Fracture Mechanisms in Preformed Polyphenylene Oxide
Particle-Modified Bismaleimide Resins

GUANGXUE WEI, H.-). SUE

Polymer Technology Center, Department of Mechanical Engineering, Texas A&M University,

College Station, Texas 77834-3123

Received 24 December 1998; accepted 12 May 1999

ABSTRACT: Fracture toughness and failure mechanisms in preformed poly(2,6-dimethyl-
1,4-phenylene oxide) (PPO) particle-modified bismaleimide (BMI) systems are investi-
gated. The fracture toughness of BMI can be significantly improved by incorporating
preformed PPO particles without causing significant deterioration in other mechanical
and thermal properties. The fracture mechanisms in BMI/PPO appear to be dominated
by craze-like damage. Further investigation of the craze-like damage zone using trans-
mission electron microscopy reveals that crazes are formed inside the PPO particle
phase and dilatation bands, which appear to be triggered by the crazes inside the PPO
particle, are formed in the BMI matrix. Particle bridging is also found to contribute to
the toughening of BMI/PPO. The benefits of using preformed PPO particles to toughen
BMI and other brittle thermosets for composite and adhesive applications are dis-

cussed. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 74: 2539-2545, 1999
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INTRODUCTION

Bismaleimide (BMI) resins are widely used as
high performance composite matrices for their
high temperature resistance, high glass transi-
tion temperature (7,), superior specific strength
and specific modulus, and good epoxy-like pro-
cessability. Unfortunately, BMI resins are brittle,
which limits their structural applications. To en-
hance fracture toughness of BMI resins, several
methods, such as chain extension with aromatic
diamine through the Michael addition reaction'™
and by modification with reactive liquid rub-
bers,*® were used. However, these methods cause
undesirable reductions in modulus and glass
transition temperature (7). Significant research
on BMI toughening is still needed.
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More recently, ductile thermoplastics were uti-
lized as tougheners to improve the fracture resis-
tance of highly crosslinked thermoset resins.
Most of the efforts in the literature involve the
dissolution of thermoplastic particles in the ther-
mosetting matrix, followed by precipitation of
thermoplastic particles.™ This type of approach
usually does not render reproducible mechanical
property unless the thermoplastic particle con-
centration is high. The recent research work of
Pearson and Yee showed that poly(2,6-dimethyl-
1,4-phenylene oxide) (PPO) particles can increase
the fracture toughness of epoxy matrix by as
much as 350%.'° They attributed the toughening
effect to the formation of multiple crack/microc-
racks in the damage zone.

To our knowledge, there is no known effort®
focusing on using preformed thermoplastic parti-
cles to toughen BMI matrix. It is also not known
what effective toughening mechanisms can oper-
ate in BMI resins. The present study intends to
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Figure 1 The structure of the three-component BMI.

investigate the effectiveness of using preformed
PPO particles, as opposed to the utilization of
soluble thermoplastic particles, to toughen brittle
BMI. The advantages of using preformed thermo-
plastic particles to toughen thermosets are dis-
cussed.

EXPERIMENTAL

All materials used in this investigation were re-
ceived from commercial sources, and were used as
received. The three component BMI (BMI-4,4'-
MDA, BMI-1,3-tolyl, and o,0’-diallylbisphenol A),
termed Cytec 5250-4-RTM BMI resin, was ob-
tained from Cytec. The chemical structures of
BMI are shown in Figure 1.

The PPO particles, in powder form, were re-
ceived from General Electric Company. The PPO
particles were sieved using U.S.A. Standard Test-
ing Sieve (A.S.T.M.E-11 Specification) with 270
mesh. The particles with size less than 50 um
were collected and utilized for toughening BMI.

