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FOREWORD

ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are reviewed critically according to ACS
editorial standards and receive the careful attention and pro-
cessing characteristic of ACS publications. Volumes in the
ADVANCES IN CHEMISTRY SERIES maintain the integrity of the
symposia on which they are based; however, verbatim repro-
ductions of previously published papers are not accepted.
Papers may include reports of research as well as reviews since
symposia may embrace both types of presentation.
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PREFACE

THE DEVELOPMENT OF RUBBER-TOUGHENED THERMOSET and thermo-
plastic resins is an important contribution to the commercial polymer
industry. A small amount of discrete rubber particles in a glassy plastic
can greatly improve the crack and impact resistance of the normally
brittle plastic. Generally, this improvement should be accomplished with-
out significant deterioration of the thermomechanical properties inherent
to the unmodified original polymer.

Unlike the modification of thermoplastics, which often requires only
the simple physical blending of a particular elastomeric modifier, the
modification of thermoset resins is achieved almost exclusively through
chemistry and is a challenge to the expertise of the polymer chemist. A
useful, final product with improved durability and applicability is a major
concern of materials scientists and engineers who are responsible for
answering this challenge.

Therefore, thermoset resin systems require a team effort among
multidisciplinary scientists to tackle the various challenges and attain
successful results. Thus, science and technology can be applied to pro-
duce the products that will be acceptable to various industrial and
consumer groups because of greatly improved performance and simpli-
fied design combined with reduced cost.

Although many papers that discuss rubber-modified thermoplastics
have been published in journals or books and have been presented in
symposia, no symposium on rubber-modified thermoset resins had pre-
viously been sponsored by the American Chemical Society. Therefore,
the symposium upon which this book is based is the first comprehensive
coverage of rubber-modified thermoset resins.

We are indebted to each contributor for the cooperation and enthusi-
asm we have received, and we thank The BFGoodrich Company for
providing administrative support.

C. KEITH RIEW
The BFGoodrich Company

JOHN K. GILLHAM
Princeton University

August 1984
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Cross-linking of Epoxy Resins

KAREL DUSEK

Institute of Macromolecular Chemistry, Czechoslovak Academy of Sciences,
162 06 Prague 6, Czechoslovakia

The theoretical and experimental investigation of network build-
up in the curing of epoxy resins is reviewed. The application of
the statistical theory of branching processes based on cascade
substitution and probability generating functions is outlined. The
network build-up is dependent on reactivities of functional
groups, functionality of monomers, composition of the system,
and reaction paths as a function of conversion. Results obtained
on simple diepoxide~diamine systems agree well with the theory.
For acid curing (polycarboxylic acids, cyclic anhydrides), prog-
ress has been reached in the elucidation of complicated reaction
paths (reaction mechanisms) and their statistical treatment. The
effect of chemical and diffusion control of the curing reaction on
network structure and the applicability of the theory for pre-
dicting variations in the network structure are discussed.

THE PROCESSING AND FINAL PHYSICAL PROPERTIES Of €poxy resin—curing
agent systems applied in adhesives, sealants, coatings, or laminates
depend primarily on their chemical composition and degree of cure
(1) as well as on the details of network structure. The network struc-
ture determines the processing characteristics below the gel point,
the position of the gel point, and the mechanical behavior of cured
systems in the rubbery state. It also affects—sometimes indirectly
and in a less explicit way—the physical properties and durability of
cured epoxy resins in the glassy state. This chapter reviews the
present theoretical treatment and experimental characterization of
network formation and structure in the curing of epoxy resins and
the use of the results of these studies in the elucidation of curing
processes.

Characterization of Network Formation

Of the main theories for multiplicative growth of network structures
(2)—statistical, kinetic, and percolation—only the statistical theories
that are based on tree-like models, which can absorb the majority of
chemical information and are applicable beyond the gel point, have
been used to describe the curing of epoxy resins. In the sixties,

0065-2393/84/0208-0003/$06.00/0
© 1984 American Chemical Society



Published on December 5, 1984 on http://pubs.acs.org | doi: 10.1021/ba-1984-0208.ch001

4 RUBBER-MODIFIED THERMOSET RESINS

authors (I) used the Flory—Stockmayer combinatorial approach to
describe the pregel state (degree of polymerization) and the gel point.
However, the results are somewhat invalidated because the reaction
schemes used were too simplified or even incorrect. The importance
of deviations from an ideal network structure in cured epoxy resins
that are a result of stoichiometric imbalance or incompleteness of
reaction was recognized by Bell et al. (3, 4) who used semiempirical
corrections. The applicability of these corrections was limited, how-
ever, to rather small deviations from perfectness.

A complex approach to network formation in curing was made
possible by the development of modern statistical theories, in par-
ticular the theory of branching processes employing the cascade sub-
stitution and the formalism of the probability generating functions as
mathematical tools (2, 5-8). The underlying model was derived from
the Flory—Stockmayer tree-like model with random circuit closing
beyond the gel point. This model allows one to consider the different
reactivities of reacting groups, the specific rules of bond formation
(reaction mechanism), and a perturbation treatment of conformation-
ally determined cyclization. It also offers a great amount of structural
information on pregel and postgel states. A fully equivalent but some-
what less developed theory employing the same model and yielding
the same results is the recursive theory by Macosko and Miller
9-11).

A brief review of the theoretical treatment of curing and of the
corresponding experimental studies includes the pregel and postgel
studies of diamine—diepoxide and diamine—diepoxide—monoepoxide
systems (molecular weights, critical conversion, sol fraction, and the
concentration of elastically active network chains and its relationship
to the stress—strain behavior in the rubbery state) by the Prague
group (12-18), which has also studied the problems of acid curing
(epoxide—carboxyl and epoxide—anhydride reactions) (19-22). Bur-
chard’s group has concentrated on the pregel and critical regions of
the polymerization (polyetherification) of diepoxides released by di-
phenols (molecular weight averages, radii of gyration, and diffusion
coefficients) (23—26). The studies headed by Rozenberg and Irzhak
were concerned with aromatic diamine—diepoxide systems (molec-
ular weights, gel points, and sol fractions) (27—-29). Using the con-
ditional probability approach, Charlesworth (30, 31) analyzed the ex-
perimental results he obtained for the reaction of diamines and die-
poxides (molecular weights, and the composition of the pregel system
and the sol fraction). In a somewhat simplified way, Bokare and
Ghandi (32) extended the conditional probability approach to include
epoxide homopolymerization as a consecutive reaction, but they did
not compare their results with experiments. The diepoxide used in
these studies was almost exclusively diglycidyl ether of bisphenol A
(DGEBA). The only exception was the diglycidyl ether of resorcinol
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used in the Soviet studies. In the previously mentioned studies, the
agreement between the theoretical predictions and experiments was
relatively good. This observation challenges the often assumed in-
homogeneous cross-linking and heterogeneity of all cured epoxy
resins. This problem will be briefly discussed in the last section.

Curing and Network Structure

The following factors affect the network formation and structure of
cured epoxy resins:

1. Functionality of monomers—usually expressed by the
number of functional groups per monomer molecule. However, the
functionality expressed as the maximum number of bonds by which
the monomer unit can be bound with other units depends also on
the reaction mechanism (reaction paths).

2. Relative reactivities—expressed as the ratios of rate constants
of functional groups participating in the curing. The reactivities are
either intrinsically different or their reactivity changes. The change
depends on whether or not the neighboring groups have reacted
(substitution effect).

3. Initial composition of the cured system—molar fractions of
the epoxide, curing agent, and possibly the initiator.

4. Reaction paths (reaction mechanism)—usually resulting in
conversion-dependent fractions of bonds of a given type issuing from
a given monomer unit. This information also includes the consump-
tion of existing reactive groups and the formation and consumption
of newly formed reactive groups.

Studies of model reactions using low functionality monomers and
yielding a small number of products that can be identified and de-
termined are very helpful, particularly with respect to factors 2 and
4. The results cannot be, however, mechanically transposed to sys-
tems with polyfunctional components.

Curing with Polyamines

In the addition reaction with amino groups, the epoxy group is mono-
functional, but becomes bifunctional if the hydroxyl group formed
reacts with another epoxy group. Although the reactivities of epoxy
groups in DGEBA are independent (12-18, 23-26, 30, 31), this
observation need not be so for other polyepoxy compounds; various
epoxy groups have intrinsically different reactivity (I). If groups that
differ in reactivity participate in curing, the network structure may
be strongly affected by this difference.

A primary amino group is bifunctional and a secondary amino
group is monofunctional. Substitution in the amino group is to be
expected; that is, the reactivities of the hydrogens in the primary
(rate constant k,) and secondary (rate constant k,) amino groups may
be different. Steric and substitution effects play a role and the reac-
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tivity is thus dependent on the nature of the substituent. In the ideal
case, the ratio ky/k; is equal to unity, if the rate constants are related
to moles of amine hydrogens, or to 1/2, if moles of the amino groups
are used. The absolute values of the rate constants do not matter in
the network build-up, only their ratios do. In principle, three
methods are available for determining this ratio: (1) reaction kinetics
obtained by monitoring the time change in the concentration of epoxy
and/or amino groups, (2) chromatographic determination of distri-
bution of free reactants and reaction products, and (3) critical con-
version at the gel point (or a modification of the method to determine
the limiting excess of one component to reach gelation at all) and
possibly other parameters that characterize the development of a
network structure (molecular weight, sol fraction, or equilibrium
modulus in the rubbery state).

An analysis of kinetic data is not easy because of the complex
time dependence of the concentrations of reactive groups—acceler-
ation from the OH groups formed and retardation from hydrogen
bonding between the amine and hydroxyl groups (33). Therefore,
bulk kinetics does not yield unambiguous results (34), and a large
excess of OH groups is to be added (35-37). The results, however,
are somewhat affected by the polarity of the medium. Quantitative
liquid chromatographic (LC) separation of reactants and reaction
products obtained at different molar ratios of amine to epoxy groups
(14) gives better data. The existing results are somewhat controver-
sial, but an analysis of all data shows that the ratio of the rate constants
(ky/k,) per mole of amino groups is 0.4—0.6 for aliphatic amines and
0.1-0.3 for aromatic amines (the ideal value is 0.5). Thus, the sub-
stitution effect is weak in aliphatic amines and negative in aromatic
amines (ky/k, < 0.5). This effect is well documented by observation
of the shift of the gel point to higher conversions (13).

With some curing agents, the substitution effect is highly neg-
ative. Two examples can be mentioned: 2,5-dimethylhexane-2,5-dia-
mine (38) (a result of steric effect, which can be exploited for the
preparation of stable epoxy—amine adducts) and diaminodiphenyl
sulfone (DDS). The observed very low reactivity of the secondary
amino group formed in DDS in the curing reaction (39, 40) can be
ascribed to the induction effect (possible conjugation with the sulfone
group). However, such a drastic reduction of reactivity was not ob-
served in model reactions with p-tolylglycidyl ether in solution or
even in bulk (36, 37). Therefore, the observed low reactivity (39, 40)
of the secondary amino group may be tied to the high functionality
epoxy resin used —tetraglycidyldiaminodiphenylmethane—and the
resulting more densely cross-linked system. Indeed, a study of the
stoichiometric amount of DDS and diglycidyl ether of butanediol
indicated a complete reaction (41).

The negative substitution effect delays gelation on the conver-
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sion scale and shifts the network build-up to higher conversions. No
positive substitution effect has been reported as yet. A theoretical
analysis shows that, in a stoichiometrically equivalent system of di-
epoxide and diamine, the gel point conversion can vary between 0.5
(very positive substitution effect), 0.577 (equal reactivity of hydrogen
atoms), and 0.618 (very negative substitution effect) (12). Beyond the
gel point, where the increase in the effective cross-linking density as
a function of conversion is more curved upward, the substitution
effect is more negative, that is, fewer effective cross-links are formed
just beyond the gel point and more numerous ones appear at high
conversions than with zero or positive substitution effects.

In diamines (i.e. diaminodiphenylmethane, diaminodiphenyl
sulfone, or hexamethylenediamine) the reactivity of amino groups
seems to be practically independent, but may not be in polyamines
in which the distance between the amino groups is short. Diethyl-
enetriamine may serve as an example: the distribution of adducts
with phenyl glycidyl ether could not be described by the ratios of
three rate constants by assuming only the different reactivities of the
primary and secondary amino groups and of the middle secondary
amino group. This result is presumably due to interaction between
the amino groups (42).

The deviations from stoichiometry caused by adding an excess
of amino or epoxy groups lower the cross-linking density, and distinct
minima or maxima are observed for the sol fraction and equilibrium
swelling or equilibrium modulus, respectively (13, 15-18, 43—45).
In addition, the glass transition temperature (T,) passes through a
maximum at this point, but the glass transition width passes through
a minimum (45). Curing with polyether triamines and diamines yields
somewhat softer products that are useful for elasticity studies (43,
45), because measurements can be performed well above the T,. The
assumption of a strictly alternating polyaddition is, however, fully
justified only for stoichiometric and amine-rich samples, because po-
lyetherification may interfere if epoxy groups are in excess.

Base-catalyzed polyetherification following or concurrent with (if
active hydrogens are present) amine—epoxide addition is much
slower and becomes operative only if almost all the amine hydrogen
atoms have reacted and epoxy groups are still present. The relative
reaction rate is at least by an order of magnitude smaller (40) than
that of amine—epoxide addition and depends on the basicity of the
catalytically active tertiary nitrogen atom present. The amino alcohols
formed in the addition phase are relatively weak; formation of some
polyether oligomers was observed in systems with aliphatic amines
and epoxy groups in excess (14), but not in systems with aromatic
amines (46). Interference of polyetherification has been offered as a
reason for the asymmetry of modulus, swelling, and sol fraction
curves (42, 43) and has been confirmed experimentally (44). Polyeth-
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erification can be more favored in the presence of a more basic ter-
tiary nitrogen atom, such as N,N-diethyl-1,3-diaminopropane (47) or
tetraglycidyldiaminodiphenylmethane (39, 40, 46), or its bifunctional
analogue, diglycidylaniline. For the analogue, in addition to inter-
molecular polyetherification, an intramolecular etherification may be
sterically favored and lead to the formation of a morpholine ring (45).
(See Scheme 1).

CHyCHCH,NH- /CHZC{—-CHzNH—
-N H s -N O
\CHZCHCHz \CH2CH—CH20H
./
Scheme 1

A statistical treatment of simultaneously occurring amine—
epoxide addition and etherification is possible, but conclusive studies
of network formation are still missing. In the statistical treatment,
one has to take into account the initiating role of amine—epoxide
addition in producing a hydroxyl group that is itself an initiation point
for addition of epoxy groups. In theory, this feature is taken into
account by using oriented graphs such as the polyetherification re-
leased by the reaction of carboxyls with epoxides (19, 21, 22) or
diphenols (23-26).

Impurities in epoxy resins and/or curing agents may considerably
affect network formation and processing characteristics. Commercial
grade tetraglycidyldiaminodiphenylmethane (TGDDM) can be used
as an example. The admixtures in TGDDM have a significant effect
on the stability and reactivity of the resin and on the reliability and
performance of fiber-reinforced composites as well (48, 49). In Ar-
aldite MY-720 (Ciba-Geigy Corporation); the TGDDM oligomers are
the main by-product in addition to a small amount of reactive chlo-
rohydrin groups in some lower functionality compounds. Although
the content of epoxy groups decreases by oligomerization, the av-
erage functionality of the monomer increases. This effect is especially
reflected in the weight average derived from the second moment of
the functionality distribution (this average may increase, even if the
number average decreases because of the presence of some non-
functional or low functional impurities). This weight average is also
decisive in gelation and in the increase in viscosity during curing. A
functionality distribution has also been found in the polyoxypropy-
lenetriamine, Jeffamine T-403, and has to be taken into account in
calculating the network parameters (45).

All these previously discussed parameters affect the develop-
ment of the network structure, and quantitative information about
the magnitude of these effects can, in principle, be employed in the
statistical treatment. More well-designed experimental work is
needed, however.
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The network characteristics determine the processing and phys-
ical properties of systems subjected to cure, but these relationships
are not always clear. The main emphasis of the previous work was
the cross-linking of pure components to find out whether network
formation theories can predict the real behavior. For the DGEBA
(possibly mixed with PGE)—diamine systems, the critical conversion
and the change in molecular weights in the pregel regions were in
good agreement with the predicted values. The main purpose of the
postgel studies (sol fraction, w,, and the concentration of elastically
active network chains, v,, and its relationship to rubber elasticity and
swelling) has been to find out whether the theory is reliable in pre-
dicting the network structure beyond the gel point. Detailed studies
of the dependence of the sol fraction on conversion as a function of
the previously mentioned parameters revealed very good agreement
between the theory and experiment. In addition, the determination
of the sol fraction may be a more reliable measure of the degree of
cure than a direct determination of conversion. The dependence of
v, calculated from the equilibrium modulus of elasticity in the rub-
bery state (high temperature of measurement or in swollen systems)
on conversion or w, over several decades of v, has proved to be a
good application of the theory to these epoxy—amine systems. The
strictly alternating character of the epoxy-—amine addition and its
exclusive occurrence, at least in the stoichiometric and amine-rich
systems, makes the epoxy—amine networks suitable as a model for
studies of the validity of the rubber elasticity theories (15—18).

Acid Curing

Network formation in the curing of polyepoxides with polycarboxylic
acids and cyclic anhydrides is much less understood, mainly because
of the much more complex reaction mechanisms.

In the carboxyl—-epoxide reaction used mainly for cross-linking
of carboxyl-terminated reactive polymers or preparation of unsatu-
rated polyesters, the addition esterification is followed by a transes-
terification reaction in which the hydroxy ester unit is transformed
into a diester and a diol unit (50) (see Scheme 2).

