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Flexibility or

Toughness
The Design
Thermoset

? —
of

Toughening Agents

Rolf Miilhaupt*

In memoriam Professor Piero Pino

Functional toughening agents, incorporated as separate microphases into rigid highly
crosslinked polymeric matrices, are the key component of high-performance structural
materials which exhibit high impact and fatigue resistance without sacrificing high stiffness,
dimensional stability, strength, and heat distortion temperature. The chemistry and the basic
structurefproperty relationships of various polymeric flexibilizers and toughening agents
applied in the aerospace, aircraft, and automotive industries are reviewed. Special emphasis
is given to the role of polymer compatibility in the design of functional liguid rubbers,
reactive thermoplastic oligomers, and functional core/shell microparticles. Some of the
major synthetic routes to advanced structural materials based on thermoset resin chemistry
and functional supermolecular structures are outlined.

1. Toughness and Stiffness

Originally conceived to substitute natu-
rally occurring materials such as rubber,
silk or wood, especially during war-time
raw material shortages, new generations of
high-performance polymeric materials
have evolved in recent decades. They
provide unique combinations of high stiff-
ness, strength, elasticity, thermal, dimen-
sional and environmental stability at com-
paratively low bulk densities typical of
polymeric materials. Advanced polymeric
materials compete successfully with metal
alloys in aerospace, aircraft, and automo-
tive structural applications.

The design of temperature-resistant
high-strength polymers is based on syn-
thetic principles well established in small-
molecule organic syntheses. High bond
dissociation energies or strong intermolec-
ular interactions as found in hydrogen
bonding, crystallization or crosslinking,
favor thermal resistance which is expressed
by the softening or heat distortion temper-

* Correspondence. Prol. Dr. R. Milhaupt
Freiburger Materialforschungszentrum (FMF)
Albert-Ludwigs-Universitit
Stefan-Meier-Strasse 31, D-7800 Freiburg i. Br.
(Bundesrepublik Deutschland)

ature. Condensed aromatic or heterocyclic
ring structures increase both thermal resis-
tance and stiffness. As depicted in Table 1,
several linear and crosslinked polymers
achieve very high thermal resistance, ex-
ceeding 400°C in the case of certain poly-
imides or 1000°C for fully condensed
graphite-type materials. In addition to
structural units, composite materials con-
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forcing, highly oriented, liquid crystalline
phases, exhibit high stiffness and strength,
as expressed by high moduli.

Highly rigid polymers which soften at
elevated temperatures are frequently diffi-
cult to process. Two different philosophies
have been adopted to overcome the stiff-

taining fiber reinforcements or self-rein- ness/processability limitations: micro-
Table 1. High-temperature-resistant polymers.

Structure Example Softening

Type Temperature

AN (-CH, CH )y 100°C

o} o

PN «E{O)-tocH, ch, 04, 260°C

—A-A-A- 600°C

ITHID 450°C

(1000°C)
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structure variations in linear condensation
polymers to facilitate melt processing (“‘en-
gineering plastics”) or alternatively, low
molecular weight, low viscosity, reactive
oligomers which are cured to form highly
crosslinked polymers (*‘thermoset resins™).
Melt processable engineering plastics in-
cluding polyethersulfones, polyetherim-
ides or polyetherketones, and thermoset
resins such as epoxy or bismaleinimide
resins, are examples of commercially avail-
able  high-temperature-resistant  poly-
mers !,

In addition to thermal resistance and
stiffness, other key features of high-perfor-
mance structural materials include their
capability to bear loads over prolonged pe-
riods of time under static and dynamic
conditions (“creep and fatigue resis-
tance”), and to absorb impact energy
(““toughness’™). They can successfully resist
crack propagation occuring when the ma-
terial fails under load. As outlined in Fig.
1, several test methods are used to deter-
mine fracture behaviour via impact energy
absorption and crack propagation. In the
tensile test, the toughness corresponds to
the area under the stress-strain curve. As
depicted in Fig. 2, metals are outstanding
in their toughness/stiffness combination,
expressed by high modulus of elasticity
(slope of the stress-strain curve at low elon-
gations) and their very high tensile strength
and elongation at break. The ultimate goal
of high-temperature-resistant polymer de-
velopment is to match the toughness/stiff-
ness performance of steel. Numerous other
test methods have been introduced to mea-
sure impact strength, fracture toughness or
energy release rates. In structural adhesive
applications, the lap shear and peel
strength* are especially important. The
mechanisms of crack propagation in duc-
tile and brittle polymeric materials are
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Fig. 2. Stress-strain curves of metals.

