fran 120 C to 220 C with a max im um at 175 C when the sample was heated up at

l0°CMin . No transition was detected when the sample was cooled at a

rate of 5°C~fn in. In the cured sample a transition was observed at 90°C

at a heating rate of 1O°C4nin. This is consistent with the 130°C transition

observed in the Rheovibron data (see below).

B. Dynamic Mechanical Analysis - RE-A

1. Rheovibron

The dynamic mechanical analysis was carried out on the Rheovibron

Viscoelastometer following the standard procedures for machine calibra-

tion and correction of the data for the specimen length effect. The

first task was to investigate the effect of sample cure hisotyr on the

dynam ic mechanical ‘spectra ’. From Figure 25 a cure tim e of two hours

at 300°F would be sufficient but at 225°F it would appear that ‘full

cure’ would require more than ten hours. Accordingly samples of

cctnnercial RE-A (extracted from the supporting polyester resin cloth) were

cured at the following different cure schedules: 165°C for two hours, 120°C

25
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for two hour s, 75°C for thirty hours without and with a post cure of two hours

at 1500C. Rheovibron data (dynamic tensile modulus and loss tangent) are

shown in Figure 27. For the first two cure histories the dynamical mechanical

properties are not signi ficantly di fferent , although the lower temperature

cure give~ slightly broader loss peaks. The slow cure at 75°C gives a much

lower Tg at lOO0C but which subsequently rises significantly higher , to 138°C,

after post cure at 150°C (2 hours) than the Tg obtained for a straight cure

of two hours at 165°C (n-125°C). The ‘undercure’ also only shows one low

temperature damping peak at -7O0C in contrast to the double peak in all the

high temperature cured specimens. One peak is characteristic of the epoxy

network and the other of the elastaner; further discussion of these observations

is deferred until the exper iments on the model materials described in Section V.

4.6 Morphology of RE-A Resin

The morphology of RE-A neat resin (extracted with acetone) cured under

different conditions has been examined with optical? transmission (TEM) and

scanning (SEM ) electron microscopy.

A. Optical Microscopy

Specimens of extracted resin cured at different  temperatures were

embedded into a disk of roan temperature curing epoxy casting resin and the

specimens metallographically polished . Estimates of the volume fraction of

inclusions were made by drawing radii from the center of each micrograph ,

shown in Figures 29 and 30, at 150 intervals, four representative micrographs

(4” x 5” @ 500X) were used for each specimen, and the linear fraction (equa l

to the volume fraction) of intercept lying on the inclusions was measured.

The mean valuss for each specimen are listed in Table 4. The total volume

fraction of inclusions visible on the optical micrographs remains surprisingly

26
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constant over the range of curing temperatures. The apparent particles sizes

range from the limit of resolution (about 0.5 microns) up to 10 microns. The

morphology of the material cured at 120°C is anomalous; the major inclusions

are about 20 microns or greater and show subinclusions presumably of the

matrix phase, and many much smaller particles of ‘
~~ 0.5 microns are also

evident.

B. Transmission Electron Microscopy

Specimens were prepared for transmission electron microscopy by casting

resin films from chloroform solution directly onto copper grids. The dried

films were then cured at different temperatures. The cured film s and their

supporting grids were then exposed to osmium tetroxide vapor for 48 hours

in a dessicator.

Representative micrographs are shown in Figures 31 and 32. It should

be noted that the apparent morphology results from the projections of inclusions

embedded in a film a micron or so thick; the volume fraction of inclusions may

be exaggerated . It should also be noted that since the cure is carried out

in a thin film , diffusion is partially restricted to two dimensions with

respect to the larger inclusions and it is possible that the resulting

morphology could differ from that which would occur in the bulk at the same

cure temperature. Large inclusions seen in all micrographs are of the order

of 2—8 microns apparent diameter and smaller particles ranging continuously

from 0.1 microns up to 1 micron. In Figure 3la, it seems that larger droplets

separated first and that further cure causes precipitaJon within the inclusion

of smaller sub-inclusions, which, since they are darker stained, would appear

to contain a higher concentration of elastomer.

27
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In Figur e 31c , on the other hand , it seems that in sane regions there is

a tendency for the smallest particles to be unstained, i.e. epoxy, and the

stained or rubbery phase to be continuous. The compatibility of the two resin

components decreases during the reaction as the molecular weight increases.

The high viscosity imposes kinetic restraints on the demixing process and the

final morphology is arrested by the gel and cure which may not, of course,

occur simultaneously in both phases. This is discussed in more detail in

a later section.

C. Scanning Electron Microscopy

The dynamic mechanical analysis of RE-A cured at various conditions

showed that the major glass transition temperature for the matrix rises

0 0 . . . . 0 0from 100 C to 125 C as the curing condition is changed from 75 C to 165 C

(Figure 27). The J,ow temperature damping peak at -70°C to -500C range also

shows differences between the single peak of the specimen cured at 75°C and

the double peak in all the high temperature cured specimens. The degree of

phase separation of the cured rubber modified epoxy adhesive systems was

studied by scanning electron microscopy of the morphology of the surfaces

formed when specimens were broken after cooling in liquid nitrogen. The

surface of fracture was coated by vapor deposition of carbon and platinum

films. As expected , the existence of a two-phase material (rubber particles

included in a glassy matrix) was easily observed (Figure 33).

Since the size of the particle is also believed to be an important factor

in the toughening efficiency of the second phase (27), we notice the sizes

of the large particles are similar for all specimens but the number of

the particles with size range from 5—8 microns is greatest for the specimen

cured at 150°C. The degree of phase separation , the particle size distribution

and consequently the mechanical behavior of specimens with the same composition

28
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are dependent on the curing conditions . The fracture surface texture of the

epoxy matr ix  is also different from one specimen to another. The one cured

at 75°C shows a smooth fracture surface which suggests a low toughness of the

undercured matrix . As the curing temperature increases, the roughness of the

fracture surface of the matrix increases up to a cure temperature of 150°C.

When the curing temperature is higher, (e.g. 165°C), the general features of the

fracture surface of the matrix are similar except there appear to be fewer large

rubber particles; perhaps the fast curing conditions limit the aggregation of

the precipitated phase. Even if the degree of crosslinking were the same for two

matrix resins cured at different conditions, the toughening effect may not be the

same since the conditions for the phase separation differ.

D. Correlation of the Adhesive Joint Strength and the Morphology of

Variously Cured Systems

Three sets of lap shear specimens are prepared for adhesive joint strength

tests cured at various conditions: 1000C for one and half hour , 100°C for

20 hours, and 150°C for one hour. Representative data of the adhesive joint

strength tests (run at 21°C) are given in Table 5. At a lower temperature and

shorter cure t ime (100°C for one and hal f hour) , according to the tim e/temperature

curing study of the material by TBA (Figure 25), one would ac pect this adhesive

to be “ under—cured” . Even for the system cured for 20 hours at 100°C , where no

further reaction is taking place , the material is still not fully cured . The

reaction is “quenched” by vitrification of the resin and the joint strength was

found to be measurably lower than when the adhesive was cured for one hour at

150°C.