HOOCR!COOH + CH2(|]HB2C\H(IZH2——>

o) o)
~OCR!ICOOCH,CHR!CHCH,0~
OH OH
)
OCR!COOCH, CH,OH

SCHR%- + -R:CH{
OCR!ICO0~ “OH

Scheme 2
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Although the total number of ester bonds does not change, their
redistribution (randomization of distribution) causes gelation and net-
work formation of linear poly(hydroxyesters). The theory is in satis-
factory agreement with experiments on DGEBA-azelaic acid and
carboxyl-terminated polybutadiene— DGEBA systems (21, 22). A spe-
cial feature of this type of cross-linking is an increase in the cross-
linking density while the sol fraction remains high and changes little
with the extent of transesterification. With an excess of epoxide, ad-
ditional esterification is followed by polyetherification, which occurs
simultaneously with transesterification. Quantitative studies are not
yet available.

The mechanism of curing with cyclic anhydrides is less under-
stood than that with polyamines. Recently, the reaction studied orig-
inally by Tanaka and Kakiuchi (51-53) was reanalyzed (54—57), and,
in the presence of tertiary amines, the reaction was found to proceed
in the absence of proton donors, most probably via a zwitterion (58).
The simplified mechanism is shown in Scheme 3.

slow
RlCH/CH2 + NR, = RICHCH,N*R,
0 o-
RICHCH,N*R; + (CO_ fast
| [ O — RICHCH,N*R,
-
co OCO COO-

Propagation

k
_CO0~ + R1C\HC/JH2 = R1(|3HCH20CO—

(@] (00
-0™ + [ /O — —-0CO COO~
CO | SR
Scheme 3

The tertiary amine is thus irreversibily bound in the structure, and
further chain growth occurs by an anionic mechanism (58). Conse-
quently, the number of growing chains is equal to the number of
reacted amine molecules, which is an example of an initiated cross-
linking reaction. The network formation greatly differs from the
random stepwise alternating polyaddition that is typical of curing with
polyamines, and an analogous statistical treatment (58) is incorrect.
By using an oriented graph model, the gel point and network struc-
ture have been shown to depend on the relative concentration of
tertiary amine, an observation that has been confirmed experimen-

tally (20).
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Other Types of Curing

Of the other types of curing, only the polyetherification of diepoxides
released by diphenols has been treated statistically and studied ex-
perimentally in the region up to the gel point (23—-26). The situation
is similar to other types of initiated polyetherifications such as the
polyetherification initiated by the addition of amine. The observed
change in molecular weights and conformational averages derived
from light-scattering experiments agreed well with the theory and
brought interesting information on the excluded volume and chain
stiffness of polyepoxides.

The well-established ionic mechanism of curing with imidazoles
and BF; complexes (59-61) seems to make possible a theoretical
treatment of network formation in these systems. The extent to which
the initiator may be split off from the chain ends and regenerated so
that it can initiate the chain growth several times is a necessary and
important piece of information.

Recently, the mechanism of the curing with dicyanodiamide has
been elucidated (62). The main product of the model reaction of
dicyanodiamide with phenylglycidyl ether (PGE) is 2-aminooxazoli-
dine, which is obtained by the reaction of dicyanodiamide with three
PGE molecules (see I).

CH o
~cH”

(lJHzoPh
I

Dicyanodiamide is thus trifunctional with respect to the formation of
bonds to epoxy units. At the same time, the product is basic and
catalyzes the homopolymerization of the epoxide released by the hy-
droxyls formed; thus, the product is bifunctional as an initiator. In
this respect, structure I is bifunctional. The relative rates of these
reactions and the concentration of some by-products are still to be
determined as a prerequisite for the statistical treatment.

Applicability of Statistical Methods to Curing

The treatment is based on an assumption of the chemical control of
curing (i.e. on the independence of the apparent reactivity of a group
of the size of the molecule to which it is attached) as well as on the
assumption of a uniform distribution of reactive groups in the volume
to make the mass action law applicable. Both assumptions have been
questioned, but they seem to be valid in the majority of simple epoxy
systems composed of compatible units where alternating stepwise
polyaddition controls curing.
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The first assumption is concerned with the rejection of a specific
diffusion control; this control makes the reactivity of a group depen-
dent on the size of the macromolecule to which the group is attached.
Chemical reactions proceed via formation of an activated complex.
Specific diffusion control is operative only in the case of rapid reac-
tions (free radical recombination, fluorescence quenching) for which
the rate of formation of the activated complex is the rate-determining
step and is affected by the diffusion of the reacted species. This
diffusion is dependent on the size of the reacted species. For slow
reactions, such as stepwise polyaddition, polycondensation, and the
majority of organic reactions, the transition of the activated complex
to the product is rate determining, and the formation of the activated
complex is controlled by equilibrium and is not size dependent (62).
The curing reactions for epoxies belong to this category, and the
independence of the reactivity from size is commonly accepted.

The overall diffusion control that sets in when the reacting
system enters the glass transition region because of an increase in T,
with increasing conversion is very important for the curing of the
epoxy group and strongly affects the curing rate (63). The reaction
essentially stops when the T, of the system (given by the maximum
of mechanical losses) reaches a value 25-30 K above the reaction
temperature. Although the overall diffusion control has a pronounced
effect on the curing rate, it does not seem to affect the network
formation on the conversion scale, for example, the molecular weight
distribution and the gel point conversion (64). Further work is
needed, however.

A widely accepted view is that cross-linked epoxy resins are
inhomogeneous and inhomogeneously cross-linked in particular. This
assumption is based mainly on the examination of electron micro-
graphs that show nodular structures. However, similar nodular struc-
tures can also be seen in other polymers—cross-linked and uncross-
linked—in the bulk. Leaving the problem of the structure of the
glassy state open, we have no convincing evidence of inhomogeneous
cross-linking from the analysis of reaction rates, network formation,
small-angle X-ray scattering, or electron microscopy (65, 66). In all
papers on curing kinetics, the validity of the mass action law is as-
sumed. The conclusion about the homogeneous cross-linking within
the limits of statistical fluctuation of cross-link densities does not
apply, however, to all cured epoxy resins. Systems with less com-
patible components and formed by parallel reactions producing chain
sequences composed of different kind of units (e.g. epoxy—amine
addition and subsequent polyetherification) may exhibit more pro-
nounced fluctuations in composition and cross-linking density. Each
case should be carefully analyzed with direct methods for determi-
nation of the spatial distribution of components and bonds.
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Transesterification and Gelation of
Polyhydroxy Esters Formed from
Diepoxides and Dicarboxylic Acids

KAREL DUSEK and LIBOR MATEJKA

Institute of Macromolecular Chemistry, Czechoslovak Academy of Sciences,
162 06 Prague 6, Czechoslovakia

The base-catalyzed addition esterification reaction between an
epoxy and a carboxyl group is followed by a transesterification
reaction, in which the hydroxy ester is transformed into a diester
and 1,2-diol. This reaction is reversible. In the reaction of a
diepoxide (diglycidyl ether of bisphenol A) and a dicarboxylic
acid (azelaic acid or a carboxyl-terminated polybutadiene), ge-
lation occurs by transesterification; the cross-linking density of
the gel increases and reaches a steady value corresponding to the
transesterification equilibrium. A statistical theory based on the
theory of branching processes has been developed for gelation
and network formation by addition esterification and transester-
ification. A relatively high sol fraction is predicted as a result of
simultaneously occurring bond formation and scission. Both the
experimental sol fractions and degrees of cross-linking calculated
from the elasticity modulus are in good agreement with the
theory.

ADDIT]ON ESTERIFICATION RESULTING IN THE FORMATION of a hydroxy
ester is the primary reaction in the base-catalyzed reaction between
carboxyl and epoxy groups. In the excess of epoxy or carboxyl groups,
addition esterification can be followed, respectively, by polyetheri-
fication involving the hydroxyl group formed and the epoxy group,
or condensation polyesterification involving the hydroxyl group
formed and the carboxyl group. Recently (1), we found in the model
system phenylglycidyl ether—hexanoic acid that the resulting hy-
droxy ester (2-hydroxy-3-phenyloxypropyl hexanoate) was trans-
formed by a transesterification reaction (called disproportionation,
into a diester and a diol (see Scheme 1).

0065-2393/84/0208-0015/$06.00/0
© 1984 American Chemical Society
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2 —OCH;CHCH,;OCO(CH:),CH; *——=

@ I
OH

@ —OCH,;CHCH,OCO(CH.),CH; + @ —()CHQ(IIHCHZ()H
|

OCO(CH;)4sCH;, OH

Scheme 1

Notably, this transesterification reaction is the only possible
reaction to follow polyaddition esterification in stoichiometric sys-
tems. Under conditions of catalysis by bases, etherification or con-
densation esterification is much slower than addition esterification
and, when transesterification sets in, practically no unreacted epoxy
and carboxyl groups are available. The transesterification reaction
occurs also in nonstoichiometric systems, but then etherification or
condensation esterification interferes.

The transesterification reaction is expected to have a great effect
in polyfunctional systems, because the epoxide unit in the
poly(hydroxy ester) is monofunctional. However, in the diester the
epoxide unit is bifunctional and the diol (glycol) unit has a function-
ality of zero (no bond issues from this unit). Therefore, if a diepoxide
and a diacid are involved in the reaction, the reacted diepoxide units
participate in the number of bonds (i) ranging from zero to four and
gelation is possible. For example, for 100% conversion of epoxy
groups, the following diepoxide units are present in the system:

HOCH, CH,0H ~OCH, CH,O0~
/CHCHZOROCHch /CHCH20ROCH2CH
HO OH HO OH
i=0 i=2
HOCH, CH,0~ ~OCH, CH,OH
/CHCHZOROCHZCH /CHCH20ROCH2(JH
HO OH ~0 OH
i=1 i=2
~OCH, CH,0~ ~OCH, CH,0~
N\ N\
/CHCHzoROCH2CH /CHCHzoROCH2CH
HO o~ ~0 o~
i=3 i=4

The unit with i = 0 (a tetrol) is contained fully in the sol, but the sol
also contains structures obtained by combination of two units with i
= 1 and other low molecular weight oligomers.

The occurrence of the transesterification reaction is important
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in many systems of practical interest, such as the curing of epoxy
resins with polyacids, the preparation of (functional) polyesters, and
the cross-linking of carboxyl-terminated liquid rubbers.

In this chapter, we give experimental evidence of gelation
caused by transesterification in systems composed of a diepoxide and
a dicarboxylic acid. Also, the addition esterification and transesteri-
fication are treated theoretically with the theory of branching pro-
cesses. In addition, the calculated and experimentally determined
gel fractions and concentrations of elastically active network chains
are compared.

Experimental

Chemicals. Azelaic acid (AA, nonanedioic acid) (99.5%) was obtained from
Fluka, Switzerland; redistilled phenylglycidyl ether (PGE) was of 99.7% purity
(gas chromatography); diglycidyl ether of bisphenol A (DGEBA) contained 5.70
mmol epoxy groups per gram and its molecular weight (VPO) was 350, which
corresponded to the number average functionality (f) 1.99. The tertiary amines
(tributylamine, triethylamine) were boiled with acetic anhydride and redistilled.
The sample of carboxyl-terminated polybutadiene (CTPB) was prepared by an-
ionic polymerization and its composition was 17% 1,4-trans, 7% 1,4-cis, and
76% vinyls; M, = 3500, M, /M, = 1.26, and 0.48 mmol COOH/g; and the
functionality distribution was 1% f = 0, 18% f = 1, and 81% f = 2 (liquid
chromatography) (2).

Reactions. All reactions were carried out in sealed glass ampules in ni-
trogen atmosphere. For the preparation of cylindrical samples used for deter-
mining the sol fraction and modulus of elasticity, the inner surfaces of the am-
pules were hydrophobized with trimethylchlorosilane to suppress adhesion of
the polymer to the glass surface. DGEBA and azelaic acid were mixed in stoi-
chiometric proportion in the absence of solvent at elevated temperatures above
the melting point of the acid. To facilitate good mixing of the CTPB and DGEBA,
DGEBA was first dissolved in toluene, and mixing proceeded at room temper-
ature; the amount of toluene was 15 wt% based on the total weight of the
mixture. _

Analytical Methods. The concentration of carboxyl groups was deter-
mined by potentiometric titration with methanolic KOH., The samples were
extracted with chloroform at room temperature until a constant weight was
reached. The stress—strain dependence was determined in the compression
régime with an inductive force transducer (Hottinger—Baldwin Messtechnik,
Stuttgart, FRG). The compression measurements were carried out at 120 °C—
about 50 K above the glass transition temperature (T,) of the sample. The

g
equilibrium value was obtained by monitoring the time dependence of stress.

Statistical Treatment of Network Formation

The theory of branching processes based on the tree-like model and
employing the cascade substitution (3, 4) has been used to describe
the network formation from diepoxides and diacids by addition es-
terification and transesterification. In this approach to network for-
mation, the covalently bound structures are constructed (generated)
from monomer units distributed according to the number of issuing
bonds (reaction states) by observing the reaction paths given by the
chemical mechanism. We used the same theory for the treatment of
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curing of diepoxides with polyamines (5—7) or gelation in diepoxide—
cyclic anhydride systems (8).

We will consider a diacid and a diepoxide in which the reactiv-
ities of the carboxyl and epoxy groups are independent. Such a sit-
uation is true in a majority of cases where the reactive groups are
sufficiently well separated, such as DGEBA (9). Therefore, we will
consider the reaction states of the carboxyl and epoxy groups and the
distribution of reaction states of the diepoxide and diacid units ob-
tained by squaring the set of probabilities for the reaction states of
the respective unit. Cyclization is not considered in the treatment,
because it is believed to be weak. The smallest cycle expected to be
formed with the highest probability is the 13-membered ring formed
by esterification of two vicinal OH groups with one molecule of aze-
laic acid

The carboxyl group can occur in two reaction states—reacted
and unreacted—with probabilities given by the molar conversion of
the carboxyl group, &:. Thus the probability of finding an unreacted
carboxyl is 1 — & and the probability of finding the reacted carboxyl
is &;. The epoxy groups also occur in the reacted or unreacted states
with probabilities & and 1 — &g, respectively; & is the molar con-
version of the epoxy group. The reacted epoxy group can extend one
chain if it occurs in the hydroxy ester unit (conditional probability 1
— &), or it can issue two bonds if it occurs in the diester unit (con-
ditional probability, &;). The conditional probability &; is defined as
the molar ratio of epoxy groups in diester over all reacted epoxy
groups and is, therefore, equal to the extent of transesterification
reaction; &; is zero if the polymer is composed exclusively of hydroxy
ester units.

The set of probabilities for the diacid and diepoxide units in
different reaction states can be described by the probability gener-
ating functions (PGF) Fy¢ and Fp, respectively,

Foc0) = (1 — & + £60g)° 1)
For®) = {1 — & + &[(1 — &)8c + &{l + 65/2)]P @

where 0. and 0; are variables of PGFs. The coefficients at 05 or 6
in the power expansions of F and F, are the probabilities of finding
a diacid or a diepoxide unit issuing bonds to, respectively, i diepoxide
or diacid units. The construction of Fyp is in accordance with the fact
that a hydroxy ester unit is found in the system with a probability
&:(1 — &), whereas for a diester or glycol unit this probability is
Extr/2.

The PGFs F and Fy describe the distribution of probabilities
of finding a unit in a given reaction state located in the root of the
probability trees (i.e., a unit in the whole system including the un-
reacted monomer). The PGFs F, and F,; for the number of bonds
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issuing from a unit in the first or higher generation are obtained by
differentiating Fc and Fo with respect to the variables 8 followed
by renormalization.

Fio(0) = 1 — & + £0g 3)
Fie0) = {1 — & + &[(1 — &8¢ + &Yz + 05/2)]}
X (1 = & + &8¢) (4)

Because of the alternating character of the reaction, the gel point
condition is given by

where Fi; and F};E are values of the first derivatives of F ¢ and Fyg
with respect to 85 and 03 for 6, = 6 = 1.

From Equations 3, 4, and 5, the critical values of conversions
are bound by

Eclée + &) =1 (6)
and for &, = & (stoichiometric equivalence)
&g =01 - §(2:)/§c @)

The postgel parameters are determined by the extinction probabili-
ties v¢ and vy given by

ve = Fc(vg) and vy = Fig(ve) 8

After substituting vy and v for 8; and 6 in Equations 3 and 4 and
eliminating the trivial root vy = v; = 1, one obtains

o = Vecke — (1 - &2 + &/2)
¢ &l — £/2)
vp = ”C_"_;(é.l_gﬁl (10)
'y

©)

The sol fraction w; is given by

w, = mcFoc(vp) + mgFop(ve) = me{l — & + &[(1 - &oe
+ (/21 + vl + me(l - & + Ecog)? (11)

where m¢ and my, respectively, are the weight fractions of diacid and
diepoxide units in the system, m; = ncM/(ncM¢ + ngMg) and my
= ]. - mc.
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The number of elastically active network chains (EANC) per
monomer unit, N,, is derived from the number of active cross-links.
An active cross-link is a monomer unit issuing at least three paths to
infinity. A bond issuing from a monomer unit has a finite continuation
with probability v and an infinite continuation with probability 1 —
v. In this case, only the epoxide units can contribute to N,; N, can
be obtained from the PGF Tg(6) defined as

Tg(8) = Foglvg + (1 — vc)8] = Etﬁi (12)

In this equation, the probability that a bond exists is weighted by
the probability that it has an infinite continuation. Of the distribution
of units given by ¢, only units with three and four infinite paths,
whose fractions are given by ¢, and ¢,, can contribute to N,. The
contribution is equal to half the number of issuing infinite paths.
Therefore,

N, = (Y2)ng(3t; + 4t,) (13)

By combining Equations 2, 9, and 12 and selecting coefficients at 6°
and 6* of Equation 12, one obtains

N, = (Y)ng[3e56,(1 — £P(1 — v)® + 3&pErvc(l — ve)
+ £2EH1 — v)Y] (14)

which yields
N, = Yongtat (1 — 0’3 — 2841 — vo)] 15)

The concentration of EANC per unit volume of nonextracted sam-
ple is

v, = N,d/M (16)

where M = ncM¢ + ngMg, w, = 1 — w,, and d is the density of the
sample.