The BMI resin is sticky at room temperature,
and begins to melt at temperatures above 50°C.
Upon heating to 100°C, the BMI resin exhibits
low viscosity and can be easily processed. The
PPO particles were gradually added at 100°C
with continuous stirring for about 30 min to en-
sure good dispersion. Degassing was then carried
out under vacuum at 120-130°C for about 1-3 h,
depending on the PPO content in BMI. The resin
was then castinto 5 X 4 X 1/8”(12.7 X 10.2 X 0.32
cm) plaques, using Teflon-coated metal plates, fol-
lowed by curing for 6 h at 185°C and postcuring
for 6 h at 220°C in an air-circulated oven. The
oven was then turned off and slowly cooled to
room temperature (25°C). The PPO particles,
ranging from 5 to 20% by weight, were added to
BMI. The finished plaque was machined into bars
with dimensions of 6.35 X 1.27 X 0.32 cm for the
double-notch four-point bend (DN-4PB)!!13 ex-
periment and the single edge-notch three-point
bend (SEN-3PB) plane strain critical stress inten-
sity factor (Kjc) fracture toughness measure-
ments.'*1?

The dynamic mechanical behavior of the neat
and thermoplastic-modified BMI resins was
studied using dynamic mechanical spectroscopy
(Rheometrics RMS-800) in a torsional mode,
with 2.5°C per step. A constant strain ampli-
tude of 0.1% and a fixed frequency of 1 Hz were
used. The samples were tested at temperatures
ranging from 25 to 380°C. Tan 6 peak was as-
signed as T,.

The DN-4PB and SEN-3PB bars were notched
with a 45° notching cutter (250 um crack-tip ra-
dius), followed by liquid nitrogen-chilled razor
blade tapping to wedge open a sharp crack. The
SEN-3PB method was utilized for fracture tough-
ness measurements. The ratio of the crack length
(a) to the specimen width (w) was chosen to be
between 0.3 and 0.7 for the SEN-3PB test. A
constant crosshead speed of 0.5 mm/min was cho-
sen to conduct the SEN-3PB, three-point bend-
flexural (3PB-F) test, and DN-4PB experiments.
Care was taken to ensure that the upper contact
loading points were touching the DN-4PB speci-
men simultaneously.

Optical microscopy (OM), scanning electron
microscopy (SEM), and transmission electron mi-
croscopy (TEM) were used to study the fracture
mechanisms in BMI blends. The detailed micros-
copy procedures for preparing the samples can be
found elsewhere. 713
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Figure 2 Dynamic mechanical spectra of neat BMI vs. PPO-modified BMI resins.

RESULTS AND DISCUSSION

Dynamic Mechanical Analysis

The dynamic mechanical spectra of neat and mod-
ified BMI resins are given in Figure 2. The BMI
resin has a T, of 276°C. When 10 wt % PPO
particles were used to toughen the BMI resin, the
shear storage modulus begins to show a small
drop above the T, of PPO (210°C). The T, as well
as the rubbery plateau modulus of the matrix,
appear to be almost the same between the neat
and PPO-modified BMI. On the other hand, when
20 wt % PPO was added to BMI resin, reductions
in shear storage modulus (G') of the blend become
significant when temperature is above 80°C. Also,
the tan 6 peak at T, of the PPO particle phase is
not completely separated from the tan 6 peak of
BMI at the T, of BMI. This is probably due to the
incomplete curing of BMI. It is also noted that the
rubbery plateau moduli are very high for all three
systems, which indicates the high crosslink den-
sity nature of BMI resins. The molecular weights
between crosslinks calculated from rubbery pla-
teau moduli range from 155 to 172 g/mol for the

three systems (Table I). Furthermore, G’ of the
matrix increases slightly and then decreases
sharply after the temperature goes above T, of
the BMI matrix. The increase may be due to an
incomplete curing of the BMI resin, as mentioned
above. The sharp drop of G’ with the temperature
above T, is probably due to devitrification and/or
decomposition of BMI matrix.

Mechanical Properties

The fracture toughness measurements of neat
and modified BMI were conducted based on the
linear elastic fracture mechanics approach
(LEFM).'%17 Flexural moduli were measured on
an unnotched specimen according to ASTM D790.
The mechanical property values reported are
based on an average of at least five tests. The
results are shown in Table I.