The scanning electron micrographs of the fracture surface of these three

adhesive joint test specimens are shown in Fig ure 34. The matrix tec ture and

the size of the rubber particles in the adhesive cured at 100°C for 90 m i nutes

and 100°C for 20 hours were quite different . The material under-cured at 100°C
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for 90 minutes shows a smooth fracture surface against a rough surface

for the one cured for 20 hours at 100°C. A difference in fracture surface

texture and morphology was also observed with the adhesive material cured

at 150°C for one hour . Here , a rougher fracture surface was observed and

while the rubber inclusions were still about 5—8 microns in diameter their

shape was more irregular perhaps because of superior interfacial adhesion

between matrix and inclusion.
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SECTION V

MODEL EPOXY-CTBN RESIN SYSTEM

5.0 Introduction

Based on the analysis of the casmercial rubber modified epoxy

adhesive the following model formulations were selected for further

study :

Epon 836 90 parts and Epon 836 100 parts

CTBN 1300x 8 10 parts ‘Bis urea ’
curing agent 5 parts

‘Bis urea ’
curing agent 4.5 parts

It has previously been mentioned that the rubber particles responsible for

the toughening effect in these epoxy systems are precipitated out as liquid

globules in the earliest stage of the cure reaction prior to gelation. The

latter event fixes the primary matrix—inclusion morpholgoy. The canpatabilIty

of the epoxide resin with a particular CTBN elastczner prepolymer is very

sensitive to the molecular weight of the epoxide resin. Compositions of 10% by

weight of CTBN l300x8 (18% acrylonitrile) with a series of epoxide resins

with epoxide equivalent weights of 190 , 240 , 310 and 400 had cloud point

(den ixing) temperatures ranging fran below room temperature up to 180°C.

Similarly wide variations in behavior are observed in mixtures of a particular

epoxide resin with the several CTBN prepolymers commercially available.

5.1 Materials

The epoxide resins used in this study were commercial resins of the

bisphenol A type and were characterized by gel permeation chromatography on a

Waters 200 instrument using THF solvent (see Section 4.3B). The elastaner

prepolymers, CTBN series, were obtained fran B. F. Goodrich Corp. No

characterization tests were run on these materials; specifications from the
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manufacturer ’s data sheets are reproduced in Table B-3. The curing agents

used were 2,4 tolylene—l,l’—bis (3,3—dimethyl urea) previously mentioned

(Section 4.3A), which was prepared in the laboratory , and piperidine (Fisher

Reagent Grade).

The CTBN elastaners were reacted with epoxide resins (excess) to form an

adduct with a diepoxide molecule added to each carboxyl group tenn inatirrj

the butadiene/acrylonitrile copolymer (Figure 22). The reaction was carried

out at 170°C in a closed r.b. flask, under nitrogen and catalysed with 0.30%

of g riphenyl phosphine (Fisher Reagent Grade) for from one to three hours.

It was observed that the length of reaction t ime  had a noticeable effect

on the cloud point temperature of the resulting resins, as shown in Figure 35.

The ‘bis urea ’ curing agent was a white crystalline solid which was

not soluble in the epoxide resins at low temperatures. The curing agent was

g round into a fine powder using a ball mill  and dispersed , as a solid , in

the liquid resin at about 80°C. It was observed that on heating to about

120°C the curing agent reacted, presumably forming sane sort of adduct, since,

as it went into solution, the resin underwent a color change at the same time.

Although this catalysed resin could then be cooled before gelation this process

was difficult to control. After addition and mix ing of the curing agent

(‘bis urea’ conpound or piperidine) the resin was degassed in shallow pans in

a vacuum oven at 80°C. The resin was then poured into casting cells formed

fran 0.25” glass plates coated with a release agent (Frekote 34) and separated

by a Teflon gasket. The castings were then cured using a 16 hour programmed

temperature cycle of 50°C -‘ 150°C at O.2°CAnin and 2 hours at 150°C. The

casting cell was then separated and the castings annealed for 1 hour at
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150°C between the glass plates and cooled slowly at 0.2°CAnin to roan

temperature.

5.2 Epoxy-Elastomer Compatibility

The usual criterion for the determination of compatibility is

that the Gibbs free energy (free enthalpy) of mixing , AG , must be

negative for a stable or homogeneous system :

AG = AH — TAS -+ 0 (5.1)

In long chain polymers the number of arrangements in a lattice model

is small compared to a mixture of small molecules although the total of

interatomic interactions between neighboring molecules is not much

different. The entropy of mixing per unit volume for a pair of polymers

is negligible and a small positive heat of mixing will be sufficient to

ensure deinixing or incompatibility. In fact most pairs of compatible

polymers show endothermic heats of mixing (43). However, Slominskii, et al.

concluded that the simple lattice model for the entropy was not sufficient

and that non-combinatorial entropy terms related to the molecular

packing must be important, as manifested by volune changes which occur

on mixing.

Figure 36 shows the Gibbs free energy of mixing for a binary liquid

system as a function of concentration (22). Mixtures can and often are

unstable at negative AG (but not relative to the pure components) and can

diminish AG still further by phase separation . The stability of the

mixture to small amplitude fluctuations in composition is determined by

the curvature of the AG(~2
) curve (Figure 36) and the stability limit, the

spinodal, is defined by

(R A G ) = 0  (5.2)
P,T
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The boundary between stable and metastable compositions, at which there is

equality of the chemical potential of each component in the two phases, is

the binodal; it defines the compositions of the phases it~to which an unstable

mixture separates.

Expressions for the free enthalpy of mixing of polymers have been

derived for the lattice model of the liquid state by Flory (44) and by

Huggins (45) . In the simplest case :

AG 
~‘l _ _= E “ ln iJ . + Z ‘~~~ In  ~i . + V (p , T,4~~) (5. 3)

RT M
1 . 1,1 M2 . 2 , j
,1 ,3

where AG1~ is the free enthalpy of mixing per mole of lattice sites ,

• and 
~2 • are the volume fractions of species i in polymer 1 and species

j in polymer 2 , and M1~~ 
and M2~~ are the relative chain lengths of the two

polymers expressed in terms of the number of lattice sites they occupy. For

a system which obeys equation (5 .3)  the stability limit (equation 1) is defined