The special effect of the transesterification reaction on network
formation can be demonstrated by the change in the gel fraction, w,,
and the number of EANCs, N, (Figure 1). Because the transesteri-
fication reaction causes both chain cross-linking and scission, the sol
fraction remains always finite. In Figure 1, the sol fraction w, = 1
— w, does not change much in a broad range of &, if the conversion
of carboxyl and epoxy groups is high. It may even pass through a
minimum, while N, monotonically increases. This special feature is
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T

1 1 ]
02 04 06 08 1

Figure 1. The calculated dependence ﬁf the sol fraction, w,, and the

number of EANCs per monomer unit, N,, on the extent of transesterifi-

cation reaction, &, in a stoichiometric mixture of diepoxide (M = 340) and di-

carboxylic acid (’5\4 = 188). The extent of addition esterification &; = &g
(1.0, 0.99, 0.95) is indicated.

in contrast to the situation in the usual cross-linking processes (e.g.,
vulcanization or polyfunctional condensation) in which w, and N, al-
ways increase simultaneously and w, may be brought down to very
small values.

Results and Discussion

Reversibility of the Transesterification (Disproportionation)
Reaction. Transesterification of poly(hydroxy esters) is expected to
be a reversible reaction. Indeed, the model reaction of PGE with
hexanoic acid in the presence of tertiary amines yielding the hydroxy
ester, 2-hydroxy-3-phenyloxypropyl hexanoate (M), in the first step
and a diester, 3-phenyloxy-1,2-propanediyl dihexanoate (D), and a
glycol, 3-phenyloxypropanediol (G), in the next step was found to be
reversible. The equilibrium constant, K, is related to the extent of
the transesterification reaction, &;.

k- G2 a7

For [G] = [D] (stoichiometric system), [M]/[M], = 1 — & and [G)/
[M], = £&/2, and Equation 17 becomes

K-8 (18)
41 - &)
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or

2VK
= T4 2vk a9

The value of K is of the order of 1071-10°, because only steric effects
and some differences in hydrogen bonding may play a role (¢, =l
would yield K =Y4). From our measurement, a value of K = 0.15 =+
0.05 was obtained for the reaction catalyzed with tributylamine (TBA)
at 110-120 °C.

Network Formation in the AA-DGEBA System. When equi-
molar mixtures of AA and DGEBA are heated under catalysis with
TBA, the concentrations of epoxy and carboxyl groups decrease at
the same rate; and, when these concentrations are almost zero, ge-
lation occurs. A typical example is shown in Figure 2. Continuous
heating makes the network denser and the sol fraction smaller (Figure
3); a steady state is reached after 60—100 h (110 °C). The concentra-
tion of EANC, v,, has been calculated from equilibrium compression
measurements, ¢ = ARTv, (A — A~?%), where o is the equilibrium
stress (negative in compression), R is the gas constant, T is the tem-
perature in K, A is the deformation ratio, and A is the front factor.
The concentration of EANCs, v,, is related to nonextracted samples;
from Equation 16, N, = v,M/d. Generally, A should vary between
(f. — 2)/f, and 1 (f, is the effective functionality of an active cross-
link), and for compression measurements A should be close to unity
(10). An additional contribution to v, may come from trapped entan-
glements (11). In our calculation of v,, A = 1 has been used.

As shown in Figures 3 and 4, the predicted trends in w, and N,

-
i

N

/1117117
ELATIO
r1rrirere

4%

1 |
2 4 6

t [h]

Figure 2. Time dependence of the fraction of unreacted carboxyl groups
in the stoichiometric mixture of AA and DGEBA catalyzed with 1 wt%
tributylamine at 110 °C.
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Figure 3. Time dependence of the gel fraction, w, (O), and concentration
ofg EANC, v, (@), in the stoichiometric mixture of AA and DGEBA cata-
lyzed with 1% tributylamine at 110 °C.

are obeyed: w, increases steeply just after gelation sets in and later
changes only little while the concentration of EANCs continues to
increase. A quantitative comparison with the theory is, however,
somewhat difficult because of the great sensitivity of w, and N, to the
extent of the addition esterification, £, = &;. Although & is close to
unity just at the gelation threshold, 1-2% unreacted groups may
remain beyond the gel point. Figure 4 shows the predicted depen-
dence of N, on w, for & = & = 1 and 0.99, as well as the experi-
mental data. The predicted trend is well fulfilled. The steady (equi-
librium) value of w, = 0.83 corresponds to & = 0.46 (§c = 1) or 0.57

01

005

T

06

Figure 4. The number of EANCs per monomer unit, N,, as a func-

tion of the gel fraction, w,, in the stoichiometric mixture of and

DGEBA cata%yzed with 1% tributylamine at 110 °C. The curves are calcu-

lated for the value of the extent of the addition esterification & = &g

indicated; experimental points weé*el calculated from the compression
modulus.
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(&c = 0.99), and these values give a K of 0.18 and 0.45, respectively.
The higher value seems more probable, because a small deviation (of
the order of 1%) from completeness and stoichiometry is likely.

Network Formation in the CTB-DGEBA System. The av-
erage functionality of anionically polymerized CTB is less than two
and, therefore, a higher sol fraction is expected in comparison with
the strictly bifunctional AA. Indeed, this expectation is confirmed by
the data in Figure 5.

To compare the results with theory, a slight modification of the
PGFs to take into account the functionality distribution of CTB has
been necessary. The C (carboxylic) component is composed of mol-
ecules of functionalities 0, 1, and 2, so that the PGFs F,; and F,¢
become

Foc(6) = ng + ny(1 — & + £0p) + ny(l — & + £85)°  (20)
Fic(8) = &, + &y(1 — & + £c0p) 21)

where n, is the mole fraction of molecules with i carboxyl groups and
¢; = in/Zin, Equations 9 and 10 now become

_ oo — (- 450 -

o dukc .

_ Vecksdy — 1+ & — &1/2 23
e &l - &) )

and the sol fraction is given by

04

T

03

02

20 30 40 0

0 6
t [h]
Figure 5. The sol fraction, w,, and the weight degree of swelling,

W, in chloroform as a function of time for the stoichiometric system
CTB-DGEBA.

The mixture was diluted with 16% toluene to decrease its viscosity; 1% tributyl-

amine, 110 °C; W = weight of sample swollen divided by weight of dry extracted

sample; the extent of transesterification (&) calculated from w, (0.70, 0.71, 0.74,
0.75, 0,75) is indicated.
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w, = mg{l — & + &1 — &ve + E2A + v)]P
+ melng + ny(1 — & + Evp) + ny(l — & + &cvp)?t (24)

In these equations the molecular weight distribution is assumed to
be independent of functionality distribution. If it were not so, the
number fractions (n;) would have to be replaced by weight fractions.

The time dependence of the sol fraction and weight degree of
swelling in chloroform are given in Figure 5. Equation 24 has been
used for calculation of & from w, by using the functionality distri-
bution data given in the experimental part. The equilibrium value of
& is now ~0.75, which corresponds to K = 2.2. This value is higher
by a factor of five than that for the system DGEBA—AA and by an
order of magnitude than that for the model system hexanoic acid—
PGE. The increase in K may be due to the decreasing polarity of the
system, which may enhance self-association by hydrogen bonding and
stabilization of the vicinal OH groups in the glycol unit (formation of
a five-membered ring).

Summary

Transesterification of poly(hydroxy esters) formed by addition ester-
ification of diepoxides with dicarboxylic acids leads to gelation and
formation of cross-linked structures. In stoichiometric systems cata-
lyzed by tertiary amines, transesterification is the only reaction suc-
ceeding addition esterification. However, transesterification is also
operative in nonstoichiometric systems where it competes with poly-
etherification or condensation esterification. Further work is needed
in this direction, because the use of an excess of the epoxy component
is the routine procedure for preparation of in situ reinforced rubbers.

Although transesterification is considerably slower than addition
esterification, it interferes whenever a high conversion of epoxy and
carboxyl groups is required. Such a situation arises, for instance, in
the synthesis of unsaturated polyesters. The relative extent of trans-
esterification seems to depend largely on the catalyst. Chromium
complexes catalyze more specifically the addition esterification (I),
so that the tendency to gelation can be suppressed (12).

List of Symbols

A Front factor
AA Azelaic acid (nonanedioic acid)
CTPB Carboxyl-terminated polybutadiene

[D],[G],IM] Molar concentrations of diester (3-phenyloxy-1,2-
propanediyl hexanoate), glycol (3-phenyloxypro-
panediol), and monoester (3-phenyloxy-2-hydroxy-
propyl hexanoate), respectively

DGEBA Diglycidyl ether of bisphenol A

EANC Elastically active network chain
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Foc.Fop.F o, Fiz  Probability generating functions for diacid and di-

epoxy units

K Equilibrium constant

M, Mg Molar weights of the acid and epoxy monomer, re-
spectively (M = ncMy + ngMj)

N, Number of elastically active chains per monomer
unit

T Probability generating function for active cross-
links

TBA Tributylamine

w Weight degree of swelling

d Density

mg,mg Weight fractions of diepoxy and diacid units, re-
spectively

n,; Mole fractions of molecules with i carboxyl groups

t Fraction of units with i bonds having infinite con-
tinuation

U,V Extinction probabilities

Wy, W, Sol and gel fractions, respectively

; Fraction of groups belonging to molecules with i

carboxyl groups

A Deformation ratio

v, Concentration of elastically active chains

o Equilibrium stress

0c,05 Dummy variables of probability generating func-
tions

£.¢ Conversion of the carboxyl and epoxy groups, re-
spectively

&r Extent of the transesterification
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The Toughening of Epoxy Resins
with Reactive Polybutadienes

KAREL DUSEK!, FRANTISEK LEDNICKY?, STANISLAV LUNAK?,
MILOSLAV MACH?, and DAGMAR DUSKOVA?

'Institute of Macromolecular Chemistry, Czechoslovak Academy of Sciences,
162 06 Prague 6, Czechoslovakia

®Research Institute for Synthetic Resins and Lacquers,

Pardubice, Czechoslovakia

3Research Institute of Production Cooperatives, Prague 5, Czechoslovakia

The modification of epoxy resins with carboxyl-terminated and
hydroxyl-terminated liquid polybutadienes is described. The ef-
fect of this modification on the toughening of cured resins is
compared with the effect of carboxyl-terminated butadiene—ac-
rylonitrile copolymers (CTBN). Carboxyl-terminated polybuta-
dienes (CTPB) are less compatible with the resin than CTBNs;
resins modified with a prereacted CTPB of molecular weight
~2000 separate into two phases at room temperature, but may
form a homogeneous solution at the elevated temperatures used
in curing with anhydrides. The miscibility of the polybutadienes
(PBD) was increased by attaching to the hydroxyl-terminated
polybutadiene (HTPB) or CTPB polyester end-blocks formed by
an in situ reaction of tetrahydrophthalic anhydride and phenyl
glycidyl ether. The toughness of cured resins modified with prere-
acted CTPBs or PBDs with polyester end-blocks was comparable
to those modified with CTBNs, although their morphology was
usually much finer and had diffuse phase-separated regions.

CARBOXYL—TERMINATED BUTADIENE—ACRYLONITRILE (CTBN) copolymers
have been used most often for improving fracture properties of epoxy
resins (I—4). The existence of phase-separated rubber particles 10°-
10° nm in diameter is believed to be the necessary condition for a
substantial increase in fracture energy. The modified resins should
be stable prior to curing over an extended period of time. The two-
phase structure should develop during polymerization at a time when
the system is viscous enough to prevent macroscopic phase separa-
tion, but still below the gel point. If these conditions are not met,
the chemical network would prevent the rubber phase from forming
particles of a desirable size (5).

0065-2393/84/0208-0027/$06.00/0
© 1984 American Chemical Society
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For some purposes, however, the acrylonitrile (AN) copolymers
are not suitable. Monomeric AN is carcinogenic and butadiene—ac-
rylonitrile (B—AN) copolymers always contain traces of the AN
monomer. Existing regulations do not permit the use of this material
in products coming into direct or indirect contact with the human
body. Also, when making liquid rubbers by anionic polymerization,
AN cannot be used as a comonomer. For these reasons, an investi-
gation of a modification using telechelic PBDs is of interest. No sys-
tematic study of this modification has been carried out as yet, ob-
viously because of the general lack of compatibility of PBD and epoxy
resins.

In this chapter, we report our results on the modification of epoxy
resins of diglycidyl ether of bisphenol A (DGEBA) with liquid PBDs.
Their miscibility with the resins was increased (a) by prereaction of
the carboxyl groups with epoxy groups of the resins and (b) by at-
taching to the OH or COOH groups of the PBDs a polyester block
formed by an in situ reaction of monoepoxide and cyclic anhydride.

Experimental

Resins and Rubbers. Several commerical low molecular weight epoxy
resins of the DGEBA type containing 5.07~5.28 mmol/g epoxy groups and 0.15—
0.40% Cl were used. The HYCARs (PBD) are commercial products of The
BFGoodrich Company. The development samples of HTPB (BH) were prepared
by free radical polymerization using functional initiators. The development sam-
ples of CTPB (LBH) and HTPB (LBC), research products of the Research In-
stitute for Synthetic Rubber (Kralupy, Czechoslovakia), were prepared by an-
ionic polymerization. Their characteristics are given in Table 1.

Polybutadienes with Polyester End-blocks. HTPB or CTPB was reacted
with hexahydrophthalic anhydride (HHPA) and phenyl glycidyl ether (PGE)
under specific catalysis with Cr(III) complexes (see Reactions 1 and 2).

Table I. Characteristics of Liquid Rubbers

Microstructure
(%)
Reactive AN c _
Rubber Groups (%) (mmollg) M f 14 1.2
HYCAR CTBN
1300X8 COOH 19 0.53 3200 1.7 88.0 12.0
LBC 264 COOH 0 1.17 1550 1.9 31.2 68.8
LBC 266 COOH 0 0.79 2200 1.7 339 66.1
LBC 272E COOH 0 0.91 1980 1.8 38.6 61.4
HYCAR HTB
2000X166 OH 0 0.41 3800 1.6 — —
BH OH 0 1.03 2200 2.3 79.0 21.0
LBH 283E OH 0 0.77 2150 1.7 44.0 56.0
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MAPBAMMOH  + (x+]) /O + x OCH,CHCH, —
N\ /
CO o
\ ~ AN
AMAPB MO CO COOCH;CHO CO COOH
\
Reaction 1

AMPB AMACOOH +@ OCH,CHCH; —»
NI
o
MAPB MACOOCHg('ZHCHzo @+ x HHPA + (x-1)PGE
OH

MAPB AMACO OCH,CHOCO CO | OH

Reaction 2

Typically, the HTPBs were stirred with HHPA and the Cr catalyst ATC-3 (Cor-
dova Chemical, Sacramento, CA), and the temperature was raised to 60—80 °C.
After 20 min, PGE was added and the mixture was kept at 80 °C for 4 h. The
CTPBs were first reacted with an equimolar quantity of PGE (catalyst AMC-2)
at 80 °C for 2 h. HHPA and possibly PGE were then added, and the mixture
was stirred at 80 °C for another 2 h. The block copolymers are listed in Table
II. The copolymers were diluted with the epoxy resin, and the mixture was
stirred at 80 °C for 2 h; the HYCAR HTB 2000X166 was stirred at 100 °C.

Prereaction. All carboxyl-terminated rubbers were prereacted with the
epoxy resins either in the absence of a catalyst or in the presence of Cr(III)
catalyst AMC-2. In the absence of the catalyst, the components were reacted
for 2 h at 150 °C. (6). In the presence of the Cr(III) catalyst, the reaction time
was 2 h at 80 °C. The rubbers with polyester end-blocks terminated with a
carboxyl group were also prereacted with the resin. The prereaction was cata-
lyzed with the Cr complexes already present in the system to catalyze the
formation of polyester as described in the previous section.

Curing and Testing of Cured Resins. Bulk samples were prepared from
resins cured with HHPA in presence of 0.5% benzyldimethylamine at 100 °C
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Table II. Polybutadiene—Polyester Block Copolymers

Moles per Group
Sample wt% PBD
Designation Parent Rubber PGE HHPA in Copolymer
BH/P-1 BH 0 1 88
BH/P-2 BH 1 2 68
BH/P-3 BH 2 3 57
HY/P HYCAR HTB 2 3 77
LH/P LBH 283E 1 2 74
LC/P LBC 272E 1 1 78

for 2 h and at 130 °C for 16 h in Teflon-plated molds. Standard methods were
used for determination of thermomechanical properties. Fracture toughness was
measured in three-point bend tests on single-notched specimens (7, 8).

Curing with diethylenetriamine at room temperature was used for deter-
mination of lap shear strength. The surfaces of an aluminium alloy (Dural) were
first degreased with acetone and then pre-etched with acid chromate solution.
The curing took place at room temperature for 5 days.

Results and Discussion

In this preliminary study, we have attempted to answer the following
questions:

1. Can prereacted CTPB form stable solutions in the resin at
room temperature?

2. If these solutions phase separate at room temperature, can
they be used in high-temperature curing?

3. How long should the polyester end-block be to secure the
solubility of PBD in the resin?

4. How much does the toughening efficiency differ from that
produced with CTBN?

5. Is the morphology the same as for CTBN-modified and cured
resins, and is the presence of segregated spherical rubber particles
a necessary condition for toughening?

The choice of functional rubbers as far as the variations in com-
position are concerned was rather limited. Samples with a sufficient
range of molecular weights were represented by anionically poly-
merized PBD with a rather high vinyl content and a narrow molecular
weight distribution. The samples prepared by free radical polymer-
ization were of different origin and/or the chain terminal units to
which the OH or COOH groups were attached were of different
composition. In addition to the rubbers listed in Table I, HYCAR
2000X162 (higher molecular weight and low vinyl content) and Nisso
G-3000 (very high vinyl content) were modified, and their miscibility
with the epoxv resin was tested.

Stability of the Modified Resins. Similarly to B-AN copoly-
mers (9), the PBDs also exhibit an upper critical solution tempera-
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ture, but the immiscibility gap is shifted to considerably higher tem-
peratures. All resins containing 5-20% rubber not prereacted with
the resin formed two-phase systems; the mixtures separated more or
less rapidly into two bulk layers. The prereaction helps, but only the
prereacted PBD with the lowest molecular weight (1550) was com-
patible with the resin at room temperature (Table III). For these
anionically polymerized rubbers, the threshold molecular weight for
the appearance of phase separation is estimated to be between 1600
and 1900.