quite complex and depend on a variety of
parameters such as chemical composition
of the polymeric materials, test method
and test specimen geometry. These aspects
are covered in several review articles and
books

Comparing various energy release rates
of metals and polymeric materials, it is evi-
dent that metals outperform polymers in
terms of toughness (Table 2). Also as a

Table 2. Toughness of various materials.
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Die-Cast Aluminium
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rule, crosslinked polymers tend to be brit-
tle in comparison to linear or slightly
branched, high-temperature-resistant ther-
moplastics. As the crosslink density of the
rigid polymeric matrix increases, for exam-
ple, by increasing the functionality of both
epoxy resin and hardener, the brittleness of
the resulting polymer network rapidly in-
creases, while the fracture toughness ap-
proaches that of window glass. In contrast,

Material Energy Release Rates
G [I/m’]
pure metals (Cu, Ni, Ag) 1000000
steel 100000
titanium alloys 53000
aluminium alloys 30000
polypropylene 8000
polyethersulfone 2500
nitrile-rubber-toughencd Bisphenol A-based epoxy 2000
polycarbonate 800
Bisphenol A-based expoxy cured with diaminodiphenyl-sulfone 250
tetrafunctional epoxy cured with novolacs 30
marble 20
window glass 7
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Fig. 1. Test methods to determine fracture behavior and toughness.

when crosslink density is reduced by in-
creasing the molecular weight between
crosslinks®'),  thus approaching non-
crosslinked  thermoplastic  materials,
toughness is increased. However, typical
thermoset qualities, such as thermal and
creep resistance and easy processability are
sacrificed. The high-molecular-weight
thermoset resins are almost identical to
thermoplastics. Highly crosslinked ther-
moset resins, such as catalytically cured
epoxy resins, shown in Fig. 3, can be
toughened without sacrificing strength,
stiffness, and thermal resistance (see also
Section 7).

2. The Multiphase Approach

In principle, two fundamentally differ-
ent concepts have been introduced to en-
hance the impact energy absorption of
highly crosslinked polymeric materials
without sacrificing the advantages of ther-
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Fig. 3. Thermoset matrix based on catalytically-cured Bisphenol A-diglycidyl ethers.
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Fig.4. Morphology of a nitrile-rubber-modified epoxy resin cured with dicyandiamide
( transmission electron microscope,; sample stained with OsQ,).
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moset resins over thermoplastic materials.

These concepts are matrix flexibilization

and the incorporation of crack-stopping

microphases.

The matrix flexibilization is accom-
plished by replacing the very rigid struc-
tural units by flexible chain segments. Con-
sequently, stiffness and thermal resistance
are sacrificed to enhance toughness. At
high flexibilizer content, the materials are
rubbery. This concept of flexibilization is
widely applied in flexible resin applications
such as sealants™ but fails to provide the
strength and stiffness levels required in
structural applications.

The second concept is to enhance energy
disstpation occuring at the crack tip via
microphases dispersed in the rigid resin
matrix. Among a variety of microphases,
e.g., fillers"¥, short fibers!"¥, microvoids!",
glass beads!"¥, thermoplastics and rub-
bers", elastomeric microphases exhibit
outstanding energy absorption. The basic
principles of multiphase thermoset rubber
toughening and fracture mechanics have
been reviewed *'¢ 2] In the absence of craz-
ing, the increase of fracture toughness by
one order of magnitude in rubber tough-
ened epoxy resins has been attributed to
energy absorption due to cavitation of rub-
ber particles in the stress field and shear
yielding induced by stress concentra-
tions at the rubber particle phase bound-
aries®*3 3 Sych interfacial stresses are
the result of vastly different thermal expan-
sion coefficients of rigid polymers and rub-
bers. An example of rubber particles
dipersed in a cured thermoset resin matrix
is given in Fig. 4 for nitrile-rubber modi-
fied Bisphenol A-diglycidyl ethers cured
at 180°C using dicyandiamide. With
separated rubber microphases dispersed in
the continuous thermoset matrix, the high
stiffness and creep resistance of the poly-
mer network is retained.

To qualify as a toughening agent the
following requirements must be met:

— phase separation upon cure to form mi-
crophases of 500-5000 nm average dia-
meter;

— no plasticization of the resin matrix, i.e.,
complete phase separation;

— adhesion of microparticles to the resin
matrix;

— no adverse effect on cure cycles;

— no large viscosity build-up of the un-
cured thermoset resin blend.