by
2

~~~~~~~ = 
1 + 1 (5.4)a~p

2 p,T 
Mw ,1~ 1 Mw ,2i~2

so that for a bi:ary mixture the stability limit is determined by the concentra-

tion dependence of the semi-empirical interaction parameter V. Although the

simple lattice theory supplies expressions for V in terms of concentration

and chain lengths it cannot predict how it will depend on pressure and

temperature. In this respect the “equation of state” approach by Flory is

potentially more useful.

Equations for the bimodal are more complex and implicit , and must be

solved by numerical methods. However, knowledge of the spinodal alone

is indicative of the miscibility gap in a binary liquid system . Figure 37
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shows some stability limits (spinodals) calculated by Koningsveld, et al. (22 )

for model binary polydisperse polymer systems with varying ratios of M / 14w ,l w ,2

The lower set of curves (l/M
~~2
) shows the well known asymmetry of the miscibility

gap and the shift of the critical point towards the solvent axis with

increase in the molecular weight of the polymer . All curves show an upper

critical solution temperature (UCST) above which all compositions are

compatible . A similar but less pronounced effect occurs when species 1 is a polymer

with molecular weight m~rh lower than species 2. This is the situation in the

epacy—elastan er systems where the molecular weight of the epac ide is typically

an order of magnitude lower than that of the rubber modi fier .

The compatibility beha vior of the epoxy r ubber system~s was investigated

by preparing an adduct of the CTBN l300x8 (18% acrylonitrile), 1 mole, with

a pure dig lycidyl ether of bisphenol A (DER 332) , 2.4 moles , by reaction at 170°C

for two hours with 0.3% triphenyl phosphine catalyst. This material was then

blended off at several different concentrations with each of a series of epoxy

resins with increasing molecular weights~ DER 332 (360), DER 337 (‘i540),

Epon 836 (‘600) and CIBA 6060 (‘~.900). A gram or so of each resin was then

placed in a small glass vial and placed in an air oven. From a high temperature

at which the resins were all transparent the temperature was slowly decreased

(‘~O.5°C,4uin) . The cloud point temperature was recorded when turbidity was

clearly recognized in the resin samples. The results , shown in Figure 38 ,

indicate how sensitive the miscibility gap is to the molecular weight of the

epoxy resin. It has already been mentioned that for a particular epomide resin

equivalent weight the distribution of the molecular weights of the constituent

oliganers may vary according to its method of manufacture, i.e. the taffy versus

the advancement process. Fran Figure 38 it could be anticipated that resins

with identical epoxy equivalent weight could have different compatibility

characteristics if they were made by different processes (i.e. di fferent molecular
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weight distributions) .

When an epoxy resin is cured the molecular weight increases so that the

miscibility gap would also increase. For example a resin based on DER 337 and

containing 10% elastaner (as an addtct) and cured at 95°C would be initially

incompatible. The compositions of the two phases would be given by the ends of

the tie line AB. As the reaction progressed the molecular weight of the epaxide

resin and that of the elastaner addunt species would both increase. The

equilibrium compositions of the two phases would then be given by another tie

line, A’ S’ , corresponding to the spinodal of the current molecular species in

the reaction mix . Although the increasing molecular weights of the

reactants would not be identical to those corresponding to the set of

spinodals (or more precisely cloud point curves) shown in Figure 38 we would

expect the effect to be qualitatively similar. The right hand branch of the

curve should move upwards and to the right. While the composition of the epoxy

rich phase (the continuous phase) would not change much, that of the precipitated

phase could vary very mtch indeed . Its composition would continue to change (as

far as the viscosity would allow) as the reaction progressed until the

gelation of the m&trix phase. Thereafter the quantity of epacide and

elastciner in the precipitated globules , which may not yet be gelled , would

be fixed but phase separation could progress further. In fact , depending

upon the ratio of epoxy to elastaner in the globules, it would be possible

for either epoxy or elastciner to form subinclusions within the globule with

the other being the continuous phase. In view of Figure 38 it could be expected

that the volume fraction of the precipitated phase would be significantly

larger than the actual volume fraction of elastaner in the formulation as

has in fact been observed by Bucknall (18).

Although the elastaner-Epon 828 system was compatible over the

whole composition range above about 40°C it was observed that at still
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higher temperatures a liquid-liquid phase transition occurred and the

composition became incompatible. The existence of a lower critical

solution temperature is not a fundamental feature of the Flory—Huggins

model but the Pris3ogine-Flory equation of state theory does predict that most

polymer pairs should exhibit a decrease in mutual solubility with increasing

temperature. The latter theory (46—48) is derived from considerations of the

number of ways that particles of volume, v*, can be placed into a configura—

tional space whose cells have a volume, v. The volume, v~, is the hard core

volume of the polymer segment and is always less than the actual molecular

volume. Additional volume in phase space is therefore available for the

segment and contributes to the configurational integral for the system .

McMaster (21) has shown how the equation of state model can be

used to give qualitatively correct predictions of the effect of chain

length on compatibility and the marked sensitivity of the latter upon

the thermal expansion and pressure coefficients. By equating the

expressions for the chemical potentials from the two theories McMaster

also derived an expression for X
12

, the Flory-Huggins interaction parameter,

in terms of the equation of state theory. These equations are very complex

and will not be discussed here. Some of the general results from McMaster’s

calculations on model binary polymer systems are shown in Figure 39.

A change in the average chain length of one component by a factor of two

will shi ft the cloud point by more than 100°C. In our study of the

rubber-epoxy system (Figure 37) the cloud point curves for the Epon 828-rubber

and Epon 836-rubber mix tures are separated by jus t  about 100 to l400C

over the range of compositions from 0 to 50% rubber and the nominal epoxy

equivalent weights are 176 and 300 respectively for these two resins.
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When 1-2 interactions dominate over 1-1 and 2-2 interactions the

interaction parameter assumes negative values, e.g.  in the case of hydrogen

bonding (which occurs in the epoxy resins). With the introduction of

negative the theory predicts that the critical temperature (UCST)

is raised and the binodal and spinodal tend to flatten out. It is also

predicted that for certain limited conditions; molecular weights, interaction

parameter, etc., that both UCST and LCST will be observed; as is the case with

the epoxy rubber system . The equation of state theory is consistent with the

observed compatibility characteristics of the epoxy-rubber system and provides

a basis for relating the position of the miscibility gap with molecular parameters.

5.3 Gel-Cure Characterization

A. Experimental

The gel-cure behavior of the base epoxy resin , Epon 836, and a rubber

modified version were studied by the Torsional Braid (TEA) technique. The

experiments were carried out by Plastics Analysis Consultants, Princeton,

New Jersey. The rubber modified resin was prepared by “prereacting” Epon 836

(90 pph) with a carboxy terminated butadiene/acrylonitrile copolymer (10 pph),

CTBN 1600 x 8 (B.F. Goodrich Corp.) at l700C for three hours and using 0.30%

triphenyl phosphine as a catalyst. Known weights of both resins were dissolved

separately in chloroform solution to which was then added weighed amounts of

a curing agent, 2,4 tolylene-l,l’ bis 3,3 dimethyl urea (in chloroform solution)

equal to 5 wt% based on the weight of epoxy. The solutions were then

impregnated into the glass fiber braids used in the TBA apparatus. The

equipuent is fully described in references (10,49). The main purpose of the

study was to determine how the properties (e.g. dynamic thermanechanical

spectrum) of a cured epoxy resin depend on the detailed thermal cure history .

Isothermal ,cures were run at 52°C, 80°C, 103°C, 127°C, and 152°C each for over

38
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200 hours during which time the change in modulus and damping with time were

recorded. Transitions which characterize the dynamic thermomechanical spectrum

were then observed by monitoring the rigidity and damping characteristics

during “temperature scanning” as follows

(a) decreasing from T down to -190°C or room temperaturecure
(RT) , then

(b) increasing temperature from -190°C or RT up to +2000C,

followed by

(c) decreasing temperature from +200°C down to -190°C (or RT)

Temperature scans were run at approximately l.5°CAnin.

As will be discussed the temperature scanning of isothermally cured

specimens in the interval T > T causes further reaction and amountscure

to “post curing ” . Other curing experiments were carried out with varying

linear heating rates starting from RT up to a m ax imum of +200°c at 0.05°C/mm ,

0.25°CAuin , O.75°CMin, 1.5°CAnin, and 5.0°CAnin. At the slowest rate the cure

cycle took 60 hours and at the fastest about 30 minutes. A temperature scan

was then obtained by decreasing the temperature from +200°C down to -190°C.

On some specimens additional ‘cycles’: -190°C -* 200°C -~ -190°C were carried out.

B. Results and Discussion

1. Gel-cure phase diagram

Any resin which is  not completely crystalline has a glass transition

temperature; a resin which is liquid at roan temperature is above its Tg. A

resin undergoing cure is a material with a molecular str~rture which changes

continuously so that its characteristic glass transition temperature also

changes; it increases as the molecular weight and crosslink density increases

and reaches some terminal value when the chemical reactivity of the resin

is exhausted. During isothermal cure in the TBA experiment a thennosetting
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resin usually exhibits first a damping peak and increasing rigidity as the

liquid resin gels. This is probably an isoviscous state when the individual

fibers in the braid cease to move independently ; for practical purposes

this is probably very close to the gelation point (50) which in network theory

corresponds to a fixed chemical conversion (44) in any given system . A plot

of apparent gel times versus reciprocal absolute temperature is shown in

Figure 40. The epoxy resin shows reasonable agreement with a simple Arrhenius

equation except at the lower temperatures. Activation energies, 1~H , for these

two resin systems were calculated according to

1~H 1 1
log = 2.303R —

where t is the gel time, T the isothermal cure temperature, and R = 1.98 x l0~~

kcal/deg C-mole is the gas constant were 12.3 kcals/gram mole and 9.3 kcal/gran

mole respectively.

As polymerization and crosslinking proceed the glass transition of the

material gradually increases and eventually rises to or a little above the cure