Attachment of the polyester block helps to increase the compat-
ibility as is demonstrated by the results of the modification of the
BH polybutadiene (Table 1V). The minimum length of the end-block
required to produce a stable system is equal to two anhydride and
one epoxide unit. The anionically polymerized LBH and LBC rub-
bers modified by the same procedure behave somewhat untypically
in that they are slightly turbid after modification. The turbidity is
stable, and no phase separation is observed. Also, the viscosity in-
creases much more than it does as a result of modification of the BH
rubber. Originally, the turbidity was presumed a result of a high vinyl
content. Experiments with the Nisso rubber (much higher molecular
weight) disproved this assumption, however, because the modified
rubber was clear. The possibility of impurities such as residual
lithium that could catalyze the formation of unattached polyester
could be ruled out because of the very low concentration of Li (sev-
eral parts per million). A reason still to be checked is the relatively
narrow distribution of molecular weights.

Although the long-term stability of the modified resins is an im-
portant factor, its absence does not prevent the rubber from being
used in the modification at higher curing temperatures at which the
system is homogeneous again. The prereacted LBC rubbers of mo-

Table III. Appearance and Morphology of Cured Modified Resins

10% Rubber 20% Rubber
Rubber mr anc ame mr anc amc
HYCAR CTBN
1300X8 c t,P — c t,P —
LBC 264 c c,S ¢S c ¢,S-R h
LBC 266 t,s c,h,S-R — t,s h,F —
BH/P-2 c ¢,S-R h,S-R ¢ ¢,S-R  ¢,hF
BH/P-3 ¢,h c¢h R ¢ — c,h,F
HY/P c ¢,S-R ¢,R c c,R c
LC/P t,s ¢,S-R h h,t ¢,S-R  h,R
LH/P t,s ¢,S-R — h,t ¢,S-R —

Key to abbreviations: mr, modified resin; anc, anhydride cured; ame, amine cured;
c, clear; t, turbid; h, hazy; s, separates upon storage into two layers, room temperature.
Morphology —P, separated particles; S, smooth surface; F, pronounced fluctuations
without a sharp boundary; R, rippled surface.
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Table IV. Effect of Length of the Polyester End-block on the Stability of
Modified Resins and Lap Shear Strength (o) of Resins Cured with DETA

at 25 °C
Modified Resin
Rubber Epoxy  Cured Resin
Type Appearance Stability Viscosity® (mmol/g) o, (MPa)
Unmodified clear stable 13.5 5.3 10.5
Prereacted turbid unstable — — —
BH/P-1 turbid slow 27 — —
separation

BH/P-2 hazy stable 34 4.2 23
BH/P-3 clear stable 48 4.1 22

4 Pascal seconds.

lecular weight up to 2200—2300 form a clear solution in the resin at
100 °C curing temperature for the HHPA-DGEBA systems, but a
prereacted LBC rubber of molecular weight 2500 was not compatible
even at this temperature.

Appearance and Morphology of Cured Resins. Unlike the sit-
uation with typical AN copolymers—transition of clear and homo-
geneous systems into turbid and phase-separated systems during
curing—the clear PB-modified resins usually yield cured systems
without the formation of any distinctly phase-separated rubber par-
ticles. This observation points to the special role of AN units in their
interaction with the partially cured resins. Some cured resins have a
morphology not much different from the unmodified resins. They
show a more or less smooth fracture surface—type S in Table III—
that means the rubber is dissolved in the resin.

Distinctly separated particles, such as in CTBN (type P in Table
III), are not usually observed in PBD-modified systems, although the
mechanical properties are favorably affected. A characteristic mor-
phology in this case has no sharp phase boundary but has pronounced
fluctuations (type F in Table III) in composition (Figure 1) or a rip-
pled surface (R fracture surface in Table III) with striations that are
finer than the F-type surface and point to partial demixing. The F-
or R-type morphology is sometimes observed for systems modified
with rubber without a polyester block, but it is more typical of rubber
with a polyester block.

Thermomechanical and Fracture Properties. Comparison of
the properties of modified and unmodified resins (Table V) shows that
the highest toughening effect is indeed obtained with the classical
HYCAR CTBN rubber. However, with PBD rubbers a comparable
toughening can be obtained as well without a loss in the heat distor-
tion temperature in spite of the different morphology corresponding
to a much less distinct phase separation. A similar observation has
been made with modification of the resins with amine-terminated
rubbers (3). As expected, the fracture toughness is the quantity most
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Figure 1. T;Jqpical racture su(?‘aces of cured, modified resins. (A) Smooth

Sfracture surface of unmodified, anhydride-cured resin. (B) Separated par-

ticles in the fracture surface of a modified (10% HYCAR CTBN), anhy-

dride-cured resin. (C) Pronounced fluctuations in the Dfracture surface of

a modified (20% LBC 266), anhydride-cured resin. (D) Rippled fracture
surface in a modified (10 BH/P-1), amine-cured resin.

sensitive to modification. The highest values correspond to the R-
type morphology.

Conclusions

Although the systems and conditions for modification of epoxy resins
with functional PBDs have not yet been definitely optimized, clearly
the PBDs can replace the B—~AN copolymers whenever necessary.
The main drawback of PBD is its poor compatibility with the resins.
This drawback can be overcome by an increase in temperature and
optimization of the molecular weight in high-temperature curing or
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Table V. Relative Thermomechanical and Fracture Properties of Cured
Modified Resins

10% Rubber

20% Rubber

Rubber

in Resin  HDT 1, A E K¢ o, HDT 7, A E K¢ o
HYCAR

CTBN 92 9 130 9 215 — 8 75 170 75 289 —

LBC 264 92 95 115 95 174 195 76 80 150 85 184 160
LBC 266 102 9 170 8 162 — 87 70 200 70 205 —
BH/P-2 104 95 100 70 220 205 94 85 190 60 202 185
BH/P-3 - - - - = 200 - - — — — 18
HY/P 105 60 140 50 207 160 85 40 145 30 181 125
LC/P 101 65 150 60 192 — 90 — — — 120 195

Note: All values are for anhydride-cured systems. Unmodified resin: HDT = 131
°C; 7, = 130 MPa; A = 1.8 J/lem%, E = 2800 MPa; K;c = 0.53 MPa m"%; and o, = 10
MPa,

Key to abbreviations; HDT, heat distortion temperature; 1,, flexural strength; A,
impact strength; E, flexural modulus; K¢, fracture toughness; and o, lap shear strength
of DETA-cured resins.

by the chemical attachment of a more polar block. A polyester block
can easily be attached by reaction of a cyclic anhydride and mono-
epoxide to both HTPB and CTPB. For functional PBDs obtained by
free radical polymerization and for low-temperature curing, the op-
timum molecular weight range seems to be 2000—2500, and the op-
timum molecular weight range of the block is 450—-600.

The morphology of modified and cured resins differs from that
typical for modification with B-AN copolymers. It is finer and has
diffuse boundaries with less distinct segregation of the rubber.

List of Symbols

A Impact strength

AN Acrylonitrile

B Butadiene

BH Development sample of HTPB prepared by free rad-
ical polymerization using functional initiators

c Concentration, mmol/g

CTBN Carboxyl-terminated butadiene—acrylonitrile co-
polymer

CTPB Carboxyl-terminated polybutadiene

DETA Diethylenetriamine

DGEBA Diglycidyl ether of Bisphenol A

E Flexural modulus, MPa

F Fluctuation-type morphology of fracture surfaces

f Number-average functionality of the liquid rubber

HDT Heat distortion temperature, °C

HHPA Hexahydrophthalic anhydride

HTPB Hydroxyl-terminated polybutadiene

K¢ Fracture toughness, MPa m*

LBC,LBH Development samples of CTPB and HTPB,

respectively
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M Molecular weight

P Particle-type morphology of fracture surfaces

PBD Polybutadiene

PGE Phenyl glycidyl ether

R Rippled-type morphology of fracture surfaces

S Type of the fracture surface morphology with smooth
surfaces

T, Flexural strength, MPa

o, Lap shear strength, MPa
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Simultaneous Interpenetrating
Networks Prepared from Special
Functional Group Triglyceride Oils

Lesquerella palmeri and Other Wild Plant Oils

M. A. LINNE, L. H. SPERLING, A. M. FERNANDEZ,
SHAHID QURESHI, and J. A. MANSON

Polymer Science and Engineering Program, Materials Research Center,
Lehigh University, Bethlehem, PA 18015

Lesquerella palmeri is an oil-bearing wildflower that grows in
the deserts of the western United States. The structure of the oil
from this plant is similar to that of castor oil and contains hy-
droxyl groups. These hydroxyl groups can be reacted with sebacic
acid (decanedioic acid) or toluene 2,4-diisocyanate to form poly-
esters or polyurethanes. If both cross-linkers are used, a mixed
polyester—polyurethane is formed. Several interpenetrating
polymer networks (IPNs) and simultaneous interpenetrating net-
works (SINs) with divinylbenzene (DVB) were made. The mor-
phology of these samples depends on the method of synthesis; the
sequential IPNs have smaller domains than the SINs. Modulus—
temperature studies on a number of compositions show that the
SINs and IPNs are tough, leathery materials in the midrange
compositions,

PETROLEUM PRICES HAVE DECLINED DURING the 1982-—83 period, but
present oil supplies are inadequate to meet long-term demands. One
way to prevent an economic and standard of living crisis resulting
from an oil shortage is to have new raw materials waiting “in the
wings.” When the economic picture changes sufficiently (a condition
that may not be very far off), these new materials can be smoothly
put into service as needed.

Most of these “new materials” are not new at all; they are natural
products, sometimes called “renewable resources.” As agricultural
products, various plants can be grown over and over again. Many

0065-2393/84/0208-0037/$06.00/0
© 1984 American Chemical Society
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renewable resources are materials familiar to most people: cellulose,
natural rubber, and wool (I, 2). Other renewable resources are vir-
tually unknown, however, including the special functional group tri-
glyceride oils (I, 3). Although most triglyceride oils, such as linseed
and tung, have only double bond functionality, a few others naturally
develop hydroxyl and epoxy functional groups (3, 4).

Of the special functional group oils. only castor oil [1,2,3-pro-
panetriyl tris(12-hydroxyoctadec-9-enoate), I] has become commer-
cially important. Surprisingly, some 99% of this oil goes into items
such as urethane rubber and paints, and only about 1% goes into the
wnedicinal market, although this 1% has become the most well-
known.

Although castor oil has the advantage of relatively high purity,
the castor plant is grown commercially only in a tropical climate.
Therefore, we explored the chemistry of OH-bearing oils from plants
that grow within the United States, preferably in climates unsuitable
for most other agricultural purposes. High on this list is Lesquerella
palmeri, a desert flower that grows mainly in Arizona. L. palmeri,
known locally as Bladder Pods or Pop Weed (because of the brittle
seed pod), produces an oil [1,2,3-propanetriyl tris(14-hydroxyeicos-
11-enoate), II] that bears hydroxyl groups.

The number of methylene groups on the acid residue of L. pal-
meri oil is two more than with castor oil; hence the glass transition
temperature (T,) of L. palmeri based polymers should be lower. Of
course, the method of polymerization must also be taken into ac-
count; for example, degree of hydroxy functionality and the curing
agent may affect the T,.

In addition to the natura.l occurrence of special functional groups
in the renewable resource, they can be added through epoxidation
or other reactions on the double bond. For example, oils from plants
such as linseed, Lunaria, Lesquerella gracilis, and Crambe have been
epoxidized to increase reactivity (5). This possibility was also con-
firmed for L. palmeri (and used in this study).

These epoxidized oils, as well as the naturally occurring, epoxy-
bearing oils (Vernonia) can be polymerized through a variety of reac-
tions. One such reaction involves sebacic acid (decanedioic acid), a
derivative of castor oil (see Scheme 1). Through this type of reaction,
an elastomer can be synthesized from all natural products.

(l) OH

I

H,— o C -(CH,);,-CH=CH-CH, —JZH—(CHZ)s—CHa
OH

C
Lol 7
lH o- CO(CHz) ~CH=CH-CH,~ H- (CH2)5—CH3

I
Hy~O - C —(CH,),~CH=CH-CH, - éH (CH,)s—CH,

I
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O (|)H
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I |
o)

OH
H,-O - (”: —(CH,)y-CH=CH-CH,- CH-(CHy)5-CHj
H
I
OH
0 COOH~ ~3:H-CH~
N\
2~CH-CH + (CH,;, — (|)
OOH~ i:o
(CHy)g
&=o
OH J)
“endn-
Scheme 1

During polymerization, these oils can be formed into sequential
interpenetrating polymer networks (IPNs) or, more commonly, into
simultaneous interpenetrating networks (SINs) (6). Briefly, an IPN
is defined as a combination of two polymers in network form, at least
one of which is synthesized and/or cross-linked in the immediate
presence of the other. In an SIN, both networks are polymerized
simultaneously but by independent reactions.

Both the IPNs and SINs produce toughened elastomers and
reinforced plastics in a manner somewhat parallel to block and graft
copolymers. However, the IPNs frequently have small domain sizes
controlled by the cross-link density (7).

This chapter presents new information on the polymerization
and SIN formation of novel, special functional group triglyceride oils
and describes the morphology and mechanical behavior of these ma-
terials.

Experimental

Synthesis. The SIN synthesis from a special functional group oil is illus-
trated in Scheme 2. The botanical oil plus cross-linker is reacted to form an
elastomeric prepolymer. The prepolymer is mixed with the vinyl monomer plus
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cross-linker. The vinyl monomer is polymerized with stirring until near the gel
point. The product is then poured into a cell, heated to network formation, and
eventually postcured at 160 °C for 2 h. The oil forms polymer network 1, and
the vinyl monomer forms polymer network 2 (see Scheme 2).

Botanical Oil + Crosslinker

140-180 °C
Vacuum or Nitrogen Atm.
Stirring

T

Elastomeric Prepolymer
+ Styrene and Divinyl Benzene
70-80 °C
Nitrogen Atm.
Stirring
.... Polymer network 1

SIN: Polymer network 2

Postcuring: 24-28 hours.
180 °C.

Product
Scheme 2

L. palmeri oil seeds were obtained from R. Kleiman (Northern Regional
Laboratory, USDA, Peoria, IL), and the oil was solvent extracted to yield 30%
by weight. The oil contains about 51% by weight lesquerolic acid (14-hydrox-
yeicos-11-enoic acid), which bears hydroxyl groups (8—10). This functionality
corresponds to 1.73 hydroxyl groups per oil molecule. The remaining triglyc-
erides include both saturated and unsaturated species. IR analysis on our sam-
ples, however, yielded a functionality corresponding to 2.25 mol of hydroxyl
groups on the basis of M = 1009.5 g/mol. This result is somewhat higher than
the previous value. Cross-linking the oil by polycondensation with sebacic acid
alone at 180 °C under vacuum results in tacky materials. However, suitable
polyester or polyester—polyurethane homopolymers were obtained either by
increasing the hydroxyl functionality by adding polyols (e.g., glycerol) or, taking
advantage of the unsaturation by sulfur vulcanization, by radical-grafting with
tert-butyl hydroperoxide (¢, ~ 5 h at 180 °C). The glycerol content was kept
at 5% on the basis of oil weight, and both sulfur and tert-butyl hydroperoxide
were 1%.

In order to increase the oil reactivity, the oil was epoxidized to attain a
double bond functionality of 3.5/mol of oil. Typical epoxidation procedures in-
volve the use of glacial acetic acid, an ion-exchange cationic catalyst (Dowex
50W.X-8), toluene, oil, and the required amount of hydrogen peroxide. After
extraction and cleaning, an 80% yield of epoxidized oil was obtained. The ho-
mopolymer was synthesized readily under mild conditions (140 °C); gelation
occurred at 70% conversion. The T, of the homopolymer increased from —65
°C, for the crude oil based elastomer, to —28 °C, for the epoxidized oil based
elastomer, because of the higher cross-link density in the epoxidized oil.
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Prepolymers were obtained by stopping the homopolymerization well be-
fore gelation, and typical SINs were produced from mixtures of the desired
amount of prepolymer and styrene with divinylbenzene (DVB) as the polysty-
rene (PS) cross-linker. Whenever toluene 1,4-diisocyanate (TDI) was used to
cure the polyester—polyurethane network, the time of addition to the reaction
vessel was critical and was just before the PS gelation.

The term SIN implies that both the networks (one from the polyconden-
sation of the oil and the other from radical polymerization of the styrene mixture)
ought to be distinct and interlocked. However, experimental evidence suggests
grafting between the two networks. Thus, some grafting is probable because of
double bonds in the oil.

Multiple SIN compositions were synthesized by using prepolymers from
either crude oil or epoxidized oil. The prepolymers were cured to yield polyester
or polyester—polyurethane networks. The SINs included oil/PS ratios of 15/85
and 50/50. The DVB level was 5% molar on the basis of styrene concentration.

In addition to the SIN synthesis, a few sequential IPNs were made. An
epoxidized oil was reacted with sebacic acid until the network was complete.
Styrene and DVB were then swollen in and polymerized.

The network compositions used are summarized in Table I. Crude L. pal-
meri oil means “as extracted.” The epoxidized products are indicated.

Instrumental. Stress—strain curves were obtained on a TTDL model Uni-
versal Testing Instrument with a 200-1b tensile load cell (Instron Engineering
Corp.). The shear modulus at 10 s, G,,, was determined with a Gehman torsion
stiffness tester by raising the temperature 1 °C/min.

Transmission electron microscopy (TEM) studies were made on osmium
tetroxide stained samples that were cut into thin sections with a Porter-Blum
MT-2 ultramicrotome equipped with a diamond knife (Du Pont). A Philips 300
transmission electron microscope was employed.