According to basic thermodynamics, the
compatibility between the thermoset resin
matrix, comprising the thermoset resin as
well as the curing agent, and the toughen-
ing agent is dependent upon the free energy
of isothermal mixing, 4G,,. If 4G, is nega-
tive the components are miscible; if 4G, is
positive phase separation occurs (Table 3).
Following theoretical approaches by
Flory™, Hildebrand™, and Small™ the
free energy is expressed as a function of the
molar fractions n,, n, of the toughening
agent and the resin system, the volume
fractions @,, @&,, and the solubility
parameters d,, , which are defined as the
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Table 3. Thermodynamics of thermoset/liquid rubber
blends.

Thermoset Liquid Rubber

1 3.

\/

8G, = AH. - T- AS,
AG, = V(5,5 @,- &,+RT(n, In &+ n, In,)

0.2 <15,-5,1¢ 0.6

incompatibility adhesion

square roots of the cohesive energy densi-
ties. Since the molar entropy of mixing is
usually positive due to the increased disor-
der of the mixture, the phase separation
depends primarily on the molar enthalpy
of mixing and consequently on the differ-
ence of the solubility parameters. Solubil-
ity parameters are the key molecular de-
sign of toughening agent microstructures.
If the solubility parameters of the ther-
moset resin system and the toughening
agents are equal, microphase separation
does not occur. This causes severe plasti-
cization of the resin matrix which is highly
flexibilized and loses stiffness and strength.
If the solubility parameters are markedly
different, the thermoset resin matrix as
well as the uncured thermoset resin/curing
agent mixture are hikely to be incompat-
ible, causing macroscopic demixing of the
toughening agent before curing occurs.
Only if the difference in solubility parame-
ters of the toughening agent and the resin
system are carefully matched to fall in the
range of 0.2 to 1.0, preferably 0.2 to 0.6,
will the functional microphases be formed.
This will provide high toughness without
affecting stiffness and strength. To select

suitable toughening agent candidates, the .

solubility parameters of the various system
components should be mapped using solu-
bility parameter estimates based on struc-
tural increment contributions®™®¥, As
shown for the Bisphenol A-diglycidyl ether
in Fig. 5, suitable candidates are identified
by choosing polymer systems in the appro-
priate compatibility range. The following
sections demonstrate how this approach is
being used to design toughening agents
such as functional liquid rubbers, core/
shell polymers, and special compatibilized
block polymers.

It is important, however, to point out
that thermodynamic criteria are not suffi-
cient to predict the morphologies of the
multiphase thermoset resins. They also de-
pend upon the cure kinetics and the rubber
volume fraction. The fracture toughness
increases with the rubber volume fraction.
However, at rubber volume fractions ex-
ceeding 30 %, phase inversions are likely to
occur, as evidenced by thermoset resin mi-
croparticles dispersed in a rubber matrix as
the continuous phase. In ultra-fast or occa-
sionally in ultra-slow curing thermoset sys-
tems, in spite of the appropriate solubility

parameter difference, phase separations do
not occur for kinetic reasons, thus deacti-
vating the toughening agent™*. Further-
more, the rubber microparticle size and
size distributions essentially depend on the
cure schedule, type and reactivity of the
curing agent, and cure chemistry in-
volved ¥, Therefore universal toughen-
ing agents do not exist do date. Individual
toughening agents need to be tailored to fit
the thermodynamics and kinetics of indi-

) (\/ cal/em® )
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vidual multi-component thermoset sys-
tems. The toughening agents’ microstruc-
tures, especially in view of well-balanced
interfacial interactions, must be specifi-
cally engineered to function and meet the
above-listed requirements. In the following
sections, selected toughening agent classes
and chemistry are reviewed. The focus will
be on the synthetic methods applied from
polymer science to control polymer com-
patibility and supermolecular structures.

5 y+— polysiloxane

114
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polyisobutylene
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/butadiene/
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Fig.5. A solubility parameter map. EPDM: ethylene/propylene/diene-rubber; PVC.
poly(vinyl chloride); SAN: styrenefacrylonitrile copolymer; PMMA : poly(methyl meth-

acrylate).
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Fig. 6. Functional liquid rubbers.
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3. Functional Liquid Rubbers

The most important class of toughening
agents, widely applied in thermosetting
structural materials, are oligomeric elas-
tomers, so-called “liquid rubbers”. They
are miscible with the thermoset resin sys-
tems, have comparatively low viscosities.
They also contain functional groups that
enhance interfacial adhesion by covalent
bonding between the thermoset matrix and
rubber microparticles which phase sepa-
rate during the cure of the thermoset resin
system. High molecular weight rubbers, in
general, provide better phase separation
and higher toughness. However, the low

molecular weight of liquid rubbers favors
compaltibility with liquid thermoset resins
without affecting thermoset processing
and without undesirable viscosity in-
creases. Preferably, the microphases are
rubbery, having glass transition tempera-
tures below —20°C. This is the prime re-
quirement for acceptable low temperature
toughness.

