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FOREWORD

The 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 frag-
mented because their papers would be distributed among several journals or
not published at all.

Papers are reviewed critically according to ACS editorial standards and
receive the careful attention and processing characteristic of ACS publica-
tions. Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the integrity
of the symposia on which they are based; however, verbatim reproductions of
previously published papers are not accepted. Papers may include reports of
research as well as reviews, because symposia may embrace both types of
presentation.
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DEDICATION

A Tribute
to Professor Willard D. “Bill” Bascom, 1931-1991

The field of rubber-toughened epoxies suffered a great loss on October 8,
1991, with the death of one of its pioneers, Willard D. “Bill” Bascom,
Research Professor, Materials Science and Engineering Department, Univer-
sity of Utah, Salt Lake City, Utah.

Dr. Bascom received his B.S. in chemistry from the Worchester Poly-
technic Institute in 1953 and his M.S. in physical chemistry from Georgetown
University in 1962. In 1970 he received his Ph.D. in physical chemistry from
Catholic University Graduate School. He was the head of the Adhesives and
Polymer Composite Section, Chemistry Division, Naval Research Laboratory,
Washington, D.C.

After making impressive contributions to surface chemistry for 15 years
(1956-1981) at the Naval Research Laboratory, he turned his attention to the
toughness problem in structural adhesive systems. Despite the importance of
the toughening of brittle structural materials, very few researchers had
followed up on the initial publications by the colleagues of Frederick J.
McGarry at Massachusetts Institute of Technology in the late 1960s.

In the early 1970s Dr. Bascom began a major investigation into the
science and engineering of toughening epoxy resins. He was interested in
finding failure mechanisms and in particular looked for a relationship be-
tween the toughness of bulk resins and bond geometry in adhesive joints. His
reports on the dependence of the fracture energy of adhesive joints on
temperature and bond thickness gave an impetus to the scientific investiga-
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tion of fracture behavior in rubber-toughened thermoset resins. His studies
on fractography using scanning electron microscopy identified the deforma-
tion processes at the crack tip. His observations are the essence of the
currently accepted failure mechanisms of epoxy-resin toughening,

In 1976 Dr. Bascom extended his studies to the toughening of epoxy
matrix resins for fiber-reinforced composites. Delamination was beginning to
be recognized as a crucial cause of composite failure. He established the first
clear link between increased matrix-resin toughness and improved interlami-
nar fracture behavior in composites. This important study led to establish-
ment of new failure mechanisms in composites and to development of new
technologies for improved high-performance fiber-reinforced composites.

He continued his study in this field when he became the manager of
composite research, Graphite Fibers Department, Hercules, Inc., Magna,

* Utah, in 1981. This position was followed by a move to the University of Utah

in 1986. Dr. Bascom demonstrated the importance of fiber—matrix adhesion
in delamination and thus contributed to the improvement of surface treat-
ments for fibers in thermoplastic composites. He established a better under-
standing of test methods to measure interfacial strength and the composite
failure mechanism. In 1989 he received the Adhesives Award sponsored by
Adhesives Age and was selected by ASTM Committee D-14 on Adhesives for
his contributions on the fracture behavior of rubber-toughened epoxy struc-
tural adhesives in bulk and in adhesive joints.

To many of us in this field, Professor Bascom was a valued colleague,
co-worker, and leader. His work opened up an exciting field of study. His
ability to analyze complex problems and find simple solutions brought the
science and engineering of toughening plastics to life. Most importantly,
however, he was a friend who was always there when we needed him. He will
be remembered as a man of keen intelligence and dedication to science. He

will be greatly missed by all of us.

DonALD L. HUNSTON

National Institute of Standards and Technology
Polymers Division

Gaithersburg, MD 20899

C. KeITH Rigw

Department of Chemical Engineering
University of Akron

Akron, OH 44325-3906

August 1992
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PREFACE

TOUGHENED PLASTICS are widely used in many diverse industries and form
the basis for engineering plastics, structural adhesives, and matrices for
fiber-composite materials. The materials are usually multiphase polymers; the
dispersed phase consists of rubbery or thermoplastic domains and the contin-
uous phase is a cross-linked thermosetting or thermoplastic polymer matrix.
The basic reason for toughening a plastic that is normally brittle at room
temperature is to improve its crack resistance and toughness without signifi-
cantly decreasing other important properties such as the load-bearing modu-
lus and the mechanical properties at elevated temperatures.

This book is aptly named; its chapters encompass many areas of science
and engineering. Various contributions discuss aspects of the toughening of
plastics such as the basic chemistry involved, the microstructure of the
materials, the resulting mechanical properties, and applications of the tough-
ened plastics. Hence, as would be expected, the authors represent a truly
multidisciplinary group. Some of these authors are the foremost authorities
on their particular areas within the subject of toughened plastics.

A symposium on “Rubber-Modified Thermoset Resins” was held in 1983
under the auspices of the American Chemical Society in Washington, D.C.
The papers were published in 1984 as Volume 208 of the Advances in
Chemistry Series. The theme of the 1988 symposium, titled “Rubber-
Toughened Plastics,” was broadened to cover both thermosets and thermo-
plastics. The papers from this symposium, held in New Orleans, Louisiana,
were published in 1989 as Volume 222 of the Advances in Chemistry Series.

Most of the chapters in this book are based on papers presented at The
Third International Symposium on “Toughened Plastics: Science and Engi-
neering” and the workshop on “Toughened Plastics” at the 200th National
Meeting, American Chemical Society, Division of Polymeric Materials: Sci-
ence and Engineering, Inc., Washington, D.C., August 1990.

We are indebted to each contributor to the book and to the referees who
provided much valuable advice. We thank the Division of Polymeric Materi-
als: Science and Engineering, Inc. of the American Chemical Society for
sponsoring the workshop, the symposium, and this book. The BFGoodrich
Company and Imperial College, University of London, also provided adminis-
trative assistance. Finally, we thank Mrs. H. Kim Riew for her secretarial
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contributions to this book and the 1990 workshop in Washington, D.C., Mrs.
Gill Kinloch, and our families for their support and patience.

C. KEITH RIEW A. J. KINLOCH

Department of Chemical Engineering Imperial College

The University of Akron University of London
Akron, Ohio 44325—-3906 SW7 2BX, United Kingdom
August, 1992
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1

Mechanisms of Toughening Thermoset
Resins

Y. Huang’, D. L. Hunston?, Anthony J. Kinloch’, and C. Keith Riew**

"Imperial College of Science, Technology, and Medicine,
University of London, Department of Mechanical Engineering,
Exlnbltlon Road, London, SW7 2BX, United Kingdom

2 National Institute of Standards and Technology, Polymers Division,
Galthersburg, MD 20899

3The BFGoodrich Company, Corporate Research Division,
9921 Brecksville Road, Brecksville, OH 44141

A toughened thermoset generally contains elastic or thermoplastic
domains dispersed in discrete form throughout the matrix resin to
increase the resistance to crack-growth initiation. Fracture behavior is
governed by characteristics of viscoelasticity, shear yielding, and
dilatational deformation involving cavitation. In recent years, concepts
of theoretical developments of failure mechanisms based on fracture
mechanics have been advanced, although controversy over details still
exists. The aim of this chapter is to review in detail some of the recent
developments in toughening mechanisms and the relationships be-
tween microstructure and fracture behavior as illustrated by rubber-
toughened epoxy resins. This review considers the behavior of bulk
resin, adhesive joints, and matrices of composites. Recent modeling
efforts for toughening mechanisms that give a quantitative description
of the microstructure—fracture property relationships are also re-
viewed.

MATERIALS SCIENTISTS ARE CONCERNED WITH QUANTITATIVE MECHANISMS
of toughening and hope to predict the life expectancy of toughened ther-
mosets. This endeavor should enable chemists to develop new polymers or
tailor existing polymers to meet new requirements.

*Corresponding author.

0065-2393 /93 /0233-0001$09.75 /0
© 1993 American Chemical Society
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2 RUBBER-TOUGHENED PLASTICS

Unmodified thermosets are usually single-phase and brittle materials,
whereas toughened thermosets are usually multiphase systems. When elastic
or thermoplastic domains are correctly dispersed in discrete forms through-
out the thermoset matrix, the fracture energy or toughness can be greatly
increased. In toughening processes, it is desirable to minimize the sacrifice in
thermal and strength properties of the matrix resin. For this reason, the
toughener is incorporated by in situ reaction or by adding performed particles
as a separate phase. Deformation in the toughened thermoplastic matrix
is normally dominated by shear yielding and crazing. Unfortunately, cross-
linked materials such as cured epoxy resins have a limited ability to deform in
this way, particularly in the triaxial stress field present inside the sample at
the crack tip. The addition of an elastomeric or thermoplastic second phase
changes this situation and significantly improves the fracture toughness. The
fracture behavior of toughened thermosets is dominated by shear yielding
and dilatational deformation involving cavitation. Many different mechanisms
have been proposed to explain the improved fracture toughness. The purpose
of this review is to discuss some of the recent developments in this area.

Toughening Mechanisms

General Overview. Impact modification of thermosets or thermo-
plastics has been practiced widely in industry, usually by blending a plastic
with an elastomer or a plasticizer (I). Such impact modification often
sacrifices the inherent and desirable thermal or strength properties of the
matrix resin. A typical example is when polystyrene is modified with polybuta-
diene and the ultimate tensile stress is reduced from ~ 45 MPa (unmod-
ified) to 15 MPa for the high-impact polystyrene (HIPS) (2). To impart
ductility or increased impact strength to cured epoxy resin systems, reactive
(flexibilizers) or nonreactive (plasticizers) long-chain epoxidized glycols and
dimer acids have been added at various levels (3). However, most of these
modifiers flexibilize the epoxy resins, that is, the heat deflection temperatures
and strength properties were reduced with increased strain properties. Be-
cause these materials also have relatively high glass-transition temperatures
(> 0 °C), toughness improvement at low temperature (< —20 °C) was not
realized.

In 1965, McGarry and his colleagues (4-7) began toughening thermoset
epoxy or polyester resins with difunctional reactive liquid polymers. Their
first published results were on toughening liquid epoxy resin (diglycidyl ether
of bisphenol A; DGEBA) or unsaturated polyester resin with low-molecular-
weight liquid carboxyl-terminated poly(butadiene—acrylonitrile) copolymers
(Hycar CTBN; BFGoodrich Company).! The reaction of the epoxy groups of
the resin with the carboxyl-terminal groups of the CTBN produced alternat-
ing block copolymers of DGEBA-CTBN that eventually precipitated as
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rubbery domains, in situ, during cure (8, 9). The glass-transition temperature
of CTBN is below —30 °C. Thus, the cured CTBN-toughened epoxy resins
also showed improved low-temperature fracture toughness.

McGarry and co-workers compared the chemical bond energy to the
fracture energy of CTBN-toughened epoxy resin systems. For example, the
work at room temperature required to propagate a ¢rack through brittle
cross-linked DGEBA resin is approximately 5-9 X 10* m]/m? of fracture
surface produced. The discrepancy between the measured value and calcu-
lated values based on carbon—carbon bond breakage (about 5 X 10> mJ/m?)
is caused by localized shear yielding and plastic flow in the material adjacent
to the fracture surfaces. This discrepancy can be increased by suspending fine
particles of elastomer throughout the cured epoxy matrix. The particles
increase the amount and extent of shear yielding and induce other toughen-
ing mechanisms that take place in the glassy resin phase, without significant
degradation of other mechanical properites of the cross-linked epoxy. The
CTBN was an effective toughener in concentrations up to 10 parts per
hundred parts by weight of the DGEBA resin. Poor toughening was observed
when the average diameter of the particles was < 1000 A, when adhesion
between particles and matrix was inadequate, or when the elastomer was
miscible and remained in solid solution in the cross-linked epoxy. The particle
size was dependent on the initial molecular weight of the elastomer, the
nature and concentration of the epoxy cross-linking agent, and the tempera-
ture at which the mixture was polymerized. With a fixed content of precipi-
tated rubber domains, as the particle size increased to about 2 to 5 pm, the
crack propagation resistance also increased by five- to tenfold over unmodi-
fied epoxy resin.

The major use of rubber-modified (flexibilized or toughened) epoxies in
the 1960s was structural adhesives. Researchers were interested in the use of
such materials in adhesive joints. Bascom et al. (10-16), who were the major
contributors to studies of the fracture behavior of CTBN-modified epoxies in
adhesive bonds, studied many of the variables that affect adhesive bond
fracture to see how the improved fracture of neat (bulk) resin would behave
in adhesive joints. The efforts of Bascom et al. included investigations of the
basic viscoelastic properties of CTBN-toughened epoxy systems and their
fracture behavior in different geometries, that is, bulk, adhesive joints, and
matrices of composites. An overview on this subject will be given in the last
part of this chapter.

Most of the early publications on toughening technologies or mechanisms
drew heavily on the studies of toughened thermoplastics, which were exam-
ined extensively (17-22). Recent monographs have been dominated by

!Certain commercial materials and equipment are identified in this paper in order to specify
adequately the experimental procedure. In no case does such identification imply recommenda-
tion or endorsement by the authors and their institutions nor does it imply necessarily that they
are the best available for the purpose.
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developments in the technologies and mechanisms for toughened thermosets
(23-30), and these monographs provide a comprehensive description of the
science and engineering of toughened plastics.

Early proposals for the toughening mechanisms were based mainly on
the phenomena observed in toughened thermoplastics. For example, in 1956,
Merz et al. (31, 32) proposed the first mechanism of ultimate failure for

-heterogeneous mixtures of polystyrene with styrene—butadiene copolymers.

The blend was a rubbber-toughened high-impact polystyrene (HIPS) sys-
tem. Merz et al. postulated that the large strain deformation and the stress-
whitening were caused by scattered light from the microcracks and void
formation. The basic theory of toughening proposed by Merz et al. was that
the rubber particles bridge the opening fracture surfaces at the crack tip, and
fracture now requires the tearing of rubber particles.

A similar explanation was later advanced by Kunz-Douglass et al. (33,
34), and Sayer et al. (35), who proposed a tear-energy toughening model for
the toughening of thermosets. They suggest that the particles stretch across
the crack opening behind the crack tip and hinder the advance of the crack.
Based on this idea, they proposed the first quantitative model for toughened
thermoset. In this model, the energy absorbed in fracture is the sum of the
energy to fracture the matrix and to break the rubber particles. Microcracks
due to rubber particles cause tensile yielding and, thus, a large tensile
deformation. Voids resulted from opening of the microcracks and permitted
large strains.

Kinloch et al. (36) disagreed with the rubber-tear theory because many
phenomena, such as stress-whitening, the large amount of plastic deforma-
tions, higher fracture toughness at a higher temperature, and so forth, could
not be explained. Kinloch et al. suggested that rubber-tear makes a secondary
contribution to toughening, but it does not represent the major toughening
mechanism. They proposed a mechanism that involves dilatational deforma-
tion of the matrix and cavitation of the rubber particles in response to the
triaxial stresses near the crack tip, combined with shear yielding between the
holes formed by the cavitated rubber particles. The stress-whitening was
attributed to light scattering by these holes, and the major energy absorption
mechanism was suggested to be the plastic deformation of the matrix. Plastic
deformation blunts the crack tip, which reduces the local stress concentration
and allows the material to support higher loads before failure occurs. More
details of this mechanism will be given later.

The rubber-tear theory also fails to explain recent findings on how some
systems may be toughened with nonreactive rigid thermoplastic particles.
Indications are that shear yielding and plastic deformation involving cavitation
of the matrix surrounding the particles is responsible for the toughening, but
not deformation of the particles themselves.

The first report on thermoplastic rigid-particle toughening of epoxy resin
was attempted by Raghava (37), who did not obtain large toughness improve-
ment with the hard polyimide particles in the softer epoxy matrix.



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0233.ch001

1. HUANG ET AL.  Mechanisms of Toughening Thermoset Resins 5

Bucknall and Gilbert (38) toughened tetrafunctional epoxy resins using
nonreactive thermoplastic poly(ether imide). Toughened epoxy resins were
prepared by dissolving a poly(ether imide) (Ultem 1000; General Electric
Company) in a tetraglycidyl-4,4'-diaminodiphenyl methane-based resin with
4,4-diaminodiphenyl sulfone as curing agent at 30 parts per hundred parts of
the resin. The poly(ether imide), which had enough incompatibility because
of a sufficient surface energy difference from the base epoxy resin, formed a
separate phase, with a dynamic loss peak at 200—-212 °C. The loss peak of the
epoxy occurred at about 265 °C. Three-point bend fracture tests showed a
linear increase in the fracture toughness with increasing poly(ether imide)
content. The Young’s modulus at 23 °C showed a modest reduction from 3.6
to 3.5 GPa when the poly(ether imide) content was increased from 0 to 25%.

A similar study was made by Riew and Smith (39), who toughened
polycarbonate with preformed rigid particles using core-shell polymers. They
found that thermoplastic polycarbonates deform through shear yielding with
or without the presence of the discrete second phase. However, the core of
the particles is rubbery and the shell is a rigid plastic phase. Thus, the inner
rubbery part may be deformable within the outer plastic shell. SEM micro-
graphs indicated that the toughness was enhanced by simultaneous shear
yielding and apparent dilatational deformation involving cavitation. Riew and
Smith did not, however, find any evidence of crazing. Cavities are formed in
the martrix surrounding the core-shell domains within the plastic zone ahead
of the crack tip.

Yee (40) studied the fracture behavior and toughening of nylon 66 matrix
with rigid particles of polyphenylene oxide modified with styrene—
butadiene—styrene polymer (GTX 910; General Electric Company). This
blend is a rigid-rigid polymer alloy. Yee found that the rigid particles must
be able to induce localized dilatation in order to increase the toughness of the
alloy and that the matrix is capable of some plasticity. The role of cavitation of
the toughening particles and the stress concentration effect of a particle near
a crack tip also are important in Yee’s toughening mechanisms.

Unlike the work of Raghava, the results presented by Bucknall and
Gilbert (38), Riew and Smith (39), and Yee (40) showed improvements in
toughness with the rigid particles. However, these particles must be capable
of plastic deformation, or at least be of low modulus, like soft plastics or rigid
rubbers, to be effective tougheners.

Particles play an important role in helping the matrix respond to the
triaxial stresses present near the crack tip in all but very thin samples. The
usual response of an unmodified thermoset is to readily initiate cracks, which
cause brittle failure. Thermoplastics, on the other hand, generally craze.
Sauer et al. (41) and Hsial and Sauer (42) made a distinction between cracks
(microvoids) and crazes. They found that the polystyrene sustained tensile
stresses of 20 MN/m® even when the specimens appeared to be cracked.
Examination of the X-ray diffraction of the cracked (crazed) polystyrene
showed oriented polymer molecules. Sauer and co-workers concluded that
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the molecules would absorb energy during the orientation, and the process
must be responsible for the observed high strength.

Kambour (I8, 43-47) made a major contribution in identifying the
crazes in glassy polymers. He observed that the crazing almost always
occurred before the fracture of glassy plastics. He characterized the structure
and properties of crazes and has published excellent papers on the crazing
and fracture behavior of plastics.

Although a craze may be better than a microvoid for supporting a load, a
single craze does not provide a major toughening mechanism. Bucknall (48)
advanced a multiple crazing theory for toughening in thermoplastics and
suggested that the rubber particles both initiate and control the craze growth.
This initiation—control mechanism is the most widely accepted explanation
for toughening in high-impact polystyrene.

Wang et al. (49-51) and Matsuoka and Daane (52) stated that the
toughener particles should do two things to the parent matrix phase: act as
stress concentrators (i.e., a large strain will start in the matrix near the
interface) and create a multiaxial stress state. Because a multiaxial stress state
near the interface further enhances dilatation, the matrix will undergo plastic
deformation in the vicinities of the rubber particles.

Wang et al. (49-51) also studied the crazing behavior of polystyrene with
spherical rubber or steel inclusions. In rubber-toughened polystyrene the
crazing initiated from the interface near the equator of the “rubber” ball at a
critical tensile load, and more crazes propagated in the radial direction as the
stress increased. The “steel ball,” however, initiated crazes on the shoulder at
an angle of 37.2° from the equatorial plane and the crazes then propagated in
a perpendicular direction to the stress direction. This difference in crazing
behavior indicated some differences in deformation of the matrix due to the
rigidity of the toughening particles. The stress required to develop interface
crazing for rubber is lower than for the steel ball. The crazes in the rubber
ball sample were also more stable that those in the steel ball sample, as
evidenced by the larger breaking stress vs. craze initiation stress ratio in the
rubber ball case.