Results

Because of phase separation, the L. palmeri SINs were all opaque;
most were light yellow because of the original color of the oil. The

Table I. Network Compositions and Glass Transition Temperatures (T,)

Composition T," T g.?b

Elastomer

Poly[LP(SULF(1%)),SA(1.0)] —65 _

Poly[LP,SA(0.75),TDI(0.25)] _55 _

Poly[ELP,SA(0.70)] 98 _
SIN 50/50

Poly[(LP(TBHP(1%)),SA(1.0))-SIN-(S, DVB(5%))] -52 114

Poly[(LLP,SA(0.40),TDI(0.60))-SIN-(S, DVB(5%))] -55 113

Poly[(LP(SULF(1%)),SA(1.0), TDI(0.40))-SIN-

(S,DVB(5%))] —55 120
Poly[(ELP,SA(0.40), TDI(0.60))-SIN-(S, DVB(5%))] -13 110
Poly[(ELP,SA(0.70))-SIN-(S, DVB(5%))] -8 112

IPN 50/50
Poly[(ELP,SA(0.70))-IPN-(S,DVB(5%))] 44 _

Note; Key to abbreviations: LP, crude Lesquerella palmeri oil; ELP, epoxidized L.
palmeri oil; SA, sebacic acid; TBHP, tert-butyl hydroperoxide; S, styrene; and SULF, sul-
fur. Polystyrene T, = 92 °C.

9 Temperature (°C), plastic phase.

Temperature (°C), elastomer phase.
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Poly {{LP(TBHP(1%),SA(1.0)]-SIN-
(S,DVB(5%)} 50/50

Poly {{LP(SULF(1%),SA(1.0), TDI(0.40)]-SIN-(S,DVB(5%)} 50/50
60% SA Converted

FiFure 1. Transmission electron microscopy of OsOstained lesquerella
oil based SINs. TDI sharpens the phase boundaties over that produced
only by the sebacic acid.

50/50 SINs were rather flexible and had low moduli; therefore, the
oil phase may be continuous in these materials. This observation was
confirmed by TEM. In contrast, 15/85 SINs were more rigid, al-
though their oil phases also proved to be continuous.

Because of the remaining double bonds, the samples could be
stained with osmium tetroxide, which makes the rubber phase appear
dark; typical micrographs are shown in Figure 1. When the sample
is cured with both sebacic acid and TDI, the phase domain interfaces
become more distinct, and the phases become larger. The materials
also may have a higher cross-link density because finishing the reac-
tion with TDI is more efficient.

The phase domains of the sequential IPNs were smaller than
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Poly [(ELP,SA(0.70))-SIN~(S, DVB(5%))]
50/50

. lpm

Poly [(ELP,SA(0.70))-IPN-)S,DVB(5%)]
50/50

Figure 2. The phase domains of an IPN are smaller than those of an SIN;
thus, the IPN is more transparent.

those of the corresponding SINs (see Figure 2). As a consequence of
the smaller domains, the samples were optically clear. This effect is
also illustrated in Figure 2.

In the sequential IPNs, the phase domain size of polymer net-
work 2 is controlled by the cross-link density of polymer network 1
(7). Domains on the order of 1000 A are common. For the SINs, the
domain size is controlled primarily by the shear rate, and domains
of 1 pm are common.

The modulus—temperature behavior of typical compositions is
shown in Figure 3. The crude oil based network forms an elastomer
with a T, of approximately —65 °C. The polystyrene network forms
a plastic with a T, near 92 °C. The SIN shows both T, values and an
intermediate plateau. At room temperature, this composition is in
the leathery range.

The glass transitions of several compositions are shown in Table
I. The T, values of the epoxidized oil compositions are higher than
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1 Poly(LP,SA(0.75), TDI(0.25))

2 Poly{[LP,SA(0.40), TDI(0.60)]-
SIN-[S,DVB(5%)]}

3 PS(1% DVB)

Figure 3. The shear modulus—temperature behavior of the crude oil based
elastomer (O), the PS network (O), and an SIN (A).

those of the crude materials, because of the greater level of cross-
linking.

The tensile behavior of several SIN and IPN compositions is
shown in Table II. The mechanical properties of the crude oil prod-
ucts are better than those of the epoxidized oil and exhibit higher
stress at break.

The properties of the crude oil SINs are further illustrated in
Figure 4, which shows the tensile energy at rupture for several ma-
terials computed from the areas under the stress—strain curves. The
crude oil SINs show much higher energy to rupture, in the range of
5 to 10 MJ/m? for the better samples.

Discussion

Effect of Grafting and Cross-linking. Although the chemistry
of SIN production can be idealized, some of the complexities may be
seen in Table I. The T, values of the epoxidized networks were higher
than those of the crude oil networks. Perhaps the present samples
had too high a degree of epoxidation. A more moderate level of
epoxidation might still allow for better network formation without

raising the T, excessively.
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Homopolymers

Poiy ELP. SA (3. 78) }—
Py -

Crude oil SIN’S

Poly [ (LP CTBHP (2%). SA (8. 78>, TDI (8. 38) ) -SIN- (S, DVB (5%>>158/58¢
Poly [CLP, SA(B. 48>, TD1 <@. 80> ) ~SIN- (S, DVB (5%) ] 15/85
Poly [CLP CTBHP) €1%))3 SAC1, 8)) -SIN-(S, DVB(5%))158/50
Poly LCLP, SA (B, 48> . TDI (8. 68> ) -SIN- (S, DVB (5%)) 158/56
Poly LCLP(SULF (1%)), SAC1. 8>, TDI (@. 48)) ~SIN- (S, DVB (5%)) 158/50———e

Epoxidized oil SIN’'S
Poly I<ELP. SAC B4B), TDI (8. 68)) -SIN~ (S, DVB(5%)>115/85— e
Poly [(ELP. SA(B. 78)) -SIN- (S, DVB (5) ) 1 50/50

Poly [CELP, SA (0. 78) ) -1PN- (S, DVB (5%) > 1 58/5@ M‘l/

1234867890112

Figure 4. Tensile energy at rupture for various SINs and IPNs.

As can be seen in Table I, the glass transition of the PS is raised
in the SINs. If molecular mixing were the chief effect, the T, values
should go down. Two possible mechanisms may cause the increase.
First, some sort of antiplasticization may be visualized, where the oil
fits into the free volume of the PS. However, this mechanism seems
difficult to visualize. Second, one may imagine that the double bonds
in the oil are causing extra cross-linking through grafting reactions
with the PS; increased cross-linking tends to raise the glass transition
of the network.

The lower level of cross-linking in the crude oil products defi-
nitely contributes to better mechanical properties. The SINs made
from the crude oil 50/50 compositions especially were very tough,
leathery materials.

Behavior of Related Materials. As previously mentioned, the
naturally occuring triglyceride oils can be divided into two subcate-
gories. Most of the oils contain only a double bond functionality, but,
a few, such as vernonia and castor (11) as well as lesquerella, contain
additional groups. Whereas castor and lesquerella contain hydroxyl
groups, vernonia contains epoxy groups (12).

However, the functionality of oils with only double bonds can
be increased through epoxidation. In the previous sections, we de-
scribed the epoxidation of lesquerella oil; linseed, crambe, and lu-
naria oils have also been epoxidized and then polymerized through
a variety of reactions. The use of sebacic acid and TDI has already
been described but dimer acids (aliphatic, monocyclic, and bicyclic
acids with two carboxyl groups) have also been used.

The glass transitions of the polymerized oils are compared in
Table III. In general, the oils that were synthetically epoxidized have
higher T, values than those that were not, primarily because of the

e
higher cross-link density. Milder reaction conditions may have per-
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Table III. Glass Transition Temperatures of Networks Made from Special
Functional Group Oils

Oil Cross-linker T, (°C)

Not Synthetically Epoxidized

Castor Sebacic acid —66°

Castor Sebacic acid-TDI —50°

Castor TDI —4°

Lesquerella palmeri Sebacic acid—TDI -55
Naturally Epoxidized

Vernonia anthelmintica Sebacic acid —50°
Synthetically Epoxidized

Linseed Dimer acid -18

Lunaria annua Dimer acid -34

Crambe abyssinica Dimer acid -35

Lesquerella gracilis Dimer acid -27

Lesquerella palmeri Sebacic acid —-28

@ Reference 11,
Reference 12.

mitted lower glass transition temperatures. The aromatic compound
TDI also raises T, above that of the aliphatic sebacic acid.

The T, values of these elastomers are important because tougher,
more impact-resistant plastics can be obtained through the incorpo-
ration of lower T, elastomers. With optimized chemistry, all of these
oils could be prepared with T, values in the range of —40 to —60 °C.

In materials studied so far, the different oils yield SINs with
similar morphological features. Below about 15—-20% oil, with proper
stirring, the system phase inverts to the plastic (PS) phase continuity.
The resulting material is a rubber-toughened plastic. Above about
20% oil, phase inversion fails to occur, and the rubber (oil) phase
remains continuous. These materials behave as reinforced elasto-
mers. Midrange compositions with the continuous rubber phase have
moduli in the leathery range.

Structure of IPNs and SINs. Although the “ideal” structure of
an IPN or SIN may be two completely independent networks without
any grafting, real IPN and SIN structures have variable but usually
low extents of grafting. For example, Widmaier and Sperling (13)
showed by extraction experiments that less than 5% of the chains
were grafted together in a poly(n-butyl acrylate)—PS sequential IPN.

The synthetic method clearly places the IPNs as a subclass of
the graft copolymers. However, the cross-linking of the two polymers
introduces a new structure-influencing element that permits a new
dimension in tailor-made morphologies. The important point is that
the cross-links outnumber the graft sites and are more important in
the final structure, if the material is to be properly termed an IPN
14).

Of course, in many cases, a small amount of grafting improves

American Chemical
Society Library
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mechanical behavior by increasing the extent of interfacial bonding.
The work upon which this chapter is based is part of a continuing
study of the interrelationships among synthesis, morphology, and
mechanical behavior in IPNs. We have also investigated phase con-
tinuity and inversion in castor oil based IPNs and SINs (15). In brief,
we show that castor oil—-sebacic acid—TDI/PS—DVB compositions gel
during or immediately after phase inversion, depending on compo-
sition. In sequential IPNs, increasing the cross-link density decreases
the domain size (7). Because the domains in IPNs are probably
smaller than optimum for stopping cracks, increasing cross-linking
(especially in polymer network 1) beyond a certain point decreases
impact resistance (16).

Greater cross-linking does increase molecular interpenetration
at the phase boundaries, however. Recent experiments combining
TEM and small-angle neutron scattering show that a “full” IPN has
smaller domains, more irregular interfacial features, and smaller cor-
relation distances (17) than the semi-IPNs (polymer network 1, cross-
linked; polymer network 2, linear) (18). The semi-IPNs are similar
to the SINs. Reference 18 is a review of recent oil work.

Summary

The special functional group triglyceride oils research program at
Lehigh University started in 1974 as an international program with
Colombia, South America, to study and develop tough IPN plastics
based on castor oil. The program was then broadened with the study
of other oils, such as vernonia and crambe.

This program has now been broadened further to include the
study of Lesquerella palmeri, a plant native to Arizona. Lesquerella
oils can be fashioned into prototype reinforced elastomers and tough
plastics, depending on the composition and on which phase is con-
tinuous.
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Rubber Toughening of
Oxazolidinone-Modified
Epoxy Novolacs

J. A. CLARKE
The Dow Chemical Company, Freeport, TX 77541

Multifunctional resins do not respond as dramatically to elas-
tomer toughening as do their difunctional counterparts. One
route to improvement is by partial “advancement” of the resin
itself using reactants that provide oxazolidinone linkages. This
approach minimizes the downgrading of the thermal properties
in cured systems that would occur with bisphenol A advance-
ment. These advanced resins will provide a measurable but not
strongly significant improvement in fracture toughness when
cured with methylene dianiline, Their main advantage lies in the
response to incorporation of carboxyl-terminated nitrile rubber
into multifunctional resins. This incorporation brings the mea-
sured toughness (via the fracture energy) into the same perfor-
mance range as typical commercial difunctional epoxy resins.

EPOXY RESINS FORM AN IMPORTANT POLYMER CLAss within the family of
thermoset materials. Most types of epoxies exhibit an inherent brit-
tleness that is due to the typical glassy cross-linked nature of ther-
mosets. In many applications, this brittleness is of no importance; in
another major application, that of coatings for metals, brittleness is
overcome by an advancement reaction of the liquid epoxy with bis-
phenol A. This advancement produces a solid resin that, upon curing,
is substantially tougher than its liquid counterpart. Here, toughness
is gained at the expense of high-temperature performance. In other
areas, such as structural adhesives, neither brittleness nor loss in
glass transition temperature (T,) can be tolerated. A means of mod-
ifying the resin to alleviate brittleness must be found without de-
grading the important thermal and environmental qualities of the
cured epoxy, reasons for selection of this particular polymer type in
the first place. Rubber toughening techniques have reached this goal
with commercially proven success (I). Increases in fracture toughness

0065-2393/84/0208-0051/$06.00/0
© 1984 American Chemical Society
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on an order of magnitude have become commonplace for the typical,
difunctional, bisphenol A based epoxies such as D.E.R.? 331.

The solution to the brittleness problem becomes more difficult
for multifunctional resins such as D.E.N.! 438 epoxy novolac. These
high-temperature performance resins (T, > 200 °C) usually combine
multifunctionality with partial elimination of flexible linkages to at-
tain their desired properties. The hardener must also be selected to
follow these guides in order to develop a highly cross-linked rigid
cured network. As a result, the viscoelastic response of the network
that is required for energy dissipation (2), whatever specific mecha-
nism is applied, is greatly restricted. Although toughening of this
class of epoxies is an important need, the ability to respond to the
presence of rubber inclusions is much more limited (3). In this case,
rubber alloying in itself is becoming generally recognized as an in-
adequate toughening technique. A practical answer might be to com-
bine this alloying with certain principles used in high-temperature
thermoplastics. A way to loosen the tight cross-linking to simulate
thermoplastic behavior without a simultaneous reduction in the T,
should improve the ability of the network to react in a viscoelastic
rather than brittle fashion in the presence of the rubber inclusions.
An application of such a principle to a well-established high-temper-
ature epoxy, D.E.N. 438, is the subject of this chapter.

Description of Resin

Two features distinguish D.E.N. 438 epoxy novolac from the bis-
phenol A based epoxies. First, D.E.N. 438’s broad molecular weight
distribution is accompanied by an equally broad distribution in
epoxide functionality of the individual molecules. Functionality
varies from 2 to over 20, as indicated in Figure 1. This variation is
expected from the condensation reaction of phenol with formalde-
hyde to produce an average 3.5-functional novolac after removal of
unreacted phenol. Coupling of the phenolic hydroxyls with epichlo-
rohydrin produces the epoxy novolac. The resin makeup includes
about 25% diepoxide (diglycidyl ether of bisphenol F), which does
not contribute to high-temperature performance, and another 25 wt%
with functionality greater than 6. This observation suggests that ge-
lation will occur early in the curing reaction or in any other reaction
involving epoxide that we may use to modify the resin.

Second, the solubility parameter (3) of D.E.N. 438 is higher than
that for liquid diglycidyl ether of bisphenol A (DGEBA) epoxies.
Small’s method of calculation (4) estimates 3 to be about 1.0 unit
higher (10.2 vs. 9.15 if the calculation is based on the pure structural
formula). This result suggests a different interaction with solvents
and with the nitrile rubber modifier, an important consideration.

I Trademark of The Dow Chemical Company.
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Molecular Weight Distribution

N-MER WEIGHT FRACTION
1 (stripped out)
2 .25
3 A75
« wt. avg. = 3.5f
4 A37 wt. avg
5 105
6 .080
T+ .25
THEORETICAL STRUCTURE
0 0 0
/\ /
0—CH2—CH—CH: 0—CHz2—CH—CH: 0—CH2—CH—CH:
CH: CH:
n Average value for n:
D.E.N. 431 = 0.2
D.E.N. 438 = 1.6
D.E.N. 439 = 1.8

Figure 1. D.E.N. 438 epoxy novolac molecular weight distribution and
theoretical structure.

Experimental Approach

The objective of this study is to compare the performance of cured
D.E.N. 438 epoxy novolac to a chemically modified D.E.N. 438
epoxy novolac of lower cured cross-link density. This comparison is
to be made both with and without rubber toughening to determine
the effectiveness of the rubber in each case. The principal criterion
is fracture energy, &, which indicates relative resistance to crack
propagation.

The obvious way to reduce cross-link density in an epoxy is
through “advancement”—reaction of a portion of the epoxide content
with a diphenolic such as bisphenol A. This advancement converts a
liquid resin into an inherently tougher solid product of reduced
epoxide content. D.E.R. 661 solid epoxy resin, epoxide equivalent
weight (E.E.W.) = 475-575, is an example. When cured with 4,4’-
‘methylenedianiline (MDA), it has over twice the fracture toughness
of its liquid counterpart, D.E.R. 331 epoxy resin, (&, = 0.58 vs.
0.24 kJ/m?). But at the same time the cured T, , drops from 165 to
115 °C. The result is similar with D.E.N. 438 epoxy novolac—im-
proved toughness (not as great because the amount of advancement
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allowed is limited by the approach of the gelation point) along with
an attendant sharp loss in T,.

An alternate method to advance an epoxy monomer without a
major sacrifice in T, uses a diisocyanate reactant such as toluene 2,4-
diisocyanate (TDI) to direct the reaction so that oxazolidone? rings
are formed as part of the bridge coupling two epoxy molecules
(Figure 2A, where the two original epoxy molecules are depicted as
circles). The TDI residue is centered in the bridge—each NCO
group has condensed with an opened epoxide (oxirane) to form a five-
membered oxazolidone ring. This ring structure has excellent
thermal stability in an internal position (Figure 2). It substitutes for
the 2-hydroxypropyl diether link, —O-CH,~CH(OH)-CHy-0O-,
formed if advancing with bisphenol A. In this reaction, we have
avoided the inclusion of this highly flexible aliphatic group that leads
to the large drop in T,.

The chemistry and procedure for this specific, advanced, epoxy
novolac is given in the patent literature (5). About 20% of the epoxide
content is reacted with the dimethyl carbamate of TDI (formed in
situ by reaction of NCO with methanol), to give the structure in
Figure 2A. Because the resultant epoxide content is still 17.2%, the
product is classed as a modified epoxy resin. Its IR structure is shown
in Figure 3.