A variety of liquid rubbers, using all
available polymerization processes for
generating well-defined functionalized
elastomer oligomers, have been prepared.
Some important classes are depicted in
Fig. 6. Numerous low-cost flexibilizers and
toughening agents are derived from carb-
oxy-terminated polyesters. They are pre-
pared by non-stoichiometric polyconden-
sations of di- and trifunctional carboxylic
acids (e.g., sebacic or adipic acid), and
diols or triols (e.g., 1,6-hexanediol,
neopentylglycol or 1,2,3-tris(thydroxy-
methyl)propane). Lohse et al.!” '® 3% re-
port the basic structure/property relation-
ships of such systems, including functional
polyamides.

Another important class is derived from
oligomeric alkylene oxides such as hy-
droxy-terminated poly(propylene oxide)
or poly(tetramethylene oxide), with num-
ber average molecular weights varying
between 500 and 2500. For instance, the
di- or trifunctional hydroxy-terminated
poly(alkylene oxides) were added to anhy-
dride-cured epoxy resins® or converted
into glycidyl-ether-terminated poly(alky-
lene oxides) or various other functional
groups®® ®. Most poly(alkylene oxide)-
based thermoset systems have remarkably
low viscosities. These flexibilizers are also
used as reactive diluents. Polyesters,
poly(alkylene oxides), and polysiloxanes,
all hydroxy-terminated, are used as soft
segments in a variety of urethane prepoly-
mer flexibilizers and toughening agents.
Typically, the polyols are end-capped with
excess diisocyanate to form isocyanate-ter-
minated prepolymers which can be func-
tionalized at will. For instance, the iso-
cyanate end groups are capped with
monophenols or bisphenols, providing
aromatic urethane end groups. The pheno-
lic component is released upon heating to
deblock the isocyanate end group during
thermal or amine cure®, Amino-termi-
nated poly(propylene oxides) are obtained
either by converting hydroxy end groups
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Fig.7. Adduct formation of carboxy-terminated liguid nitrile rubber.

into amines®* ™ or by esterification of the
polyol with aminobenzoic acids®.

Gazit and Bel{®%™ and Lee et al.®™
report acrylic liquid rubbers based upon
butyl acrylate homo- and copolymers.
McGrath et al. %% prepared o, -difunc-
tional poly(dimethylsiloxanes), for exam-
ple, by equilibrating difunctional disilox-
anes and cyclic tetrasiloxanes. In addition
to the well-established polysulfide liquid
rubbers?* %! the functionalized nitrile rub-
bers have gained commercial importance.
Hydroxy-, carboxy-, vinylester-, and
amino-terminated acrylonitrile/butadiene
copolymer liquid rubbers are available*
containing various amounts of acryloni-
trile.

Many liquid rubbers are reacted with the
thermoset resin to form adducts that en-
hance interactions between the liquid rub-
ber and thermoset resin system. An exam-
ple for liquid nitrile rubber adduct forma-
tion is shown in Fig. 7. The adduct forma-
tion between carboxylic acid end groups
and epoxy resins is carried out thermally at

nitrife rubbers

acrylics

temperatures around 160°CU® ™ or at
lower temperatures, e.g. 130°C, in the pres-
ence of catalysts such as triphenylphos-
phinel’,

Most of the liquid rubbers depicted in
Fig.6 are typical flexibilizers but not
toughening agents. They fail to provide
high stiffness, strength, and toughness.
Toughening agents must match the ther-
moset resin system compatibility expressed
by the solubility parameters in order to
form the functional dispersed microphases
with an adequate balance of compatibility
and interfacial adhesion. As shown in
Fig.8, the conversion of flexibilizers into
toughening agents is accomplished by
molecular engineering of the liquid rubber
microstructure. For the first time, this con-
cept was verified successfully in the case of
Bisphenol A-based epoxy resins and func-
tionalized liquid nitrile rubber. In the ab-
sence of acrylonitrile, the functionalized
butadiene oligomers are not compatible ei-
ther with the resin or the matrix, giving
macroscopic phase separation. As the