The preceding examples illustrate the strong influence of the second
phase on matrix deformation in thermoplastics. A similar effect is found with
thermoset matrices, although the dilatational deformations are different.

Lange et al. (53-55) proposed a different toughening mechanism, that
is, the crack-pinning mechanism, which is quite different from the mecha-
nisms of crazing, cavitation, or the shear yielding. They observed increased
fracture toughness when aluminum trihydrate was added as a fire-retarding
filler to epoxy resins. The toughness improvement was dependent on the
volume fraction and particle size of the filler. The increase in fracture energy
of a brittle material due to the addition of a brittle and second phase was
explained by interactions between the propagating crack and the filler phase.
Scanning electron microscopy was used to develop a model that stated that as
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the crack begins to propagate through the resin, the crack front bows out
between the filler particles but remains pinned at the particles. The crack-
pinning mechanism operates mainly with inorganic fillers that resist fracture
during failure of the epoxy matrix resin. The crack-pinning mechanism is
generally less important in ductile matrix materials (56). Although thermosets
can be toughened by a crack-pinning mechanism, this is generally less
effective than the mechnisms present with soft or ductile particles.

Unmodified epoxy resins cured with alkyl diamines can be made to fail
by shear yielding under tensile stress at slow strain rate with no observable
stress-whitening. In the case of rubber-toughened epoxies, Rowe and Riew
reported shear yielding can occur under tensile stresses in thermoset resins
with or without rubber domains (7, 57, 58). Tougheners that are more
compatible with epoxy resins, such as CTBN with 27% acrylonitrile content
or liquid mercaptan-terminated poly(butadiene—acrylonitrile) copolymers
(MTBN), produce particle sizes less than 0.1 pm. When the rubbery domain
sizes are less than 0.1 pm, shear yielding without dilatational caviatation was
observed. In larger rubbery domains with sizes ranging from 1 to 5 pm,
the toughened epoxy resin exhibited extensive cavitation in the rubber parti-
cles and surrounding matrix, as evidenced by the large amount of stress-
whitening. In general, the rubber would shrink more than the epoxy during
cooling after cure, but is prevented from doing so by the chemical bonding
between the particle and the matrix. The good adhesion, often due to actual
chemical covalent bonding between the rubbery domains and matrix resin,
stabilizes the cavity-formation or shear-deformation processes, which in turn
are capable of supporting large hydrostatic triaxial stresses ahead of the crack
tip in the plastic zone (4, 9). As a result, there is triaxial tension in the
rubber. When the sample is loaded, these stresses increase to the point where
the particle cavitates.

When the CTBN-toughened epoxy is prepared in the presence of slightly
less than a stoichiometric amount of bisphenol A (which like CTBN is a chain
extender), a higher molecular weight between cross-links is produced in situ
(9) and a bimodal distribution of particle sizes is generated; that is, one
family of 1-3-pm particles and another of less than 0.05 pm particles (57).
For a given amount of added CTBN, this system has a dramatically higher
fracture toughness than other formulations (9). A number of explanations
have been offered for this. One hypothesis suggests that the small and large
particles promote different toughening mechanisms, and the presence of
both results in a synergistic effect (9). Both shear yielding and dilatational
deformation involving cavitation were observed (58).

A second explanation for increased fracture toughness in bimodal distri-
butions lies in a larger volume fraction of rubbery-phase separated epoxies.
Bucknall and Yoshi (59) found that bisphenol A added to epoxy resin in the
presence of CTBN increased the volume fraction of rubber particles. The
increased volume fraction consequently increased the extent of dilatational
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deformation that involves cavitation and is the critical parameter for toughen-
ing. The measured relationship between volume strain change and longitudi-
nal strain showed the effect of added bisphenol A on the increased dilata-
tional deformation (59-61).

A third explanation for the fracture toughness increase in bimodal
distributions points out that the molecular weight between cross-links in this
system is higher than in systems without bisphenol A (9). As will be discussed
later, it is well known that a lower cross-link density in the matrix of a
rubber-toughened system increases the fracture energy (62, 63).

Regardless of the explanation, however, an examination of the fracture
surfaces for the epoxies with bimodal rubbery particle distribution shows the
same cavitation of rubber particles and matrix shear yielding in the crack-tip
region that is observed for other toughened epoxies. The major difference is
the size of the region over which these processes occur. As with other
toughened thermosets, the size of this region scales with fracture energy. In
addition to high fracture energy, the bimodal system also shows very good
phase separation and, consequently, very little sacrifice in other thermal and
mechanical properties (64).

The morphology of CTBN-toughened epoxies has been further explored
by examining the fracture surfaces of the stressed tensile bars. The rubber
particles within the shear-yielded area are all elliptic and some particles
associated with cavitation show double ellipsoids. These double ellipsoids look
like elongated fried eggs with small amounts of egg whites (i.e., cavitated
matrix), surrounding the egg yolks (i.e., the rubber particles).

The fracture surface perpendicular to the tensile direction of a tensile
bar shows that cavitation around particles eventually progressed to crack
formation that caused catastrophic failure. A parallel plane (perpendicular to
the stress direction) close to the tensile-bar fracture surface was exposed by
rapid hammering on a sharp knife blade to break through the sample after it
had been cooled in dry ice. The resulting stress-whitened plane was repli-
cated and observed using transmission electron microscopy to see the frozen-in
morphology. This time, the fried egg-like patterns (rubbery domains) were
circular and the cavitated matrix (egg-whites region) was twice the size of the
rubber particles at the center (egg yolks). The cavities in the egg-whites
region have closely associated with the rubber particles (57, 58).

When the specimen is heated above 100 °C, the glass-transition tempera-
ture (T,) of the resin, the deformed matrix (i.e., the egg whites) recovered,
leaving only the original size rubber particles (i.e., the egg yolks). The
stress-whitening disappears also. This thermal response is similar to crazing in
thermoplastics, which recovers on heating above T,. Microvoids around the
rubbery particles, which were actually microcracks, did not recover and
remained as voids. Thus, the stress-whitening is associated with recoverable
dilatational deformation just as in the deformation involved in fibril formation
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of crazes. Additional evidence is obtained by an osmium tetroxide-stained
(65) microsection of the stressed and heat-treated material. The particles
(stained) are of the same size as the original unstressed sample.

Kinloch et al. (36) suggested that the key factors responsible for tough-
ening are: cavitation of the rubber particles, which permits dilatation of the
matrix without the microvoid formation that leads to brittle failure, and shear
yielding between the holes formed by particle cavitation.

Pearson and Yee (62, 63) studied the effect of matrix ductility on
toughening by varying the molecular weight of epoxy resins. These epoxy
resins were cured using diphenyldiamine sulfone and, in some cases, modi-
fied with 10 vol % CTBN. Fracture-energy values for the unmodified epoxies
showed only a small increase with increasing molecular weight of the epoxy
resin. However, the toughness of the CTBN-modified materials was in-
creased dramatically with increased epoxy monomer molecular weight. Ten-
sile dilatometry indicates that the toughening mechanism, when present, is
similar to the mechanism found for the piperidine-cured CTBN-modified
epoxies studied. Scanning electron and optical microscopy techniques corrob-
orate this finding. The deformation in bulk tensile tests of the unmodified
epoxy resins was a shearing process. Significant shear deformation and void
formation were observed for some, but not all, of the rubber-modified
materials, which is another proof of the importance of initial compatibility
and reactivity of CTBN and the epoxy resin. The epoxy molecules should
undergo linear chain extension before cross-linking and gelation so as to
minimize cross-link density (9).

Pearson and Yee (66) examined the deformation of CTBN-toughened
epoxy resins in uniaxial tension and in three-point bending with an edge
notch. Scanning electron microscopy of fracture surfaces ‘indicated that
cavitation of the rubber particles was a major deformation mechanism.
Particle—particle interactions were also found. Optical microscopy of thin
sections perpendicular to the fracture surface showed that the cavitated
particles generated shear bands. The toughening effect was due to cavitation,
which relieved the triaxial tension at the crack tip, and shear-band formation,
which created a large plastic zone.

The study by Li et al. (67) on the role of cavitation in the surrounding
matrix in the deformation of rubber-toughened epoxy under constrained
conditions is very important. Cavitated CTBN particles strongly interact with
yielding of epoxy resins in front of the crack tips, thereby blunting the cracks
in the tension-bending tests. Uncavitated particles do not have this interac-
tion. Massive shear-yielding mechanisms occurred only when cavitation had
occurred. Shear deformation was proposed as the principal mechanism for
energy absorption, with plastic dilation absorbing only a small fraction of the
total energy.

Yee and Pearson (68) also found that at low strain rates the rubber
particles enhanced shear deformation. At sufficiently high strain rates, the
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rubber particles cavitated and subsequently promoted further shear deforma-
tion. No indication of crazing as an important toughening mechanism was
found, and there was no significant effect of rubber particle size or type.

Effect of Rate and Temperature. The fracture behavior of tough-
ened thermosets, which is known to vary dramatically with test temperature
and loading rate, has been studied extensively by Bitner et al. (64) and
Hunston et al. (69, 70). The test temperature and loading rate on fracture
warrant detailed discussion because of their importance in deducing the
toughening mechanism. In addition to the following review, more details on
temperature and loading rate can be obtained in references 64 and 69-73.

An exhaustive examination of a series of four elastomer-modified epoxies
plus an unmodified epoxy (Table I) was conducted. The same base resin was
used in all the experiments, but three of the toughened systems contained
different amounts of an elastomer, whereas the fourth contained bisphenol A
(BPA), which altered the morphology to produce a bimodal distribution of
elastomer particle sizes. The fracture energies were determined using com-
pact tension specimens at cross-head speeds between 0.05 and 50 mm /min
and temperatures between —60 and +60 °C.

The behavior was found to be viscoelastic in nature, that is, there was an
inverse relationship between test temperatures and loading rate. Bitner et al.
(64) and Hunston et al. (69), found that the results could be analyzed by
time—temperature superposition techniques. The time to failure (¢;) was the
parameter chosen to characterize the loading rate. ¢; is the time from the
initial application of the load until the failure point is reached in the constant
cross-head speed experiments. The data for fracture energy were then plotted
against ¢; for a series of temperatures. Finally, the results for different
temperatures were shifted horizontally along the ¢; axis until the points
superimposed to form a master curve. The data at 20 °C were selected as the
reference and were not shifted.

Figure 1 shows results for three of the four toughened epoxies and the
unmodified epoxy. The low values of reduced time to failure (¢;/a;) corre-
spond to low temperatures and high loading rates whereas high values are the

Table 1. Formulation of CTBN-Toughened Epoxy Resins

Formulation (parts by weight)

Component*® 1 2 3 4 5
Epoxy resin (DGEBA) 100 100 100 100 100
Epoxy equivalent weight = 195

Piperidine 5 5 5 5 5
Hycar CTBN 0 5 5 15 18.5
Bisphenol A 0 0 24 0 0

* Details of composition and cure are given in references 56, 57, and 61.
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Figure 1. Fracture energy is plotted against reduced time to failure for three

elastomer-toughened materials: formulation 5, O; formulation 3, A ; and

formulation 2, O. The straight line at the bottom of the graph represents the
unmodified epoxy.

reverse. Figure 1 presents some interesting information. The unmodified
epoxy exhibits very little rate or temperature dependence over the range of
test conditions examined. At higher temperatures and slower rates, the
fracture energy (G,.) for formulation 3 (Table I) greatly exceeds that for
formulation 2. Both systems contain the same concentration of elastomer, 5
phr [parts (by weight of elastomer) per hundred parts (by weight) of epoxy
resin] but formulation 3 has the bimodal distribution of particle sizes whereas
formulation 2 has the more conventional distribution. This higher G, has
been noted in the past and is cited as an advantage of a bimodal morphology
(8). A reduction in the reduced time to failure by only three decades,
however, brings the behavior of the bimodal material to near equivalance
with that for the simple 5-phr system. The curves come together at rates that
correspond to low-temperature impact. In this region, there appears to be no
advantage to the bimodal system. Moreover, if designs are based on measure-
ments made in the range where the bimodal system is superior, the higher
rate sensitivity can lead to significant overestimates of toughness.
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The shift factors (a;) were obtained empirically as the values needed to
superimpose the fracture data. Another approach is to use the shift factors
derived from viscoelastic experiments involving simpler stress fields (71, 72).
Unfortunately, the linear viscoelastic data can be obtained in a temperature
range that overlaps only part of the range tested in the fracture experiments.
It is possible, however, to determine the shift factors from yield experiments,
and this can be accomplished over the same temperature range as the
fracture experiments. These shift factors, determined independently of the
fracture test, can then be used successfully to superimpose the toughness
data and generate master curves (71, 72). This demonstrates the close
relationship between yielding and fracture. Such a relationship is expected
based on the proposed mechanism that suggests yielding as the principal
mode of energy dissipation.

The data in Figure 1 were analyzed by Bitner et al. (64) and Hunston et
al. (69, 70) who suggested that the results could be represented empirically
by

t m
Gy = A[—f_] + G (1)
ary
AEJ1 1
ar=ep| |7 T (2)

These equations contain five parameters, and although they are strictly
empirical, they do have interpretations that can be extremely useful for
comparing the behavior of different materials and establishing structure
property relationships. For data analysis, the authors chose the reference
temperature T, to be 80 °C below the glass-transition temperature because
they felt the fracture behavior was a function of the difference between the
test temperature and the glass-transition temperature. The 80 °C was selected
to bring the reference temperature within the range where the fracture
experiments were conducted. The parameter A provides a measure of the
magnitude of the toughening effect, m assesses the loading rate sensitivity,
AE measures the temperature dependence, and G, is the limiting tough-
ness at low temperatures and high loading rates.

The data presently available are not sufficient to clearly establish rela-
tionships between these parameters and the morphology of the materials.
Nevertheless, the following speculations have been made based on the
limited data available (69, 70, 73). The parameter AE is the same for all the
materials tested and is similar in value to that obtained from an equivalent
analysis of yield data. Because all of the systems tested had the same matrix
resin, the result suggests that AE depends on the matrix phase. The value of
m is the same when the distribution of particle sizes is similar but changes for
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a system with a bimodal distribution. Thus m appears to be dependent on
morphology. The parameter A increases with increasing elastomer concentra-
tion but also appears to be a function of morphology because it is larger for a
bimodal system with the same amount of elastomer.

More experiments are necessary before such correlations can be firmly
established. Nevertheless, the acquisition of such data is well worth the effort
because such relationships offer a real hope for scientifically optimizing the
fracture behavior of these materials.

Stress Fields around Rubbery Particles. The toughening mech-
anisms that operate in rubber-toughened thermosetting polymers obviously
involve both the dispersed rubber particles and the polymeric matrix. The
first step toward understanding the nature and magnitude of the toughening
mechanisms is to establish the stress fields that act in the vicinity of the
rubbery particles.

Goodier (74) has derived equations for the stresses in the matrix around
an isolated elastic spherical particle embedded in an isotropic elastic matrix,
where the matrix is subjected to an applied uniaxial tensile stress remote from
the particle. These equations reveal that for a rubbery particle, which
typically possesses a considerably lower shear modulus than the matrix, the
maximum tensile stress concentration in the matrix due to the presence of the
particle occurs at the equator of the particle and has a value of about 1.9.
Furthermore, assuming the particle is well bonded to the matrix, the local
stress state at this point is one of triaxial tension. The triaxial tension arises
essentially because of the volume constraint represented by the bulk modulus
of the rubbery particle, which is comparable with that of the matrix. (The low
shear modulus of the rubber particle is relative to the thermoset matrix, but
its comparable bulk modulus is a consequence of the Poisson’s ratio of the
rubber being approximately 0.5 whereas that of the matrix is about 0.35-0.4.)
In contrast to a void that would produce a stress concentration similar in
magnitude, the rubbery particle can fully bear its share of the load across the
crack front because of the volume constraint. Indeed, the ability of the
rubber particles to be load-bearing as well as stress concentrators, is one
reason that rubbery particles may be particularly effective for toughening the
glassy polymeric matrix. Nevertheless, the ability of the particle to internally
cavitate may be a more important factor.

In rubber-modified polymers, the stress fields of nearby rubbery particles
will overlap and, hence, Goodier’s solution for an isolated particle is not
strictly applicable. Recently, several finite-element analyses (75-78) exam-
ined the stress fields in and around rubbery particles or voids in a glassy
matrix. The recent analyses claim that when the inclusion is a void, it is
equivalent to a cavitated or debonded rubbery particle. In the earlier analyses
(75, 76), the multiphase rubber-modified material was modelled as an array
of axisymmetric elements. These elastic analyses revealed that the maximum
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stress concentration inside the matrix occurred adjacent to the equatorial area
of the rubbery particle and that this stress concentration increased with the
volume fraction (V;) of particles because of the interaction between the stress
fields of the particles. For example, for a volume fraction of 0.2, Broutman
and Panizza (75) computed the maximum stress concentration is ~ 2.1,
whereas for a volume fraction of 0.4, the maximum stress concentration is
~ 2.7. This modest increase in stress concentration does not reflect the
relatively steep increase that may be observed in the fragture energy of
rubber-modified epoxy polymers when a rubbery volume fraction from
~ 0.05 up to 0.2 is employed (79, 80). In the latest analyses (77, 78), a
two-dimensional plane-strain model was employed to simulate the multiphase
rubber-modified material. Figure 2 compares the computed von Mises stress
concentration factor using this model to that from the conventional axisym-
metric model (75, 76). Clearly, the two-dimensional plane-strain model
predicts a steeper increase in the stress concentration when the volume
fraction of rubbery particles is increased. Thus, the results from the latter
model better explain the relatively large increases in the fracture energy that
are observed as the volume fraction of the rubbery particles is increased.
Furthermore, this two-dimensional plane-strain model may simulate the
growth of localized shear yielding.

It is of interest to note that Goodier’s analysis also indicates that the
stress concentration in the matrix at the particle equator will still be present
even at temperatures below the glass-transition temperature of the rubber:
Under such circumstances the shear modulus of the rubbery particle still

=2}

B New model
Axisymmetric

von Mises stress concentration

0.1 0.2 0.3 0.4
Rubbery volume fraction

(o]
o

Figure 2. The von Mises stress concentration factor predicted using the two-
dimensional plane-strain model and the axisymmetric model.
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would be expected to be slightly lower than that of the highly cross-linked
thermoset matrix, which is even further below its glass-transition temperature
(Tg). However, because the shear moduli now will be much closer in value,
the extent of the stress concentration will be decreased somewhat. This
aspect is important because it readily explains why rubber-modified ther-
mosets are still somewhat tougher than the unmodified polymer at tempera-
tures well below T, (rubbery phase).

Now the stress field associated with the rubbery particles leads to the
initiation of two important deformation processes.

Matrix Shear-Yielding. One process of major importance that oc-
curs is the initiation and growth of multiple, but localized, shear-yield
deformations in the matrix (68, 79, 80). As a result of the stress concentra-
tion in the matrix caused by the presence of the rubbery particles, plastic
shear-deformation bands are initiated and, because there are many particles,
there is considerably more plastic energy dissipation in the multiphase
material than in the unmodified polymer. However, the plastic deformation
becomes localized due to (1) the post-yield strain-softening of the epoxy
matrix (81) and (2) the observation that the shear deformations initiate at one
particle but terminate at another particle.

The initiation and growth of shear bands were modeled recently in a
rubber-toughened epoxy polymer using the finite-element method (77, 78).
The epoxy matrix was modeled as an elastic—plastic material possessing the
essential features (81) of strain-softening and subsequent strain-hardening,
whereas the rubbery particles were modeled as elastic materials. Figure 3
shows contours of the equivalent plastic strain in the epoxy matrix during
different loading stages. Note that voids, instead of rubbery particles, are
shown here because the internal cavitation of the rubbery particles occurred
at the yield point of the epoxy matrix in this particular rubber-modified epoxy
polymer. Detailed discussions on the importance of the sequence between
the internal cavitation of the rubber particles and the shear-yielding of epoxy
matrix are given in reference 77. From Figure 3, it is obvious that yielding
initiates from the point of maximum stress concentration, that is, the equato-
rial area of the particle (void). When the load is further increased, a band of
shear-yielded material forms at an angle of approximately 45° to the applied
stress. Once the band is formed, further plastic-yielding is localized within
this band. Thus, the finite element analysis has successfully modeled the
localized shear-band plastic-yielding mechanism observed in the fracture of
rubber-modified epoxy polymers.