temperature; the material then passes from a rubbery to a glassy state. On

the TEA plot this is seen as another damping peak and an increase in relative 
-

rigidity, as shown in Figure 41. If the temperature of cure is above the glass

transition of the fully cured material the resin during cure, passes fran a

liquid through gelation into a rubbery state. This is shown as steadily

increasing rigidity (crosslink density) and decreasing damping in the TEA plot

(Figure 42) for the 152.5°C isothermal cure. Figure 43 shows the gelation-

vitrification phase diagram constructed from the isothermal cure data.

In the other series of cure experiments it was observed that at the

slower heating rates the curing material passed through the gel paint and

rubbery state into the glassy state and then, as the cure temperature continued

to rise, back into the rubbery state. This is shown very clearly in Figure 44,

the TEA plot of the 0.05°CAnin cure. At the highest temperature progranuned
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heating rates the material did not enter a glassy state at all during cure .

A gelation-vitrification phase diagram, shown in Figure 45 was constructed

from the linear heating rate cure data . Since the various rheological

states , as they appear in two dimensional t—T space on the “phase diagram ” ,

are determined by the kinetics of the curing reaction the boundaries between

the ‘phases’ are not independent of the thermal cure path. Nevertheless,

the diagrams provide a useful guide to the probable rheological states which

may occur during any practical cure cycle .

2. Cure history and crosslink density

The location of the glassy state during cure is of particular importance

since the rate of reaction drops drastically and for all practical purposes

stops (50) once the curing material vitrifies. This is evident (Tables 6 and 7)

from the isothermal cures at 52°C, 80°C, and 102°C where, although the ~~ is above

T , it is well below the final I~ , even after 200 hours cure, which wascure

obtained by raising the cure temperature (i.e. a post cure at 200°C). For

isothermal cures carried out at or above the I~ /max ., e.g. 125°C and 152°C a

high temperature post cure had little or no effect. On the other hand when

a high temperature post cure (which occurs during the temperature scan to

200°C) is added to a long isothermal cure below Tg the final ~ is highest

for the isothermal cure at the lowest temperature. This general trend is

also observed for the linear heating rate cures (Tables 8 and 9); the highest

Tg is obtained for the slowest cure rate. Evidently , if the cure reaction is too

rapid the resulting network is less highly crosslinked ; a characteristic which

cannot be corrected by post curing . Presumably , competing network reactions

lead to different networks when the temperature is changed. In the rubber

modified epoxy system cured at 5°CAnin up to 200°C the Tg increases only

about one degree even after four temperature scans 200°C -
~ —190°C -‘ 200°C.

The Tg of a epoxy-rubber specimen cured 213 hours at 52°C was 118°C on decreasing
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the temperature after a temperature scan up to T =  150°C , and 121°C after a

scan up to T =  200°C; and was still only 125°C after a 4.5 hour post cure at

200°C (see Table 7) .  Thus the usual temperature scan up to and down from

200°C causes almost complete reaction; prolonged post curing at 200°C raises

the 1~ but a few degrees. The rubber modified specimen cured at O.04 70
CJ~nin

showed no change in ‘I~ after repeated temperature scans to +2000C ( see Table 7) .

It is possible that max imum crosslinking could be achieved under rapid cure

conditions by chang ing the concentration of curing agent; we have not investigated

this possibility.

3. Modulus and crosslink density

It is interesting to note that specimens cured isothermally at lower

temperatures show a rise in Tq on ‘post curing ’ and a decrease in elastic

modulus iinuediately below the ‘It as shown in 1~igure 46; in addition the

secondary damping peak (‘~ -1030C) in the undercured material broadens after

post curing , shifting to -84.5°C , merging with and obscuring another , weak ,

damping peak at 47°C observed in the undercured material . The modulus of the post

cured sample rises to the original level at temperatures below that of the

secondary transitions.

This behavior seems to parallel the effects of low molecular weight

oligomers, phenol end-capped bisphenol A diglycidyl ether resins, which act

as antiplasti-izers in crosslinked epoxy resins (51). The Tg was decreased ,

the modulus increased and the lower temperature secondary transition was

narrower and shifted to lower temperatures. There was also a decrease in

specific volume with addition of the antiplasticizer and an increase in

( upper) compressive yield stress. For this reason the practice of measuring

the degree of cure by an indentation hardness test (e.g. Barcol Hardness) could

give misleading results for this resin.
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In comparing the dynamic thenn anechanical spectra of the unmodified

epoxide resins cured at increasing heating rates and after post cures it is

seen that in parallel with lowering of the final Tg the rubbery modulus decreases

(this assumes that the cross sectional areas of the different braid specimens

are not much different), the damping above ‘I~ is increased and the lower

temperature damping peaks become narrower. This same effect is observed in the

rubber modified material where the 5°C,4nin specimen was temperature scanned

up to 200°C several times (i.e. post cured); confirming that there were

permanent differences in the molecular networks.

4. Effect of elastomer adduct

Referring to Figure 47 and Table 7 it is particularly striking that the

Tg of the rubbery phase remains essentially constant at 49.5 ± 1.5°C for all

thermal cure histories. This suggests that the precipitated phase, which contains

elastaner, must have a more or less constant composition. Comparison of the

measured ‘D of the epoxy matrix, with and without the elastaner modifier ,

as a function of cure history shows a more or less constant difference in

the linear programmed temperature cures while there is a definite trend, a

decreasing difference, AI~ , for the higher temperature isothermal cures. This

suggests that at the lower cure temperatures less elastomer precipitates out and

remains very well dispersed in the epox y phase . The programed temperature cure

data does not show any definite trend.

5.4 Fracture Toughness of Model Rubber Modified Epoxy

The two experimental resins previously described , based on Epon 836/bis

urea curing agent with and without 10% elastomer modi fying agent , were tested for

fracture toughness at room temperature using the conventional double torsion (DT)

method (52) . Plates 1/8” thick were cast between 1/4 ” glass plated coated with
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Freekote 34 release ag ent and separated by a Teflon gasket ( 1/ 8”). In all

DT specimens an unstable “stick-slip” behavior was observed as has been

frequently reported by others in many different epoxy systems (53,54,55).

K . values calculated at initiation of crack propagation and at arrest are

given in Table 8. A typical load trace from the double torsion tests is shown

in Figure 48. We observed in the rubber modified version “stress whitening” on the

surface of fracture at the crack initiation position only; the toughness is

evidently highly rate sensitive. These observations are consistent with those

of others who have measured fracture toughness of rubber modified epoxy resins.
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Table 1

Acceptance Test Results of Commercial

NE-A Adhesive and Model Resin

Lap shear at Lap shear at T-peel at
R.T., psi 180°F, psi R.T.,lbs/in

NE—A cured at 
6850 + 99 S.d. 3710 + 167 60 + 1135OCforlhour — — —
(7090) (3670) (60)

(Specification MMM—A—l32 ) (5000) (2500) (50)

Synthetic Film cured at
350°C for 1 hour 6100 ± 185

Synthetic film with 
6200 + ~~~~Cabost~.1 cured at —

350°C for 1 hour

Synthetic film with
Cabos~1 and Dicy cured 7190 ± SO
at 350°C for 1 hour
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Table 2

Acceptance Test Results of Commercial RE-A Adhesive

Lap Shear at Lap Shear at T-peel at
R.T., psi 180°F, psi R.T., lb/in

RE—A cured at 300°F 5030 + 50 3290 + 40 20 + 2
f o r i h o u r  — — —

Ccmn ercial (6700) (4500)
specification

M u .  Spec. (5000) (2500) -
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Table 4

Inclusion volume fractions* from
Optical and Scanning Electron Microscopy

Cure Optical of 
- 

SCM of Fracture
Conditions Polished Surface Surface

75°C/30 hrs. n.o~ 15%
100°c/i 1/2 hrs. 10.5% 16%
lOO°C/20 hrs. 13.5% 10%
120°c/2 hrs. 10.0% 10%
l50°C/2 hrs. l2.0°/~ 14%
l65°C/2 hrs. 9.5% 15%

*These observations refer only to the larger diameter inclusions.
Smaller pa r t i cLes  (‘-~5OO0 ~~) 

were only observed using transmission
electron mi croscopy.
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TABLE 5

Lap Shear Tests (ASTM D1002)
( ifl RE-A

Cure Strength

1 hour/150°C 40.7 MPa

1.5 hour/100°C 29 . 0  MPa

20 hour/1000C 33.8 MPa
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Table 6

Glass Transition Temperature of Model Epoxy
Resin versus Isothermal Cure Temperature

T (t ) T after T T T after T = 200°Ccure cure g max cure g max
Decreasing Temp/Increasing Temp (Decreasing Temp)

*52°C (209 hr) (>T ) / 69°C 126.5°C + 134.5°Ccure

80°C (200.3 hr) (>T ) / 111°C 136°Ccure

102.6°C (163 hr) (>T ) I n.a. n.a.cure

* *127°C (144 1w) (>T )+119°C / 118°C + 130°C 122°Ccure

152.5°C (154 hr) 12 1.5°C / n.a. n .a .

*damping shoulder
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Table 7

Glass Transition Temperature of Model Epoxy-Rubber Resin
versus Isothermal Cure Temperature

Tg after T = T Tg after T = 200°CT (t ) E max cure E maxcure cure 
)ecreasing Temp/Increasing Temp. (Decreasing Temp .)

52°C (213 hr) (> T ) / 71°C 121°Ccure

80°C (218 hr) (> T ) / 110.5°C 125°Ccure

102.6 °C (172.5 hr) n.a. / n.a. n.a

125°C (124.3 hr) 114°C / 114.5°C 115°C

152.3°C (109.25 Ii: 113.4°C / n.a. n.a.

n.a. not available (no experimental data)
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Table 8

Glass Transition Temperature of Model Epoxy Resin
versus Linear Temperature Prog ramm ed Cure

Heating Rate Increasing Temp . Decreasing Temp.
(°C/min) from RT (°C) from 200°C (°C)

0.05 74.5/81/ 137 140

0.25 90/,\,104*/~,l170C * 132

0.75 105/123 124.5

1.5 119 118

5 156 109

*damping shoulder
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Table 9

Glass Transition Temperatures (Epoxy Matrix
and Rubber Inclusions) of Model Epoxy-Rubber
Resin versus Linear Temperature Programmed
Cure

Heating Rate Increasing Temp. from Decreasing Temp. from 200°C
(°C/min) RT (°C) ~~~ ~Tg (~ )

0.047 73/78/ 123.5 130.5 —48 (0.1174)

0.1409 84/92 .5/114.5 126 —47 (0.1225)

* *0.25 9l/’~97 /‘~‘1l5 125 —49 (0.1207)

*0.75 116/126 113 —49 .5 (0.1050)

1.5 119.5 109 —50 (0.0938)

4 
5 100.5 —50 (0.0917)

*Damping shoulder

epoxy glass transition

rubber glass transition
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Table 10

Fracture Toughness of Model Resins (Double Torsion Test)

Base Epox y Epoxy + 10% CTBN

Kic
) ini tiation,~~~~J~~ 2.2 2.8

K ) arrest 1.0 1.3
lc
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Figur e 2 Gel Pen neation Chromatcgrafls of Selected Caimercia l
D~~BA Epoxy Resins
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INFRARED SPECTRA OF
NYLON-EPOXY ADHESIVE

A. (Commercial Film)
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B. Model Formul ation

:9.:[ rL :i .
~~;4 :~~.i :r 1~~~~;F.

. •- ‘- _ _ _

1T. :1- ;
~ :.~ .4 : ; . 

~: : — 