The K of the neat resin was found to be about
0.87 MPa-m'?, indicating that the BMI resin is
not very brittle when compared with the one and
two component BMI systems.*?!® All of the PPO-
modified samples displayed increases in Kj. val-
ues over that of the neat BMI resin. The higher
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Table I The Selected Properties of BMI/PPO Systems

Ko Gro E, G’ Mc T,
Materials (MPa-m'?) (J/m?) (GPa)? (MPa)® g/mol (°C)°
Pure BMI 0.87 = 0.03 160 4.21 180 162 276
BMI1/5%PPO 1.05 = 0.11 — — — — —
BMI/10%PPO 1.26 = 0.05 350 3.96 226 156 279
BMI/15%PPO 1.32 £ 0.04 390 3.92 — — —
BMI1/20%PPO 1.40 = 0.03 445 3.87 135 172 275

2 Flexural modulus.
® Rubbery shear storage modulus.

¢ Temperature at which tan § curve at freq. = 1 Hz is a max.

PPO content appears to give greater improve-
ment in K;.- (Fig. 3). However, when the PPO
content is above 10 wt %, the toughening effect
appears to be dropping off. Flexural moduli of
neat and PPO-modified BMI at room temperature
are also shown in Table I. The modulus shows a
decrease from 4.21 GPa for neat BMI to 3.87 GPa
for the BM1/20% PPO blend. The addition of ther-
moplastic particles did not affect the 7, of BMI.

Fracture Mechanisms Investigation

It is generally recognized that successful tough-
ening in highly crosslinked thermosetting mate-
rials can be achieved by introducing energy dissi-
pation processes that do not depend on matrix
ductility. The work of Sue and Yee!® indicated
that if the inclusion (toughener) phase can initi-
ate crazes upon fracture, it is possible to extend

Kic, (MPa-m'?)
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PPO content (wt%)

Figure 3 Effects of PPO content on K;- of BMI/PPO
blends.

these crazes into the matrix phase as long as the
matrix is prone to crazing. With this idea in mind,
the craze-prone PPO particles are utilized to
toughen BMI resin. It is anticipated that the PPO
particles can trigger dilatation bands in this
highly crosslinked BMI matrix.?%?!

To study the fracture mechanisms, the sub-
critically propagated crack of a DN-4PB specimen
is analyzed using TOM. As shown in Figure 4, it is
evident that a small cavitation zone is formed at
the crack tip region [Fig. 4(a)]. When the damage
zone is viewed under cross-polars, a large highly
symmetrical birefringent zone [Fig. 4(b)] is ob-
served. This birefringent zone is formed mainly
due to the residual stress field, which makes it
very difficult to definitively identify the extent of
the crack tip plastic deformation, if any. To un-
ambiguously determine the possible damage
mechanisms in the crack tip damage zone, TEM
investigation is undertaken.

When the DN-4PB damage zone is observed
using TEM, it is evident that crazes are formed
inside the PPO particle (Fig. 5). Crack blunting
behind the PPO particle is also observed (Fig. 6).
These fracture energy dissipation processes pre-
vent or slow down the crack from further propa-
gation. The crazes are limited to inside the PPO
particle and do not extend into the matrix.

Further investigations of the damage zone by
TEM, as shown in Figures 7 and 8, indicate that
dilatation bands associated with PPO particles
were generated near the crack tip. This type of
dilatation band was also observed in other ther-
mosetting resins.?®?! When the crack continues
to grow, the dilatation bands are eventually bro-
ken into cracks at both sides of the particle (Fig.
7). These particles bridge the cracks, which slows
down crack propagation. As pointed out by Buck-
nall,??2% rubber particles in craze-prone plastics



Figure 4 Transmitted optical micrographs of BMI/
10%PPO taken at the crack tip of a DN-4PB specimen,
viewed under (a) bright field and (b) cross-polarized
light. The crack propagates from left to right.

have two separate functions that are to initiate
and terminate crazes. The termination of crazes
can prevent crazes from growing into the cracks.
The same roles are observed for PPO particles in
BMI (Fig. 8). PPO particles as small as 1 um in
diameter can still generate massive dilatation
bands (Fig. 8). It is somewhat surprising to ob-
serve dilatation bands in such a highly cross-
linked thermoset system. It is possible that het-
erogeneous crosslinking took place in the BMI
matrix, which allows the less crosslinked region
to form dilatation bands.