An important point to consider is the previous suggestion that the
internal cavitation, or debonding at the particle-matrix interface, can greatly
reduce the degree of triaxial stresses acting in the matrix polymer adjacent to
the particle, and that this stress reduction then enables the further growth of
the shear bands. First, all the stress analyses (75-78) have revealed that the
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Figure 3. A model of the initiation and growth of the shear-yield bands between
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rubber particles at different stages of loading. The contours are for a given
equivalent plastic strain and the applied strains are (a) 0.025, (b) 0.050, (c)
0.075, and (d) 0.100.

stresses in the particle are several orders smaller than those in the epoxy
matrix if the rubbery particle has a tensile modulus of 1-2 MPa or lower,
which is a very reasonable assumption. Further, the stresses in the glassy
matrix are of a similar magnitude whether the element of the matrix under
consideration is adjacent to a rubbery particle or a void, which is equivalent
to a cavitated or debonded rubbery particle. Thus, the internal cavitation, or
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Figure 3. —Continued

debonding, of the rubbery particles does not lead to significant relief of the
triaxial stresses in the matrix. Second, as experimentally reported by Kinloch
and Young (82) and noted by Sjoerdsma (83), the dimensions for a plane-
strain to plane-stress transition is on the order of millimeters, as opposed to
the order of micrometers that is involved in the matrix ligament between two
cavitated (or debonded) rubbery particles. Third, the analysis of Bowden (81)
reveals that the initiation and growth of shear bands is only possible under
plane-strain constraint. Hence, for all the reasons just discussed, the internal
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cavitation or debonding of the rubbery particles is not expected to trigger
further shear banding.

Internal Cavitation of the Particle and Subsequent Plastic
Void Growth in the Matrix. Cavitation, or debonding, of the rubbery
particle is an important process that enables plastic void growth to occur in
the matrix (77, 84). Consideration of this phenomenon necessitates recalling
that an overall triaxial (plane strain) stress state usually exists ahead of a crack.
This stress state produces dilatation that, in combination with the stresses
induced in the particle by cooling after cure, may cause failure and void
formation either in the particle or at the particle-matrix interface. Which of
these events occurs largely depends upon the degree of interfacial adhesion
that is attained at the particle—matrix interface. Use of a rubber with reactive
end-groups results in chemical grafting, which gives high adhesion, and
internal cavitation of the particle is observed. On the other hand, use of a
rubber that has nonreactive end-groups results in no chemical grafting and
only relatively weak adhesion, which arises solely from interfacial van der
Waals bonds. Debonding of the particle from the matrix is now observed.

Although the growth of voids or microcracks in the rubbery particle or
debonding of the particle may dissipate a little energy, a far more important
aspect of this process is that it enables plastic void growth in the matrix to
occur. Typical micrographs (84) of a rubber-toughened epoxy are shown in
Figure 4, where the appearance of the original, undeformed, microstructure
(Figure 4a) is compared to the fracture surface of the rubber-modified epoxy
(Figure 4b). The fracture test was conducted at 40 °C, when extensive
cavitation of the rubbery particles and plastic void growth in the epoxy matrix
occurred. These two photographs show that the average size of the voided
rubbery particles is far greater than the original rubber particles. (It should
be noted that this rubber is chemically grafted to the matrix and, therefore,
internal cavitation in the rubbery particle occurs, rather than interface
debonding,) Table II shows the measured values of the volume fraction of the
rubbery particles (or enlarged voided particles) on the fracture surfaces of a
rubber-modified epoxy resin at different test temperatures (70, 77). The
original volume fraction of rubbery particles was 0.19. At the two lowest test
temperatures, the volume fraction remained at 0.19, which indicates that
there was no plastic void growth in the matrix. However, when the test
temperature was at or above —20 °C, an increase in the size of the (now
enlarged) voids is clearly indicated from the data in Table II. This size
increase indicates that cavitation of the rubbery particles and plastic void
growth in the matrix have occurred under these test conditions (i.e., when the
yield stress of the matrix was relatively low).

Note that it is this initiation and voids growth that gives rise to the
stress-whitening often observed ahead of the crack tip and on the fracture
surfaces.
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(b)

Figure 4. Microstructures of the rubber-toughened epoxy polymer: (a) original

(undeformed) microstructure before fracture test; (b) fracture surface after

testing at 40 °C and 2 mm /min. (Reproduced with permission from reference
72. Copyright 1981 Chapman and Hall).
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Table II. Measured Volume Fraction of Rubber-Toughened Epoxy Resin

Temperature (°C) - 60 —40 -20 0 23 40
Measured” 0.19 0.19 0.22 0.24 0.27 0.32
Increase® (%) 0 0 16 26 42 68

¢ The original volume fraction of (undeformed) rubbery particles (V;;) was 0.19.
The percentage increase in volume fraction was calculated from the measured volume fraction
and the original volume fraction of rubbery particles (V).

Criteria for Plastic Void Growth. A rubber particle with a Pois-
son’s ratio (v) approaching 0.5 will possess a relatively high bulk modulus (K)
that has approximately the same value as the thermosetting resin matrix, as
shown by the following equation:

E

K= 50— ®)

where E is Young’s modulus and is, of course, very much lower for the
rubber particle than for the matrix. This low Young’s modulus demonstrates
that a pure rubber particle, like the matrix, is a very rigid elastic body when
subjected to triaxial stresses and will be highly resistant to any volumetric
deformation. Thus, the relatively “rigid” rubbery phase will not encourage
any large-scale plastic dilation in the matrix unless the rubbery particles
either internally cavitate or debond from the matrix to form a “void.” Indeed,
as previously mentioned, the ability of the rubbery particles to internally
cavitate and form “voids” in the thermosetting matrix enables plastic void
growth to occur in the matrix.

Glassy polymers, such as epoxy polymers, often strain-soften immediately
after yield and then strain-harden again (81). During strain-softening, the
polymer more readily undergoes plastic deformation. If cavitation or debond-
ing of the rubbery particles has not occurred by the time the matrix starts to
strain-harden, then the plastic void growth mechanism will be suppressed due
to the rapid strain-hardening of the matrix. Thus, the necessary criteria for
the plastic void-growth micromechanism are that the rubbery particles either
internally cavitate or debond from the matrix, and largely do so before the
onset of strain-hardening of the thermosetting matrix.

Quantitative Assessment of the Different Mechanisms. The
importance of the various mechanisms to the toughening of epoxy polymers

may be demonstrated by using a recently developed mathematical model (77,
78).
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The fracture energy of a rubber-modified epoxy (Gy,) was first modeled
by Kinloch (80):

Glc = Glcu + v (4)

where G, is the fracture energy of the rubber-toughened epoxy polymer,
G, is the fracture energy of the unmodified epoxy polymer, and ¥ is the
additional energy dissipated per unit area in the rubber-toughened polymer
due to the presence of the rubbery particles. The value of ¥ is given by

V¥ = AG, + AG, + AG, (5)

where AG, is the contribution from rubbery particles bridging across the
crack, behind the crack tip. The terms AG; and AG, are the contributions
from plastic shear banding in the matrix and plastic void growth in the matrix,
respectively; both of these two micromechanisms occur in the plastic zone
ahead of the crack tip.

For the rubber-bridging mechanism, Kunz-Douglass et al. (33) proposed
that the value of AG, is given by

AG, = 4I\V,, (6)

where T is the tearing energy of the rubbery particle and V, is the volume
fraction of rubbery particles.

For the plastic shear-band mechanism then, following an earlier model
proposed by Kinloch et al. (79), more recent work (77, 78) has suggested an
equation of the form

2
AG, = 0.5(1 + ﬁ)

4 \Y? 54
%[5

v,/ 35

] K\%me 0.yc'Yf ryu (7)

where V; is either equivalent to V;,, which is the original volume fraction of
the rubber particles, or to Vi, which is the measured volume fraction of the
enlarged voided particles. The terms o, and +y; are the compressive yield
stress and the fracture strain of the epoxy matrix, respectively, which may be
evaluated using a plane-strain compression test. K, is the concentration
factor of the von Mises stress in the epoxy matrix around the rubbery
particles and may be calculated from finite-element analysis (77, 78). The
parameter r,, is the radius of the plastic zone for the unmodified epoxy and
may be calculated from the mechanical properties of the material (82). The
factor p., allows for the pressure dependence of the von Mises yield criterion
for glassy polymers (81) as shown by the equation

Tom =Ty = Bem P (8)
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where 7, is the yield stress under pure shear, P is the hydrostatic stress, and
T,m is the von Mises shear stress as defined by

(o — 0'2)2 + (0, — 0'3)2 + (05 — 0’1)2 = 20v2m = 6"'3m (9)

where o), 0,, and o are the principal stresses and o,,, is the equivalent von
Mises stress. The value of p,, has been determined to be between 0.175 and
0.225 for epoxy polymers (6), and was taken as 0.20 in the present study.

For the plastic void growth micromechanism, the strain-energy density
may be assessed via

Vi
Uy(r) = [ Pde (10)
Vo

where P is the local hydrostatic stress and V,, and V, are the average volume
of the voids before and after growth. d# is the volumetric strain of the voids
during growth and may be expressed as

de =V, dv/v (11)

where V is the average volume of the voids during growth. Use of an
estimation of the stresses inside the plastic zone (85), assumption that the
conditions of linear elastic fracture mechanics (LEFM) are satisfied, and
assumption that

Vi/Vo = Vi/ Vi, (12)

allows U/(r) to be evaluated and the following expression for AG, to be
derived (77, 78):

T

AGy = [1- ==
o[-k

(va - Vfr) K\%mo-ycryu (13)

The measured fracture energy may be calculated by combining equations
6, 7, and 13. The preceding model was applied to a rubber-modified epoxy
and was found to be in reasonable agreement with experimental data over a
wide range of test temperatures and rates (78), as shown in Table III
Furthermore, the model makes it possible to separate the contributions from
the different toughening mechanisms. Table III shows the proportional
contributions from the three toughening mechanisms (77, 78), to the total
increase in fracture energy of a rubber-modified epoxy. Localized plastic
shear-banding is the dominating mechanism under all testing conditions. At
high temperatures, the plastic void-growth mechanism, together with the
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Table III. Three Proportional Contributions of the Fracture Energy Based

on the Toughening Mechanisms
Temperature (°C)
Fracture Energy -60 —-40 —-20 0 23 40

Fracture energy of rubber-toughened

epoxy Gy, (k] /m?); from model 1.30 149 205 272 479 825
Fracture energy of rubber-toughened

epoxy Gy, (k] /m?); measured 172 196 253 364 590 723
Fracture energy: proportlona.l

contribution due to rubber

bridging AG, /¥ 0.36 026 014 011 0.08 0.05
Fracture energy: proportional

contribution due to shear

yielding AG, /Y 0.64 0.74 068 060 054 047
Fracture energy: proportional

contribution due to cavitation

AG, /¥ 000 000 0.8 029 038 048

NoOTE: G, was measured at a displacement rate of 2 mm/min.

shear-banding mechanism, represent the main contributions to the fracture
energy increase. The rubber-bridging mechanism plays a minor role. How-
ever, note that the contribution from the plastic void-growth mechanism is
highly sensitive to the test conditions, and may be completely suppressed at
low test temperatures. Under such conditions, the overall increase in fracture
toughness is small, that is, only moderate toughening is achieved, and the
rubber-bridging mechanism makes a higher proportional contribution to the
overall toughness.

These data emphasize the importance of attaining the required mi-
crostructure, which consists of a dispersed rubbery phase in the thermoset-
ting matrix, as well as the ability of the thermosetting matrix to be able to
undergo plastic deformation. High test temperatures and low test rates,
which facilitate plastic yielding in the matrix, lead to higher values of G,.
However, other factors, such as the chemical backbone structure and degree
of cross-linking of the matrix, affect the ability of the matrix to plastically
deform (63, 86) and so affect the toughness of the rubber-modified polymer.

Fracture Mechanism: Fracture Behavior in Thin Layers

The foregoing discussion of fracture properties for toughened thermosets has
focused on the behavior of bulk samples. In the real world, however,
toughened thermosets are generally used in applications such as adhesives
and fiber-reinforced composites. Research over the last 15 years has shown
that an effective approach to understanding the fracture properties of these
complex geometries is to first examine the resin itself and then study how the
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behavior is modified by features that are specific to an adhesive bond or a
composite. There are a number of such features. An example is the presence
of an interface. If the bonding at the interface is very poor, an easy path for
crack growth is provided. Thus, the fracture resistance of the adhesive or
composite can be significantly less than would be expected based on the
fracture energy of the resin itself. Two other factors specific to adhesive or
composite geometries are (1) residual stresses associated with differences in
thermal expansion between the resin and the adherends or fibers and (2)
variations in molecular structure or morphology that arise from differences in
resin thermal history in bulk samples vs. in adhesives or composites. Although
these and other similar factors can have major effects, the research over the
last 15 years suggests that in many cases the single most important feature
characterizing an adhesive or a composite is the restriction of the resin to a
thin layer between adherends or fibers (87).

For brittle resins, this “thin layer” effect is generally small (87). The
rationale is that the fracture behavior in such materials depends on events
very close to the crack tip, and unless the crack is at the interface or the layer
is extremely thin, the crack does not “know” the material is restricted to a
thin layer. With tough resins, however, the fracture energy is associated with
a large crack-tip deformation zone that is no longer small in size relative to
the thickness of the layer. Consequently, there is an interaction that must be
considered (87).

Early Work. Although the purpose here is to examine new develop-
ments in toughening thermoset resins, a brief review of earlier results is
useful because the recent work is built on previous studies. The influence of
film thickness was first demonstrated in adhesive joints by Bascom et al. (10),
who found that the mode-I fracture energies for bulk samples of brittle
adhesives generally agree with the fracture energies obtained for the same
materials in adhesive joints. With toughened resins, however, a strong depen-
dence of adhesive fracture behavior on bond thickness (Figure 5) was
observed. A very thick bond gave the same results as a bulk sample, but as
the bond thickness decreased, the adhesive fracture energy exhibited a peak;
that is, it first increased and then decreased. The experiments were per-
formed at different temperatures and the behavior was similar, but the
position of the peak shifted (13). Hunston et al. (69, 88) subsequently found
a similar shift in peak position when the loading rate was changed.

Bascom et al. (10, 13) offered a partial explanation for this effect by
noting that the magnitude of the fracture energy was related to the size of the
crack-tip deformation zone. They proposed that as the bond thickness is
decreased, the adherends physically constrain the zone size and thereby
reduce toughness. The other half of the explanation was offered by Wang
(89), who suggested that a second effect was also present. A stress analysis by
Wang et al. (90) showed that the crack-tip stress field in the adhesive bond
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Figure 5. Mode-1 adhesive bond fracture energy vs. bond thickness for an epoxy
( ® ) and a rubber-toughened epoxy (@ ).

differs from that in bulk specimens in that the tensile stresses some distance
ahead of the crack tip are higher than expected. As the bond thickness is
decreased, this effect becomes more pronounced. Based on this result, Wang
(89) proposed that these stresses cause the deformation zone to extend
farther down the bond line ahead of the crack tip. This increases the zone
size (i.e., volume) and, therefore, causes an increase in toughness.

By combining these two effects in the proper way, Hunston et al. (69)
and Wang et al. (90) rationalized the peak in adhesive fracture energy. The
fracture energy is unaffected for very thick bonds and, therefore, has similar
values to those for bulk samples. As the thickness is decreased, the first
important effect is associated with the stress field, which causes the zone size
to extend down the bond line and increases the fracture energy. When the
bond thickness becomes equal to the zone height, the constraining effect of
the adherends becomes dominant. Consequently, even though the extension
of the zone down the bond line may continue, the decrease in zone height
more than compensates, so the zone size and, hence, the toughness, de-
crease. Using this hypothesis, Bascom and Cottington (13) and Hunston et al.
(69) were able to successfully predict the optimum bond thickness (maximum
fracture energy) at various temperatures and loading rates based on simple
models for the deformation zone size.

Hunston et al. (69) also tested the rationalization for the bond thickness
effect by using high speed movies to observe the nature of the crack-tip
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deformation zone. The stress-whitened region at the crack tip was assumed to
be a relative measure of the deformation zone size and shape. The results are
consistent with the proposed model. Another study supporting the hypothesis
is a stress analysis by Wang. Although the full analysis was never published,
the conclusions were reported in several presentations and papers (69, 87,
91-93).

Another area where thin-layer effects are important is composites. The
property of interest is interlaminar fracture behavior. The realization that
impact damage and delamination are major failure modes (94, 95) motivated
the study of interlaminar fracture. Many years ago it was suggested that
toughened resin might improve the resistance of a composite to interlaminar
fracture. Based on the previously described results for adhesive bonds, some
researchers concluded that increasing the toughness of the resin in the
composite would have little benefit (96) because the fiber—fiber spacing
between plies is very small. It was believed that the constraint resin tough-
ness imposed on the deformation zone size would minimize any benefit that
could be achieved.

In the literature, the early data on this situation were conflicting,
probably because factors other than resin toughness that influence composite
behavior could not be adequately controlled. In the late 1970s, however,
Bascom et al. (96) were able to test samples where the increase in resin
toughness was so large that it overwhelmed other effects. A large increase in
mode-I fracture toughness of the resin produced a modest, but important,
increase in mode-I interlaminar fracture toughness of the composite. The
improvement was larger than had been expected based on the adhesive bond
data. Bascom et al. (96) examined cross sections of the sample perpendicular
to the crack plane so they could study the size of the deformation zone.
Unlike the situation for bulk resins or adhesive specimens, Bascom et al. were
unable to quantify the zone size to an extent that would permit establishment
of a direct correlation with toughness, but they assumed that at least a
qualitative correlations would exist. This situation suggests that the zone
height should be larger than the fiber—fiber spacing with tough resins. In fact,
Bascom et al. (96), found that the fibers on either side of the resin layer that
contained the crack did not totally constrain the deformation zone. Significant
plastic deformation was found in resin that was separated from the crack tip
by a number of fibers. Consequently, although the fibers seem to disrupt the
deformation zone (to the degree that toughness reflects the zone size), the
constraint is not as severe as it is in the adhesive joint.

The work by Bascom et al. (96) was with woven reinforcement, but
subsequent studies by a number of authors found similar effects for unidirec-
tional composites. Data summaries in papers by Hunston et al. (97-99)
provided a detailed comparison between resins and composites for mode-I
fracture behavior; see Figure 6. The comparison results for brittle resins
show that it is more difficult to propagate the crack in the composites than in
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Figure 6. Mode-1 fracture energies for bulk resins and their composites are
shown. The curve indicates the general data trend. Samples are: brittle epoxies
( A ); a novolac epoxy (O); toughened epoxies (©); a toughened novolac epoxy
(®); toughened bismaleimide (X); experimental resins (O); amorphous
thermoplastics (+); a cross-linkable thermoplastic epoxy ( A ).

the corresponding bulk sample. This observation was explained by noting that
the full resin toughness was translated to the composites and, in addition, the
crack growth in the composite involves other energy absorption mechanisms
such as breaking of fibers. As the resin toughness is increased, the zone size
grows until it reaches a value commensurate with the fiber—fiber spacing
between plies, at which point, there is a change in behavior such that every
3-]/m? increase in resin toughness produces only ~ 1 J/m? in interlaminar
fracture energy (Figure 6). This outcome is consistent with the earlier
speculation that the fibers hinder the toughening by interfering with the
deformation zone growth but not totally constraining the zone size.

Recent Work. In recent years many of these results have been
refined and extended through stress analysis and experimental studies. Al-
though it is not possible to review all of the new work in this area, some of
the important papers will be discussed to illustrate the progress. An example
in the area of stress analysis for adhesive bonds is the work of Crews et al.
(100), who predicted the size and shape of the crack-tip deformation zone
as a function of bond thickness. Although this analysis is for a brittle resin,
the assumed yield stress was significantly less than that typical for a high-
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performance adhesives. As a result, the predicted deformation zone was
much larger than the actual case for a brittle resin. On the other hand, the
prediction provides a useful indication of the appearance of the zone in a
tough, high-performance resin. The zone size is determined by noting where
the stress exceeds the yield value. Because the analysis is elastic rather than
elastic—plastic, no provision is made for redistribution of the stress after
yielding. Consequently, the results are only qualitative. Nevertheless, the
predictions provide a useful comparison for the experimental results dis-
cussed herein. Figure 7 shows a plot of the predicted deformation zone size
as a function of bond thickness. The similarity with Figure 6 is striking.

