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ABSTRACGT

A series of silicone modified bismaleimide resins have been examined as matri-
ces for high performance continuous fiber reinforced composites. Detailed studies of
the interrelation between processing structure and properties of both the neat resin and
corresponding carbon fiber reinforced composite have identified that the silicone additive
provides important morphological modification to the bismaleimide matrix for toughness
improvements while at the same time retaining the elevated temperature performance.
Micrographs of fracture surfaces of cured samples demonstrate remarkable similarities
to fracture surfaces of rubber-modified epoxy matrices. Specifically, a fracture surface
covered with non-communicating microcavities of 1.5 um in diameter was observed. How-
ever, unlike in rubber modified epoxies where the observed morphology is assumed to
be created during fracture of the specimen, this study demonstrates that the microcavities
are created during the cure process and also exist in the bulk of the material before frac-
ture. In a simulated cure of the sample in the polarizing microscope and in SEM micro-
graph of samples at different stages of the cure, it is established that the silicone modifier
in conjunction with the processing conditions employed is responsible for the specific
morphological developments. Accordingly, a model capable of describing the observed
morphology was developed based on physical changes that the silicone additive experi-
ences during the curing process.

* AHM. ZEQEPH, «Xapaxtnpiotikal peraBoAal ocuvvBétwy OSAméy p¢ A-Ma-
Acipiduchy piTpay ®aTd THY TEEACKEVHY TWYN.
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INTRODUCTION

Polyimide resin matrices offer an increase in use temperature of struc-
tural composites over the traditionally used epoxy based matrices. How-
ever, the exceptionally high thermo-oxidative stability of wholly aromatic
polyimides is countered by their difficult processability which involves a
mixture of monomers in a low boiling point alcohol. The solvent impregna=-
tion route has the familiar problem in creating crack and void free compo-
sites. An alternate to solution impregnation has been the creation of a poly-
addition route of short pre-imidized segments which then with other additi-
ves offer a melt-impregnation route similar to epoxy matrices. Such a resin
system based on bismaleimide chemistry was investigated in this work as
a model high temperature system adding to an overall developing method-
ology for interrelating processing structure and properties of polymer based
composites [1, 2, 3].

EXPERIMENTAL

Materials and Processing

The model bismaleimide examined in this work as well as the indivi-
dual constituents was made available from Rhone-Poulenc, Inc. The system
was based on the patented Kerimid r family whose components are shown
in Fig. 1. The model formulation Kerimid FE 70003 which has been examined
in other studies as well [4] formed the base system with the following
composition (by weight 9%): Diphenylmethane BMI (35%); tolylene BMI
(25%); Triallylisocyanurate T.A.I.C. (15%); Diphenylsilanediol DPS (25%)
with Imidazole (0.06%) as the catalyst. The basic cure reactions are also
schematically illustrated in Fig. 1. A basic cure cycle for laminating prepregs
of carbon fibers has been developed in our previous studies based on thermal
and rheological analysis [2, 3]. Specifically, however, the cure is as follows:
Three plateaus of temperature: 50 minutes at 150° C (B-staging and DPS
polymerization); 2 hours at 200° G (BMI cure); 1 hour at 250° C (postcure).
Windows of vacuum and pressure are applied according to the viscosity
curve for the neat resin.
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For neat resin samples, the following cure procedure was adapted:
the temperature profile is basically the same, but the vacuum is applied from
the beginning of the cure for about 40 minutes. No pressure is used.

For samples with variation in composition, some adjustments also had
to be made. Specifically, for samples containing no silicone, the first plateau
was replaced by another one at 100°C for degassing the sample correctly.

Morphological and Thermal Evaluations

Scanning Electron Microscopy (SEM) of fractured surfaces generated
in liquid nitrogen and ambient temperatures was generated for samples cured
to different times in the cure cycle as well as for samples with different
compositions. Polished surfaces of the fractured specimens were also exa-
mined. Simulation of the cure process in real time has been accomplished
with a Nikon polarizing microscope equipped with on-line video recorder
and programmable heat stage.

Finally, thermal analysis of all systems examined has been performed
with a Dupont System 9900 operating, DSC, TMA, TGA, and DMA modules.

Results and Discussion

Typical fracture surface micrographs of the model bismaleimide sys-
tem examined are shown in Fig. 2. As can be seen, the surface is covered
by what appears to be microcavities of approximately 1.5 um in diameter with
a volume fraction of approximately 20%. For rubber modified epoxies, it
1s well established that these microcavities are created during the fracture
of the specimen as a result of cavitation of the rubber that precipitated during
the cure of the specimen [5, 6]. Accordingly, during the fracture process,
the rubber retracts to the base of the microcavities. By analogy then, it was
assumed precipitation of DPS may be responsible for the creation of these
microcavities. Accordingly, an energy dispersive x-ray analysis at the cen-
ter of the fracture surface depicted in Fig. 2A was obtained and the results
shown in Fig. 2B. This technique, by focusing on silicone as the element
present in the examined surface, showed that the spatial periodicity of the
DPS is much smaller than the spatial periodicity of the microcavities cov-
ering the fracture surface. To prove, however, that indeed DPS is respon-
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Fig. 2. Energy Dispersive X-Ray Analysis of the Kerimid 70003 Bismaleimide Model
Formulation Showing Microcavity Morphology: (a) SEM micrography of a fracture surface
(b) Map of the silicone present on the same area (doubled magnification)