~~~~~~ ~
—
~i

-•-—

C. Model Formulation with DICY 
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Figure 4 Infr-a-red Spectra of Uncured NE-A and Model
Adhesives
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CURE TIME/TEMPERATURE — RHEOLOGICAL STATE
“pHASE” DIAGRAM FOR LIQUID THERMOSETTING CURING SYSTEM

DEGRADAT ION (gas/liquid/solid)

DEGRADATION LINE

GLASS PHASE (No/Slow Cure)
Tc —_ ——

CRYSTA LLINE PHASE (No/Very Slow Cure)

CURE TIME

Tu — DEGRADATION TEMPERATURE
Tgeo — G LASS TEMPERATURE FULLY CURED RESiN
Ig — GLASS TEMPERATURE
Ic — CRYSTALLIZAT~0N’S0LID PHASE TEMPERATURE-

Figure 6 Schenatic Pheological “Phase Dia ren” for Cure of
~ The~~oset Resin

60

_ . - - ~~~~~~~~~~~~~~~~~~~~~~~~~~ -- -.-~~ — ~~~- - -

- 

—-- - --— ~~~ 
~~~~~~~~~~~~~~~~~ 

~~~~~~T . ~~~~~~~~~~~~~~~~



~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - S

CURE TIME/TEMPERATURE/DAMPING PROFILES
(NYLON-EPOXY) STRUCTURAL ADHESIVE
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Figure 7 Cure Time-Tenperature-Danping Profile for NE-A
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Figure 16 Gel Peimeation Chranato~rans of Epoxy Resins.
(Reproduced fran Reference 3, F .  N. Larsen ,
Figures 4 and 6)
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FIgure 29 Optical Micrcq raphs (with Nanarski Interference Contrast)
of RE-A Neat Resin Cured at (a) 75°C/30 Hours , (b) 75°C/
30 Nrc + 1500C/2 Nrc , Cc) l0O°C/1.5 Hrs , Cd) 100 C/20
Bra , 500X.
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Figure 30. Optical Micrographs (with Nanarski Interference Contrast)
of RE—A Resin Cured at (a) 150°C/i Hour , (b) 150°C/2 Hrs ,
(c) 120°C/2 Hrs , Cd) 165°C/2 Hrs, 500X.
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Fig ure 3]. Tranenission Electron Micrographs of RE—A Resin Cured

at (a) 75°C/30 Hours , (b) 100°C/1.5 H-s , (C) 1000C/20
Hrs, Cd) 120°C/2 Hrs, Ce) 1500C/2 Hrs, (f) i65°C/2 Hrs .
M~~nif ication 3,200X 
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Figure 32 Tranenission Electron Micr~~raphs of RE—A Resin Cured

at (a) 75°C/30 Hrs, (b) l65~C/2 Hrs, Cc) lO0°C/20 Mrs .
Cd) ].OO°C/20 Mrs. Ma3nification 20 ,000X
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Figure 33 Scanning Electron Micrcxiraphs of Fracture Surfaces of
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THE EFFECT OF MOISTURE ON THE
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SYNOPSIS

The mechanical properties of a cc*iimercial ny1on-epc~cy resin have

been studied using a sensitive creep apparatus which anploys a fric tionless

levitation ma netic bearing . Isothermal creep measurements over temperature

range of 30-170°C and covering a time scale of 5 decades were made on the wet

and dry state of the material. Following the usual t ime-temperature reduction

scheme , master curves for each state were constructed fran the ocperimental

data. The effect of moisture was found to be more than that of a simple

plasticizer. The steepness of the reduced curves in the transition re ion

was determined and the distribution function of retardation times of the two states

of the sample were calculated. The prediction of the mechanical behavior of

the bulk adhesive at higher temperatures was not possible with simple theory.
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A.1 Introduction

The sylon-epacy adhesives since their discovery in the early 1960’s

have acquired a prctninent place in the aircraft industry, because c’f sane of the

exceptional properties such as high peel strength (more than 175 psi), high

tensile shear strength (up to 8000 psi), and high impact and fatigue

properties (56) However loss in peel strength at low temperature, poor

creep resistance and extreme sensitivity to moisture have limited their

use (67).