In the area of composite stress analysis, Crews et al. (101) performed a
three-dimensional micromechanics analysis that included the individual fibers.
The results support the idea that the deformation zone extends to resin that is
separated from the crack tip by a number of fibers. Even with the rather
brittle resin used in their analysis, the results show some plastic deformation
in resin up to four fibers away from the crack tip. This observation contrasts
with suggestions by other authors (96-98, 102) that the deformation zone for
brittle materials does not extend outside the resin layer surrounding the
crack. Moreover, the analysis by Crews and co-workers demonstrates that the
deformation zone in the composite is actually larger than that in the bulk
resin for brittle materials. This factor may explain why the experimental
results for interlaminar fracture energies are greater than the corresponding
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Figure 7. Predictions of deformation zone size at the critical load as a function
of bond thickness.
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resin fracture energies for brittle polymers. Further studies of these contrast-
ing views are needed to clarify the situation.

Although papers such as those by Crews et al. have made an important
contribution to understanding failure behavior, they focus on relatively brittle
resins. More research, particularly with analyses that go beyond linear elastic-
ity, is necessary because the apparent key to toughened resins is plastic flow
or other types of complex deformation. A study by Liechti et al. (103) that
measured the crack opening displacement behind the crack tip and compared
the results with the predictions of a linear elastic analysis, illustrated the need
for expanded research. The comparison gave good agreement when the loads
were very low, but the differences increased as the loads were raised. As the
failure load was approached, the differences were quite significant. Of course,
deviations from linear elastic behavior would be expected at the high loads.

Experimental research also has extended the understanding of adhesive
and composite fracture. Such studies will be illustrated with examples in
three areas: adhesives, composites, and very thin adhesives.

In the first area, new studies have extended the previously mentioned
work where movies were used to characterize the crack-tip deformation zone.
Recent experiments employed video microscopy (104, 105) to provide con-
siderably more detail on the events that occur prior to failure. The data show
that the bulk resin, thick adhesive bonds, and thin adhesive bonds not only
exhibit different zone sizes and shapes at failure, but also show significant
differences in growth patterns for both the deformation zone and any
subcritical crack growth that occurs before the onset of rapid crack growth.
This data will be very useful for testing future stress analyses and failure
models.

A second area of important experimental work is in composites. Bradley
(106) observed the crack-tip region by conducting an interlaminar fracture
test in a scanning electron microscope. The sample can be marked with a grid
that permits quantitative measurement of the crack-tip strain field. This grid
has been used for mode-I and mode-II experiments and has provided a
wealth of extremely useful data that can be compared with results for both
bulk resin samples and stress-analysis predictions. The full potential of these
data has yet to be realized.

Bradley (102, 106) also examined the relationship between resin and
composite toughness in mode-I loading. The results are consistent with the
earlier work of Hunston et al. (97-99), but the resin toughness was extended
to higher values and a second change in slope was found. Above a resin
fracture energy of 5-6 k] /m?, a plot such as Figure 8 shows a plateau; that
is, further increases in resin toughness have no effect on the interlaminar
fracture energy. To test this observation, Bradley (102) evaluated polyether-
etherketone samples and varied the matrix toughness by changing the loading
rate. In this way it was possible to scan through the change in slope using a
single material system, so factors other than matrix toughness were held
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Figure 8. Composite and bulk resin fracture energies for polyetheretherketone at
various loading rates.

relatively constant. The results shown in Figure 8 clearly support the idea of a
plateau. '

Bradley (106) attributed this change in slope to the presence of a process
zone in which the resin is undergoing failure. He indicated that this zone is
inside the deformation zone and, like the deformation zone, scales with
toughness. Bradley asserted that, unlike the deformation zone, the process
zone is truly limited by the fiber—fiber spacing and, therefore, once the
process zone fills the resin layer between fibers, no further increase in
composite toughness is possible.

The final area of recent experimental work to be discussed here involves
very thin adhesive bonds. Thin adhesive bonds represent a bridge between
the two previous topics in the sense that the thickness of the resin layer can
be varied from that appropriate for adhesives to that characteristic of the
resin layer between fibers in the composite. Chai (107) performed adhesive
experiments at very small bond thicknesses and found that the decreasing
fracture energy observed by Bascom for thin bonds (Figure 5) does not
decrease monotonically, but exhibits an unexplained plateau at thicknesses in
the same general range as the fiber—fiber spacing in composites. A compari-

“son of these plateau values with the interlaminar fracture energies for the

corresponding composite gives good agreement despite the limited number
of materials examined (108).
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This agreement is interesting because it suggests that the plastic defor-
mation within the thin layer is adequate to achieve the measured fracture
energy in the composite, which is contrary to the previous suggestion that
attributes significant amounts of the toughness to plastic deformation of resin
that is separated from the crack tip by a number of fibers. Resolution of this
interesting conflict will require further study.

Chai (109) also examined failure of thin bonds in mode-II and -III
loading. He found that the results for these two types of shear loading were
the same within experimental scatter. The fracture energies are much higher
than the mode-I value at large and intermediate bond thicknesses. As the
thickness is decreased, however, the fracture energy drops dramatically. Chai
again compared the results at appropriate bond thicknesses with the mode-II
and -III interlaminar fracture energies and obtained a reasonable agreement.
Unlike the mode-I case, however, the mode-II and -III adhesive tests did not
exhibit a plateau at low thicknesses, which implies that the choice of thickness
for use in the comparison makes a large difference. Consequently, there is
considerable uncertainty in the correlation. If these results are correct,
however, they suggest that mode-II and -III interlaminar fracture energies
may be very dependent on the thickness of resin layers between plies. An
experimental examination of this possibility would be very interesting.

A final interesting result from the data of Chai (110) is that the adhesive
fracture energies for modes I, II, and III appear to be converging when they
are extrapolated to very low thicknesses (~ 1 pm). If this is true, one might
speculate that these bond thicknesses are in a range where surface roughness
dominates and so the specimen failure looks the same in all cases. Another
possibility is that the deformation of the resin is so restricted that only certain
common deformations are present. In any case, this convergence is an
intriguing question for future study.
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Fracture-Toughness Testing
of Toughened Polymers

Donald D. Huang

Polymer Products Department, E. I. du Pont de Nemours and Company,
Wilmington, DE 19880-0323

Two versions of the multispecimen J-integral method of ASTM E 813
are under consideration for use with toughened polymers. Although
both versions provide reasonable fits to the experimental data, the
power-law representation of the resistance curve (E 813-87) is more
appropriate for characterization and design. The effects of specimen
dimensions and side grooves are investigated, and the relationship
between critical | values and fracture-energy initiation values is
discussed.

THE MULTISPECIMEN J-INTEGRAL TECHNIQUE HAS BEEN APPLIED to a variety
of tough polymers including rubber-toughened polymers (1-8) and neat
polymers (9, 10). This technique is of special interest because it provides a
critical value for fracture toughness that can be used for material characteri-
zation and design. One advantage of the J-integral technique over standard
linear elastic fracture mechanics techniques (6) is that the minimum speci-
men size required to obtain valid fracture toughness values is significantly
smaller. With many multiphase polymer systems, the morphology in a large
fabricated part may not be representative of the morphology found in a small
laboratory test specimen because of agglomeration of the toughener phase
during fabrication. J-integral methodology enables valid fracture-toughness
tests to be conducted on test specimens that have morphologies similar to
those found in actual parts.

Because a standard for J-integral testing of polymers currently does not
exist, much of the earlier work was based on either ASTM E 813-81 or E

0065-2393 /93 /0233-0039$06.25 /0
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813-87. For example, references 1 and 6-8 followed the E 813-81 method,
whereas references 3-5, 9, and 10 have applied the E 813—-87 method.

Regardless of which version of E 813 was used in the earlier studies, the
experimental data were successfully fitted to functional forms that were
proposed for metals. Despite this consistency, the extent to which these
techniques can be directly applied to polymers is still unclear.

The primary differences between the two versions lie in the data analysis
and selection of the critical plane-strain toughness value (J;.). In E 813-81,
the experimental data that comprise the resistance (J-R) curve are fitted to a
bilinear function. The first line, which represents the blunting behavior of the
material, is defined as

J =20, Aa (1)

where o, is the yield stress that is determined in a separate tensile test and
Aa is crack growth. The second line is fitted to the experimental data points.
The intersection of the two lines determines a critical value of J (J,). The
physical interpretation of this critical value is that, with increasing J, the
initially sharp crack blunts until it reaches J,, from which point the crack
grows in a self-similar manner. The total crack growth is composed of a
blunting component and a crack-growth component. Below J_, the crack-
growth component is zero, whereas above J_, the crack-growth component
increases with increasing J. Therefore, ], is the | value at which crack
initiation occurs. If the test specimens meet the minimum American Society
for Testing and Materials (ASTM) size recommendations, ], is considered to
be a plane-strain value and relabelled J,.

In E 813-87, the experimentally determined J-R curve is fitted with a
power law (] = C, Aa®2, where C, and C, are fitting parameters) instead of
the bilinear fit. J, has been redefined to be equal to the | value at which 0.2
mm of crack growth has occurred. Consequently, J, is determined by the
intersection of the power-law fit to the experimental data and a line of slope
20, that intersects the abscissa at 0.2 mm.

In earlier work (1), a modified version of ASTM E 813-81 was applied to
injection-molded plaques of rubber-toughened nylons. The experimental data
provided a good fit to the bilinear function. For rubber-toughened amor-
phous nylon, the fracture-toughness value was valid (according to ASTM
recommendations) because it was obtained on specimens that were suffi-
ciently large. However, in the case of rubber-toughened nylon 66, the
specimens were 2 mm too thin. Additional tests on side-grooved specimens
and on ungrooved specimens tested at slightly lower temperatures produced
similar J, values, thus supporting the notion of a plane-strain value (2).
Based on these results, the ASTM recommendations were found to be too
conservative for the rubber-toughened nylon 66 system.



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0233.ch002

2. HUANG Fracture-Toughness Testing of Toughened Polymers 41

In this chapter the data-analysis schemes of both versions of E 813 are
investigated to further consider the applicability of the J-integral method to
toughened polymers. Unique J-R curves are determined for four toughened
polymers. The effects of side grooves, specimen thickness, and depth are
described. Finally, the relationships between critical-initiation (J) and frac-
ture-energy initiation (G) values are examined.

Experimental Details

Materials. The materials used in this study were rubber-toughened
nylon 66 (RTN66; Zytel ST801), rubber-toughened amorphous nylon (RTAN;
Zytel ST901), acrylonitrile—butadiene—styrene (ABS; Cycolac ABS, grade
GSE), and a toughened polyphenylene oxide (TPPO; Noryl EN265). Both
rubber-toughened nylons were injection-molded into plaques that were either
100 X 250 X 12.7 mm or 100 X 250 X 3.2 mm. The ABS and TPPO were
obtained in both 25- and 50-mm-thick extruded sheets from Westlake Plastics
(Lanni, RA). The materials were tested dry as molded at 23 °C and 50%
relative humidity. The elastic moduli and yield strengths of the materials are
listed in Table I.

Specimen Geometries. Single-edged notched-bend (SENB) speci-
mens were machined from either the plaques or the sheets. The specimens
were deeply notched to half of the depth W. Unless stated otherwise, W was
maintained at twice the thickness B. The span-to-depth ratio was held at 4
except for the 12.7-mm-thick specimens of toughened nylons where the ratio
was 3.5. For the nylons, specimen thicknesses ranged from 12.7 to 3.2 mm.
The thinner specimens (down to 6.4 mm) were made by milling equal
amounts from the outer surfaces of the 12.7-mm-thick injection-molded
plaques. In addition, 3.2-mm-thick specimens were cut from the 3.2-mm-thick
plaques. For the ABS and TPPO, 25-mm-thick specimens were made from
the 25-mm-thick sheet. Thinner specimens (down to 7.5 mm) were made by
sawing the 50-mm sheet through the thickness. The sawn surface was
smoothed by milling. The specimens showed no curvature, so it was assumed
that residual stresses were minimal. In all cases, the thickness direction of the
plaques or sheets was maintained as the thickness direction of the SENB

Table I. Mechanical Properties

E oy
Material (GPa) (MPa)
RTN66 2.0 50
RTAN 2.0 69
ABS 2.3 48

TPPO 2.5 59
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specimens. In addition, linear elastic fracture-toughness (K,) tests were
performed on 50-mm-thick SENB specimens.

For both RTN66 and RTAN, additional experiments were conducted
using SENB specimens that were side-grooved with a blunt cutter (radius of
curvature of 250 pm). The total depth of the grooves was 20% of the original
thickness. ASTM recommends a total groove depth of 20-25%. Additional
information on specimen geometries is given in reference 2.

Modifications to the Multispecimen J-Integral Method. The
J-integral method that is under investigation is a multispecimen technique,
similar to ASTM E 813. It was originally proposed by Landes and Begley
(11). The first specimen is completely fractured to determine the ultimate
displacement. Subsequent specimens are loaded to different subcritical dis-
placements to obtain different levels of crack growth. From the area under
the loading curve of each test, a value of | is calculated. Crack growth is
marked and measured on the fracture surface. Resistance curves are then
constructed. The test is considered valid if the specimen thickness meets the
requirement that

B > 25(]./ o) @)

The depth W' should also be greater than twice the minimum B determined
by eq. 2. Some flexibility is allowed in the depth dimension (as discussed
later).

In the current investigation, ASTM E 813 recommendations have not
been strictly followed. The modifications to the experimental procedure are
discussed in reference 2.

Data Analysis. A computer-controlled servohydraulic system was used
for all mechanical testing. Software was developed to run the machine,
acquire data in the form of load-displacement curves, and numerically
integrate the curves to calculate energy values. After the specimen dimen-
sions and ligament length were measured using the travelling microscope, a |
value for each specimen was calculated..

Because these | values were calculated from the total energy measured
from the area under the load—load point displacement curve, an indentation
energy correction was also made. The correction accounted for local deforma-
tion at the loading and support points. A fully supported unnotched specimen
of the same thickness and depth as the J-test specimen was indented with the
load point. This test was conducted at the same rate as the | test. Again, a
load-load point displacement curve was recorded. The contact stiffness (S)

was found to be linear up to the maximum load (P,,,) in the individual |
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tests. The energy due to indentation is then
U, = 0.75(P2,./S) 3)

where U,, is the total indentation energy.

For an SENB specimen, the total | is given by J. = 2(U;)/Bb, where
Ur is the total energy, B is the specimen thickness, and b is the ligament.
The indentation J (J;,) can similarly be calculated from U,,. The real | value
for each test specimen is equal to J; — J;,. Depending on the size of the
specimen and the amount of crack growth, this correction was as high as 14%

of J1.

Results and Discussion

ASTM E 813-81 Analysis. In earlier work (1), the J results for
both RTN66 and RTAN fit the bilinear form of the J-R curve. Figures 1 and
2 show J-R curves of this form for RTN66 for two different thicknesses. In
these tests, the maximum crack growth was limited to 6% of the ligament as
recommended in reference 13 to maintain J-controlled conditions. This limit
differs from the stated recommendation of 1.5 mm in E 813 because the
standard metal test specimen has a minimum thickness of 25 mm. In both
cases, a straight line was fitted to the crack-growth part of the curve. The data
show little scatter. In Figure 1, one datum point is near the blunting line. For

80 7
/ /
/ /
60 /./ v/
; v /,V—V//V‘
t\‘{ / v“/‘e v /
3“0 / ™Y /
N [ AT /
2. / / BLUNTING LINE
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0 0.5 1 1.5
Aa, mm

Figure 1. E 813—81 representation of a ]-R curve for RTN66; B = 12.7 mm.
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Figure 2. E 813-81 representation of a ]-R curve for RTN66; B = 3.2 mm.

these two cases, the J, values are 25.7 and 9.3 k]/m® for the 12.7- and
3.2-mm-thick specimens, respectively.

Additional J_ vs. thickness data for RTN66 and RTAN are presented in
Figure 3. Although there is scatter in the J, values, there is a definite trend
toward decreasing toughness with decreasing thickness for both materials.
Average values are given in Table II, where B, is calculated from the
ASTM minimum thickness recommendation (25] ./ cy).

For the RTNG66, the B, value calculated from the large specimen tests
suggests that valid plane-strain values are obtainable on 12.6-mm-thick or
larger specimens. Additional studies on grooved specimens (2) support this
recommendation. However, if the B, calculation is valid, larger ], values
(greater than 25 kJ/m?) are expected for the thin specimens because they
occurred under mixed-mode conditions. For RTAN, the results are even
more confusing. Based on the large specimen data, the ASTM recommenda-
tion suggests that specimens as thin as 4.6 mm can provide plane-strain
fracture-toughness values. Thus, for this set of tests, the J, values for test
specimens larger than 4.6-mm thickness should have been constant, but, as
seen in Figure 3, the ], values decrease with decreasing thickness.

Because the smaller specimens were made by milling larger pieces of
material, one explanation for these results is that the original moldings may
have a tough skin with a less tough core. However, the fracture surfaces of all
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Figure 3. ], vs. specimen thickness for RTN66 and RTAN.
Table II. J, Results for RTN66 and
RTAN (E 813-81)
Thickness J. Bnin
Material (mm) (kJ/m?) (mm)
RTN66 12.7 25.1 12.6
RTN66 11.4 25.0 12.5
RTN66 8.9 20.0 10.0
RTN66 6.4 14.5 7.3
RTNG66 3.2 8.2 4.1
RTAN 12.7 12.6 4.6
RTAN 114 11.2 4.1
RTAN 8.9 9.6 3.5
RTAN 6.4 7.5 2.7
RTAN 3.2 2.5 0.9

the different-sized specimens are essentially flat without significant shear lip
development (Figure 4). The crack-growth curves are all thumbnail-shaped,
but again there is no significant difference between thick and thin specimens.
If a tough skin were present on the thick specimens, a greater degree of
curvature would be expected. In addition, the elastic moduli obtained from
the tests were essentially constant for same-source specimens, which indicates
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Figure 4. Fracture surfaces for different-sized specimens of RTAN.

that there is no strong morphological difference between the different-sized
specimens. This hypothesis is supported by image analysis of thin sections
from both regions where the morphologies (rubber content, particle-size
distribution, and interparticle spacing) were similar. In conclusion, there
appears to be no material difference between the core and the skin.

The dependence of J, on specimen size will be examined in a later
section with respect to the E 813—87 analysis.

ASTM E 813-87 Analysis. ASTM E 813-87 suggests fitting the
crack-growth data to a power law of the form | = C, Ag®2. Figures 5 and 6
show the power-law fits to the same data that are presented in Figures 1 and
2. Again, the data fit the power-law relationship very well for both cases.
However, using this analysis, the J-R curves and, therefore, the ], values for
the two different-sized specimens are virtually identical given the experimen-
tal scatter in the data. Similar results were obtained by refitting the J data in
tests that used intermediate thicknesses. The power-law parameters and
the J, values for the various tests for RTN66 and RTAN are presented in
Table III.

Because the specimens were geometrically similar and the failure modes
appeared to be the same, all the data from the different-sized ] tests were
plotted on the same curve. Power-law relationships were fitted to this
aggregate data. The results are shown in Figure 7 for RTN66 and RTAN. To
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Figure 5. E 813-87 representation of a J-R curve for RTN66; B = 12.7 mm.

test the generality of the power-law relationship, two additional toughened
blends, ABS and TPPO, were tested with specimens that were 7.6, 15.2, and
254 mm thick. The results are also given in Figure 7. The power-law
representation of the J-R curve appears to be appropriate.

The power-law parameters and the ], values are given in Table IV. The
RTNG66 and RTAN results have been corroborated by additional | tests using
12.7-mm-thick specimens in which the minimum allowable crack-growth
range was not limited to 0.6% of the ligament. In this set of experiments, the
minimum allowable crack growth was 0.03 mm (0.2% b). Despite the
seemingly large differences in the C, parameter for RTN66, the J-R curves
for these extended crack-growth tests are similar to the aggregate results
(Figure 8). Throughout the remainder of this chapter, the power-law fit to
the aggregate J data is assumed to be the “reference” resistance curve.

The power-law representations of the J-R curves provide an explanation
of the unexpected trend of decreasing J, with decreasing thickness that was
found using the E 813-81 technique. E 813-81 represents the J-R curve
with two straight lines: the blunting line and a linear approximation to part of
the power-law curve. Because

] =Cy(Aa)®? (4)

U st ®
Society Library
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Washington, D. C. 20038
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Figure 6. E 813—87 representation of a J-R curve for RTN66; B = 3.2 mm.