CN

|
HOO-R{(OH20H=CH CH,) (CHCH,) J»R-COOH

Yy

W-% AN

COOH CH,

| l
{CHL,CHHCH cr-iz,J-[clzcr-iz]l
‘ " "eN

COOCH,CH,CH,CH,

Silicones

CHy CH,

I |
H2N(CH2)3NH(CHz)s{?i—OHSi—O}(CH,‘,LNH(CHQ)S NH,
Y

CHy

Fig.8. Converting flexibilizers into toughening agents using copolymerization to vary solubi-

lity parameters.
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acrylonitrile content increases, the solubil-
ity parameter difference between the resin
system and liquid rubber decreases. This
improvement in toughness reaches a maxi-
mum near the optimum solubility parame-
ter difference. At higher nitrile content, the
toughness decreases because of increasing
miscibility. At high nitrile content, macro-
scopic demixing occurs. This general trend
is depicted in Fig. 9 for nitrile-rubber-mod-
ified structural epoxy adhesives, using peel
strenght as a measure for toughness and
reduced crack propagation. According to
Drake et al."™, in the case of Bisphenol
A-based epoxy resins, the preferred acrylo-
nitrile content is about 18 to 20 weight-per-
cent to obtain maximum fracture tough-
ness. As mentioned earlier, this optimum
depends strongly upon the curing agents
and upon the cure chemistry.

In analogy to nitrile rubbers, liquid
butyl-acrylate rubbers (Fig.8) can be im-
proved for epoxy-toughening either by in-
corporation of functional comonomers
which chemically bond with epoxy (e.g.,
methacrylic acid or glycidyl methacrylate).
Alternatively, the solubility parameters
can be adjusted through incorporation of
methacrylonitrile units into the butyl acry-
late chain™. The thermodynamics-based
synthetic route to improved toughening
agents was also demonstrated for poly-
siloxanes. As apparent from Fig. 5, silicone
rubbers and epoxy resins are highly incom-
patible. Many silicone liquid rubber pre-
polymers, in spite of their low molecular
weights, are not miscible with epoxy resin
systems. Saito et al."™, as shown in Fig.§,
demonstrated that the toughening agent
efficiency improves drastically when
epoxy-compatibilizing  structural  seg-
ments, such as phenyl-methyl-siloxane
units, are introduced into the polysiloxane
chain,

4. Block Polymer Liquid Rubbers

The molecular design of polymeric lig-
uid rubber toughening agents to balance
polymer compatibilities, is accomplished
in two ways. Compatible comonomer units
can be randomly incorporated along the
less compatible chain (Fig.8), or alterna-
tively, block polymer synthesis can be used
to couple polymer segments of varied com-
patibility (Fig.10). Block copolymer
toughening agent technology was pio-
neered by Hoeschele ®*), He discovered
that stiffness and toughness of epoxy resins
are improved markedly by incorporation
of polyester thermoplastic elastomer block
copolymers that contained poly(tetra-
methylene oxide) soft segments. While
poly(alkylene oxide) flexibilizers soften the
thermoset matrix, the combination of
poly(alkylene oxide) segments and poly-
ester segments such as poly(butylene
terephthalate) provides high toughness
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Fig.9. Lap shear and T-peel strength of an epoxy structural adhesive as function of the
acrylonitrile content of the liquid nitrile rubber toughening agent.
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Fig. 10. Block polymer toughening agents containing compatible and incompatible polymer

segments.

preferably polycaprolactone, blocks. The
polyester gradually improves the compati-
bility, simply by increasing the block
lenght of the compatible segment. At a cer-
tain minimum block length of the compat-
ible segment, the whole polymer becomes
fully miscible.

5. Liquid Rubber Blend Systems

Recently, instead of using tailor-made
polymers containing segments of different
compatibility, functional liquid rubber
blends, based on nitrile liquid rubber and
urethane prepolymers, were incorporated

Table 4. Rubber-blend-toughened epoxy resins.

into epoxy-based thermoset systems! %I,

Provided the two liquid rubbers are com-
patible, surprisingly high thoughness and
markedly increased strength are obtained.
They substantially exceed the performance
of the corresponding systems containing
only the equivalent amount of the individ-
val blend components (Table 4). Morpho-
logical and dynamic mechanical studies re-
vealed that the formation of novel rubber
blend microphases consisting of interpene-
trating elastomer networks account for
this outstanding blend synergism. Again it
was verified that polymer compatibility 1s
the key to novel classes of high-perfor-
mance toughening agents.