In this note we report san e experimental studies of the rheolo3ical state of

the cured epexy-polyamide adhesive in the dry and wet conditions .

A.2 Materials and Experiments

The adhesive used for the present study (which we will call NE-A)

was a canmercial nylon—epoxy adhesive supplied to us as an unsupported film

of about 10 mu thickness. Fran our analysis the chemical cctnposition appeared

to be:

Resorcinol diglycidyl ether 25 parts

l , l ’ , 2 , 2 ’ tetra p—hydroxylphenyl
f ethane tetraglycidyl ether 10 parts

Alcohol soluble nylon copolymer 65 parts

Diallyl melainine 4 parts

During cure several chenical reactions can occur and the final

chemical structure of the cured resin is diff icult  to predict. According

to Bell (58) the carbacyl and amine end groups as well as the ainide groups

of the polyainide chains react with the oxirane group forming the crosslinked

structure.
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All the measurements made on the sanple were of creep and creep recovery

and were confined to the linear range of viscoelasticity . Plazek ’s creep

instrusent which employs a magnetic levitation bearing to eliminate the

friction was used. The details of the operating principle and experimental

procedure have been described previously (59). In brief, the instrunent uses

parallel plate geanetry with a disc shaped sample. The bottan plate of the

instrunent is fixed. The torque is applied throujh the top plate which is

attached to a freely hanging rotor in the magnetic field of a solenoid . The

vertical position of the rotor is kept constant by radio frequency coils which

sense its height and activate a feedback circuit which controls the current of

the solenoid . The torque in the rotor is applied throngh an aluninun conductive

sleeve attached to the rotor and it resides in the annulus of the central core

and the field coils of a motor. The poles of the field coils are connected

throngh a capacitor and produces a rotating magnetic field. During a creep run

the current in the field coil is kept constant and hence a constant torque is

produced. The ang ular deflection of the rotor is monitored with a light lever

reflected fran a mirror attached to the rotor, to the light following pen

recorder. The following equation is used to calculate the creep canpliance .

2 0
51(t) = 

m 
2 

A.l
2 n h p  r

Where m is the weight of the sample in gns, h is the height (length)

of the sample in an , p is the density of the sample in gm/an 3 
at the tempera-

ture of measurement, r is the torque in dyne-an , 0 is the calibrated angle

constant of the light lever arm in radians per chart space and ~ is the deflection

of the recorder at time t in chart spaces and finally J(t) is the creep

caupliance in cm2
/dyne.

106

L . - . -5-5~~~~~ - -  5- ~~~~~~~~~~~~~~~~~~~~~~~~~~ _ - 5  ~~~~~~~ 5~~~~~ . S 5 ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~



—~~

The density of the cured sample at roan temperature, as determined by

floatation technique using a calibrated density gradient colunn, was 1.156 gm/an3.

From past experience with the instrunent capabilities it was calculated

that a sample of about one centimeter in length would be needed in order to get

sufficient deflection on the recorder (especially at short times and at low

temperatures; below io 8 
c.nn
2
/dyne compliance level) with the max im un available

torque and with the smallest diameter platens (1/8”). The existing sample

chamber design of the instrunent was such that only thermoplastic samples could

be measured; a few small modifications in the sample holding were made in order

to accatinodate crosslinked resins. The samples for the present study were made

in the following way. About 60 to 80 eyelets of 1/8” in diameter were punched

out from the 10 mil film and were stacked on top of each other in a true glass

bore tube of 1.1). 1/8” and about 1 cm in length. (Sane samples were prepared

using a Teflon tube.) Two aluninun plugs each of about 3/8” in length by 1/4”

in diameter and having a 1/8” diameter step of 1/8” length, were placed one in

each end of the tube , the smaller diameter side being on the inside touching

the sample (see Figure A.l). The alixninuu plugs were previously acid etched in

a 10% solution of sulfuric acid/sodiun dichrctnate solution at about 75°C for

about 15-20 minutes followed by washing and oven drying at 800C for about

20 minutes. Alignment of the sample and the metal ‘grips ’ was ensured by placing

the assembly in side another glass tube of I.D. 1/4” and of appropriate length.

Using clamps and 1/4” diameter rods on each side of the Al plugs , slight pressure

S was applied on the plugs and the uncured adhesive between them . The whole assembly

was then placed in the vacu~~ oven at 175°C for about 1 hour . After the resin was

fully cured the glass tube was broken away to yield the sample. Each sample

was carefully checked for voids and other defects. In this way good bonding at

the plugs as well as good sample shape was achieved. The plugs now served as

the platens.
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A.3 Results and Discussion

Creep and creep recovery measurements were made over a temperature range of

30 to 175°C, covering a wide range of time scale. Most of the runs lasted

about 5000 seconds, but sane were continued up to 100,000 seconds.

Figure A.2 shows a typical set of measurements for sample I-D, a dry (D)

sample; the logarithn of the creep compliance multiplied by factor (T~/Tp )

is plotted against the logarithn of time. T and p being the temperature in

de rees Kelvin and density in gm/ cm 3 
respectively. The subscript “o” re fers

to the reference temperature which is 30°C. The factor (Tp ”T p ) takes into
0 0

account the rubber like temperature dependence of the sample behavior (60) . Its

value was found to be negligibly small and hence is ignored in the subsequent

graphs. After installing the sample , the sample chamber was alternatively

evacuated and flushed with dry nitrogen several times in order to minimize the

possibility of the oxidative degradation of the sample at higher temperatures.

All measurements on the dry samples were made under nitrogen atmosphere.

The creep curves are analyzed according to the classical equation

of creep compliance for a crosslinked system (63):

3(t) = 3 + 3 4~(t ) A.2
g d

where 3
g 

is the instantaneous time independent g lassy compliance and is the

long tim e limiting value of secondary dispersion arising fran the deformations 
S

fran side group motions. It also includes the stretching of inter and intra-

molecular bonds. is the delayed elastic compliance and ~P(t) is known as

the retardation function. It is a inonotonically increasing function of time, S

being equal to zero at time equal to zero and approaches unity as time

approaches infinity, 3(t) is the creep compliance in an 2/dyne and t is

time in seconds.
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Our initial measurem ents on the sample (not shown here) at temperatures

above 100°c resulted in creep curves which changed their shape and position on

the time scale. These changes were found to be the result of the morphological

changes in the sample possibly occurring due to the aging of the sample, if it

is held for a prolonged period of time at higher temperatures. Besides this ,

discoloration of the samples was observed at temperatures above 100°C suggesting

the onset of degradatio:-i and thus limited the higher temperature measurements.

All the measurements made up to 100°C were found to be reproducible within

experim ental error which in our case is about + 3%. However, high temperature

runs varied over a range of + 20%. This will be discussed later in detail.

Before the start of the series of measurements shown in Figure A .2 , the

sample was heated as quickly as possible to the temperature of cure (175°C) and

was kept at that temperature for about 40 m inutes. During this period at about

every ten minutes interval , short creep and creep recovery runs , each lasting

for about 100 seconds were made. This was done to ascertain the stability of the

sample and to make sure that the sample had achieved its final state of cure.

All the runs were found to be within 1%, indicating that the sample was fully cured .