Table III. J, and Power-Law Parameters

Thickness J.
Material (mm) of Cs (k]/m?)
RTNG66 12.7 49.2 0.61 33.3
RTNG66 11.4 48.0 0.57 33.4
RTN66 89 45.1 0.58 30.1
RTNG66 6.4 42.8 0.62 26.5
RTNG66 3.2 45.7 0.71 26.2
RTAN 12.7 35.2 0.63 17.3
RTAN 114 377 0.69 17.3
RTAN 89 33.5 0.63 16.3
RTAN 6.4 32.7 0.63 15.8
RTAN 3.2 36.4 0.74 15.2

for C, < 1, dJ/da increases as Aa decreases. Because Aa is limited by 6%
of the ligament to ensure J-controlled growth, Aa decreases as specimen size
decreases. Thus, small specimens will have steeper crack-growth lines. The
intersection of these steeper lines with the same theoretical blunting line
leads to lower calculated ], values.

One difference in the current study vs. the E 813 standard is the use of |
data obtained at Aa values up to 6% of the ligament instead of a fixed value
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Table IV. Reference Curve Parameters

Je
Material C, C, (kj/m?)
RTN66 48.2 0.70 29.2
RTAN 35.7 0.68 16.3
ABS 15.5 0.70 6.1
TPPO 12.3 0.58 5.4

(1.5 mm). If the resistance curve were fitted to ] data that included
maximum Aa values up to 1.5 mm instead of 6% of the ligament, the trend
of decreasing ], values with decreasing thickness would result. One example
of this trend is given in Figure 9, using 3.2-mm-thick specimens of RTN66,
where maximum crack growth was nominally 50% of the ligament b. This
amount of growth is outside of the 6% b limit for J-controlled growth that
was suggested by Shih et al. (13). Between 0.5 and 2.0 mm, the | data are
lower than the data obtained for larger specimens in the same Aa range,
apparently the effect of being outside of the J-controlled region. Thus, the
calculated ], value would also be lower, approximately 18 kJ /m>.

The trend of decreasing J, with decreasing thickness appears to be an
anomaly caused primarily by the approximation of the J-R curve as a bilinear
function as recommended in E 813-81.
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Figure 8. RTN66 and RTAN J-R curves with extended minimum crack growth.

It is interesting to note that the J_ values of the nylons are higher than
those obtained by E 813-81. This elevation in value results from the new
definition of J, as the energy required for 0.2-mm crack growth. Although
this value may be appropriate for design of large (> 25-mm-thick) metal
structures, it is unclear whether it is appropriate for plastic components that
are usually substantially smaller.

For characterization purposes, the merit of the J, value is also arguable.
The ], value is obtained from the intersection of the resistance curve and a
line that is parallel to the blunting line and has an x-axis intercept at 0.2 mm.
This definition of J, is arbitrary. Also, for polymers, questions about the
validity of the blunting line and its construction have been raised (7, 12). Use
of this construction allows ], to be used to differentiate between the initial
portions of J-R curves if the materials have similar yield strengths. One
alternative for characterization purposes is to compare the J-R curves. For
the materials tested here, the ranking is RTN66 > RTAN > ABS > TPPO.

Specimen Size Effects. To demonstrate plane-strain conditions, the
fracture behavior must be independent of size and geometry. Within experi-
mental scatter and for each material, the J-R curve obtained by fitting the
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Figure 9. RTN66 ] data (B = 3.2 mm) with maximum crack growth greater
than 6% b.

individual data set for each specimen size was similar to the previously
defined reference curve provided the data set was restricted to the J-con-
trolled regime. Figure 9 illustrates the similarity of the reference curve with
RTN66 ] data for a specimen thickness of 3.2 mm. The power-law fit to the
data that is less than 6% b compares favorably with the reference curve. If
larger crack-growth data were included in the curve fit, the resulting curve
would be flatter and the comparison with the reference curve would be less
favorable.

Although a unique J-R curve could be generated by a range of specimen
sizes, the reference curve met one of the conditions for a plane-strain
resistance curve because it described J-R behavior that was independent of
the in-plane bend bar geometry. (This is especially important because most
applications involve thicknesses in this range of sizes.) The E 813—87 mini-
mum thickness recommendations were 15 mm for RTN66, 6 mm for RTAN,
3 mm for ABS, and 2 mm for TPPO. Thus, the recommendation was satisfied
for both ABS and TPPO. However, for the toughened nylons, size-indepen-
dent behavior was found in specimens smaller than recommended by E
813-87. Based on these findings, the E 813-87 thickness recommendation
for plane-strain conditions is too conservative.



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0233.ch002

52 RUBBER-TOUGHENED PLASTICS

Effect of Side Grooves. According to the ASTM size recommenda-
tion, RTN66 is the only material that should not be in plane strain at the
largest specimen size. However, the recommended specimen sizes were 2
mm too small. For the rubber-toughened nylons, 12.7 mm is the practical
thickness limit for injection-molded plaques. Ideally, to test for geometry
independence and plane-strain conditions, larger specimens should be used
because proportionately more of the crack front is placed under plane-strain
conditions, which leads to lower crack-growth resistance and lower fracture-
toughness values. Another technique that accomplishes this goal is to side-
groove the specimens.

Results for 20% side-grooved specimens are given in Figures 10 and 11
for the rubber-toughened nylons. The J-R curves for the side-grooved
specimens are in excellent agreement with curves obtained from the un-
grooved specimens. The J-R curve for RTAN (Figure 10) is virtually
identical to the reference curve. The J-R curve for RTN66 (Figure 11) is
slightly lower at larger crack growths, but is well within the experimental
scatter of data shown in Figure 7. These findings reinforce the notion that the
reference curve is unique.

Effect of Ligament Size. The maximum allowable crack growth
when subsized (less than 25.4-mm-thick) specimens are tested is not clearly
addressed in E 813. Crack growths between 0.15 and 1.5 mm are recom-

80
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Figure 10. Effect of side grooving on RTAN J-R curve; B = 12.7 mm.
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Figure 11. Effect of side grooving on RTN66 J-R curve; B = 12.7 mm.

mended for data selection and should be restricted to a maximum of 6% of
the ligament to remain under J-controlled conditions. For small specimens
with depths equal to twice the thickness, satisfaction of both conditions is
impossible.

Three different specimen sets of RTN66 and RTAN with different B/W
ratios were tested. Figures 12 and 13 show the results for 12.7-mm-thick
SENB specimens that had W /B ratios of 1, 2, and 4 for RTN66 and RTAN,
respectively. For comparison purposes, the reference curves are also plotted.

In Figure 12, little effect is observed on the J-R curve because of
changes in the ligament. For the cases W/B = 2 and 4, the data fits the
reference curve within experimental scatter. Interestingly, although the J-R
data for the W/B = 1 set are consistent with the reference curve, the data
appear to be on the low end of the scatter of the other sets. At small crack
growths (three smallest crack growths corresponding to 6% of the ligament),
the data fit fairly well. At intermediate crack growths (middle datum point at
1.06 mm; 9% of the ligament), the | value is low but still acceptable. At large
crack growths (greater than 17%), the | values are significantly lower.

These data are consistent with the findings of McCabe et al. (14), who
tested specimens of A508 Class 2A tube plate material with short ligaments.
In that study, it was suggested that a short ligament is not large enough to
sustain crack growths for the full J-R curve. Therefore, at small growths, the
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Figure 12. Effect of ligament size on RTN66 J-R curve.

data fit well, but at high crack growths, the | values are low. Because of the
scatter in the data, more tests are needed to verify this observation.

The J-R data for the same specimen geometries for RTAN are given in
Figure 13. In this data set, the data for W/B =1 and 2 are reasonably
consistent with each other and the reference curve. However, the J-R data
for the W/B = 4 specimen set produce a lower J-R curve. Again, because of
scatter, more tests are needed.

To explain these results, the minimum depth for plane-strain | tests
must be considered. Because there are no general recommendations for
polymers, the E 813 standard was used as a first approximation. Use of SENB
specimens with 1 < W/B_; < 4, where B, is the minimum plane-strain
thickness (B,;, = 25(J1./0,), is the E 813 recommendation. The ], and o,
values given in Table III enable the determination of B,;, = 14.6 and 5.9
mm for RTN66 and RTAN, respectively. It is interesting that acceptable
results were obtained for RTN66 on specimens with W/B,,, = 0.87 and 1.7,
whereas low | results were obtained on specimens with W/B_ ;. = 0.44.
Similarly, acceptable results were obtained for RTAN on specimens with
W/B.i» = 1.1 and 2.2, whereas low results were obtained with W/B_, = 4.2.

Based on these W/B,,, ratios, it appears that W/B,;, ratios of slightly
less than 1 to slightly less than 4 may be appropriate for polymers if the full
J—R curve is needed. If only the beginning of the J—R curve is needed, lower
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W/B,;, ratios may be appropriate. ASTM recommends W/B,_, = 2 as a
starting point, which appears to be sensible considering these data. Also,
longer ligament depths are preferable to shorter ligament depths within the
limits already described. It is premature to suggest that this specific calcula-
tion be adopted for | testing of polymers because it is unclear whether the
selection of ], the E 813 recommended W/B,,, ratios, or the B,
calculation are valid for these materials. However, this calculation does
suggest that ligament size limitations should be a function of a fundamental
size parameter. Confirmation of this recommendation requires much more
data on a variety of polymers.

Initiation J -G, Relationships. Begley and Landes (15) have
shown that the J,, value determined in the J-integral test and the G,
measured in a standard fracture-toughness (K) test are equal if both tests are
conducted under plane-strain conditions. This relationship was demonstrated
on two different steels using the E 813—-81 methodology.

K tests were conducted on 50-mm-thick SENB specimens made from
the extruded sheets of ABS and TPPO. The K tests were based on E 399
procedures with important differences as noted in the following text. The
depths were 100 mm and S/W was maintained at 4. The K tests were
conducted at the same rate as the | tests (25 mm/s). The notches were
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made by drawing a fresh razor blade through a sawn prenotch. The ratios of
the nominal notch depth to the specimen depth (a/W) were 0.25 and 0.40.
The load displacement curves were slightly nonlinear. As an indication of the
degree of nonlinearity, the ratios of the maximum load, to the load deter-
mined by the intersection of the curve and the secant line representing 95%
of the initial stiffness (P,,,/Ps) were less than 1.1 except for one test where
the ratio was 1.14.

Because of the uncertainties associated with defining initiation when the
load displacement curves are nonlinear, the initiation point was selected at
the load that corresponded to a maximum of 2.5% crack growth. A secant
construction analogous to that of E 399 was used. Additional details are
provided in reference 16.

The average K, values for ABS were 5.44 MPa- m'/2 for /W = 0.25
and 5.79 MPa - m'/? for a/W = 0.40. Assuming a Poisson’s ratio of 0.40 and
a modulus of 2.3 GPa, the average (calculated) G, values are 10.9 k] /m? and
12.1 kJ/m®, respectively. For TPPO, the average K, values were 5.60
MPa - m'/? (a/W = 0.25) and 5.65 MPa - m'/2 (a/W = 0.38). Again, assum-
ing a Poisson’s ratio of 0.40 and a modulus of 2.3 GPa, the corresponding G,
values are 11.4 and 11.7 k] /m®, respectively. According to the E 399 size
criteria, the specimens would be in plane strain. However, because nonstan-
dard methods were used to determine initiation, it is not clear whether the
size recommendations are valid for these tests.

The G, values for both ABS and TPPO are more than twice as large as
their respective [, values listed in Table I. Because these values are
determined by the E 813-87 construction, the values for the E 813-81
construction should be even lower. Thus, ||, as defined by the current
method may have potential as a design criterion because it is a conservative
estimate of the G, value. However, it remains to be determined whether the
J1e value is too restrictive for polymer design.

For these materials, the discrepancy between G, (for 2.5% crack growth)
and [, may be because of the definition of J,, as the J value required to
extend the notch by 0.2 mm, the arbitrary selection of initiation in the K test,
or both criteria. For a fairer evaluation of these measurements, the amount of
crack growth (Aa) that has occurred in the K tests should be considered. A
direct comparison of the resistance (J-R) curve from the | test and a
resistance (G—R) curve from the K test can be made. The K-test resistance
curve is constructed by selecting different points on the experimental load-
displacement curve. The change in compliance at each point determines Aa.
The corresponding G value is calculated from the K value determined for
each load point.

The resistance curves for ABS are presented in Figure 14. Although
there is good agreement between the curves at small crack growths, the G
values increase at a slower rate than the ] values. For example, up to
approximately 1 mm, the curves are similar, but at 2.7 mm, the G value is
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Figure 14. ABS J-R and G—R resistance curves.

approximately 50% of the | value. Interestingly, the intersection of these two
curves occurs at 9.5 kJ /m®. Similar resistance-curve behavior is exhibited by
TPPO (16). These results suggest that the reference J-R curve may be used
to calculate critical G values if initiation is defined at a specific amount of
crack growth and if that amount of crack growth is small.

Although the discrepancies at large crack growths are significant, they
may be exaggerated by the different methods used to determine crack
growth. The crack growths in the | tests are measured from the fracture
surfaces, whereas the G analyses use the offset secant method to calculate
the crack growths. The offset secant method assumes that compliance changes
are solely because of crack growth. Therefore, the calculated crack growths
are upper limits to the actual crack growth. A more comprehensive study of
the compliance—crack growth relationship in these polymeric systems is
needed.

Summary

Two versions of the J-integral method of E 813 were investigated to
determine their suitability to measure the fracture toughnesses of toughened
polymers. Experimentally, the procedures produce results that are consistent
in form with | results for metals. Either the bilinear approximation of E
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813-81 or the power-law approximation of E 81387 yielded reasonable fits
to the initial portions of the resistance curve. For the two cases tested, both
methods gave conservative estimates of G,, (the plane-strain fracture tough-
ness).

Although both forms of E 813 gave reasonable results, the power-law (E
813-87) representation of the J-R curve is more appropriate for toughened
polymers because it avoids the issue of defining the initiation point. Instead,
the power law defines the critical ] value at a specific (though arbitrary)
amount of crack growth, thus circumventing the need to distinguish blunting
crack growth versus actual crack growth. The power law also provides unique
J—R curves as a function of specimen thickness for a range of sizes that are
representative of actual applications. Thus, the measured toughness value is
independent of specimen size. Relative toughness can be assessed by direct
comparison of the J-R curves instead of relying on a single point on the
curve.

Some of the recommendations of the | method should be reexamined
for use with toughened polymers. In particular, the minimum specimen
thickness for plane-strain conditions is conservative and the allowable range
of ligament depths requires better definition. Because the J;, values appear
to be conservative estimates of G,, more investigation is needed to determine
whether they are too conservative for design.

A promising alternative to a predefined J;, value for design purposes
may be application-dependent critical J values. Using the resistance curve,
these critical values may be obtained by determining the ] value that
corresponds to the maximum allowable crack growth for a given application.
In this study, this calculation was most successful when the crack growths
were small. More extensive research is needed in this area.
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Multiple-Phase Toughening-Particle
Morphology

Effects on the Properties of Rubber-Toughened
Poly(methyl methacrylate)
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Polymer Science and Technology Group, Manchester Materials Science
Centre, University of Manchester Institute of Science and Technology,
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Rubber-toughened poly(methyl methacrylate) (RTPMMA) materials
were prepared by blending PMMA with multiple-phase toughening
particles with radially alternating rubbery and glassy layers. The
effects of particle morphology and rubbery-phase volume fraction on
the tensile and fracture properties were evaluated. The principal
mechanism of deformation operating in these materials, shear yielding
with debonding and cavitation of the toughening particles, results in
crack-tip blunting. The properties of the RTPMMA materials contain-
ing two-layer toughening particles are generdlly inferior to those
containing three- or four-layer toughening particles.

EARLY ATTEMPTS TO RUBBER-TOUGHEN poly(methyl methacrylate) (PMMA)
concentrated on the use of suspension polymerization to produce composite
beads consisting of both PMMA and rubbery phases (1, 2). Although these
materials were commercialized, the morphology (and hence toughness) of
artifacts produced from them was very strongly dependent on the molding
conditions employed. There was, therefore, a need for better rubber-
toughened (RT) PMMA materials.

During the past two decades substantial improvements have been
achieved by preparing the toughening particles and the matrix PMMA
separately (3—5). The toughening particles, prepared by emulsion polymer-
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ization, typically comprise two to four radially alternating rubbery and glassy
layers; the outer layer is always glassy polymer. These particles are cross-
linked during their formation so that they retain their morphology and size
during blending with PMMA and subsequent molding of the blends.

This route to RTPMMA allows independent control of the properties
of the matrix PMMA and the composition, morphology, and size of the
dispersed rubbery phase. Although these improved materials were success-
fully commercialized by a number of companies (most notably ICI and Rohm
and Haas), there are relatively few reports of investigations into their prepara-
tion, properties, and deformation behavior. This chapter reports some results
from a continuing research program aimed at elucidating the toughening
mechanism(s) and optimizing toughening in these materials. The preparation
and properties of materials containing two-, three- and four-layer toughening
particles are described and discussed.

Experimental Procedures

Materials. Methyl methacrylate (MMA), ethyl acrylate (EA), n-butyl
acrylate (BA), styrene (ST), and allyl methacrylate (ALMA) (polymerization-
grade monomers, Aldrich, > 98%), potassium persulfate (BDH AnalaR,
> 99%), and dioctyl sodium sulfosuccinate (Aerosol-OT, Cyanamid) were
used as supplied. Distilled water was dejonized (Elgacan C114) to a conduc-
tivity < 0.2 uS/cm before use.

The matrix PMMA used for blending with the toughening particles was
polyl(methyl methacrylate)-co-(n-butyl acrylate)] with 8.0 mol % n-butyl
acrylate repeat units [Diakon LG156 (ICI)]. Analysis of this material by gel
permeation chromatography (GPC, polystyrene calibration) in tetrahydrofu-
ran showed it to have number-average molar mass (M,) of 47 kg/mol,
weight-average molar mass (M,,) of 80 kg/mol, and M, /M, of 1.7.

Preparation of Toughening Particles. The two-, three- and
four-layer (i.e., 2L, 3L, and 4L) toughening particles, shown schematically in
Figure 1, were prepared by sequential emulsion polymerizations in which
seed particles were first formed and then grown in either two or three stages.

*0 0Ok

Figure 1. Schematic diagrams of sections through the equators of the 2L, 3L,
and 4L toughening particles, showing their sizes and internal structures.
Rubbery layers are shown dark and glassy layers appear light.
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The base comonomer formulations used for the formation of the rubbery and
glassy layers were BA:ST (78.2:21.8 mol %) and MMA:EA (94.9:5.1 mol %),
respectively. ALMA was included at specific constant levels (in the range
0.1 < ALMA < 3.0 mol %) in the comonomer formulations used to form the
inner layers (i.e., all of the rubbery layers and the inner glassy layers).

The reactions were performed at 80 °C under a flowing nitrogen atmo-
sphere on a scale of approximately 9 dm® in a 10-dm® flanged reaction vessel.
For each of the preparations, seed particles of 0.10-wm diameter were
formed first by using Aerosol-OT at 0.6% by weight of the comonomer
mixture and potassium persulfate as initiator at an aqueous-phase concentra-
tion of 0.5 mmol/dm®. The seed particles then were grown by metered
addition of appropriate quantities of the comonomer mixtures together with a
synchronized concurrent addition of Aerosol-OT at 0.6 and 0.8% by weight of
the comonomer mixture for the formation of the rubbery and glassy layers,
respectively. At about 1-h intervals during the growth stages, further addi-
tions of potassium persulfate were made to increment its aqueous-phase
concentration by approximately 0.4 mmol/dm® each time. Upon completion
of the addition of the comonomer mixture for a given stage, sufficient time
was allowed for complete conversion of these monomers before the addition
of the comonomer mixture for the next stage was begun. “

In the preparation of the 2L particles, the seed particles were grown first
to a diameter of 0.19 pm by formation of rubbery polymer and then to a
diameter of 0.23 pm by formation of the outer glassy layer. In the prepara-
tion of the 3L and 4L particles, the respective 0.10-pm-diameter glassy and
rubbery seed particles were grown first to a diameter of 0.20 wm by
formation of glassy polymer, then to a diameter of 0.28 pm by formation of
rubbery polymer, and finally to a diameter of 0.30 wm by formation of the
outer glassy layer.