A second way to include an oxazolidone ring in an epoxide ad-
vancement reaction uses isocyanuric acid (ICA) rather than TDI as
the coupling reactant. The linkage differs sufficiently to include this
product in this discussion. Its structure is shown in Figure 2B. At
first glance, this structure has a more flexible appearance than Figure
2A because of the aliphatic chain—one 2-hydroxypropyl ether group
is now present. Yet, when the ability to form a hydrogen bond is
recognized (confirmed by broadening of the oxazolidone absorption
band in the IR scan, Figure 3), a second ring structure develops in
this linkage. This development brings the two overall structures in
Figures 2A and 2B much closer in appearance. Note that these link-
ages are identical outside the area enclosed by the wavy lines. The
procedure fer preparation of the cyanuric acid modified resin is also
described in the patent literature (6).

Three resins now have been described: unmodified D.E.N. 438
and D.E.N. 438 modified by reaction of 20% of the epoxide with
either TDI or ICA. Properties of these resins are given in Table I.
These resins are to be compared in this chapter, before and after

incorporation of 10 phr (parts per hundred parts resin) of nitrile
rubber.

Experimental

Rubber Incorporation. A carboxyl-terminated butadiene—acrylonitrile
(CTBN) rubber containing 26% acrylonitrile (AN) was chosen for optimum

2 Indexed as oxazolidinone in Chemical Abstracts,
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B. ICA

Circle represents
a 4-functional
epoxy novolac

molecule.

Figure 2. Comparison of bridges joining coupled molecules in modified
epoxy novolac: (A) D.E.N. 438—-TDI epoxy novolac, (B) D.E.N. 438~1CA
epoxy novolac.

compatibility with the epoxy novolac. This liquid, low molecular weight rub-
ber is a product of The BFGoodrich Company and is designated as HYCAR
CTBN 1300X13 (7). It is represented structurally as HOOC-
[(CH,CHCHCH,),(CH,CHCN),],,COOH, where the average x = 3, y = 1,
and m = 15,

This rubber is soluble in the resins but performance is enhanced by pre-
reaction of the carboxyl endgroups with epoxide. This prereaction was done by
mixing for 1 h at 120 °C in the presence of 0.1% DMP-30 catalyst. [DMP-30 is
tris(N,N-dimethylaminomethyl) phenol (Rohm & Haas). ]

Preparation of Castings. One hundred grams of the epoxy novolac or the
modified epoxy novolac was weighed into a 250-mL beaker and melted and
devolatilized at 140 °C in a vacuum oven (160 °C was required for the more
viscous CTBN-modified resins).

A stoichiometric amount of molten MDA at 125 °C was added and mixed
in for 1 min. The mixture was immediately poured into a heated (125 °C) sheet
mold consisting of two 10 X 10 in. aluminum plates coated with a fluorinated
release agent. A 1/8 in. silicone gasket was used as a spacer. The cure cycle was
16 h at 125 °C, then 2 h at 175 °C plus 2 h at 225 °C. The mold was cooled
slowly in the oven before dissembling.

Physical Testing. Dynamic MEcHANICAL SPECTROSCOPY. A 2 1/2 X 1/2 X
1/8 in. strip was cut from the cured casting to obtain a dynamic mechanical
spectroscopy (DMS) curve, Figure 4. These curves were run for the non-CTBN
modified resins on a Rheometrics DMS Model 1770 at a frequency of 1 Hz.
Values for T, were taken from the peak of the tan S curve for these three
specimens and are reported in Table I. T, values for the three rubber-modified
resins were measured by differential scanning calorimetry (DSC).

DirrerenTIAL ScannING CaLoriMETRY. A DuPont 912 thermal analyzer
was used with a heating rate of 10 °C/min. The T, value was calculated auto-
matically through the interactive DSC program by using the inflection point for
the break in the heat flow curve.

DurraN SorteniNG Point.  See Reference 8, pp. 4-23.

Fracture Toucuness. The compact tension test derived from ASTM E-
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Figure 3. IR scans of modified epoxy novolac.

399 for metals was used (9). This test is one of a variety of crack-propagation
tests that are becoming popular for evaluating variations in toughness in polymer
systems (10).

Test pieces, 1 X 1.04 X 1/8 in., were cut from the castings, notched (9),
and then precracked by tapping with a heavy-duty razor blade. The crack length
(@) varied from piece to piece over a range of 0.06 to 0.25 in. The preliminary
test result, K, was calculated by combining the force required to start propa-
gation of the precrack with specimen dimensions in the equation given in ASTM



Published on December 5, 1984 on http://pubs.acs.org | doi: 10.1021/ba-1984-0208.ch005

5. cLarke  Ozxazolidinone-Modified Epoxy Novolacs 57

Table I. D.E.N. 438: Comparisons Before and After Cure
Modified Modified

Parameter Unmodified with TDI with ICA
Epoxide, % 24.0 17.2 18.4
Softening point, °C

(Durran) 40 85 80
DMS Analysis (MDA cure)

&, °C 243 222 231

M 80+ 170 145

c

Note: M, is average molecular weight between cross-links

E-399-82. This result was converted to &, by using the measured tensile mod-
ulus (E) and an assumed Poisson’s ratio (u) of 0.34

L (K-
9lc_q*E_——_

where ¢J;, is defined as the critical strain energy release rate (11). A graphical
scale relating &j, values for various materials is included in Reference 11. Un-
modified D.E.N. 438 epoxy novolac is found near the glassy end of this tough-
ness scale.

StructuraL ADHESIVE TesTING.  Formulations were prepared as follows: 100
parts resin excluding CTBN rubber; 10 parts dicyandiamide (pulverized DICY);
80 parts aluminum powder (Type Alcoa M-101, 3 mil maximum particle diam-
eter); and 5 phr fumed silica (Cab-0-Sil M-5). The components were hand mixed
at 120 °C and devolatilized.

The change in curing agent from the MDA used in preparation of the
castings to DICY for the adhesives formulation follows a practice used in this
laboratory. MDA is an excellent choice for comparing epoxies of widely differing
structure because of its versatility of cure schedule and its good mechanical
properties in the cured casting. On the other hand, DICY is the accepted
hardener with structural epoxy adhesives and is better adapted to the need for
a latent preformulated paste adhesive.

Lab shear samples (ASTM-D-1002) were prepared by using 1 x 4.5 x .062
in. Type 2024-T3 aluminum strips. The strips were treated with hot Na,Cr,0,/
H,SO,/H,0 etchant, 10/2/30 weight ratio. The 1/2 in. overlapped glue lines were
cured 1 h at 180 °C. Glue-line thickness was controlled at 0.003 in. by an
aluminum filler.

The climbing drum peel test (ASTM D-1781) used flexible type 302 stain-
less steel strips, 1 X 12 x 0.020 in. The assembly consisted of two adhered
strips plus a 1/4 in. thick mild steel backing plate. Surface preparation was
simply wiping with an acetone-soaked tissue.

Data and Discussion

Table I gives T, values for the three resins before rubber inclusion.
Note that, although a drop in T, of 10-20 °C is indicated for the two
advanced resins, the T, values are still substantially above 200 °C.
One advantage to the DMS analysis is that it produces a value
for shear modulus in the rubbery plateau region above T,. This result

is clearly evident for the ¢/’ curves in Figure 4 above 250 °C. This
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value may be used to estimate network cross-link density (12). The
M, (molecular weight between cross-links) values reported in Table
I use this method and indicate a strong reduction in cross-link density
for the two modified resins; the reduction is greater for the bulkier
TDI-derived linkages. This evaluation of M, is not absolute because
the &' measured is dependent on test frequency; however, it allows
a useful comparison within a single set of data. Also of interest are
the low numerical values that were found, especially in comparison
to the M, = 320 value for a D.E.R. 331 epoxy resin—MDA system.
These values indicate a tightly cross-linked system that does not un-
dergo a strong drop in rigidity above T,. This observation is still
puzzling because not all the structure between the cross-links is ac-
counted for. However, a satisfactory way was found to match these
DMS-derived data to values calculated from the structure of the
cross-linked epoxy—MDA network itself; a cross-link site and its ad-
jacent rigid structure were considered as a “point” (13), and this
weight was excluded from the calculation. The flexible portions of
the chains between the cross-links were then used to calculate M,;
the calculations included the total weight of the difunctional epoxide
present in the original D.E.N. 438 epoxy novolac (25%). This method
gives M, values quite close (10—20 units higher) to the values re-
ported in Table I and also emphasizes the sharp drop in cross-link
density seen in the two modified resins.

Toughness. When defined as resistance to propagation of an
already existing crack, toughness can be evaluated by adhesive peel
measurements as well as by the &, test. Some correlation should
exist between the two tests. The peel values reported in Table II are
all very low but indicate improvement in the two modified systems.
Lap shear strengths also are higher. The adhesive lap shear test
(ASTM D-1002) allows peel forces to be introduced as stress is ap-
plied to the sample. The two modified resins resist this test more
efficiently, with an advantage to the (more flexible ?) cyanuric acid
modifier.

The comparison between peel strength and &, calculated from
the compact tension test in Table II is good. The two modified
D.E.N. 438 epoxy novolacs are improved in &, but still are more
brittle than desired. The cyanuric acid route again showed more
improvement than the TDI advancement route. Next, we compared
the efficiency of each resin in developing viscoelastic response mech-
anisms (e.g., microyielding, shear banding) to the presence of rubber
inclusions that could result in actual toughening of the matrix. Two
points of interest were (1) are the ¢j;, values now in an acceptable
range and (2) does the reduced cross-link density in the modified
systems allow a proportionally greater response.

Table III gives fracture toughness comparisons (¢;,) between the
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Table II. D.E.N. 438: Comparisons of Cured Product
Modified Modified

Parameter Unmodified with TDI ~ with ICA
Adhesive properties (DICY
cure)
Lap shear, psi 2000 2800 3100
Climbing drum peel, Ib/in. 3 7 7.5
G, kj/m? (MDA cure) 0.10 0.16 0.20

three resins with and without inclusion of 10 phr of CTBN nitrile
rubber containing 26% AN.

Although all g, values are increased substantially with the pres-
ence of the rubber, the D.E.N. 438 epoxy novolac responds equally
as well as the two advanced resins. The latter two were expected to
give a higher percentage increase in &, because of their relaxed
cross-link density. The data thus do not support one of our original
premises. A possible mismatch in solubility parameter between resin
and rubber may contribute to this finding. The modified resins dis-
play values for 8 that are 0.5 to 1.0 unit higher than the value for the
unmodified D.E.N. 438 epoxy novolac. The proper relationship of &
is highly important to rubber performance (14), and a CTBN with
higher AN content might be more useful.

On the positive side, the g, values are now in line with values
reported for typical nonmodified liquid epoxies. Table III includes
data for D.E.R. 331 epoxy resins cured with dicyandiamide or with
aminoethylpiperazine. These systems have had many years of com-
mercial usage. Therefore, the modified rubber-toughened epoxy no-
volacs should be expected to perform well in established areas for
epoxy resins but with a T, value about 100 °C higher than the 115-
120 °C level for the customary liquid systems.

In conclusion, we have shown a way to adapt epoxy novolac
resins to rubber toughening in a way that does not harm their high-
temperature performance.

Table II. D.E.N. 438: Changes in &,, Caused by Incorporation of
HYCAR CTBN 1300X13

Modified Modified

Parameter Unmodified with TDI with ICA
g[c’ kJ/m2
Without CTBN 0.10 0.16 0.20
With 10 phr CTBN 0.25 0.34 0.34
T, (DSC value), °C 216 220 210

Note: Comparative values for unmodified liquid epoxy are
D.E.R. 331/aminoethylpiperazine—&,,, 0.41 and T,, 112 °C and
D.E.R. 331/dicyandiamide—&,,, 0.30 and T, 115 °C.
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List of Symbols

Kq
glc

Stress intensification factor (qualitative), Ib/in.2 X (in.)"
Critical strain energy release rate, mode I (cleavage), kJ/m?
Calculated molecular weight between cross-links

Glass transition temperature, °C

Tensile modulus, psi
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Characterization of a

Carboxyl-Terminated Polybutadiene

Molecular Weight Distribution, Functionality
Distribution, and Microstructure

H. E. DIEM, D. ]J. HARMON, R. A. KOMOROSK]I, J. B. PAUSCH, and
R. J. BERTSCH

The BFGoodrich Research and Development Center, Brecksville, OH 44141

A commercial carboxyl-terminated polybutadiene was separated
by preparative gel permeation chromatography (GPC) into 12
fractions of relatively narrow molecular weight. Information on
the molecular weight, molecular weight distribution, function-
ality, and microstructure of each fraction was determined. Acid-
equivalent weights were obtained from three end-group counting
(number of carboxyls) measurements, proton NMR and IR spec-
troscopies, and titration. M, values were obtained from vapor
pressure osmometry and GPC. Results from the end-group
counting methods are statistically indistinguishable. By com-
paring the pooled data from the end-group counting methods
with the osmometry data, we calculate the functionality of the
polymer to be 1.9 carboxyl groups per molecule. M, values from
GPC (polystyrene standards) are about 70% high. The highest
molecular weight fraction (3.5% of the polymer) is unique. It
consists of branched molecules with an average of about one
branch per molecule. We hypothesize that the branching resulted
from the reaction of a terminal nitrile on one chain end with a
terminal carboxyl on another chain end. The microstructure is
uniform across the molecular weight distribution. No “cage
product” from coupling of the azo catalyst fragments is found,
although a small loss in carboxyl is indicated by the end-group
accounting. This discrepancy is assigned to the necessity to esti-
mate carboxyl equivalents for one fraction, plus accumulated er-
rors.

REACTIVE LIQUID POLYMERS (RLP), such as HYCAR CTB, are used in
applications where they are actually monomers for condensation po-
lymerizations. Monofunctional or polyfunctional constituents in di-

0065-2393/84/0208-0065/$06.00/0
© 1984 American Chemical Society
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functional monomers have a profound effect on the condensation pro-
cess and on the physical properties of the resulting condensation
polymer. Little information exists on the detailed molecular structure
of such polymers, in particular the extent to which these materials
contain monofunctional or polyfunctional chains. This chapter was
designed to provide that information.

CTB 2000X165 is a polybutadiene (PBD) synthesized free radi-
cally by using as initiator 4,4'-azobis[4-cyanopentanoic acid] (ADVA)
Registry No. [2638-94-0] (I, 2). If termination is via coupling, a car-
boxyl group should be on every chain end. However, termination by
other than coupling of radicals or transfer reactions (e.g., to
monomer, polymer, solvent, or impurities) would lead to monofunc-
tional chains and/or to chains with more than two functional groups.
Little agreement exists in the literature on the critically significant
question of the functionality of such telechelic polymers. Karatavykh
et al. (1) found little branching in PBD made with ADVA in acetone
at 70 °C, and concluded that the role of transfer reactions in the
polymerization was insignificant. Similarly, Ray (3) found that in the
polymerization of styrene at 60 °C, combination was the major ter-
mination mode of the radicals. On the other hand, Valuev (4, 5),
examining copolymers of butadiene with acrylonitrile (AN) and with
methacrylic acid, found an average functionality of two, yet found a
large amount of trifunctional polymer. Finally, Reed (6, 7) has ex-
amined carboxyl-terminated polymers from ADVA and found widely
varying functionality, usually greater than two.

A careful fractionation of CTB 2000X165 was carried out, and
each fraction was characterized to provide structure, molecular
weight, molecular weight distribution, and functionality information.
Number average molecular weights were obtained by both colligative
and end-group counting methods [IR and NMR spectroscopies, and
equivalent parts per hundred parts resin (EPHR)]. By comparing the
data from these two methods, we assayed the distribution of carboxyl
end groups and branches across the fractions. Although gel perme-
ation chromatography (GPC) fractionation procedures (8) have been
used by earlier workers, several of the end-group counting methods
we report have not previously been used on telechelic polymers.

Experimental

Preparative Fractionation. GPC (Waters Associates AnaPrep) was used
to fractionate CTB 2000X165 by molecular size. The conditions for the fraction-
ation were as follows: Five 4 ft x 2.5 in. i.d. columns packed with Styragel of
porosities 10% (1), 10% (1), 500 (2), and 100 (1) A. The solvent was distilled toluene;
the flow rate was 50 mL/min.; and the fraction size was 390 mL.

Eleven injections were made for a total throughput of 110 g of polymer. At
the end of the run, each fraction was contained in 4.3 L of toluene. The toluene
was removed by use of a rotary evaporator after addition of 0.5% Antioxidant
2246 (AO2246) (American Cyanamid) (based on polymer weight) to the solution.
Antioxidant was required because the antioxidant originally present in the
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polymer would all be in the lowest molecular weight fraction. The fractions
were taken down to about 150-mL volume, and final drying took place in a
vacuum oven at 40 °C for ~ 96 h (to constant weight). The weight percent values
were obtained by dividing the dry weight of each fraction by the weight of
polymer charged.

Analytical GPC. Each of the fractions was analyzed for molecular size
distribution (MWD) with a Waters Model 200 GPC modified for high-speed
operation with microparticulate (10 wm) columns. The conditions for the analysis
were as follows: The columns were 5-um Styragel 30 cm X 7.8 mm i.d.; 107
10°, 104, 10°, and 108 A pore size (Waters Associates designation). The solvent
was tetrahydrofuran (THF) (Fisher); the flow rate was ~2.0 mL/min; the sample
size was 200 pL of 0.2% concentrate; and the detector was refractive index (An)
at 4x attenuation.

The columns were calibrated by using narrow size distribution polystyrenes
(PS). Because no universal calibration constants are available for these polymers,
all GPC data were reported in terms of PS equivalent molecular weight.