and high stiffness. Toughening Agent Type Weight- Lap Shgar Strength T-Peel Strength
Highly incompatible liquid rubbers % [N/mm-] (N/mm]
{e.g., dihydroxy- or dicarboxy-terminated nitrile rubber/epoxy adduct (25/75) 33 22.7 1.0
polybutadienes™ ) or polysiloxanes® 1)  phenolic polyurethane 33 8.4 4.5
blend (1:1) 2 267 7.9

are compatibilized by attaching polyester,
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6. Core/Shell Microparticle Toughening
Agents

Tailoring linear, or slightly branched,
functional liquid rubbers which phase sep-
arate during the curing reaction to form
rubber microparticles is a process which is
rather difficult to control. Instead, rubber
microparticles are prepared in a separate
step, then dispersed in the resin to be sub-
sequently incorporated into the resin ma-
trix during cure. Particle-forming polymer-
ization processes, such as aqueous emul-
sion polymerization or non-aqueous dis-
persion polymerization, allow precise con-
trol of the particle sizes and particle size
distributions. Furthermore, the interfacial
adhesion of non-compatible rubber mi-
croparticles is readily modified by grafting
compatible polymeric shells onto the rub-
ber microparticle cores. This core/shell
polymer technology has proven to provide
versatile toughening agents.

In Fig. 11,a highly simplified scheme is
presented to illustrate the core/shell parti-
cle synthesis in aqueous emulsion polymer-
ization. The rubber, e.g. polybutadiene, is
formed in micelles to give a slightly
crosslinked polymer latex of well-defined
particle sizes which can be varied between
100 and 20000 nm. It can also be formed in
bimodal distributions. Subsequently, a
thermoplastic shell, consisting of either
styrene/acrylonitrile  or  styrene/methyl
methacrylate, is grafted onto the polybuta-
diene core """ Depending on the
acrylonitrile or methyl methacrylate con-
tent, the compatibility between the shell
and the thermoset resin system can be
varied over a wide range, thus tailoring the
interfacial adhesion between the prefabri-
cated rubber microparticles and the ther-
moset matrix. It was demonstrated *” that
the incorporation of functional groups
which interact with the network formation
enhances the crosslink density of the ther-
moset matrix. This provides increased
toughness as well as increased strength and
thermal resistance.

In a more recent advance, non-aqueous
dispersion polymerization has been ap-
plied to form toughening agent micro-
dipersions in-situ, e.g., through particle-
forming dispersion polymerization in
epoxy resins. This eliminates the need fora
redispersion step which could depend upon
the nature of corefshell primary particle
agglomerates formed from the aqueous
emulsion. Acrylic™ and silicone!"™'"" in-
situ dispersions have been described. In
particular, polysiloxane dispersions in
epoxy resins are a very potent class of
novel toughening agents. They exhibit re-
markably low viscosities, even at high
solids content, and increase toughness
without affecting stiffness.

As an illustration of the core/shell poly-
mer concept, Fig. 12 shows typical core/
shell particles obtained by spray-drying
aqueous emulsions which agglomerate to
yield large, spherical particles of low
porosity. These secondary particles are dis-
persed in the thermoset resin as reactive

I \
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emulsion polymerization

polybutadiene core

J@/z/CN /:{c'id‘%

core/shell particle

— acrylonitrile content

— epoxy containing comonomers

Fig. 11. Simplified scheme for the synthesis of core[shell toughening agents in particle-
Jorming emulsion or dispersion polymerization.
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Fig. 12. Morphology of corefshell toughening agents as reactive fillers obtained by spray-

drying (scanning electron micrograph).

fillers. Upon cure, the shell dissolves in the
resin. The primary microparticles are dis-
persed to form functional microparticles
adhering to the thermoset matrix. Thisis a
result of blend formation between shell
polymer and thermoset resin.

Fig. 13 depicts the morphology of an
epoxy resin blend with corefshell particles
after the curing step. It clearly shows the
redispersion of the 1000 nm rubber mi-
crophases in the thermoset matrix®,

7. Functional Thermoplastic Toughening
Agents

Highly crosslinked thermoset resins,
used in aerospace and aircraft applica-
tions, are rather difficult to toughen. In the

case of very low molecular weight chains
between crosslinks, the efficiency of rub-
ber-toughening is markedly reduced due to
substantially reduced shear yielding in
tightly-crosslinked polymers. This pre-
vents rubber particle cavitation known to
be the origin of energy dissipation'", An-
other type of toughening agent is therefore
needed which does not depend upon the
deformation of the thermoset resin matrix.
In addition, most rubber-toughened ther-
moset resins suffer modulus losses. This
can simply be due to the fact that a small
portion of the high-modulus stiff matrix
was replaced by a small portion of rub-
bery, low-modulus, dispersed phase.