The formation of these specific particle structures was confirmed by
analyzing aliquots removed from the reactions for the percent monomer
conversion (gravimetric analysis and gas—liquid chromatography) and for
particle size distribution (photon correlation spectroscopy, either Coulter
N4SD or Malvern Autosizer Ilc).

For each type of toughening particle, the latex obtained from the
emulsion polymerization was coagulated by addition to magnesium sulfate
solution to yield loose aggregates of the particles. These aggregates were

isolated by filtration, washed thoroughly with water, and then dried at 70 °C.

In each case the coagulum was analyzed for magnesium by atomic absorption
spectroscopy and found to contain less than 60 ppm.

Preparation, Characterization, and Testing of the Blends.
The dried aggregates of toughening particles were blended with Diakon
LG156 at 220 °C by either a single pass through a Werner Pfleiderer 30-mm
twin-screw extruder or two passes through a Francis Shaw 40-mm single-screw
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extruder. This procedure ensured that the aggregates were disrupted to form
a uniform dispersion of the primary particles, as confirmed by examining
ultramicrotomed sections in a Philips 301 transmission electron microscope
(TEM) operated at 100 kV. For each type of particle, four blends containing
different weight fractions (w,) of particles were produced. The nomenclature
used to define these blends is illustrated by 3L22, which means that the
blend contains 3L particles with w, = 0.22.

The matrix PMMA and each of the blends were compression-molded
into 3-, 6-, and 12-mm-thick plaques. The 3- and 6-mm-thick plaques were
molded at 200 °C, whereas for the 12-mm-thick plaques a mold temperature
of 220 °C was needed to obtain fully coherent moldings. Mechanical testing
was performed at 20—22 °C by using the following procedures.

For tensile testing, dumbbell-shaped specimens were machined from
rectangular strips (145 X 25 mm) cut from the 3-mm-thick plaques. The
specimens had a gauge length of 45.0 + 0.5 mm and width of 10.0 + 0.5 mm
in the constricted region. They were polished with successively finer grades of
metallographic polishing paper and finally with Perspex antistatic cleaner.
The tensile tests were performed on an Instron model 1122 mechanical
testing machine with a cross-head displacement rate of 5 mm/min, which
corresponds to a nominal strain rate of 2 X 1073 s™!. Initial strains were
measured using a 25-mm Instron extensometer. Six specimens of each
material were tested, and mean values of the derived tensile properties were
obtained.

Low-strain-rate three-point-bend fracture tests also were performed on
the Instron model 1122 testing machine by using rectangular bars (length,
105.0 + 0.5 mm; width, 24.0 + 0.5 mm) that were cut from the 12-mm-thick
plaques and milled to remove edge markings. A chevron notch approximately
10.8 mm long was machined into each specimen in accordance with ASTM E
399-83 and sharpened, just prior to testing, by pressing a fresh razor blade
into the notch. The support span was set to four times the width of the
specimen. The test was carried out by using a cross-head displacement rate of
10 mm/min, which corresponds to a nominal strain rate of 3 X 1072 /s. The
load-displacement curve was recorded; the specimen thickness, width, and
initial crack length were measured after fracture by using a traveling micro-
scope. The critical value of the stress-intensity factor (or fracture toughness)
(K,.) was evaluated in accordance with an extension of ASTM E 399-83 that
was described in a published protocol for plastics testing (6). The critical
value of the strain-energy release rate (or fracture energy) (G ) was then
calculated from

KE(L= )
pm (1)

where E is Young’s modulus and v is Poisson’s ratio. Values of v were
determined from volume-strain measurements performed on an Instron
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model 6025 mechanical testing machine with specimens (7) (gauge length,
100.0 + 0.5 mm; width, 8.0 + 0.5 mm) cut from the 3-mm-thick plaques and
polished as for the tensile-test specimens. Axial strains were measured with a
50-mm Instron extensometer, and lateral strains with two low-mass, nonin-
denting extensometers (designed and made by ICI). Three specimens were
tested to determine v and 10 specimens were tested to determine K, and
G, for each material. Confirmation that K;, and G,, were measured under
plane-strain conditions was obtained by comparing the specimen dimensions
to the usual criteria (6).

Instrumented falling-weight impact tests were carried out with an instru-
ment designed and built by ICI (D. R. Moore, ICI Wilton Centre, Wilton,
United Kingdom). Specimens (length, 70.0 + 0.5 mm; width, 12.5 + 0.5
mm) were cut from the 6-mm-thick plaques and polished with silicon carbide
paper to remove edge markings. For each material, specimens were notched
to predetermined depths to produce at least eight samples for each of five
different notch-to-width ratios in the range 0.1-0.5. Just before a specimen
was tested, the notch was sharpened by pressing a fresh razor blade into it.
The specimen was then mounted on supports (50-mm span) and fractured in
Charpy mode with a striker impact velocity of approximately 1 m/s. The
amplified voltage output from a piezoelectric crystal positioned in the striker
was recorded as a function of time and converted to a force-displacement
curve from which the load and the energy absorbed at the onset of fracture
were obtained. The specimen thickness, width, and initial crack length were
measured after fracture by using a traveling microscope. The results for each
material were analyzed by using established procedures to determine G
(8-10).

Fracture surfaces were examined by mounting samples on a metal stub,
sputter-coating with a thin layer of gold (to prevent charging), and analyzing
in an International Scientific Instruments 100A scanning electron microscope
(SEM) operated at 10 kV.

Results and Discussion

Preparation of the RTPMMA Materials. The design of the
toughening particles takes into account a number of general requirements.
Because many applications for RTPMMA materials demand a high percent
transmission of visible light (i.e., comparable to that of the matrix PM MA), it
is essential to prevent light scattering by the dispersed toughening particles.
This goal is achieved by selecting the compositions of the rubbery and glassy
layers so that their refractive indices are equal to that of the matrix PMMA
(11). The particles have an outer glassy layer of just sufficient thickness
(10-20 nm) to prevent particle coalescence during their isolation (i.e., so that
they are only loosely aggregated after latex coagulation and drying, and can
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be redispersed to give uniform blends). The inner layers are cross-linked by
using ALMA, which also serves to provide chemical graft-linking (3-5) at the
interfaces between the layers, including that between the outer glassy layer
and the preceding rubbery layer. Thus the particles retain their size and
morphology upon blending, and a good particle-matrix interface results from
mixing of the matrix PMMA with the outer glassy layer.

Figure 2 shows TEM micrographs of thin films cast from dispersions
containing 0.04-0.16 g/dm® of toughening particles in a 40-g/dm® solution
of matrix PMMA in toluene. The layer structures of the toughening particles
are evident without the need for staining agents; the rubbery phases appear
darker than the glassy phases, presumably because of the presence of the
styrene repeat units. The outer glassy layer of the particles is not visible
because its composition is almost identical to that of the matrix PMMA with
which it mixes. The micrographs, therefore, give further confirmation that the
toughening particles are of the required size and structure.

Some representative TEM micrographs of the RTPMMA materials,
shown in Figure 3, illustrate the good dispersions of toughening particles
achieved by the blending process.

Tensile Testing. The stress—strain curves presented in Figure 4
show that the toughening particles induce large-scale yielding in the matrix
PMMA. This yielding leads to much greater fracture strains and greatly
increases the energy required to cause fracture. In this respect the 2L
particles are significantly less effective than the 3L and 4L particles.

For each type of toughening particle, Young’s modulus (E) of the
RTPMMA material decreases approximately linearly with the volume fraction
(V,) of the rubbery phase. For the materials prepared from the 3L and 4L
particles, this volume fraction includes the internal glassy layers. The linear
decrease can be seen from Figure 5a, which also shows that the decrease of
E with V, is greatest for the 2L particles and marginally greater for the 3L
particles as compared to the 4L particles. Larger values of E for the materials
prepared from 4L particles (compared to those from 2L particles) have
recently been predicted by finite element analysis (F. J. Guild, Queen Mary
College, London, United Kingdom, unpublished work). These larger values
result from the additional constraints introduced by the presence of internal
layers in the 4L particles, in particular the internal glassy layer.

Yield stress (a,) and fracture stress (o;) also decrease with V, (see
Figures 5b and 5c). Again the trend with the 2L particles is significantly
different from the essentially identical trends with 3L and 4L particles. In
general, for materials that show extensive yielding, the 2L particles give rise
to lower values of o, and o} for a given value of V.

Further inspection of Figure 4 reveals that, for each type of RTPMMA

material, the fracture strain (e;) passes through a maximum as w, increases.
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(b)

Figure 2. TEM micrographs of ultrathin films of matrix PMMA: a, two-layer; b,

three-layer; and c, four-layer toughening particles. The rubbery phases appear

much darker than the glassy phases. The outer glassy layer of the particles is

not visible because its composition is almost identical to that of the matrix
PMMA with which it mixes.

67
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Figure 3. TEM micrographs of ultrathin sections of representative RTPMMA
materials: a, 2L20; b, 3L22; and c, 4L37.

The many possible reasons for the decrease in €; at high w, include
increased interactions among toughening particles, increased stresses in the
interstitial matrix PMMA, and increased probabilities for the presence of
defects arising from direct contacts among toughening particles.

A characteristic feature in the deformation of the RTPMMA materials
(with the exception of 2L11) is the appearance of stress-whitened regions.
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Figure 4. Stress—strain curves of the RTPMMA materials.

These regions, first observed just before the yield point at 3—4% strain,
coincide with the appearance of shear bands at approximately 45° angles to
the tensile axis. The whitening is concentrated in the shear bands and
intensifies continuously as the materials are deformed to fracture, at which
point they are densely whitened. The curves of volume strain against axial
strain (obtained for measurements of v) show that the volume strains are
negligible, in agreement with the observations of Hooley et al. (12) and
Bucknall et al. (13) on RTPMMA materials similar to those reported here.
Thus it may be generally concluded that RTPMMA materials deform princi-
pally by shear yielding. The subsequent section describes the results from
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Figure 5. Variation of tensile properties with particle structure and rubbery-
phase volume fraction (V,): a, Young’s modulus (E); b, tensile yield stress (o, );
and c, tensile fracture stress (ay). Key: @, 2L; B, 3L; and a , 4L.
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SEM analysis of fracture surfaces; evidence presented indicates that the
stress-whitening arises from debonding and cavitation of the toughening
particles.

Fracture Testing. The low-strain-rate values of K, for the RTP-
MMA materials are significantly higher than that of the matrix PMMA (for
which K;, is 1.22 MPa m'/2). This contrast demonstrates the increase in
toughness resulting from inclusion of the toughening particles. Maxima
observed in the variation of K;, with V, (see Figure 6a) are probably a
consequence of the opposing effects of increasing V,, upon shear yielding and
Young’s modulus. Separate trends are observed for the 2L materials and for

1 | | | |
3.0+ -
112
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2-0- 4
1-0 | T T T
0-0 0-1 0-2 03 vV 0-4
@
T 1 1
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Figure 6. Effects of toughening particle structure and rubbery-phase volume
fraction ( V,,) on low-strain-rate values of a, fracture toughness (K;,) and b,
fracture energy (G, ). Key: @, 2L; W, 3L; and A, 4L.
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the 3L and 4L materials, though the maximum values of K,  are similar
(~2.8 MPa m'/?) and correspond to an increase in K;, by a factor of
approximately 2.3. The values of G, calculated from K, E, and v show no
strong dependence upon particle structure and also show a weaker maximum
in their variation with V,, (see Figure 6b). These trends are principally a
consequence of the lower values of E for the 2L materials and of higher
values of V, for the 3L and 4L materials. The toughening effect is more
clearly evident in the values of Gy, which for most of the RTPMMA
materials are factors of 5.5-7.1 higher than that of the matrix PMMA (for
which G, is 0.44 k] /m?).

The critical crack-tip radius (p,) for crack propagation can be estimated
by assuming that it is equal to half the critical value of the crack-opening
displacement. On this basis, p, is given by

Glc

20'y

(2

P =

where o, is the yield stress (10). The calculated values of p,, shown in
Figure 7, clearly reveal the operation of crack-tip blunting in the RTPMMA
materials. The values of p, for the 2L materials are much higher than those
for the 3L and 4L materials with similar V, because of their much lower o,
values. '

Figure 8 shows the variation of impact G, with V, for each type of
RTPMMA material. The performance of the 2L materials is relatively poor;
their impact Gy, values are substantially lower than those obtained from
low-strain-rate fracture testing (cf. Figures 6b and 8). The plateau value of
G, observed for these materials at V, ~ 0.20 is a factor of about 2.7 higher
than the matrix PMMA impact G, (0.64 k] /m?), which is less than half of

00 01 02 03y 04

Figure 7. Effects of toughening-particle structure and rubbery-phase volume
fraction (V,,) on critical crack-tip radius (p,). Key: @, 2L; W, 3L; and & , 4L.
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Figure 8. Effects of toughening-particle structure and rubbery—phase volume
fraction ( V,) on impact values of fracture energy (Gp). Key: @, 2L; W, 3L;
and A, 4L

the enhancement achieved at the low strain rate. In contrast, the 3L and 4L
materials remain tough under impact conditions and have essentially identical
Gy, values at a given V,,. For these materials, impact Gy values are slightly
higher than the corresponding low-strain-rate values, but represent a slightly
smaller enhancement (factors of 5.0-5.4 for 0.15 <V, < 0.37) over Gy for
the matrix PMMA.

There is considerable current interest in evaluating the importance of
matrix ligament thickness (7), in particular the proposal of Wu (14, 15) that
tough behavior will be observed only if 7 is below a critical value (,) that is a
characteristic property of the matrix material (for a given mode, rate, and
temperature of deformation). The results presented here do not include
sufficient data at low V to enable brittle—ductile transitions to be evaluated
precisely. However, they do show that under the same loading conditions the
region of V_ in which G|, increases most rapidly is approximately the same
for each type of RTPMMA material. These regions (0.05 <V, < 0.08 at the
low strain rate and 0.09 <V, < 0.12 under the impact condltlons) were used
to calculate correspondmg ranges for 7, by assuming a cubic lattice of
toughening particles (15):

RTPMMA Low Strain Rate Impact
Material (um) (pum)
2L 0.23 > 1, > 0.17 0.15 > 7, > 0.12

3L and 4L 033 > 1, > 024 022 > 1, > 018
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These estimates of 7, are sufficiently accurate to reveal that, in contrast to
the simple prediction of Wu, 7, for the 2L materials is smaller than T, for the
3L and 4L materials. Therefore, 7, is not completely insensitive to the
structure and properties of the rubbery phase; the 2L particles are less
efficient than 3L and 4L particles at toughening the matrix PMMA. The
lower values of 7, under the impact conditions are expected because of the
increases in E and o, that result from the increase in strain rate (approxi-
mately 4 orders of magnitude) compared to the low-strain-rate testing.

Fractography. Major differences between the fracture surfaces of
the unmodified matrix PMMA and the RTPMMA materials were revealed by
SEM. Figure 9 shows micrographs that are typical of the fracture surfaces of
tensile and fracture-test specimens of the matrix PMMA and the RTPMMA
materials. The characteristic banded appearance of the matrix PMMA frac-
ture surfaces arises from intermittent craze-branching at the crack tip (16).
In distinct contrast, the fracture surfaces of the RTPMMA materials are
much rougher. Most significantl , RTPMMA materials show holes and dome-
like features with a range of diameters. Some of these features are of similar
diameter to the toughening particles, but others are much smaller. Also, the
number of these features increases as w, increases. These observations lead
to the general conclusion that the holes and domelike features result from
debonding and internal cavitation of the toughening particles. The domelike
features are possibly caused by debonding at internal interfaces. This inter-
pretation would also provide an explanation of the stress-whitening observed
in the deformed RTPMMA materials.

Conclusions

The results reported in this chapter show that the principal mechanism of
deformation operating in the RTPMMA materials is shear yielding with
debonding and cavitation of the toughening particles, and that this deforma-
tion results in crack-tip blunting. The tensile tests indicate that debonding
and cavitation of the toughening particles just precede the formation of shear
bands, which presumably are initiated by the voids created. These conclu-
sions are in accord with previous observations on similar RTPMMA materials
(12, 13, 17-19).

The properties of the 2L materials are generally inferior to those of the
3L and 4L materials. The 2L particles are less effective at toughening the
matrix PMMA and cause greater reductions in E, o,, and oy at a given value
of V,, as compared with 3L and 4L particles. The similar properties of the 3L
and 4L materials indicate that the internal rubbery core in the 4L particles
has no major effect on the deformation behavior of the blends.

On the basis of detailed investigations of deformation processes occurring
just ahead of the crack tip in rubber-toughened polymers, Yee (20) proposed
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(a)

(c)

Figure 9. SEM micrographs of fracture surfaces from impact testing: a, matrix

PMMA showing features of breakdown of a single craze at the crack tip; b and

¢, 4L17, typical of the RTPMMA materials, shows holes and domelike features

(small microcracks (about 1 um long) caused by radiation damage can be seen
at higher magnification).

that certain conditions must be satisfied for maximum toughening. First, the
toughening particles should be much smaller than the size of the crack tip
and plastic zone. Secondly, they should debond or cavitate at stresses just
below that for failure of the matrix material, thereby relieving triaxial tension
and initiating the formation of shear bands. The RTPMMA materials broadly



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0233.ch003

76 RUBBER-TOUGHENED PLASTICS

satisfy these conditions, although the design of the toughening particles could
be modified to optimize the stress at which debonding—cavitation occurs.

Finite element (FE) analysis (21) shows that for the 2L materials the
hydrostatic tensile stress in the rubber phase is approximately 0.02—0.03
times the applied stress, corresponding to about 1 MPa at the yield point.
Preliminary FE calculations for the 4L materials (F. J. Guild, Queen Mary
College, London, United Kingdom, unpublished work) revealed that the
stress concentration factors are greatly increased by constraints resulting from
the internal glassy layer. The stress concentration factor for the rubbery
annulus is 0.21-0.25 and for the rubbery core is 0.10-0.13. The hydrostatic
tensile stresses in the rubbery annulus and core of a 4L particle are therefore
predicted to be about 8-10 and 4-5 MPa, respectively, at the yield point.
Hence, the 4L and 3L particles are more likely to cavitate than the 2L
particles. This observation may explain the generally inferior performance of
the 2L materials. Further optimization of the toughening particle morphology
is possible, therefore. Together with controlled changes in the degree of
cross-linking and graft-linking within the particles, this optimization may lead
to additional increases in toughness.
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Major factors that contribute to maximized impact resistance of
semicrystalline engineering polymers include increased matrix molecu-
lar weight, minimal rubber glass-transition temperature, and optimal
rubber-particle size, which depends on matrix type. Additional con-
straints are posed by the limitations of available materials and com-
mercial requirements. Expanding the understanding of impact-mod-
ified crystalline engineering polymers will further extend their prop-
erty ranges and utility. This chapter describes the phenomenology of
certain factors, illustrates a new technique to measure rubber particle
size, and contrasts the fracture mechanisms of poly(butylene tereph-
thalate), nylon 66, and polyacetal.

IMPACI' MODIFICATION OF POLYMERS has been practiced for more than 60
years (1), but the mechanisms of rubber toughening are only partially
understood. Knowledge of these rubber-toughening mechanisms has enabled
improvement of semicrystalline engineering polymers to the highly tough-
ened grades broadly used today.

Polymers are labeled engineering polymers because their physical prop-
erties allow them to be used as structural components in demanding applica-
tions. The most significant properties of engineering polymers are strength,
stiffness, heat resistance and toughness. To ensure commercial viability of any
polymer system, cost and the many aspects of processibility and aesthetics are

0065-2393 /93 /0233-0079$07.50 /0
© 1993 American Chemical Society



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0233.ch004

80 RUBBER-TOUGHENED PLASTICS

also important. The sum of these individual properties and considerations in
any one polymer is what is finally purchased in the marketplace. Trade-offs
such as stiffness—toughness, toughness—flow, and heat resistance—cost often
limit the spectrum of properties available in a single polymer.

Toughness is one of the most difficult properties to reduce to a single
parameter to aid designers in polymer selection. The components of strength,
stiffness, rate of loading, crack-propagation resistance, and elongation vary
dramatically with orientation, test temperature, part design and geometry,
and molding conditions. In this chapter, toughness will be defined as a
resistance to crack propagation. The notched Izod or Charpy tests are
frequently used to determine crack propagation resistance because of their
simplicity, convenience, and acceptance by the polymer-producing and -using
community. Although these notched impact-resistance tests are inherently
flawed because a basic material property is not measured, they are considered
the most severe of the toughness tests.