Series of creep runs were then made as shown in Figure A.2. Initially,

the measurements were limited only to 73°C and frequently reproducibility was

checked. As was expected and can be noted at roan temperature, the sample was

glassy and had a modulus of about 9.8 x l0~ dyne/cm 2
. The transition occurs

around 45°C as indicated by the run made at 44.1°C where the modulus changes

over ten fold. The transition is probabl~j due to the nylon component of the

system. Butt & Cotter (13) during their studies on a nylon epoxy adhesive have

also noted a transition around 40°C. The individual isothermal creep curves up

to 73°C are parallel to one another and can be shifted along the t ime ~cis to

obtain a master curve . The shift factors used for this construction fit  a
S 

WLF type equation (60) . However , the high temperature measurements gave creep
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curves which are quite flat1 Fig ure A .21and the data cannot be reduced .

Increase in the temperature simply shifts the curve upward with a resulting

decreas.. ng in modulus . The top curve of the graph represents two measurements.

The open circles represent the measurements at 154°C. The curve obtained at

163.30C overlaps the 154°c data and in part is represented by circles with

pips . To distinguish the two measurements, only a few circles at the end

of the curve are marked .

S Careful observation of these high temperature measurements, reveal a

very interesting feature of the sample response . The curves are extremely flat

and there is apparently no hint of a secondary viscoelastic transition around

120-140°C which in the past has been observed durinq dvnanical m echanical studies
S by other investigators on cured nylon-epoxy adhesives (13,61, 62) who attributec.’ the

secondary transition to the epoxy component of the system . In our work the

measurements above 100°C were made at every few degrees intervals , each covering

a time scale of more than a few thousand seconds. Obviously , no transition could

have been missed if it were present , even if some m inor changes had been tak ing

place during these measurements in the morphology of the sample; which is

probably the case as indicated by the poor reproducibility of the data at these

high temperatures. Some morphological changes could possibly arise from the

presence of temperature sensitive hydrogen bonding and nylon micro_crystallites*

present in the nylon-epoxy network . As the temperature is increased , the hydrogen

bonding slowly diminishes and the crystallites melt causing a loss in the rig idity

of the sample and consequently the curves shift vertically upward. S

*The nylon used in the formulation of NE-A is alcohol soluble , but S

spherulites could be seen in a thin solid film of the nylon component
cooled from a melt and observed under the polarized light microscope . S
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Figure A.3 is a cross plot of Figure A.2. In the graph, the inverse of

compliance is plotted against the temperature at three different frequencies

6.28 , 6.28 x 10 2 and 1.99 x lO~~ radians/sec . corresponding to 1, 100 and 3165

seconds respectively . The graph is somewhat misleading in the sense that it

indicates two transitions, one in the neig hborhood of 450 and the other S

around 130°c. The Figure is presented here because more data is available in

the literature for the temperature dependence of mechanical properties measured

at constant frequency than for isothermal time dependence data . A point to note

from the graph is that the low temperature transition shifts from about 45°

to 50°C as the f requency is increased from 2 x l0~~ to 6 .3  radians/sec . This

is in accordance with the well established phenomenon of the glass transition ,

T ; an increase in time scale decreases Tg g

S 
The measurements made on a moist sample II-W (wet) are shown in Figure A.4.

This sample was molded at about the same time and cured under identical

Sf 
conditions as Sample I-D. While the sample I—D was placed in a dessicator

in ediately after molding , sample II-W was kept in the laboratory on top of a

shelf fo r about three weeks . During this period , the laboratory temperature

and relative h unidity varied from 22 to 27°C and 40 to 70% respectively . Prior

to installation, the sample was weighed and found to have picked up about 3%

moisture. Four creep runs made between 35 to 60°C are shown in the Figure A . 4 .

(Note the difference in the ordinate scale of this g raph and Figure A.2.)

The curves are parallel and they extend over a wide range in time scale providing

a good overlap . An ec cellent superposition of the data is achieved and the

resulting reduced curve is shown in Figure A.5 .  The reference temperature of

reduction is 43.7°C.

The measurements on sample I i—W were made under atmospheric air , and

the sample t~nperature was not allowed to ex ceed 65°C. After these measurements,
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the sample was removed fran the instrunent and placed in a vacuun dessicator

for about 24 hours. After this initial drying , the sample was reinstalled in

the instrunent . The instrunent chamber was heated to 50°C and the sample was

degassed for the next 48 hours infrequently flushing the sample chamber with

dry nitrogen. The creep measurements made on this dry sample are shown in

Figure A.6. The sample is now identified as Il-U (dry). A nunber of isothermal

measurements were made , sane of which are not shown in the graph for clarity.

Qualitatively, the curves have the same features as that of Figure A.2 .  For all

practical purposes, sample I-U and II-D can be presuned to be the sane. Below

70°C the curves are parallel and can be shifted along the time scale to obtain

a master cur ve .

The reduced curve for sample II-D is shown in Figure A.7, the reference

temperature of reduction being 43.7°C. In Fig ure A.8, shift factors used in

constructing Fig ures A.5 and A.7  are plotted against temperature. Open circles

represent the wet sample and circles with a vertical line represents the dry

4 sample. In the adjoining graph of Figure A.8, the Arrhenius plot is attempted

where the logarithn of shift factors are plotted against reciprocal of absolute

H temperature. The dry sample has somewhat higher activation energy. Table A.I

lists the sift factors used.

In Fig ure A .9 , the reduced curves of samples II-D and II-W are compared;

the reference temperature of reduction for both the curve is 43.7°C and not change

as to the position on time scale of these curves is made . Several important

features of the sample response can be noted from this graph . Clearly the

moisture has more e ffect thatn that of a simple plasticizer . The curve of the

dry sample is not only shifted to longer times but has distinctly different shape

S fran its wet counterpart . The transition region of the dr!y sample is widely

dispersed and extends fran about 1000 seconds to more than 150 million seconds.

For the wet sample, it is much narrower extending only from about 50 seconds
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to 100,000 seconds. The apparent equilibriun compliance of the two also

differ by a factor of more than 5. It is lower for the dry sample. In its

dry state , the sample response is governed by its state of equilibriun cross—

linked density. When exposed to moisture the latter is disturbed by the inter- ‘5

actions of water molecules with the hydrogen bonding present in the network

and possibly lowers its effective crosslink density . Qualitatively, this

phenomenon is somewhat similar to those exhibited by early studies (63 ,64) on

crosslinked styrenated polyesters and phenol-formaldehyde resins which showed

that the transition region broadens as the crosslink density of the system

increases. On the other hand , the mechanical studies (65) of highly

crosslinked natural rubber have been found to result in curves which have

the same shape , although T~ of the system increased with degree of cross linking .

At present, we cannot shed m uch light on the deformation mechanisms responsible S

for the relaxation process occurring in the transition region of the two

states of the sample studied here.

To quantitatively evaluate the steepness of the transition region

Tobolsky (66) and his coworkers have proposed an alternative form of the master

curve which can be represented in the form of a Gauss Error Integral equation.

This equation in terms of compliance can be written as,

log 3(t) 1/2 ~-1og 31(t) . 3
2
(t) + log[J2

(t)/3
1
(t)~ erf [h log (t ’/t)J }

A .3

or

S log (32/J)/log ~~~~~~ 
= 1/2 {l + erf [

~ 
log (t ’/t)~~} A. 4

where
21/2 .x -u

erf x = 2 ir i e du
0

is error integral and h is the parameter of the Gauss error curve and represents

the steepness of the compliance-time curve . 
~l 

and 
~2 are the lower and upper

as~miptotic values of the creep compliance. Here t is the reduced time and t ’

113

~ 

5 5 .5 55S5 ~S S . .5 - S.~~~~~.S..S r, ~ SS ~~~~~~~~~~~~~~~~~~~~~ 



is the time where

A plot of left hand side equation A. 4 when plotted against log (t’/t)

on normal probability paper should yield a straight line. The value of “h”

can then be determined fran the slope of this line using one of the following

relation.

h = l.645/(I 1
_1

50
) = 0.946/( 1

50
_I

9l
) = 0.477/ (I 25

_I
5o~ 

A .6

where Iy is the intercept on the abscissa at y% ordinate etc . Fig ure A.].0

shows such a plot for the wet and dry state of the sample . Within experimental

error for each state the data in the intermediate region of the transition can

be represented by a straight line . The value of h for the wet sample is larg e

being equal to 0.70 than the dry sample which has h value of 0.5; this indicates

that the wet sample has much steeper dispersion curve (see also Figure A.9).