As an alternative toughening agent for
tightly-crosslinked thermoset resins, duc-
tile high-temperature-resistant thermoplas-
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tics or corresponding functionalized oli-
gomers are used. Some of these toughening
agents are summarized in Fig. 14,

The basic thermodynamic consider-
ations are very similar to rubber toughen-
ing although the phase separation is not
necessary in all cases. A high-7, thermo-
plastic toughening agent should be mis-
cible with the resin to allow blend forma-
tion. Systems based on phenoxy resins""),
polycthcrsulronesum.102,107, lO'}--IiSl’ ]TJ()])’CT.hBl’-
imides"™, and polyimides!"®'% have been
proposed for epoxy and bismaleinimide
matrix resins. Speciality reactive-oligomer,
high-T,, toughening agents have been
tailored, for example, by end-capping
polyethersulfones with aminophenols
which function in combination with aro-
matic diamine hardeners!""", Phase separa-
tion does not occur in some polysulfone-
modified epoxy systems!'*, Recent studies
by Bucknall and Gilbert" on polyether-
imide-toughened, multifunctional epoxy
resins show that microphase formation of
polyetherimide dispersed in tightly-cross-
linked tetrafunctional epoxy resins gives
substantially better fracture toughness.
The source of improved toughness is the
dispersed high-temperature-resistant poly-
mer microphase.

8. Conclusion and Qutlook

The basic understanding of material fail-
ure mechanisms and multiphase polymer
formation has led to the development of
novel advanced structural materials. These
materials are based on toughening agents
which inhibit crack propagation by dissi-
pating energy at the crack tip. Such multi-
phase polymers, containing either rubbery
or ductile, rigid microphases dispersed in
the thermoset matrix as the continuous
phase provide unique metal-like property
combinations. They include high stiffness,
high strength, high thermal, creep and en-
vironmental resistance and, in particular,
high toughness. While flexibilizers drasti-
cally reduce the stiffness by plasticizing the
thermoset matrix, a typical toughening
agent does not affect stiffness due to the
multiphase structure. Depending on cross-
link density of the thermoset resin matrix,
either rubbery or high-temperature-resis-
tant ductile thermoplastics are being used
as the dispersed microphase component.
Liquid rubber flexibilizers, developed by
incorporating blend technology and the
ability to form prefabricated, well-defined
microparticles embedded in a compatible
shell have boosted the performance of
thermoset resin systems. In contrast to the
highly brittle resin system, the multiphase
thermoset polymers exhibit thermoplastic-
like toughness combined with typical ad-
vantages of the thermoset systems includ-
ing easy processability of low molecular
weight, low viscosity resins and high creep
and fatigue resistance. While the phase
separation of functional liquid rubber is
dependent upon a multitude of chemical
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Fig. 13. Morphology of cured epoxy resins containing acrylic core/shell microparticles
(transmission electron micrograph, using OsO, staining of the butadiene-based rubber
cores).
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and physical parameters and therefore dif-
ficult to control, the core/shell approach
appears to offer the prospects of well-de-
fined multipurpose toughening agents.
These, however, do need to be engineered
separately for different thermoset/curing
agent systems. This provides new synthetic
routes to high-performance, multiphase
polymers for advanced structural applica-
tions.

In spite of the recent advances in ther-
moset toughening, the ultimate goal of
metal-like toughness has not yet been met.
Even at the highest level of toughness
achieved in thermoset resin systems, metal
alloys still prevail by almost one order of
magnitude. As the thermal stability of
thermosetting structural materials in-
creases, toughness markedly decreases due
to the reduced matrix deformation of the
tightly-crosslinked system. Furthermore,
toughness is also dependent upon load
rate. As the load rate increases, toughness
drastically decreases.

Both the materials scientist and the poly-
mer chemist are challenged to overcome
the inherent brittleness of thermoset resins
and improve crack energy dissipation un-
der static as well as dynamic conditions.
Several promising approaches are being
explored. For instance, rubber blend mi-
crophases containing comparable nitrile
and polyurethane rubbers gave surpris-
ingly high dynamic fracture toughness.