The quest to improve polymer crack resistance in general, and in
engineering polymers specifically has motivated the development of much
new technology. Although the engineering polymers are all tough in an
unnotched situation, the presence of molding flaws, environmental abuse, or
poor design often act as stress risers to cause premature failure of molded
objects. The commercial success of rubber-toughened versions of commodity
polymers has been another factor in spurring the development of impact-
modified versions of engineering polymers. As the value of toughened poly-
mers became apparent to the ultimate customers, many of the lessons learned
with styrenics, acrylates, and poly(vinyl chloride) have been applied success-
fully to engineering polymers.

The toughened semicrystalline engineering-polymer systems discussed in
this chapter include polyesters, polyamides, and polyacetals, all of which are
underrepresented in the literature of toughened plastics. A variety of reasons
contribute to this lack of available information:

1. The relatively recent commercial appearance of these tough-
ened engineering-polymer systems makes them less familiar to
researchers.

2. Because these polymers are crystalline, they are opaque as a
matrix. This opacity minimizes the usefulness of common
optical techniques. The solvent techniques used with readily
dissolved amorphous polymers are also more difficult to apply.

3. Additional levels of complexity are present in controlling the
amount and type of crystallinity and, thus, the overall matrix
properties (2—4).

4. Because of molecular orientation and microdifferences in ther-
mal history, crystalline morphological variations commonly ex-
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ist within a molded specimen. Interactions of a growing crack

with these various crystalline structures must be considered (5,
6).

5. Because of higher shrinkage, specimens must be injection-
molded to obtain optimum properties. This requirement is a
significant barrier because few academic laboratories have such
facilities.

6. Corporate secrecy as well as difficulty separating scientific
content from commercial desires and legal requirements in
patent publications have been problematic.

Poly(butylene terephthalate)

Core-shell impact modifiers, as well as functionalized polyolefins and thermo-
plastic elastomers, are used commercially (7-9) to impact-modify poly(buty-
lene terephthalate) (PBT). Blends of PBT with polycarbonate are also com-
mercially important. Such blends are usually toughened with core-shell
rubber tougheners (10). PBT, like most polymers, demonstrate an inverse
relationship between matrix molecular weight and amount of impact modifier
necessary to obtain ductile breaks. Higher molecular weight polymer requires
less impact modifier, a combination that results in a stiffer product. However,
higher molecular weight grades become increasingly difficult to injection-
mold, and thus, commercial constraints intrude on ideal technical solutions.

Optimization of particle size is also an important factor in toughening
PBT. Dispersed-phase particle size in polymer blends traditionally has been
established by transmission electron microscopy (TEM) or scanning electron
microscopy (SEM). Although the electron microscope has been a powerful
tool in the study of toughened-polymer morphology for many years, it can
have significant limitations. A relatively low number of particles can be
observed simultaneously; rarely more than ~ 100. Because of the thickness
of the slice and depth-of-field considerations, it is difficult to determine
whether a particular particle is sectioned through its equator or through an
edge, and thus measurements of its size and size distribution are question-
able. Indeed, because most particles will not be sliced through the equator, a
systematic error occurs toward a smaller average particle-size value than is
truly present in the specimen. Selective stains often must be developed to
observe particular phases. Although orientation of the particles caused by
injection molding is an expected effect, unstable flow that causes portions of
the section to be oriented perpendicular to the plane of the slice will display
the particles smaller than they really are. Finally, perception factors cause
larger and more distinct particles to be given more attention than small, less
distinct particles in a visual evaluation of dispersion.



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0233.ch004

82 RUBBER-TOUGHENED PLASTICS

Many of the issues concerned with TEM measurement can be circum-
vented by the use of an alternative method of establishing domain dimen-
sions. A particularly useful system for determining rubber particle size is a
small angle X-ray scattering (SAXS) technique that was developed by Wilson
(11) to measure a variety of size-related aspects of submicrometer particles in
polymeric systems in which a sufficient electron-density difference exists. An
ultrahigh resolution diffractometer (Bonse—Hart) allows resolution of parti-
cles and clusters of particles of 1 pm or smaller. The SAXS technique scans
~ 10" particles and requires only 1 h for both acquisition and analysis with
specifically developed software.

To obtain particle-size and size-distribution information from a SAXS
measurement, the results are modeled by a log-normal distribution of inde-
pendent spherical particles. Analysis of the invariant (the intensity times the
square of the angle) vs. the angle 26 leads to a size distribution. This size
distribution may then be characterized by its median, mode, mean, and a
distribution breadth factor. Figure 1 illustrates the general shape of and the
type of information contained in the plots obtained by this method. Particles
larger than several micrometers cannot be discerned because of interference
from the beam. Smaller sizes occur at larger angles of 26. Because the SAXS
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Figure 1. Information obtained from SAXS invariant plots of blends of two
polymers with different electron densities.
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method emphasizes the maximum particle width, it gives values slightly larger
than values obtained by TEM.

The use of SAXS to study impact-modified blends of PBT is further
illustrated in Figures 2 and 3. In Figure 2, the median particle size of a
variety of blends toughened by a reactive polyolefin is plotted vs. their Izod
values at —30 °C. Because a ductile=brittle transition is present, the Izod
values between 4 and ~ 12 ft-lb/in. represent average values with a
bimodal distribution of 4 or lower and 12 or higher. For a ductile response to
the Izod test at —30 °C, PBT polymers of this molecular weight toughened
by this polyolefin system (12) require a median particle size of ~ 0.16 pm
or less. The actual particle size distribution of the impact-modifier particles in
the impact-modified blends are of greater interest than their median size
alone. Two distributions chosen to illustrate the actual particle sizes in a
toughened PBT at the ductile-brittle transition of 0.16 pm and in a blend
with a very small particle-size median of 0.08 pm (Figure 3).

Aromatic Polyester Fiber

Poly(ethylene terephthalate) (PET) is chemically and physically very similar
to PBT. A higher melting point, which provides a higher use-temperature
advantage, is the primary difference. The negative side of the higher melting
point attribute is a higher processing temperature, which is especially signifi-
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Figure 2. Median particle size of impact-modifier particles in toughened PBT
blends.
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Figure 3. Size distributions of impact-modifier particles in two blends of
toughened PBT. One blend is at the median size for ductile=brittle transition at

—30 °C; the other is smaller. Median size and distribution were measured by
SAXS.

cant in terms of toughening less thermally stable elastomers. Toughening
systems commonly employed in PBT undergo thermal degradation at PET
processing temperatures unless increased levels of antioxidant and additional
thermal stabilization techniques are used. A commercially important advan-
tage of PET is a lower price, which results from raw material economies of
scale and the availability of scrap and recycled material.

Serious issues in the study of PET toughness arise from crystallization
that is slower and less complete than that of PBT under molding conditions
that have commerecial utility. Crystallization packages that compensate for this
PET characteristic are available, but their interaction with thermally stable
rubber-toughening systems is complicated and will not be reported here.

Nylon 66

In the Izod test, ductile breaks have been achieved in nylon 66 with a wide
variety of impact modifiers (13). Nylon 66 was the first polyamide offered in
a grade toughened beyond its ductile-brittle transition (I14). The
ductile-brittle transition in 1/8-in. dry-as-molded nylon 66 bars tested at
room temperature occurs between 6 and 10 ft-lb /in. Although averages may
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be reported in this range, individual breaks are never observed with values
between 6 and 10 ft-Ib/in., and breaks between the broader range of 5 to 12
ft-Ib /in. are rare.

In the initial scouting phase of the development work for highly tough-
ened nylon 66, Izod measurements were made by cutting a 5-in. flex bar in
half and testing both pieces. Observations indicated that an intermediate level
of toughening occurred with certain impact modifiers when all the Izod
values from one half of the bar (usually the end near the gate) were brittle
and all those from the other half (the far end) were ductile. Figure 4
illustrates the Izod values along a bar that was notched every 1/8 in. from
near the gate to near the far end. The term “supertough” was applied when
both ends gave ductile breaks. Because the total amount of rubber present is
one of the most important factors in toughening a matrix, simply adding more
impact modifier often gives supertough blends. Figure 5 illustrates how
increasing the level of impact modifier from 20% (used in Figure 4) to 30%
gives a “supertough” material. Because additional impact modifier reduces
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Figure 4. Dependence of Izod values on the distance of the notch from the gate
of an injection-molded bar of impact-modified nylon 66 blended with rubber of
intermediate ability to toughen.
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Figure 5. Effect of modifier content on Izod values measured on injection-molded
bars cut in half. The near-end values are notched 1.25-in. from the gate and the
far-end values are notched 3.75 in. from the gate.

other desirable properties of the nylon blend, such as stiffness, it is usually
not practiced.

Rubber particle size proved to be the underlying cause of the brittle
near-end—ductile far-end Izod values. When the nylon matrix was removed
with formic acid, SEM observation of the impact-modifier particles (Figure 6)
indicated that some of the particles near the gate were larger and highly
elongated and thus much less efficient in their ability to toughen (I5).
Because 20% of this particular impact modifier produced a blend with bars at
the ductile-brittle transition, the effect readily was detected and observed.
The concentration of larger particles near the gate is believed to be an artifact
of the injection-molding process, probably because of particle coalescence in
the surface layers as the surface freezes and fresh melt is pushed beneath the
surface. Coalescence has been investigated in other nongrafting rubber-
toughened semicrystalline polymer systems (16).

Near-far ductile-brittle transition in a single bar can be corrected by
several techniques, which include using a mixture of impact modifiers. In the
experimental blend used in Figure 7, modifier A is similar to the modifier in
Figure 4 in that both brittle near-end and ductile far-end Izod values are
produced. At the 20% level, modifier B is less effective and gives brittle
breaks on both ends of the bar. Figure 7 illustrates that, at certain composi-
tional ratios of these impact modifiers, the partial replacement of the more
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Figure 6. Impact-modifier particles from the near (left) and far (right) ends of
an injection-molded bar. The nylon matrix was removed by formic acid.
(Micrographs supplied by P. N. Richardson.)
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Figure 7. Effect of the impact-modifier ratio of two modifiers of different
toughening ability on Izod values from notches cut near and far from the gate of
injection-molded specimens.
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effective impact modifier by a less efficient one results in ductile breaks all
along the bar.

The SAXS technique was developed during the precommercial phase of
Du Pont’s supertough nylon product development. Application of this tech-
nique addressed many questions about the final blend morphology and
rubber particle size. Figure 8 illustrates an early analysis of a blend with a
brittle Izod value near the gate and a ductile Izod value at the far end of the
bar. Although quantification of the median particle size was not available at
that time, the results clearly showed that the particles in the near end were
larger than those in the far end. In the rare instances where the reverse
impact results (ductile breaks near the gate and brittle breaks at the far end)
occurred, the SAXS analysis continued to show that tougher portions of the
bar resulted from smaller particles (Figure 9).

Both compositional and processing effects can be monitored by SAXS.
Figure 10 illustrates the results of changing only the molecular weight of a
pair of toughened blends. Although the higher molecular weight matrix is
expected to yield a higher Izod value, the SAXS scan demonstrates that
higher shear yields smaller rubber particles that contribute an additional
increment to the blend toughness. Figure 11 illustrates how different extru-
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Figure 8. SAXS invariant plot illustrating rubber-particle size at two positions
along an injection-molded bar spanning a ductile~brittle transition.
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Figure 9. SAXS invariant plot illustrating particle-size difference along an
injection-molded bar with the less common feature of a near-end Izod value
toughener than the far-end Izod value.

sion rates affect minor differences in particle size and distribution. Many
other significant variables can also be studied by this technique.

A further demonstration of the utility of the SAXS technique to measure
the particle-size distribution is the characterization of the domain sizes of
multicomponent blends. Figure 12 is a TEM of a toughened polyarylate
dispersed in a toughened nylon (17). The large light domains are the
toughened polyarylate, and lighter toughener particles can be seen within
them. The small light particles are those of the nylon toughener.

Figure 13 illustrates the size distributions of all three discontinuous
domains in the TEM of Figure 12. The size distributions of these three
distinct types of domains are superimposed in this figure. The SAXS mea-
surements were made on the toughened nylon and polyarylate polymers prior
to blending. It was assumed that little change in toughener morphology
occurred during combination of the two toughened polymers. Solvolytic
removal of polyarylate from a microtomed slice, followed by image analysis
on the resulting SEM photomicrographs of the cavities enabled measurement
of the dispersed polyarylate domains. Consequently, estimates of the sizes
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Figure 12. Transmission photomicrograph of toughened polyarylate dispersed in
toughened nylon.

and size distributions of the three different types of polymeric particles in this
complex blend can be quantitatively established and compared.

Nylon 6

In relation to nylon 66, the lower melting point of nylon 6 affords the
advantage of lower processing temperature for toughening with less thermally
stable elastomers. This advantage is balanced by a disadvantage in terms of
upper use temperature. Nylon 6 absorbs more water than nylon 66, which
aids toughening by plasticizing the matrix and increasing matrix ductility. The
benefits of increased water absorption are counterbalanced by a greater
reduction in modulus and dimension changes. A difference in the response of
oriented fibers of nylon 6 and nylon 66 to sinusoidal strain also has been
reported (18).

As with PBT, both core-shell-type impact modifiers and functionalized
elastomers are used to toughen nylon 6 (6). Soft polyolefins are also used
(19, 20). Borggreve and Gaymans (21) recently published an excellent series
of papers on toughening nylon 6 with functionalized elastomers, and a
comprehensive treatment appeared in Borggreve’s thesis (21).
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Figure 13. Domain size distribution of toughened polyarylate in toughened
nylon. Impact-modifier size distributions were measured by SAXS. Polyarylate
was measured by SEM after solvolytic removal.

Polyacetal

Because of high-level crystallinity, sensitivity to chemically induced degrada-
tion, and lack of reactive functional groups, polyacetal homopolymer was the
last engineering polymer offered in a high-impact grade (22). Polyacetal is
similar to PBT and nylon 66 in that the rubber particle size and rubber
glass-transition temperature (T,) should be minimized (23) to maximize the
Izod test results. Figure 14 is an idealization of those interacting parameters.
The Izod axis was truncated at ~ 30 ft-Ib/in. because at greater values the
bars merely bend out of the pendulum’s path and little or no tearing results.

Unlike nylon 66 and PBT, in polyacetal a ductile-brittle transition does
not occur with this category of toughening because the morphology of the
supertough grade is that of a co-continuous network (24-26). The gradation
in cross-sectional rubber-domain size from very fine at the surface to coarser
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Figure 14. Effect of rubber T, and cross-sectional particle size on Izod values of
impact-modified polyacetal.

in the center may be the primary cause for lack of an observed ductile-brittle
transition. A similar gradation in morphology and orientation of the matrix
molecules from perhaps an extended chain morphology on the surface to
spherulitic crystalline morphology in the center also may be a factor. A
ductile—brittle transition was observed, however, in other modified polyacetal
systems at low loading rates (27). Figure 15 illustrates the rubber morphol-
ogy in highly toughened polyacetal. Similar complicated rubber morphology
interacting with a changing crystalline morphology in impact-modified
polypropylene has been reported (16).

Particle size measurements were made by analysis of TEM photomicro-
graphs of various toughened polyacetal blends. Because of the complicated
nature of the co-continuous morphology, bars were cut perpendicular to the
flow direction and electron photomicrographs of the region in the center of
the bar were taken. This center location means that the largest particles are
observed. Image analysis of these TEMs provides a cross-sectional particle
size that can be plotted vs. Izod values as illustrated in Figure 16. The
correlation was improved by consideration of the interparticle distance using
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Figure 15. Composite view of the morphology of impact-modified polyacetal.
(Micrographs supplied by S. A. Barenberg.)
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Figure 16. Effect of median particle size on Izod values of impact-modified
polyacetal. Particles are viewed by TEM perpendicular to the flow direction in
the center of injection-molded bars.
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a nearest-neighbor approach with image analysis of the same photographs

(Figure 17).

Comparison of Fracture Mechanisms

Tensile elongation is one of the least severe toughness test because no
notches are present, the injection-molded specimens are tested in their
optimum (oriented) direction, and a moderate rate of loading usually is used.
The mode of plastic deformation in tension differs between the untoughened
PBT, nylon 66, and polyacetal matrix polymers. All of the higher molecular
weight grades of these matrix polymers normally elongate greater than 50%.
Polyacetal gradually thins over the entire gauge length of the dumbbell-shaped
specimen bar, whereas PBT and nylon 66 form a stable neck. This stable
neck can grow and, depending on the composition of the bar and presence of
other materials, can result in considerable strain hardening.

A second toughness difference between these matrix polymers is that
ductile Izod breaks eventually occur with increasing temperature as nylon
approaches its T,, but for polyacetal, although above its T,, such breaks do
not occur, even up to 110 °C. This difference cannot be ascribed to a
molecular-weight effect because the polyacetal (M.W. = 65,000) has several
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Figure 17. Effect of interparticle distance on Izod values of toughened polyacetal.
Particles are viewed by TEM perpendicular to the flow direction in the center of
injection-molded bars.
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times the molecular weight of the nylon (M.W. = 17,000). Polyacetal also has
a higher Izod value at room temperature compared to dry as-molded nylon.
The higher level of crystallinity of the polyacetal is a possible explanation for
this behavior. Details of molecular morphology, such as fewer interlamellar
tie molecules, may also have an effect. The presence of strong hydrogen
bonding in the nylon is an additional possible cause for this difference.
Conversely, polyacetal has a greater resistance to crack growth under condi-
tions of repeat impact (fatigue). This difference is maintained in the tough-
ened versions of these two polymers (28).

Volumetric-strain measurements are one way to obtain detailed informa-
tion about deformation modes in these polymeric systems. The volumetric-
strain test, developed by Bucknall (29), measures longitudinal and transverse
strains during a tensile test. Figure 18 shows volumetric-strain results for the
three matrix materials. A flat curve represents shear-yielding processes, and a
line with a slope of unity represents dilatational processes. This test shows
that nylon 66 and PBT deform primarily by shear yielding, whereas polyacetal
primarily forms voids in tension. Because polyacetal is a high-strength mate-
rial even at 50-80% elongation, crazing with fibril formation may occur,
although no visual evidence has been observed.
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Figure 18. Deformation mechanisms of PBT, nylon 66, and polyacetal as
determined by volumetric-strain measurements in tension.
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The deformation mechanisms of nylon 66 and PBT change with the
addition of toughener (30-35), as do the deformation mechanisms in nylon 6
(36). In nylon 66, the additional toughener increases the level of dilatation
(14) as shown in Figure 19. Dilatation is also added to the allowed modes of
deformation in the highly toughened grade PBT (Figure 20). In toughened
polyacetal, the level of shear yielding increases (Figure 21). The apparent role
of the toughener in these systems is to allow the “missing” deformation
mechanism to occur. The interaction of dilatation and shear yielding becomes
synergistic in terms of the total energy needed to break a specimen. In
toughened nylon 66 vs. its matrix resin, energy dissipation during impact in
the form of heat was proposed as a fracture mechanism and was measured
(37). The J-integral technique of fracture mechanics was applied to the
toughened nylon (38) and standard fracture mechanics was applied to nylons
and polyesters (39).

With the addition of toughener, the response of the toughened polyacetal
in tensile tests changed. The material now forms a stable neck that grows
with increased loading, which is consistent with the volumetric-strain results.
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Figure 19. Deformation mechanisms of nylon 66 and impact-modified nylon 66
as determined by volumetric-strain measurements in tension.
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Previous SEM studies in which the rubber was removed solvolytically after
stretching the bar (22) also illustrate that the deformation mode of the
polyacetal matrix has changed from brittle to ductile. This brittle—ductile
change also was noted at other laboratories (40—42).

The SAXS technique can be employed to investigate the fracture mecha-
nism of the engineering polymers. Void dimensions from the stress-whitened
impact region of a highly toughened polyamide specimen are smaller in
comparison with the original rubber particle size distribution as shown in
Figure 22. Because the two distributions are quite parallel, the comparison
results suggest that the cavitation arises from within the particles. The voids
have a much lower density than the impact modifiers and, because the
technique depends on an electron-density difference, the resulting intensity
is much greater and was normalized for this comparison. Cavitation within
the polyamide particles was demonstrated elsewhere by TEM (43), as well as
in toughened nylon 6 (44).