308 TIPAKTIKA THXZ AKAAHMIAZ AOHNQN

sible for the creation of the observed microcavities, a formulation without
DPS was prepared and the fractured surface of the cured sample examined
by SEM. As can be seen in Fig. 3, there were no microcavities observed for
the sample containing no DPS in its makeup composition. In order to inves-
tigate further at which point during the cure the microcavities appear, sam-
ples from the basic FE 70003 formulation were obtained from different
points in the cure cycle and their fracture surface examined in the SEM.
The results shown in Fig. 4, along with corresponding cure cycle employed,

Fig. 3. Fracture surface of the formulation without diphenylsilanediol: No microcavity.
The sample is totally transparent

demonstrate that the microcavities indeed appear during the early part of
the cure. This was also confirmed in real time cure experiments with the
hot stage polarizing microscope, establishing the formation of the microca-
vities in the bulk during cure. In order to establish the influence of each
component in the basic composition, TGA experiments as a function of
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Fig. 4. SEM of fractured surfaces from bismaleimide samples taken at different steps du-
ring the cure cycle shown above. Note the formation of microcavities in steps_3, 5, and 9.



310

ITPAKTIKA THX AKAAHMIAZ AOHNQN

WEIGHT (%] [DERIVATIVE l%/mirg_‘rﬂ_'_l.'ﬂl’:u DERIVATIVE [%/min]
100{—-
4 80+
g ure TAIC
0 loal 1 @
v " \ 240°C
pure BMI 60 +s0
404 \
20. \e— 0.0
0.0
25 0 200 300 25 100 200 300
TEMPERATURE |°C| TEMPERATURE [°C|
WEIGHT(%] DERIVATIVE [%/min [WEIGHT (%] [DERIVATIVE [%/min]
{100

904

1004

pure DPS

®

90

165°C

804 I
804
25 00
TEMPERATURE I‘2Co|° _— S £ 159 TEMPERATURE I‘CIzoo =
WEIGHT (%] 165°C DERIVATIVE | %/min|
100 —
Lo
model formulation
60/ BMI+15 /. TAIC
+25/DPS
) 4 255°C fos
904 :
83 Fo.0
25 100 200 EL
TEMPERATURE [°C|
Fig. 5.

TGA results on the major components (and their combinations) of the model BMI
system when submitted to a ramp of temperature of 5° C/min. (a) pure BMI; (b) pure
TAIC; (c) 80% BMI+4209, TAIC; (d) pure DPS; (e) final formalation; 609, BMI, 159%,

TAIC, 25% DPS



ZYNEAPIA THX 13 NOEMBPIOY 1986 344

temperature were performed -at a rate of 5° C /min. As seen in Fig. 5 summari-
zing the TGA results, in addition to DPS, TAIC also contributes to loss of
weight during cure. However, since no microcavities were observed on sam-
ples with TAIC present but with no DPS, it may be safely assumed that
volatile evaluation is not solely responsible for the creation of microcavities.

Fig. 6. Fracture surface of the Kerimid 70003 bismaleimide formulation exposed to

hexafluoropropanol for 10 minutes. Swelling of DPs in the microcavities is observed.

The simple thermoanalytical observation that the DPS shrinks as a
function of temperature coupled with the evaluation of volatiles during the
cure may be responsible for the microcavity formation. To further demon-
strate that the microcavities indeed were coated with a DPS shell, a frac-
tured surface was immersed in hexafluoropropanol which is well estab-
lished as a swelling solvent for DPS. As can be seen in Fig.6, swollen DPS
appears in the center of the microcavity morphology. The mechanism ex-
plored is not incompatible with an epoxy system giving rise to a similar mi-
crocavity morphology described by Peters and Logan [7]. Finally, SEM of
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fractured surfaces shown in Fig. 7 for carbon fiber reinforced Kerimid 70003
samples also exhibited the microcavity morphology. This indicates that the
presence of the reinforcing fibers does not affect the basic processes involved
in creation of the microcavities for the matrix polymer.

Fig. 7. Fracture surface of the Kerimid 70003 bismaleimide model formulation reinforced
with continuous carbon fibers showing microcavity morphology.

CONCLUSION

A silicone modified bismaleimide resin has been examined in this work
as a model high temperature thermosetting matrix for structural composites.
It was established that the silicone additive can induce morphologies
in the cured samples similar to those observed for rubber modified toughened
epoxies. It was demonstrated that the observed non-communicating micro-
cavities are created, not during the fracture process of the sample, but rather
during processing as a result of a combination of shrinkage of the silicone
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additive and volatile products emission during cure. Collectively, the results
of this investigation have provided an important step toward understanding
the importance of kinetics of morphology development during processing
in order to effectively control the final properties of high temperature based
composite systems.
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NEPIAHVYIXZ
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