Vapor Pressure Osmometry. The number average molecular weight (M,)
of each fraction was determined with vapor pressure osmometry (VPO) (Corona/
Wescan Model 232A molecular weight apparatus). The solvent used was ethyl
acetate at 37 °C. The instrument was calibrated with benzil (MW 210.2) and
sucrose octaacetate (MW 678.6). An instrument constant of 42495 was obtained
(K = MW « AR/C where C is in moles per liter). At least four concentrations
were measured for each sample, and AR (change in resistance) was obtained.
AR/C (where C is in grams per liter) was then plotted against C and (by using
a least squares fit) extrapolated to zero concentration. The data were corrected
for the amount of antioxidant in each fraction. M, was then calculated from

- K
M = ————
"~ AR/Cc.q

Functionality by Acid Group Titration. A sample (~1 g) was weighed into
a 4-oz jar, and 50 mL of a toluene/2-propanol (60/40 by volume) mixture was
added. The sample was mixed on a magnetic stirrer for ~20 min, or until
dissolved. The mixture was then titrated with ~0.1 N KOH in ethanol (stan-
dardized) with a phenolphthalein indicator. The following equation was used to
calculate acid content.

mL titrant) (N of titrant)
(grams sample) x 10

COOH EPHR = (

The acid-equivalent weight (AEW) of each fraction was then calculated from
AEW = 100/COOH EPHR. _

Proton NMR Analysis of M,. Proton Fourier transform NMR (*H
FTNMR) spectra were obtained at ambient temperature at 200 MHz on a Bruker
WH-200 spectrometer. Samples were dissolved in CDCI, with tetramethylsilane
(TMS) as internal standard and were run in 5-mm o.d. NMR tubes. Typical
conditions were 90° rf pulses of 4.6-us duration; pulse repetition rate, 9.1 s; and
line broadening, 0.4 Hz. The 'H FTNMR spectra of the preparative GPC frac-
tions were used to obtain AEW values. The triplet at about 2.5 ppm (Figure 1)
is assigned to the methylene protons next to a COOH group on the basis of
model compounds and expected chemical shifts. AEW values were calculated
for comparison to other data. The calculation is based on the ratio of the peak
area due to alkene protons (adjusted for 1,2-units) to the area due to the end
groups. Hence, number of butadiene units = (E + D/2)/2, number of COOH
= C/2, number of butadiene units/COOH = (E + D/2)/C, and AEW =
(number of units/yCOOH) (54.0) + (126), where 54 and 126 are the molecular
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Figure 1. The 200-MHz 'H-NMR spectrum of fraction 5 of CTB
2000X16%,

weight of a monomer unit and an end group, respectively. An adjustment was
made for a small amount of antioxidant detected in Fractions 9-12.

Carbon-13 NMR Analysis of Microstructure. Carbon-13 FTNMR spectra
were obtained at ambient temperature at 50.3 MHz on the Bruker WH-200
spectrometer. Samples dissolved in CDC]; with TMS were run in 20-mm o.d.
tubes. Typical conditions were 90° rf pulses of 35-ws duration; 12,195-Hz spectral
width accumulated in 32,000 points with quadrature detection; pulse repetition
rate, 10.7 s; and line broadening, 0,5-2 Hz. Increasing the pulse repetition rate
to 20 s did not noticeably change the spectrum, hence peak intensities are not
attenuated by incomplete relaxation to equilibrium. For reasons of sensitivity,
all of the 13C spectra were acquired in standard fashion with nuclear Overhauser
enhancement (NOE). To ensure that variable NOEs were not affecting our mi-
crostructural results, a '3C spectrum of a fraction was acquired with NOE
suppression (9), No significant change was observed relative to the results ob-
tained with NOE.

Carbon-13 NMR spectra of PBDs containing cis-1,4-, trans-1,4-, and 1,2-
units have been reported, and peak assignments made (10, 11). Using the pub-
lished assignments, we obtained cis-, trans-, and 1,2- compositions for the pre-
parative GPC fractions with '*C-NMR spectroscopy. A typical 13C spectrum is
shown in Figure 2. The percent vinyl was obtained from the ratio of the vinyl
carbon areas (X, + X,) to the area due to all olefinic backbone carbons (X; +
X, + Z). For fractions 9 and 10, the area Z is corrected for the presence of
A02246 by using the peak at about 31 ppm and the spectrum of A02246. The
remaining non-1,2-unit content is divided between cis-1,4- and trans-1,4-units
on th;a basis of the ratio of the respective peaks due to backbone CH, (see Fig-
ure 2).

Determination of AEW by IR Spectroscopy. AEW values were calculated
for each fraction from the relationship AEW = 126.14/weight fraction of chain
ends. The weight fraction of chain ends was obtained for each fraction by an
absorbance subtraction method developed for this problem; the details will be
published elsewhere (12), The method treats carboxyl-terminated polybutadiene
(CTPB) as a mixture of PBD and of ends, and applies a binary mixture analysis
(13). Traditional methods based on titration standards were used for confirma-
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Figure 3. IR spectra of fraction 2 (upper curve) and fraction 7 (lower
curve) of CTB 2000X165.

tion. Each fraction was dissolved in carbon tetrachloride (40 g/L), and a signal-
averaged, solvent-compensated spectrum (0.2-mm cell) was recorded between
1900 and 1300 cm~!. Measurements were made on a Perkin-Elmer 180 spec-
trometer at a spectral slit width of 1.8 cm ™!, a scan rate of 96 cm~Y/s, and a
data interval of 0.5 cm~!; two scans were averaged. The index bands for the
analysis, which can be seen in the spectra of Figure 3, are the carboxyl dimer
absorption at 1714 cm !, for the chain ends, and the vinyl double bond stretch
at 1639 cm ™!, for the PBD. The analysis was made, two fractions at a time, by
subtracting the spectra of the two fractions. First, the scaling factor (F,) required
to null the PBD in one subtraction was determined. Then the factor (F,) re-
quired to null the carboxyl band in the inverse subtraction was determined.
The weight fraction of chain ends in the two fractions, x and y, were calculated
from these scaling factors.

1-F, (1 - F)F,
= — y=—"—= sz
= FF, (1= FF)

By taking the lowest molecular weight fraction (fraction 12) with each of the
other fractions in turn, the weight fraction of chain ends was calculated for all
three fractions except 1, 10, and 11.

X
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DECREASING MOLECULAR SIZE
Figure 4. Anaprep preparative GPC size distribution profile.

The microstructure of the PBD portion of the whole polymer was deter-
mined by an in-house procedure that had been calibrated by 'H-NMR mea-
surements. The microstructures of the fractions were not determined directly.
However, the fractions were judged to have the same microstructure because
the trans and vinyl bands could be nulled out of any pair of spectra with the
same scaling factor.

Results

Figure 4 shows a chromatogram taken during the preparative GPC
fractionation. One of the objectives of this study was to prepare
narrow fractions of CTPB suitable for calibrating the GPC analysis.
The results of the fractionation, plotted in Figure 5, show that the
efficiency of the fractionation is good, and the fractions are of suitably
narrow distribution. The analytical GPC data (Table I) are plotted in
Figure 6, in which the solid line is the least squares line calculated
omitting fraction 1.

The M, data from the colligative methods and the AEW data
from the end-group counting methods are collected in Table II. In
general, the molecular weight progresses from high to low values
through the fractions. However, the molecular weight of fraction 1
is lower than that of fraction 2 with all methods except NMR spec-
troscopy and GPC. The M, values obtained with the analytical GPC
(calibrated with narrow size distribution PS fractions) are some 70%
above the values obtained from VPO and are about equally above
the values obtained from the various end-group counting methods as
well. Thus, the need for recalibration is obvious. With the data
plotted as the solid line in Figure 7 (omitting fraction 1) the relation-
ship M, . = 0.5697 M, is found. The standard error of the
relationsilip is 525.

The microstructural results are given in Table III. Essentially no
change is observed over the entire molecular weight range. Values
determined by NMR and IR spectroscopy for the whole polymer are
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Figure 5. Fractionation efficiency for several GPC fractions from

Figure 4.

in agreement. A full characterization of the sequence distribution of
the cis-, trans-, and 1,2-units was not performed. Comparison of the
I3C spectra of the various fractions indicates no major change of
sequence distribution with molecular weight. Comparison to spec-
tra in the literature suggests a random distribution of the various

units (2).

We did not detect any additional resonances in either the 'H-
or 3C-NMR spectrum of fraction 1 that could be attributed to car-

Table I. Analytical GPC Results on CTB 2000X165

Fraction M, M, Peaks
Original 14,900 9,000 12,700
1 38,500 28,300 30,300

2 23,100 19,100 18,900

3 15,100 12,600 12,700

4 9,620 8,300 8,080

5 8,110 5,960 7,230

6 6,560 4,920 5,790

7 5,720 4,290 4,910

8 5,600 4,070 4,650

9 4,440 3,470 3,730

10 3,870 3,070 3,170

11 3,000 2,760 2,840

12 2,670 2,470 2,690

Note: Excluding fraction 1, M,, = 1.1923 M, + 284;

and 2 = 0.9947.
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Figure 6. Molecular weight values for fractions of CTB 2000X165 ob-
tained from analytical GPC.
Table II. M, Values for CTB 2000X165 Fractions
Weight
Fraction Percent VPO EPHR® IR® NMR* GPC?
1 3.47 7,178 3,437 4,885 7,100 28,300
2 14.51 10,365 5,406 5,592 6,250 19,100
3 25.35 8,365 4,762 3,983 4,410 12,600
4 18.76 4,941 2,591 2,880 3,335 8,300
5 11.97 3,821 2,020 2,305 2,485 5,960
6 7.96 3,256 1,642 1,805 1,975 4,920
7 5.42 2,588 1,376 1,511 1,625 4,290
8 3.90 2,266 1,134 1,468 1,530 4,070
9 3.04 1,534 1,035 1,312 1,285 3,470
10 2.61 833 — — 1,415 3,070
11 1.64 1,560 903 — 1,235 2,760
12 1.21 1,389 769 983 1,050 2,470
Whole
polymer 3,601 1,961 —_— 3,150 9,000

¢ Data given as acid equivalent weights,
b Based on calibration with PS.
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Figure 7. M, values from end—groulp counting methods vs. M, from
analytical GPC.

boxyl-containing branches or any defect structures. However, the
presence of such structures is indicated by the low AEW obtained
for this fraction. Moreover, the carboxyl region of the IR spectrum
could not be nulled out by the carboxyl region of any other fraction.
An absorption always remained that overlapped the 1714-cm™! acid
dimer band. (An IR estimate of the molecular weight of fraction 1
was obtained from the linear plot of the IR absorbance ratio A g/
A 714 versus AEW for the other fractions. This estimate is obviously
low as a result of the overlap at 1714 cm™!.) These observations
suggest a unique structure in fraction 1.

Table III. Microstructure of HYCAR 2000X165 Fractions

Fraction  cis-1,4-Units trans-1,4-Units 1,2-Units

Whole
polymer®  23(22) 57(58) 20(20)
1 22 58 20
2 22 58 20
3b 21(21) 58(59) 20(20)
4 22 59 19
5 23 58 19
6 22 59 19
7 22 59 19
8 23 58 19
9° 21 58 21
10° 25 60 15

Norte: Data given as percentages.

¢ Values in parentheses were obtained by IR spectroscopy.
Vz}lues in parentheses were obtained with NOE suppres-
sion.

¢ Corrected for the presence of antioxidant.
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Discussion

The agreement among the three end-group counting methods and
VPO is quite gratifying. The data from each pair of methods were
submitted to linear regression analysis. Data for fractions 10 and 11,
as well as for fraction 1, were omitted from this analysis, because the
IR spectra of fractions 10 and 11 showed large amounts of antioxidant,
especially in 10. If all the 1.5 parts of AO2246 added initially had
eluted with these two fractions, the antioxidant should constitute
nearly 35% of the sum of the weights of fractions 10 and 11. Absor-
bance subtraction showed that fractions 9 and 12 also contained more
A0O2246 than the other fractions. Because this additional AO2246 was
only tenths of a percent, data from fractions 9 and 12 were used in
calculations. Regression lines were calculated for each pair of
methods with first one method as the independent variable, then the
other. Standard error of estimate values were obtained with each
line, and the algebraic mean of the regression lines was taken as the
least squares equation. Correlation coefficients were uniformly high,
and precision was good in most instances.

In comparing the M, values from the various methods (M, values
were calculated for the IR, NMR, and EPHR methods by assuming
two carboxyls per chain), VPO values were consistently the lowest,
NMR were consistently the highest, and EPHR and IR results were
intermediate. The differences are not really large, however. The as-
sumption of two carboxyls per chain can be tested with the slope of
the plot of VPO (y) against any end-group method (x). The slopes of
those plots are 1.87, 2.08, and 1.82 for the EPHR, IR, and NMR
methods, respectively. However, the standard errors of the slopes
are large enough so that these values are not statistically different,
and the data can be pooled. The slope of the plot of VPO against the
pooled end-group methods is 1.90. If our assumption (termination
by coupling only) is correct, the slope should be 2. Thus, we have
1.9 functional groups per chain with a precision of about 0.1. The
standard error of estimate of the pooled data is 502, which is in line
with the data for the methods taken by pairs.

We attempted to account for the fate of the carboxyl end groups
in the fractionation, as detailed in Table IV. About 15% of the carboxyl
groups in the starting polymer were not accounted for by the mea-
sured fractions. Part of this loss may result from the necessity of
estimating the EPHR for fraction 10, which contained much antiox-
idant. We calculated that the loss is equivalent to about 1% of the
total weight as catalyst “cage” product. However, tests showed that,
although the preliminary filtration step may have removed traces of
(insoluble) cage product, 1% could not have been present. Thus the
loss in carboxyl is probably a result of accumulated weighing and
titration inaccuracies.

Fraction 1 is clearly unique. The anomaly is striking in Figure
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Table IV. End-Group Accounting

Weight
Fraction  Percent EPHR*® Equivalents
1 3.47 0.0291 0.00101
2 14.51 0.0185 0.00268
3 25.35 0.0210 0.00532
4 18.76 0.0386 0.00724
5 11.97 0.0495 0.00593
6 7.96 0.0609 0.00485
7 5.42 0.0727 0.00394
8 3.90 0.0882 0.00344
9 3.04 0.0966 0.00294
10 2.61 0.1y 0.00261
11 1.64 0.1108 0.00182
12 1.21 0.1300 0.00157
99.84 0.04335 (0.051
whole sample)
Lost 0.16 (4.78) 0.00765°
¢ Corrected for 0.5% A02241.
Estimated.
©0.97% of total as cage product; cage product EPHR =

0.7928,

7. In this figure, the M, values from NMR, IR, EPHR, and VPO
measurements are plotted against the GPC M, values (excluding frac-
tions 10 and 11). The M, values for the end-group counting methods
are obtained by multiplying the AEW by 1.9. The solid line is the
least squares line calculated, omitting fraction 1, by pooling the end-
group counting and VPO data. The fact that all the end-group
counting methods find far too many carboxyls suggests that fraction
1 is branched. However, the VPO result does not seem in accord
with this; agreement among the methods is poor.

One sort of “branch” can be proposed to harmonize the data.
Twenty-five years ago, Grassie and coworkers were studying the de-
velopment of yellow color in polyacrylonitrile. They found (14, 15)
that a potent catalyst for the color reaction was the imino anhydride,
— C(O)OC(NH)-, that formed when a small amount of acrylic acid
(2-propanoic acid) was copolymerized with the acrylonitrile and the
acid hydroxyl was added across the C=N bond. In some of our pre-
vious characterization work on RLPs, a cyclic imino anhydride was
postulated as the starting point in heat aging changes (development
of color, increased viscosity, and loss of carboxyl and nitrile groups)
in butadiene—acrylonitrile copolymers (16). Some support for this
structure was obtained by absorbance subtraction IR spectroscopy.
In the present case, we suggest the possibility that fraction 1 consists
of chains in which the carboxyl at the end of one chain has reacted
with the nitrile at the end of another to give (CN)C(CH,;)CH,CH,C-
(O)OC(NH)C(CH,)(CH,CH,COOH). Such a reaction is really chain
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extension, rather than branching, because the branch is only three
carbons long and the molecular weight is doubled.

With one such branch per molecule, NMR and IR spectroscopy
should observe three carboxyls rather than two (except that absorp-
tion from the imino anhydride will complicate the IR spectra). But
because an anhydride would be expected to hydrolyze easily, EPHR
titration should observe four carboxyls. Similarly, VPO should mea-
sure two molecules per mole because interchange with the ethyl
acetate solvent would split the anhydride. Using this logic and Figure
7, we find that the number of branches per molecule in fraction 1 is
0.6 from NMR, 1.3 from VPO, and 1.6 from EPHR data. As a result
of the carboxyl overlap, only a maximum value, 1.5, can be calculated
from IR data. These values are in reasonable agreement, especially
considering that in the other fractions, VPO and EPHR consistently
found more carboxyls than NMR and that all the methods have their
smallest accuracy for fraction 1. We take an average value of 1.2 as
the number of branches per chain in fraction 1.

Note the dashed line in Figure 7 that is the least squares line
calculated omitting both fractions 1 and 2. Although all the points for
fraction 2 fall below the line, the precision is such that no firm con-
clusions can be drawn about this fraction. But the data suggest that
some branching may also exist in fraction 2. (The use of the dashed
line only increases the calculated number of branches per chain in
fraction 1 to ~1.6.)

Is there any experimental evidence for an imino anhydride struc-
ture in fraction 1?7 We have already noted that nothing was observed
with 13C-NMR spectroscopy that might relate to branches. This result
may occur simply because the concentration of such structures would
be not more than one-third that of the carboxyl groups, which is
already quite low. However, carbonyl groups are among the strongest
absorbers in IR spectroscopy and can be observed at very low con-
centrations. We noted previously that the carboxyl region in fraction
1 could not be nulled in absorbance subtraction by the carboxyl re-
gion of any other fraction. This result is shown in Figure 8, where
the spectrum of fraction 2 is subtracted from fraction 1. Although the
noise level is quite high because of the low concentration of functional
groups, when the carboxyl dimer band is brought to zero at 1714
cm ™!, appreciable absorption remains. Fraction 1 contains some
other carbonyl function with a maximum near 1740 cm ~! and possibly
a second weaker band at ~1705 cm~!. We have found no spectra of
imino anhydride model compounds in the literature, but, by analogy
with open chain anhydrides and imides (17), one might expect a pair
of bands in this region. By itself, this evidence is weak, but it does
support the proposed method by which “branching” could arise in
fraction 1. Also, the overlap of this band makes the carboxyl dimer
band too strong in the IR spectrum of fraction 1, and as a result, IR
measures appreciably more carboxyl than NMR.
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Figure 8. Difference in spectra obtained from IR absorbance subtraction:

(fraction 1) = factor (fraction 2). Both spectra are A absorbance of 0.1

AUFS: upper curve, factor just sufficient to null the vinyl band at 1640

em™L; lower curve, factor lfzrge enough to bring the (COOH), band at
1714 em™! to (slightly below) zero.