Theocari s (63) and Kwei (64) in their study of crosslinked epoxy resins found

that their mechanical data when plotted according to equation A .4 results in S

two straight lines with different slopes for each sample. The data below and

above transition were described in terms of two sets of parameters hg (glassy)

and h
r 
(rubbery) . Strictly speaking, however , as Tobolsky pointed out, the

equations A.3 and A.4 are applicable only in the transition region.

Finally, Figure A.ll depicts the retardation spectra for the wet and dry

sample at 43 .7°c. The function (L) was calculated using a computer program (65)

based on Schwarzl and Staverman ’s (66) second order apprac imation. The shape of

the curve presented in the graph is such that when it is used to back calculate S

the reduced creep compliance function 3(t) , it gives data which are within

experimental error . ~ camination of the two curves show that the distribution

of the retardation times of two samples is drastically di f fe rent fran each other . 
S

The dispersion region for the dry sample is much broader than the wet sample as

noticed earlier in Figure A.9.  The continued slow rise of the compliance curve

for sample II-D of Fig ure A.9 shows up in its retardation function as a broad peak .
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Its position on the time scale is around 10 million seconds . The wet sample

has a clear sharp peak at about 100,000 seconds.

A.4 Conclusions

It is demonstrated that in nylon—epoxy adhesives at moderately low

temperatures, the presence of moisture has significant effect on the creep rate

and creep compliance. Hence, the retention of the cohesive properties of the

system are severely hampered. The problem of predicting the physical state of

the bulk adhesive at higher temperatures is found to be complicated by the

presence of moderate amoun t of crystallinity due to the nylon component. The

anomalous behavior at higher temperatures would be consistent with the “melting”

of these microcrystallites although no conclusive evidence of this has yet

been found.
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I APPENDIX B

M~ALYSIS OF SOME COMMERCIAL EPOXY RESINS 
S

USING GEL PERMEATION CHROMATOGRAPHY

f
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In the course of the investigation several other ca~e~ercia1 epoxy resins

were examined and their infra-red spectra and gel permeation chrcinatograms

are shown in the Figures B.1-7 following this appendix . In analyzing our

GPC results and compariTr~ thom with previously published analyses it was 
S

found useful to correlate the peak elution counts with the effective chain

length (ECL) as a suitable molecular size parameter . From studies (71)

on the GPC behaviour of model compounds it has been found that various

chomical groups could be assigned values of the ECL such that the elution count

of a complex molecule could be predicted by the ECL sunmation of its component

groups. The method seams to work well for relatively low molecular weight

materials and has been found useful in this work in assigning the various GPC

peaks to particular oligciners and for recognizing impurities. The values of

the ECL found by Hendrickson and Moore and used here for the analysis of DGEBA ep~ cy

resins are given in Table B.l. The predicted ECL for the various DGEBA oligomers

are tabulated in Table B .2;  the second colunn contains the molecular size parameter

calculated where the eluting compound hydrogen bonds to the solvent. Such

is the case for epoxy molecules containing hydroxyl groups with THF as the

solvent; the correction is 2.5 units per hydrc4cyl group.

Using the above method the GPC results of Batzer and Zahir (42) are shown

in Figure B.8. The impurities have been identified by these authors as

having molecular structures which are intermediates, shown schenatically 5

in Figure B.9, in the chomical reactions leading to formation of the diepoc ide.

In the final product these residual impurities appear as characteristic

satellite peaks on the chranatogran. The elution count versus ECL plot is

shown in Figure B.lO.
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Biesenberger , et al. (39 ) have analysed four commercial epoxy resins of

similar epoxy equivalent weight; their chrcinatograms, reproduced in Fibure 8.11,

clearly show that the Shell Epon 1004 was manufactured by the “taffy”

process whereas the others, in which the n=l and n=3 oliganers are virtually

absent , m ust have been made by the advancenent process. Their data are

plotted in Fig ure B.12 .

The data of Larsen (3), reproduced in Fig ure 16 and 17 in the preceding S

report, for Epon 836 and Epon 1001 have been analysed as shown in Fig ure B. 13

and B.14. It would appear that both resins were made by the ~ta f fy ” process.

Our analysis of these same two resins shows, however , that our sample of

Epon 836 was made by the “advancenent” process. The ECL analysis of the RE-A

chranatogram (as in Figure 18) is shown in Figure B.15; the minor peak at

elution count 32.0 would correspond to the ECL of bisphenol A , the presence

of which would be expected in a resin made by the advancenent process. The 
S

curing ~~ent has a calculated ECL (in toluene solvent) of 13.0 and would be

predicted to elute at about count 31. No shoulder on the main peak at count 
S

30.3 can be seen and it is presuned that the concentration is enall eno~~h

and the refractive index (unknown) may not differ much from that of H
the solvent so that a curing agent peak is not detected .
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Table 8.1

Atomic group Effective Chain Length

C 1.0

0 e.g. ether** 0 .67
e.g. carbonyl 0.8

N 0 .91

phenyl, C6H5 2.85

phenylene, C6H4 2.4

*From J .  G. Hendrickson and .1. C. Moore , .1. Poly. Sci., A—i , 4, 167. (1966).

**It has been observed that in snail ring cyclic ethers , e.g. epoxides
epoxides the oxygen has a very small effect on the ECL, e.g. propylene oxide
ECL=3.0.
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Tab1e~~.2

Effective chain lengths of DCEBA oligonters

Oligotner E.C.L.

H bonding
solvent

n=0 15.1 15.1

n=i 27 . 9 29.5

n=2 40. 7 43.9

n=3 53 .5 58.3

n 4  66. 3 72 .7
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Table ~ .3

Specifications of carboxy terminated butadiene-

acxylonitrile elastomers (B.F. Goodrich Data Sheets) S

2000x162 L300x15 1300x8 l300x13 1300x9 l300xl8
CTB CTBN CTBN CTBN CTBNX CTBNX2

Viscosity, Brookfieid , 40,000 50,000 125 ,000 550,000 155,000 350,000
cP at 27°C (8i°F~

Percent carboxyl 1.9 2.47 2.37 2.40 2.93 3.0

Molecular weight 4,800 3,500 3,500 3,500 3,500 3,500

Functionality 2.01. 1.9 1.85 1.85 2.3 2.3

Acrylonitrile 0 1.0 18 27 18 21
content. ~

Solub ility 8.04 8.45 8.77 9.1.4 ——— -—— 
S

para meter

Spec ific gravity 0.907 0.924 0.948 0.960 0.955 0.958
at 25°C(77°F) 25%

S —_____________________________________________ t. ___________________ __________________ __________________ ____________________

Calculations based on molar attraction constants
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Table ~.4

Specifications of s~tne commercial

DCEBA epoxy resins

Epoxy equiv. wt. Viscos ity 
S

DOW DER 332 [72—176 4,000—5,500
331 186—192 S 11,000—14,000
337 230—250 “sem~soIid”661 475—575 low melting solid
667 1600—2000 solid
669 3500—5500

Shell. Epon 828 185—192 10 ,000— 16 ,000
834 230—28 0
836 290—335

1001 450—550 solid
1004 875—1025
1010 4000—6000

CIBA 6004 185 5,000—6,000
6040 233—278
6060 385—500 solid
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