The dilatational processes previously reported in polyacetal (26) were
observed by SAXS elsewhere (45, 46) and in our laboratory. Figure 23
illustrates the invariant treatment results from observation of a bar of
high-molecular-weight polyacetal strained to 40% at a rate of 2 in./min and
held in position by clamps. Clamping was necessary because the cavities
disappear very rapidly when the specimen is allowed to relax, unlike the
cavities in the toughened nylon. Both the transverse and machine directions
(melt-flow and tensile-stress directions) were scanned.

The curves in Figure 23 indicate a bimodal distribution of features with a
significant difference in electron densities. Figure 24 shows the size distribu-
tion of these features. Although it is possible that two populations of cavities
are observed, it is more likely that the smallest features are craze-spanning
fibrils because the load-bearing ability of the bar at 40% elongation is
undiminished at 10,000 psi.

Further observation of Figures 23 and 24 indicates that the large
population viewed in the transverse direction is about three times the size of
the population viewed in the machine direction, which seems reasonable at a
40% strain level. The small-size population viewed in the machine direction
has twice the intensity of the large-size population in the transverse direction,
and this finding indicates that more electron density differences are being
measured in this dimension. The size distribution in the machine direction is
much narrower, as might be true of extended fibrils viewed from the side
rather than from the long axis that includes base areas that are not fully
drawn.

Summary

Various factors that contribute to the toughening of impact-modified
semicrystalline engineering polymers were discussed. Optimum impact-mod-
ifier particle size was a persistent theme. The utility of a new SAXS method
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Figure 24.

Void size distribution from SAXS of polyacetal strained to 40%

and clamped. Parts a and b are scans looking in the direction of melt flow and
tensile strain. Part a shows the distribution of small features (possibly fibrils);
part b shows the distribution of large voids. Parts ¢ and d are scans that are
perpendicular to the bar and direction of strain. Part ¢ shows the distribution of
small features (possibly fibrils); part d shows the distribution of large voids.

Continued on next page.
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to measure the size and size distribution of particles in rubber-toughened
polymer blends was illustrated. Fracture mechanisms of polyacetal, PBT, and
nylon 66, and their highly toughened grades were discussed. The SAXS
technique and volumetric-strain measurements were used to characterize the
deformation mechanisms.



Published on May 5, 1993 on http://pubs.acs.org | doi: 10.1021/ba-1993-0233.ch004

4.

FLEXMAN  Toughened Semicrystalline Engineering Polymers 103

The preceeding discussion concentrated on the toughened versions of

single-matrix polymer systems. Reports on commercially important blends of
crystalline and amorphous polymers, such as PBT and polycarbonate (10)
and nylon 66 and poly(phenylene oxide) (47-49), have been referenced.
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and Cross-Linking Effects
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A systematic study was made of 10 principal high-performance
thermoplastics and two semiinterpenetrating polymer networks
(semi-IPNs). The fundamental tendency to undergo localized crazing
or shear banding, as opposed to a more diffuse homogeneous shear-
yielding deformation, was evaluated. Amorphous thermoplastics exhib-
ited crazing as the primary mode of deformation. In contrast, semi-
crystalline materials displayed both crazing and shear banding. In-
creasing the crystallinity increased diffuse shear yielding at the ex-
pense of craze growth. Another effect was an enlargement of the
deformation zone. Some ordered polymers showed only diffuse shear
yielding, whereas others displayed a combination of weak crazes and
diffuse shear yielding. For a semi-IPN, increasing the degree of
cross-linking decreased crazing, deformation zone size, and fracture
toughness of an amorphous thermoplastic. Thus, crystallinity acts like
cross-linking in reducing crazing, but, exerts the opposite effect on
changing the size of the deformation zone. These results suggest that
the reduction in fracture toughness by crystallinity is mainly due to
decreased crazing, whereas reduction by cross-linking arises from both
decreased crazing and diminished deformation zone.

HIGH-PERFORMANCE THERMOPLASTICS ARE EMERGING as an important class
of engineering materials. Thermoplastics are being considered for use as

0065-2393 /93 /0233-0105$10.25 /0
© 1993 American Chemical Society
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composite matrices, adhesives, molded articles, films, and coatings for a wide
variety of aerospace structural, electronic—electrical, and automotive applica-
tions. Most of these applications utilize the materials’ excellent resistance to
impact and microcrack. The majority of these polymers are semicrystalline in
nature. It is of theoretical and technological importance to understand the
relation between fracture toughness and crystallinity in these polymers.

Extensive studies of polyether ether ketone (PEEK) have shown that
fracture toughness strongly depends on crystallinity. Lee et al. (1) showed
that the mode-I fracture toughness (K,,) of PEEK 150P decreased by almost
a factor of 3 with a crystallinity increase from 27 to 43 wt %. Similarly,
Friedrich, et. al. (2) showed a 40% reduction in K, for a crystallinity change
from 15 to 35% in PEEK 450G. Chu’s study (3) related decreased molecular
weight, larger spherulites, and more perfect crystal lamellae to a reduction in
fracture toughness. Currently, PEEK is the only high-performance thermo-
plastic that has received considerable attention. Whether the same relation
holds for other high performance semicrystalline polymers remains to be
seen.

Why does an inverse relation exist between fracture toughness and
crystallinity? Despite a theme variation, earlier studies offer no explanation
for the relation. Evaluation of crystallinity and deformation may answer the
question and provide additional knowledge that would have important impli-
cations for designers, users, and manufacturers of these polymers.

Like crystallinity, cross-linking significantly affects fracture toughness of a
toughened polymer, such as a semiinterpenetrating polymer network (semi-
IPN). The origin of the inverse relationship between fracture toughness and
cross-linking is unclear. Thus, there also exists a need to understand the role
of cross-linking in deformation and fracture mechanisms in a toughened
polymer. Also of great interest is the comparison of crystallinity and cross-lin-
king effects on the fracture mechanisms, because such a comparative study
under well-controlled conditions has not been undertaken for high-perfor-
mance polymers.

Crazing and fracture toughness are closely related. Crazing and shear
banding are the most important deformation mechanisms in glassy thermo-
plastics (4, 5). Another deformation mode is diffuse shear yielding (4, 5).
Whether crazing or shear banding can be a primary mode of plastic deforma-
tion in a highly cross-linked thermoset resin, such as epoxies, remains
controversial. However, both crazing and shear banding have been suggested
as the dominant energy-dissipating mechanisms in rubber-toughened ther-
moset resins (4, 6-8), although doubts about these claims have been raised
(5, 9-12). Other proposed mechanisms include particle deformation and
crack bridging (9, 10, 13), cavitation-induced shear deformation or stress
relief (12, 14-21), crack pinning (22-25), and crack-tip blunting (26).
Several review articles have been published on this subject (4, 5, 9, 12, 16,
26, 27).
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The materials selected for this study include 10 principal high-
performance thermoplastics that are under experimental and developmental
evaluation and are commercially available. The chemical structures of the
thermoplastics are shown in Chart I, except for the structure of New TPI,
which remains undisclosed for proprietary reasons. Table I lists the neat resin
thermal and fracture-toughness properties of the thermoplastics as reported
in the cited literature. The materials chosen for study cover a broad area of
thermoplastic chemistry varying from poly(arylene ether ketone) to polysul-
fone to polyimide, with variations in their connecting groups. Some of the
materials are related to each other as structural isomers. A wide spectrum of
crystalline morphology is represented, ranging from a very high degree of
crystallinity to a totally amorphous structure. Thus, these materials present a
good opportunity for a systematic study of crystallinity and deformation.
Included in this study are two newly developed semi-IPNs called LaRC-RP41
and LaRC-RP40. Schemes I and II show their syntheses. By combining
easy-to-process but brittle PMR-15 with tough but difficult-to-process LaRC-
TPI or NR-150B,, the resultant semi-IPNs exhibit an attractive combination
of properties including significantly improved fracture toughness over the
unmodified thermoset resin (fracture energy Gy, 476 vs. 87 J/m” in LaRC-
RP41, for example) (28-30). Changing the composition allows the cross-
linking and fracture toughness to be varied and, thus provides an opportunity
to study the role of cross-linking in plastic deformation and fracture tough-
ness in a semi-IPN environment.

Experimental Details

Materials. PEEK (100 pm), New TPI (20 pwm), polyaryl sulfone
(PAS, 80 wm), polyether sulfone (PES, 140 pm), and Upilex (80 pm) films
were commercially obtained and used as received. The film thickness is
indicated in the parentheses. LaRC-CPI (30 pm), LaRC-I-TPI (40 pm), and
polyimide sulfone (PISO,, 80 wm) films were previously prepared and are
reported in references 31, 32, and 33, respectively. The films of LaRC-TPI,
NR-150B,, and their semi-IPNs were prepared in this study as follows: The
LaRC-TPI polyamic acid solution, which had a 30-wt % solids concentration
in N,N-dimethylacetamide (DMAc), was purchased from Mitsui Toatsu
Chemicals, Chiyoda-Ku, Tokyo, Japan. The NR-150B, monomer precursor
solution with 54-wt % solids in N-methylpyrrolidone (NMP) was supplied by
Du Pont. The PMR-15 molding powder used to cast films was obtained from
the monomethyl ester of 5-norbornene-2,3-dicarboxylic acid (NE), 4,4'-meth-
ylenedianiline (MDA), and dimethyl ester of 3,3',4,4'-benzophenonetetra-
carboxylic acid (BTDE). A 50-wt % methanol solution of the monomer
mixture at a molar ratio of NE:MDA:BTDE = 2.00:3.09:2.09 was stirred at
room temperature for 0.5 h to give a clear dark-brown solution. This solution
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Table 1. Thermal and Fracture-Toughness Properties
of High-Performance Thermoplastics

Polymer Supplier T, (°C) T,(°C) Gy (J/m?®) Ref
PEEK ICI 143 343 4025 37
LaRC-CPI NASA-Langley 222 350 6620 31
LaRC-TPI Mitsui Toatsu 252 348 1768 41
LaRC-I-TPI NASA-Langley 259 none — 32
New TPI Mitsui Toatsu 250 388 — 42
NR-150B, Du Pont 360 none 2398 42
PES (Radel A400) Amoco 220 none 3500 37
PES (Victrex 4100G) ICI 230 none 1925 37
PISO, HiTech Services 273 none 1400 37
Upilex S ICI/Ube Chem. 328 — — 43

Norte: The dashes indicate that data were unavailable.

was concentrated at 80 °C in a nitrogen atmosphere for 2 h and further dried
at 150 °C in air for 1.5 h.

A resin solution with 20-wt % solids concentration in NMP was
centrifuged and the decantate was cast onto a glass plate by using an 80 pm
doctor blade and dried in a well-ventilated and dust-free chamber for 48 h to
remove excess solvent. The film was thermally converted into the polyimide
by heating at 80, 120, 150, 210, 250, 300, and 350 °C for 1 h at each
temperature in air and then cooled to room temperature at a very slow rate
(2-3 °C/min) to reduce residual thermal stress. The film was removed from
the plate by soaking in water overnight. The thickness of the obtained film
varied from 20 to 50 pm.

Film Characterization. Rectangular 13-mm-wide strips were cut
from each material with a pair of sharp scissors. Each strip specimen was
supported on light-weight cardboard and cut with a razor blade to create the
edge notch. This procedure gave a crack that appeared sharp under the
microscope (34).

A plane-stress fracture toughness test was conducted on the rectangular
specimens with a single-edge-notch (SEN) geometry. A microscope stage-top
miniature testing system equipped with a 25-Ib (100-N) load cell and a
variable speed motor was used to deform the specimen in a tensile mode.
The load-displacement curve of each test was recorded on a chart recorder.
The crack-tip region was observed at 110X or 220X , and the onset of the
crack propagation was noted and marked on the chart record. This visual
determination technique gave an acceptable degree of consistency (34).

The deformation zone near a crack tip could be observed in situ
continuously or intermittently at various stages of loading. Photomicrographs
were obtained by stopping the cross-head at various extents of plastic
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deformation. Deformation zones of select samples were also further exam-
ined on a scanning electron microscope (SEM).

The plane-stress fracture toughness (or stress-intensity factor, K.) was
obtained from eq 1 in reference 35:

Ky = YSVa
Y = [3.94(2w/ma)tan(wa/2w)]"*
S=F/[(w — a)b]

where w is the specimen width, b is the specimen thickness, a is the notch
depth, F is the load at which crack propagation begins, and Y is a geometric
factor. The differential scanning calorimetry (DSC) analysis was carried out
with 2—10-mg film samples on a Du Pont Model 940 calorimeter at a heating
rate of 5 °C/min. From the DSC thermogram, the apparent glass-transition
temperature (T,), crystallization temperature (T,), and melting temperature
of a crystalline phase (T,,) were determined. The wide-angle X-ray diffraction
was measured on films with the X-ray generator operated at 45 kV and 40
mH. The intensity of counts taken every 0.01° (28) was recorded on hard disk
for the angular range 10-40° (26). Typical intensities ranged between 600 to
2500 counts/s.

Results and Discussion

Crystallinity Effects. PEEK. Figure 1 illustrates the DSC curves
for the three samples of PEEK. The as-received material exhibited a T, at
149 °C, a T, at 178 °C associated with crystallization, and a T, at 336 °C
corresponding to the melting of the crystals. The heat of fusion (A Hy) was
32.9 ] /g. Annealing this sample at a temperature (200 °C) above its T, for 1.5
h enhanced A H; to a value of 37.2 ] /g. However, annealing at a temperature
(325 °C) slightly below its T,, for 2 h had a more pronounced effect on A H;
as well as on the crystalline structure: the A H; value increased to 45.0 J/g
and the crystals became more perfect, as indicated by the increased sharpness
of the T, peak. Blundell and Osborn (36) reported a value of 130 J/g for
AH; for the 100% crystalline PEEK. By using this value, the degree of
crystallinity for these three samples was estimated to be 25, 29, and 35%,
respectively. The X-ray diffraction data shown in Figure 2 confirm this trend.

Figure 3 shows the deformation behavior of the three samples viewed
through a polarizing light microscope. When loaded in a tensile mode, the
as-received specimen showed crazes at the early stage of loading (Figure 3a).
Continued loading turned the deformation mode into one of a more localized
nature. Both crazes and shear bands dominated the crack-tip deformation
zone. Crazes appeared to grow at a slightly faster rate than shear bands and
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Figure 1. DSC scans of PEEK

could be observed at the leading edge of the growing deformation zone. At a
higher magnification (Figure 4), two packets of shear bands intersecting each
other at an angle of 30-60° were observed. Comparison of Figure 3a with
Figures 3b and 3c readily demonstrates that increasing the crystallinity
dramatically decreases crazing and shear banding but increases diffuse shear
yielding. Thus, crystallinity caused a transition in the deformation mechanism
from a localized to a more homogeneous mode. Another effect is an enlarge-
ment of the deformation zone as shown in Figure 5. The deformation zone
ahead of the crack tip as well as the fracture surfaces near the crack-tip
regions were affected by the crystallinity as illustrated in Figure 6.

LaRC-CPI. Compared to PEEK, LaRC-CPI has a higher T, (226 °C
vs. 149 °C), a higher T, (350 °C vs. 336 °C), and, more importantly, a higher
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Figure 2. X-ray diffractograms of PEEK.
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Figure 3. Polarized optical micrographs of the crack-tip deformation zones in
PEEK
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As received PEEK
Figure 4. Higher magnification view of Figure 3a.
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Figdre 5. SEM micrographs of the deformation zones in PEEK
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@ As received PEEK
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Figure 6. SEM micrographs of the fracture surfaces near the crack-tip regions
in PEEK '
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Gy [6620 J/m? (31) compared to 4025 J/m?* (37)]. The X-ray diffraction
patterns shown in Figure 7 suggest that the as-received film as well as the
annealed samples had a high degree of crystallinity. The DSC curves for the
three LaRC-CPI film samples are illustrated in Figure 8. Annealing the
as-received sample at 200 °C for 1.5 h increased the crystallinity somewhat
(A H; increased from 17.8 to 18.5 J/g) and induced more perfect crystals, as
evident from the increased sharpness of the T,, peak. A pronounced increase
in the crystallinity was obtained when the as-received material was annealed
at a temperature of 327 °C, close to its T, . The as-received film showed
crazes extending a considerable distance ahead of the crack tip (shown in
Figure 9). Comparison of Figure 10a with Figure 10c shows that the
crystallinity in LaRC-CPI exerted the same effects seen in the previously
discussed PEEK material. The apparent crazes were dramatically reduced,
and the deformation zone enlarged as the crystallinity increased. Diffuse
shear yielding became the primary mode of deformation for the sample with
the highest crystallinity.

LaRC-TPI. The crystalline behavior of the chemically imidized LaRC-
TPI 1500 series was extensively investigated by Hou and Bai (38), who
showed, as indicated in Figure 11, that the area under the T, peak increased
as the area under the T, peak decreased with increasing annealing time. Hou
and Bai also indicated that, unlike PEEK, a LaRC-TPI polymer is not readily
recrystallized after melting the initial crystalline phase. Annealing a LaRC-TPI

As received

=

/1]

S 200°C/1.5 hrs

t . _annealed
327°C/2 hrs

annealed

1 2 1 " ]

5 12 19 26 33 40

20, degree
Figure 7. X-ray diffractograms of LaRC-CPL
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Figure 8. DSC scans of LaRC-CPL

specimen at temperatures above 320 °C resulted in a fully amorphous
structure as determined by DSC. Similarly, thermally imidizing LaRC-TPI
also results in a fully or nearly fully amorphous material, as evidenced from
the following results.

Three film samples of the thermally imidized LaRC-TPI were prepared
in this study. One film was obtained by treating the 316 °C cured material at
200 °C for 1.5 h. The second film was slowly cured at 80, 120, 150, 210, 250,
300, and 350 °C for 1 h at each temperature. The details of the preparation
were described in the Experimental Details section. The third sample,
designated 316 °C cured material, was prepared by heating the film at 100,
200, and 316 °C for 1 h at each temperature. Figure 12 shows the DSC traces
for these three samples, all of which exhibited a T, at temperatures of
255-262 °C, but no T,, (327 and 341 °C from reference 38) could be found.
The absence of a semicrystalline structure is also confirmed by the X-ray data
shown in Figure 13. Because there is a variation in the area under the T,
peak (see A H; values in Figure 12) and considering the results of the study
by Hou and Bai (38) discussed earlier, it is possible that the three samples
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Figure 9. Polarized optical micrographs
of the deformation zone in as-received
LaRC-CPIL

L
25 ym

contained crystals that were too small or too few in number to be detected by
both the DSC and X-ray diffraction measurements, but that do exert effects
on the deformation behavior.

Figure 14 illustrates that the 350 °C cured sample has crazes and that
shear bands dominate the crack-tip deformation zone. A closer examination
of the right and left arm regjons as indicated by arrows (Figures 14a and 14c)
reveals the presence of two packets of shear bands intersecting at an angle of
30-60° to each other. The shear-banding phenomenon was quite pronounced
in this sample. The SEM micrographs of Figure 15 compare the craze-growth
behavior of the three films. The 200 °C annealed specimen has many crazes
that grew to a great length without diminishing their width (Figure 15a). The
350 °C cured sample (Figure 15b) also shows well-developed crazes that
display smaller width and length than in the previous sample. In comparison
to the other two samples, the 316 °C cured material has the least amount of
crazes but considerably more shear bands.

LaRC-I-TPI. LaRC-I-TPI is a structural isomer of LaRC-TPI. A com-
parison of their chemical structures can be made from Chart I. Both
materials behave alike in many aspects of their physical and mechanical
properties that have been compared in a study by Pratt and St. Clair (32).
The thermally imidized film of LaRC-I-TPI shows a T, at 251 °C (Figure 16),
which is lower than a reported value (32) of 259 °C. The absence of a
semicrystalline structure is evident from the DSC (Figure 16) and the X-ray
data (Figure 17). This amorphous polymer displays deformation behavior
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(a As received LaRC-CPlI () 200°C/1.5 hrs annealed
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Figure 10. SEM micrographs of the crack-tip deformation zones in LaRC-CPL
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Figure 11. DSC scans of LaRC-TPI 1500 series samples annealed at 310 °C for

various times. (Reproduced with permission from reference 38. Copyright
1990.)

(Figure 18a) analogous to the 350 °C cured LaRC-TPI sample (Figure 14).
Both crazes and shear bands dominate the crack-tip deformation zone as
shown at a higher magnification in Figure 18b.

New TPI®. Hou and Reddy (39) reported that the commercially
obtained New TPI powder had no detectable T, but two T,,s at 354 and 384
°C with a AH; value of 46-49 J/g. They also showed five reflections in the
X-ray diffraction pattern. The presen<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>