Finally, indirect evidence of the proposed structure is obtained
by considering that fraction 1 did, in fact, elute first on the GPC
(i.e., it was the highest molecular weight fraction). Because the mech-
anism we propose is really chain extension, which doubles the mo-
lecular weight with only a three carbon atom branch, such a result
would be expected. The amount of a branched fraction such as frac-
tion 1 that is found in a given lot of polymer will probably correlate
with the heat history and time elapsed since manufacture of the given
polymer. Thus, the observation of Valuev (4, 5) of a polymer with an
average functionality of about two but with a large fraction of tri-
functional material is not necessarily inconsistent with this work.

In summary, CTB 2000X165 contains a small fraction (3.5%) with
about three carboxyls per chain. The remaining polymer consists of
about 90% difunctional chains and about 10% monofunctional chains.
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The microstructure was uniform across the molecular weight distri-
bution. The relationship of the actual M,, to that calculated from GPC
(with PS calibration) is constant across the total MWD and allows a
simple conversion.
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Failure Behavior of
Rubber-Toughened Epoxies

in Bulk, Adhesive,
and Composite Geometries
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2Naval Research Laboratory, Chemistry Division, Washington, DC 20375

Rubber-modified epoxies were first developed empirically in the
1960s to improve the poor crack-growth resistance of epoxies with
a minimum sacrifice in other desirable properties. In 1971 a
major effort was launched to study the failure behavior of these
materials as structural adhesives. Since then, this program has
been expanded to include numerous laboratories and reseachers,
and the objectives have been broadened to include the failure
behavior of bulk specimens and fiber-reinforced composites as
well. We discuss the effects on failure behavior of rubber modi-
fication, test temperature, and loading rate for all three specimen
types. For adhesive bonds, the effects of bond thickness are also
discussed.

POLYMERS USED IN COMPOSITES AND STRUCTURAL ADHESIVES are generally
glassy materials that are highly cross-linked to obtain a high modulus
and minimize long-term creep. Unfortunately, high cross-linking can
produce brittle polymers; thus, these materials must be toughened
if they are to be used in structural applications. One of the most
successful methods used to toughen cross-linked epoxy systems is the
addition of an elastomer that phase separates during curing. The
curing reactions are controlled so that the final material is a matrix
of epoxy with small elastomer particles dispersed in and bonded to
the matrix. The advantage of the elastomer-modified material is that
the two-phase nature of the system makes possible toughening mech-
anisms that do not occur (or occur at a vastly diminished magnitude)
in a single-phase material. These mechanisms can greatly increase

3 Current address: Hercules, Inc,, Magna, UT 84044.
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the material’s resistance to crack growth. Moreover, because the ma-
trix itself contains relatively little elastomer, the bulk properties, such
as the moduli, are close to those of the unmodified epoxy. Thus, the
crack-growth resistance is increased with a minimum sacrifice in
other properties. For this reason, many commercial structural ad-
hesives are based on a technology of this type. In addition, composite
fabricators are increasingly investigating the use of these materials as
matrix resins.

The first rubber-modified epoxies were developed in the mid
1960s by adhesive manufacturers who used primarily empirical
methods. By the early 1970s, the first publications began to appear
(I-4). These studies focused on the morphology and fracture of neat
specimens (bulk sample of modified polymer to characterize the ma-
terial itself) and clearly demonstrated the dramatic improvement in
toughness that could be achieved with the proper addition of rubber.
Because the major use of these materials at the time was in structural
adhesives, researchers were naturally interested in extending such
studies to adhesive bonds. An extension of this type, however, re-
quired the development of fracture mechanics techniques applicable
to bonded geometries, and these techniques were not available. Co-
incidentally, a totally unrelated effort was addressing this problem
during that same time period. This work was prompted by the sug-
gestion from George Irwin, one of the pioneers in fracture mechanics,
that fracture techniques might be applied to the study of adhesive
bonds. By the early 1970s, the work of Corten, Mostovoy, Ripling,
Patrick, and Bersch (5-8) had provided a scientific basis for such
studies as well as several useful fracture specimen geometries.

On the basis of the work in these two areas, a program was
initiated in 1971 at the Naval Research Laboratory to study the frac-
ture behavior of elastomer-modified epoxies in adhesive bonds. The
goal was to see how the dramatic improvement in fracture behavior
that was observed for the rubber-modified epoxies in neat (i.e. bulk)
specimen tests would be reflected in the properties of adhesive
joints. Since 1971, this program has examined many of the variables
that affect adhesive bond fracture. These studies have not only shed
light on adhesive properties (9—20) but have also led to numerous
questions about other aspects of the behavior of these materials. As
a result, the program was extended to include investigations of the
basic viscoelastic properties of such polymer systems and their frac-
ture behavior in neat and composite geometries (21-26). To address
these varied topics, the program has expanded to include many co-
authors and numerous government, university, and industrial labo-
ratories. To date a total of 23 coauthors at eight different laboratories
have been involved. The breadth, length, and continuity of the pro-
gram initiated at the Naval Research Laboratory is such that, after
more than a decade of work, an overview of some of the most im-
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portant results from this effort is now apropriate. This chapter pro-
vides such an overview.

Space limitations make it possible to highlight only a few se-
lected achievements from the first decade of this program. Four
topics have been chosen for discussion, and they will be presented
in a more or less chronological order: mode-I adhesive bond fracture,
including both toughness and bond thickness effects; mixed-mode
adhesive fracture; temperature and loading rate effects for neat and
adhesive specimens; and composite interlaminar fracture. The dis-
cussion of these topics is necessarily brief, but more detailed infor-
mation can be found in the references cited. In addition, a number
of important topics addressed in the research program but not cov-
ered in this chapter are discussed in the listed references: the effects
of formulation on fracture behavior of unmodified and commercial
resins (9, 11, 13, 27), the effects of concentration (9, 22) and formu-
lation (21, 22, 27) on morphology and fracture of rubber-modified
resins, fracture-surface topology (11, 13, 14) and effects of adherent
surface roughness (10, 16) on mixed-mode failure, stress corrosion in
adhesive bonding (28, 29), fracture-surface studies in bulk (9, 12, 17,
23, 24) and composite (21) geometries, and viscoelastic effects on the
properties and fracture of rubber-modified epoxies (17, 18, 22).

Experimental

Details of the materials and test procedures have been published (9-26) and
will only be briefly reviewed here. The experiments were performed with an
unmodified epoxy and a series of rubber-modified epoxies made at different
rubber concentrations. All materials were cured with piperidine (5 parts per
hundred parts resin, phr) at 120 °C for 16 h. For the modified materials, the
epoxy (diglycidyl ether of biphenol A, DGEBA) and rubber [carboxyl-termi-
nated poly(butadiene—acrylonitrile)] were thoroughly mixed, and then the pi-
peridine was added. For neat specimens, the liquid was poured into a metal
mold coated with mold release and cured into plates. These plates were used
to machine bars for dynamic mechanical analysis (DMA), compact tension spec-
imens for mode-I loading, and center-crack plates for mixed-mode tests.

The adhesive bond specimens were prepared by fabricating both adherends
from aluminum. The bonding surfaces were cleaned with standard techniques
and then bonded together with polytetrafluoroethylene (PTFE) shims used to
control the bond thickness. Mode-I tests were conducted with tapered double
cantilever beam (TDCB) specimens; modified double cantilever beam and scarf
joint specimens were used for mixed-mode tests. Composites were examined
for interlaminar fracture with both width tapered and untapered double canti-
lever beam specimens. Samples were cut from plates supplied by manufacturers.
Two types of plates were obtained: one with an unmodified epoxy resin matrix
and another with rubber added to toughen the epoxy. Specimens contained
either 12 plies of wover graphite-fiber reinforcement or 24 plies of unidirectional
fibers (the fiber direction in the plies was down the length of the specimen).

To minimize the effects of differences in thermal history (physical aging),
all specimens were given the same thermal pretreatment prior to testing (i.e.,
a very slow cool, >12 h, from above the glass transition temperature, T,, to
room temperature).
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Mode-I fracture tests were conducted on neat specimens by inserting a
sharp precrack with a knife edge and then loading to failure in a tensile test
machine with crosshead speeds from 5 to 0.008 mm/s and temperatures from
—60 to 60 °C. Standard ASTM equations were used to convert these results
into fracture energies. Although the bending modulus is relatively insensitive
to time and temperature over the range of conditions employed for the fracture
tests, care was taken in the fracture energy calculation to use modulus values
that were measured at approximately the same temperatures and time scales as
the corresponding fracture experiments. Selected mixed-mode tests were per-
formed with center-cracked plates in which the crack was at an angle to the
applied tensile loading. Although the results were not analyzed in terms of
fracture energies, the direction of crack initiation was carefully noted and com-
pared to theoretical predictions.

Fracture experiments on composites and adhesive bond specimens were
performed in a similar way. In the adhesive specimens, precracks were inserted
by prying open the end of the specimen with a sharp wedge or by including a
thin PTFE tab in the specimen during preparation. In addition to varying the
temperature and crosshead speed, adhesive tests were conducted at a series of
bond thicknesses ranging from 0.1 to 3 mm. A precrack was inserted in the
composite samples by using a knife edge at one end of the specimen between
the two center plies. The specimen was then loaded perpendicular to the pre-
crack in a tensile machine. This arrangement forced the crack through the center
of the specimen between adjacent fiber plies and caused a mode-I type failure.
Although most composite tests were performed at 24 °C and a crosshead speed
of 0.04 mm/s, some specimens were tested at other conditions to obtain prelim-
inary information about rate and temperature effects. Standard equations were
used to evaluate the fracture energies for both adhesive and composite test
samples (19, 21).

Mode-1 Adhesive Fracture

When brittle polymers are tested in adhesive bonds, the fracture
energies obtained are similar to those found in tests on neat speci-
mens of the same material (6, 9, 30). This result suggests that the
failure mechanisms are the same in the two geometries and that the
fracture energy obtained is a material property (i.e., it is independent
of measurement geometry). By comparison, when the high fracture
energy, rubber-modified materials were tested, results such as those
shown in Table I were obtained (9). This table lists some typical data
for neat and bonded specimens as a function of elastomer concentra-
tion. The results illustrate the high toughness of these materials in
both geometries. This high resistance to crack growth was associated
with a large crack-tip deformation zone in which cavitation of the
rubber particles and large-scale yielding of the matrix resin were
observed in the fracture surface of the region of crack-growth initi-
ation (1-4, 9-12, 17, 23, 24). Detailed discussions of possible tough-
ening mechanisms have been published (1-4, 9, 12, 17, 23, 24). In
general, these papers argue that the large crack-tip deformation zone
permits blunting of the crack tip, and this blunting decreases the
local stress concentration at the tip of the crack. As a result, higher
applied loads are required to cause failure. Such a picture is consis-
tent with the observation that the magnitude of the fracture energy
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Table I. Bulk Versus Adhesive Fracture Energy

Fracture Energy (kj/m?
Concentration of gy (kjim?)

Rubber (phr) Bulk Adhesive
0 0.11 0.13
5.5 1.1 2.3
11.7 2.7 3.6
18.5 3.5 3.5

correlates with the size of the deformation zone (9, 17, 23, 24). The
dimensions of this zone can be easily estimated because stress whit-
ening is associated with the deformations.

The results in Table I also show that a tough polymer produces
a tough adhesive. The correlation, however, is not as quantitative as
with brittle materials; the initial experiments on adhesive bonds
made with the modified epoxies exhibited unusually large scatter.
After some study most of this scatter was found to be caused by the
fact that an important parameter (bond thickness) was not controlled
(9). As a result, a careful study was conducted to measure fracture
energy as a function of bond thickness, k. The results (Figure 1)
showed that the adhesive fracture energy was independent of bond
thickness for brittle materials but exhibited a strong dependence for
the modified epoxies (9). This significant result demonstrated that
adhesive fracture energy for the modified materials was not a true
materials property but rather a structural property because it de-
pends on a structural parameter, namely, the bond thickness.

A possible explanation for this effect notes (9) that the size of the
crack-tip deformation zone was comparable with the bond thickness.
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Figure 1. Adhesive fracture energy vs. bond thickness for the epoxy (R)
and a modified epoxy containing 18.5 phr of rubber (®). Tests performed
at 25 °C and a crosshead speed of 0.02 mm/s (12).



Published on December 5, 1984 on http://pubs.acs.org | doi: 10.1021/ba-1984-0208.ch007

88 RUBBER-MODIFIED THERMOSET RESINS

As a result, thin bonds tended to restrict the size of the zone and
hence the toughness. This observation explained the decrease in frac-
ture energy below the optimum bond thickness, h,, (i.e, that corre-
sponding to the maximum fracture energy), but did not explain the
behavior at larger thicknesses. The decrease in fracture energy for
thicker bonds will be discussed later.

Another tenet of the proposed explanation was that the optimum
bond thickness occurred when h was equal to the size of the defor-
mation zone as exemplified by measurements on neat samples (9).
Because this hypothesis could be tested if an estimate of the defor-
mation zone could be made, a simple elastic—plastic model was sug-
gested to represent a simplistic but perhaps useful first effort to es-
timate h,, (9). This model relates the fracture energy (&), the radius
of the deformation zone (r,), and the yield stress (o,) and strain (e,).
With this model, h,, could be estimated from measurements made
on bulk samples (the plane-stress version (31) has been shown to give
the best results).

h, = 2r, = Gi/mo e, (1)

With this procedure, excellent agreement was obtained between the
predicted value of h,, and the data in Figure 1.

Because adhesive bond fracture is temperature dependent, the
bond thickness experiment was repeated at a series of temperatures
(I12). The results, which are shown in Figure 2, demonstrated that
the behavior at all temperatures was similar to that found in the room
temperature experiments. In general, the temperature dependence
of adhesive properties is complex and difficult to understand and
predict. As seen in Figure 2, one reason for this difficulty is the bond
thickness effect. Most previous studies have been performed at just
one bond thickness, and consequently, only part of the total picture
was determined. For the material used to generate the data in Figure
2, however, the temperature dependence can best be described by
noting that an increase in temperature shifts h,, to larger values. If
this shift could be predicted, a simple description for the temperature
dependence would result. Initial efforts (12) to use the elastic—plastic
model with temperature-dependent parameters gave a good quanti-
tative prediction for h,, at all but the lowest temperatures. As will
be discussed later, more recent treatments have produced good
agreement at all conditions.

Mixed-Mode Loading

The next major area addressed in the program involved mixed-mode
loading. This area is important because practical adhesive bonds are
generally designed to minimize mode-I loads. With brittle materials,
the fracture energy associated with mixed-mode loading was signifi-
cantly higher than that found in mode-I tests (32, 33). This result
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reflects the fact that the crack would like to run in a direction per-
pendicular to the maximum resolved tensile stress at the crack tip
(i.e., mode-I type failure). As a result, the crack will generally ad-
vance in this direction during loading until it reaches the adherend
and stops. Substantially higher loads are required to cause the crack
to change direction and advance along the interface because this
direction is less favorable.

With tough materials (elastomer-modified epoxies) the situation
is not as well understood, and many of the results are contradictory.
Some experiments (10, 11, 13—15) have suggested that the mixed-
mode fracture energy is lower than the mode-I value, but others
have found exactly the reverse (34). A complete scientific explanation
of this complex area will require much more detailed research. Nev-
ertheless, some useful observations and conjectures can be offered
on the basis of results now available.

The first question that might be asked is whether the tough
materials behave in some unusual and unexpected manner in mixed-
mode loading. To investigate this behavior in a qualitative way, plates
with centrally located precracks were made from both modified and
unmodified epoxies and loaded to failure in tension. The precracks
were inserted at different angles to the applied load to obtain various
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types of mixed-mode loading. The failed specimens were then ex-
amined to determine the direction of crack initiation. The results
showed that in all cases the initiation directions in the modified and
unmodified materials were the same (14, 15). Moreover, regardless
of the precrack angle, these directions were in good agreement with
theoretical predictions based on initiation in a direction perpendic-
ular to the maximum resolved tensile stress at the crack tip. In con-
clusion, therefore, at least in these tests, the modified epoxies ex-
hibited no unexpected behavior.

Why then do the bonded specimens give conflicting results?
Unfortunately, we have no completely satisfactory explanation at
present, but some interesting observations can be made. Those tests
that gave a high mixed-mode fracture generally involved a scrim cloth
(a thin layer of cloth used in some adhesives), and the failure was
center-of-bond along the scrim cloth. Moreover, failure often oc-
curred when the load component perpendicular to the bond line
reached the mode-I value. On the other hand, those tests that gave
a lower mixed-mode fracture energy involved an adhesive without a
scrim cloth. The crack was driven toward the adhesive—adherend
interface and then propagated along the interface in the adhesive but
very close to the boundary. These results may suggest that the scrim
cloth provides either a change in the stress field or a preferred path
(i.e., weaker) for the crack. This provision keeps the crack in the
center of the bond despite the fact that the normal mixed-mode stress
field would drive the crack toward the interface. Under these con-
ditions, a reasonable failure criterion might predict that the initiation
of rapid crack growth will occur when the load component normal to
the scrim cloth plane reaches the mode-I failure load. For those tests
where a scrim cloth is not present, the crack is driven toward the
interface, as was seen in the unmodified epoxy experiments. If the
fracture energy is lower than expected for these cases, it may be
related to some type of interaction between the interface and the
crack-tip deformation zone that restricts the toughness. More work
is needed to clarify this situation. Examination of mode-I and mixed-
mode frac<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>