In typical thermoset systems, the re-
search has been aimed at the formation of
well-defined microphases either through
controlled phase separation processes dur-
ing cure or by dispersing functional tailor-
made core/shell polymers. These will
continue to provide novel generations of
high-performance multiphase toughening
agents and better insight into the nature of
energy dissipation processes occurring
near a crack tip. Furthermore, blend or
interpenetrating network formation using
combinations of compatibilized thermoset
resins and toughening agents is likely to
lead to major breakthroughs in thermoset
toughening. Already blend systems have
appeared which outperform the corre-
sponding systems containing only the indi-
vidual blend components. Similar ap-
proaches in thermoplastic toughening have
led to super-tough thermoplastic materials
with metal-like toughness.

As an alternative to crosslinked polymer
systems with inherent toughness limita-
tions, a new matrix resin has been intro-
duced recently to combine thermoset-like
processing and thermoplastic-like tough-
ness. Instead of curable resins, low-viscos-
ity cyclic oligomers of thermoplastics like
polycarbonates were used to form high-
temperature-resistant linear thermoplastic
materials via ring-opening polymerization
in the mold. Thus, thermoset-like process-
ing gives linear polymers of high molecular
weight which could not be processed in
conventional melt extrusion. This ap-
proach, in combination with interpenetrat-
ing network and multiphase polymer for-

mation, may lead to novel types of high-
temperature-resistant, tough, polymeric
materials which are likely to match metal-
like toughness, strength and stiffness.
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Poly(1-oxo0-2-phenyltrimethylene):
A Crystalline Alternating
Styrene-Carbon Monoxide Copolymer

Paolo Corradini*, Claudio De Rosa, Achille Panunzi, Giorgio Petrucci*,

and Piero Pino 1 *

Abstract: From the alternating copolymerization of carbon monoxide and styrene with a
soluble palladium containing catalytic system a product fraction insoluble in boiling
2-butanone was isolated which is highly crystalline. The polymer has been identified
mainly by 'H- and “C-NMR spectroscopy and by X-ray diffraction as syndiotactic
poly(1-oxo-2-phenyltrimethylene). This polymer completely epimerizes to atactic poly(l-
oxo-2-phenyltrimethylene) in the presence of sodium 2-chlorophenolate.

The preparation of linear CO/styrene al-
ternating copolymers has been described in
1986 by Drent . However, under some of
the experimental conditions indicated in
the patent a mixture of polymers is actually
obtained. After extracting such a mixture
with boiling ethyl methyl ketone the poly-
mer which is not dissolved shows an X-ray
powder spectrum with many sharp lines
(Fig. 1) indicative of a fairly high degree of
crystallinity. This is rather unexpected as
the polymer is obtained using a soluble
organometallic Pd catalyst.
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The crystallinity should be associated
with a regular sequence of constitutional
and configurational units at least for suffi-
ciently long stretches of the polymer chain.

The BC-NMR spectrum in hexafluo-
roisopropanol at room temperature
(Fig. 2) shows substantially a single line at
0 = 210.96 indicating the presence of a sin-
gle type of keto groups. Therefore it is con-
sistent with the presence of one single type
of constitutional repeating unit 1 and ex-
cludes substantial amounts of head-to-
head tail-to-tail units 2. The existence of
largely prevailing single resonances at
0 = 42.4 (CH, groups), 54.0 (CH groups),
and 136.9 (phenyl-Cl; cf. Fig. 3a) indicate
that the polymer is substantially stereoreg-
ular.

The NMR spectrum of the polymer
heated at 60°C under nitrogen for 24 h in
o-chlorophenol in the presence of sodium
o-chlorophenolate (0.022 M) shows re-

(e}

H 1 I
—C—CH{CgHg)=CHy—C—CHy~CH[CgH5)—C—CH(CgHg5)—CHa—

2

The polymer fraction investigated by us
has a sharp melting point at 290°C,
M, = 6700 (vapour pressure osmometry in
o-chlorophenol at 80°C). The density mea-
sured at 24°C by flotation on a film cast
from hexafluoroisopropanol solution is
1.252 g/em®. UV spectrum: 4, = 287 nm,
£ =570 L/(mol-cm) (in hexafluoroiso-
propanol at room temperature). Elemental
analysis: C 81.26%, H 6.14% (calc. 81.79,
6.10).

markable changes in the region of 136139
ppm (Fig.3b), as well as in other regions.
New resonances appear in fact also in the
CO, CH,, and CH regions.

However, the 'H-NMR spectrum
(Fig. 4) still shows the ratios 1:2:5 among
the signals of the methine, methylene, and
phenyl groups. The above mentioned
changes may be explained assuming the
occurrence of an epimerization process un-
der the above conditions. In keeping with