It is often reported that in highly crosslinked
thermoset systems, the primary fracture mecha-
nisms are particle bridging instead of shear band-
ing or crazing. To verify whether or not crack
bridging is also a key toughening mechanism in
the BMI/PPO system, SEM observation on frac-
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Figure 5 TEM micrograph of BMI/10%PPO taken at
the crack tip damage zone of the DN-4PB specimen.
Crazes inside the PPO particle are evident at the crack
tip (see arrow). The crack propagates from left to right.

ture surface was conducted. Figure 9 shows the
fracture surface of the 10 wt % PPO-modified BMI
resin. Addition of PPO particles leads to the for-
mation of two distinct phases. The size and shape
of the PPO particles remain almost the same as
the original ones, which indicates that the PPO
particle and BMI are totally immiscible. It is
noted in Figure 9 that the crack goes through the
PPO particles, and every PPO particle on the
fracture surface is deformed and shows ductile
drawing, which is a sign of crack bridging. How-
ever, the level of particle stretching is found to be
insignificant. Therefore, the contribution of parti-
cle bridging in PPO-modified BMI is likely to be
insignificant. On the other hand, the massive
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Figure 6 TEM micrograph of BMI/10%PPO taken at
the crack tip damage zone of the DN-4PB specimen.
Crack blunting is observed (see arrow). The crack prop-
agates from left to right.
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Figure 7 TEM micrograph of BMI/10%PPO taken
around the crack tip damage zone of the DN-4PB spec-
imen. Dilatation bands (see arrows) are observed
around the crack tip. The crack propagates from left to
right.

crazes found inside the PPO particles could ab-
sorb a significant amount of fracture energy (Fig.
10). It is interesting to note that the interfacial
adhesion between PPO particles and BMI matrix
is very good. No particle-matrix debonding is
found in both SEM and TEM observations. The
probable reason may be due to mechanical inter-
locking at the interface during curing. The pres-
ence of strong interfacial adhesion is important
for particle-induced matrix deformation in a
highly crosslinked system, which results in the
promotion of massive dilatation bands in BMI
matrix.

Figure 9 SEM micrograph of the fracture surface of
the BMI/10%PPO specimen. Particle drawing (see ar-
rows) are observed.

Dilatation bands, crack tip blunting, and crack
bridging are shown to operate in PPO-modified
BMI. To probe whether or not dilatation bands
and crack tip blunting exist in neat BMI speci-
mens, a TEM study on the neat BMI DN-4PB
damage zone was conducted. It was found that
crack tip blunting does exist (Fig. 11), but when
the crack opens further, catastrophic failure oc-
curs. The crack-tip blunting mechanism just
slows down crack propagation. In contrast to this
behavior, if there is a PPO particle in front of the
crack, the crack propagation can be blocked or
slowed down by the presence of the PPO particle,

Figure 8 TEM micrograph of BMI/10%PPO taken at
the crack tip of the DN-4PB specimen. Dilatation bands
(see arrows) induced by the PPO particle are observed.
The crack propagates from left to right.

Figure 10 TEM micrograph of BMI/10%PPO taken
on the crack of the DN-4PB specimen. PPO particle
drawing and massive crazes inside the PPO particle
are observed. The crack propagates from left to right.



Figure 11 TEM micrograph of the neat BMI speci-
men taken at the crack tip. Crack blunting is observed
at the start of the crack tip (see arrow).

as shown in Figure 6. No dilatation bands were
found in the neat BMI specimen.

CONCLUSIONS

Ductile engineering thermoplastics such as PPO
are shown to be effective modifiers for toughening
brittle BMI. It is found that dilatation bands can
form in the highly crosslinked PPO-modified BMI
matrix. If suitable thermoplastic particles with
appropriate size and concentration range were
chosen, it is possible to generate massive dilata-
tion bands in high performance thermosets. In
turn, the toughness of the materials can be im-
proved dramatically. The fracture mechanisms of
BMI/PPO were mainly PPO particle crazing and
dilatation band formation in the matrix.
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