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Introduction

Thermosetting polym ers such as ep oxies, poly imides, bis maleimides,
phthalonitriles, an d cy anate esters have beco me wid espread in aerospace
applications due to their lower dens ities and ease of processing co mpared to
metals. Although epoxy resins dominate, their maximum use temperatures are
too low for some applications, partlcularly those involving propulsion, control
surfaces, and electronic systems.  Thus, the defining characteristic that drives
the use of  most other types of ther mosetting p olymers in ae rospace
applications is the maximum use tem perature. Tradit ionally, the maximum
use temperature for a ther mosetting polymer is determ ined by per forming a
dynamic mechanical ther mal anal ysis (DM TA), usi ng a pre-conditioned
sample heated at no more than 5 C/ min. The maximum use te mperature is
based on the glass tr  ansition tem perature ( which in these exper iments is
actually the mechanical sof tening or weakening point no  matter what the
mechanism) observed under a variety of sample pre-conditions, minus a factor
of safety designed to account for material and proces s variability as well as
any unidentified causes of performance degradation.

For many the rmosetting polym ers (p articularly those that exhibit
excellent therm o-chemical stability and re quire thermal cure at te mperatures
greater than the maximum use temperature) the method works well. There is,
however, a continuing drive to utilize materials with the combination of a high
use temperature and a low cure te mperature. In addition, for applications in
which the exp osure to hig h temperatures is shor t-term rather than long- term,
there is a desire to utilize less expensive and easier to process materials with
reduced thermo-chemical stability. For these materials, the deter mination of
the maximum use temperature must take into account chemical effects that are
often not consi dered in a purel y mechanical analysis. These r esult from
concurrent residual cure and therm  o-chemical degradation in addition to
mechanical softening. Herein we report on our efforts to better determine the
maximum use temperatures of thermosetting polymers through a combination
of alternative thermo-mechanical analyses. We show that thermal cycling and
attention to heati ng r ates can ofte n provide m ore reliable r esults with a
minimum of additional effort.

Experimental

Materials. Cyanate ester resins, and particularl y the dicyanate est er of
Bisphenol E , ar e notable for an un matched co mbination of low cure
temperature and high use  temperature,” while poss essing lower ther mo-
chemical stabilitie s than, for instance, therm osetting polyi mides.” They are
therefore outstanding candidates for the st udy of concur rent cure, softening,
and chem ical degr adation and its  effect on m aximum use te mperatures.
Primaset® LECy, a commercial form of the dicyanat e ester of Bisphenol E,
was therefore purchased from Lonza, AG and used a s-received. Copper(I I)
acetoacetonate from R OC/RIC and nony Iphenol (Technical Grade) fro m
Aldrich were combined to produce a liquid catalyst.

Sample Preparation. Catalyst batches were prepared by blending 30
wel ht parts nony Iphenol with one weight part copper (II) acet ylacetonate at

C until dissol ved. Batches we re discarded after 3 0 days C yanate esters
were melt blended (using 2 phr catalyst) and degassed at 95 °C for 30 minutes
at 300 mm Hg. The samples were then poured into a 3.5” x 3” metal-framed
vertical dual glass plate mold witha 1.5 mm gap. The cure cycle was 1 hour
at 120 °C followed by 24 h ours at 175 °C, with an optional post-cure for 2
hours at 240 °C. All curing and post-curmg was done under nitrogen. Ramp
rates between the long dwells were ~5 °C/min. Note that the as-blended level
of Cu(Il) was 160 ppm by weight.

Characterization. Oscillatory therm o-mechanical analysis was
performed ona TA 1 nstruments Q4 00 ser ies using th e standar d cy lindrical
probe on pieces of the cured sa mples measuring approximately 10 mm x 10
mm x 1.5 mm thick. A preload force of 0.2 N was used to hold the samples in
place. Force modulation of a mplitude 0.1 Nata frequency of 0.05 Hz
(maintaining an average f orce of 0.1 N) was used to investigate the sa mples.
To determine thermal lag, the te mperature was cycled at the desired ramp rate
between limits of 50 °C and 150 °C twice. Generally, the observed t hermal

lag ranged from 1 - 5 °C, and all d ata shown have been cor rected for this
estimated thermal lag. After the therm al lag deter mination, each sa mple was
heated to 350 °C then cooled to below 200 °C in multiple ramp cycles. The
ramp rates used varied from 2 °C / min. to 10 °C / min. Further information on
the TMA testmg and analysis methods are provided elsewhere.* In addition to
TMA testing, the r esults discussed below make indir ect use of dif ferential
scanning calori metry (DSC ), den sity measurements, ther mogravimetric
analysis, F T-IR analysis, and moisture uptake measurements that have been
performed previously on the material, with the results reported elsewhere.’

Results and Discussion

Normally, it is expected that, once corrected for thermal lag, the thermo-
mechanical behavior and glass transition temperature (T,) of a therm osetting
polymer will be nearly independent of the heating (or cooling) rate. However,
as shown in Figures 1, 2, and 3, markedly dlfferent os cillatory TMA traces
were generated for Pr1maset® LECy cured to 185 °C simply by using heatlng
rates of 2, 5, and 10 °C/ min. ( during the fir st heatlng r amp to 350 °C),
respectlvely The “as-cured” T, of the sample (240 °C) was seen clearly only
at 10 C/min. At5 C/min., an artificially broad T, with a peak well above
the “as-cured” value was obtained. At2 C/ min, the “as-cured” T, generates
only a small secondary peak. The strong dependence on T, (as determined by
the peak in the loss co mponent of the stiffness) on h eating rte is illustrated
clearly in Figure 4. The T ,seen at low heating r ates cor responds well to
values determined by DSC after heating to 350 C to obtain full cure. Thus,
these samples clearly underwent residual cure in-situ, greatly complicating the
task of measuring the “as-cured” T,. At5 °C/ min., the rate at which the
sample T, rose due to in-situ cure was similar to the heatlng rate, ¢ reating the
artificially broad transition.

These results de monstrate that f or cy anate ester resins, and in f act for
any ther mosetting material in which the  glass transi tion te mperature can
significantly exceed the cure te mperature, care must be taken in the selecti on
of heating r ates t o avoid incor rectly measuring T , v alues. Based on the
diBenedetto equat ion ( which has been validated fo r Bisphenol E -based
cyanate esters),® it can be shown tha t the in-situ cure rate for the LECy was
around 0. 5% per minute at ar ound 240 C. Since this ty pe of in-situ cure
typically takes place at high conver sion under non-is othermal conditions, it
would be difficult to estimate the rate a priori. Thus the best approach would
seem to involve checking DM TA or TM A results in these cases by using
multiple heating rates.

Further insight i nto concurrent in-situ cure, so ftening, and degradation
processes can be obtained by inc  orporating multiple heating and cooling
cycles into a therm o-mechanical ex periment, as illustrated by Figure 5. The
figure shows the T, values as a function of the number of times the sample has
been cy cled past 300 C ( not ¢ ounting sequential heating an d co oling
separately). After only once, all of th ese samples were near co mplete cure.
Interestingly, samples that wer e post-cured did not ac hieve a higher final T,.
These results are i n accordance with the data of Goertzen and Kessler, ' and
could indicate either physical isolation of uncured cyanate ester groups due to
overly rapid cure , or the ef fect of increased side reactions and the rmal
degradation d uring po st-cure. I n addition, the data do show aslig htly
declining trend for the T , as the nu mber of cycles increases, most lik ely
indicating that a v ery small amount of thermal degradation did take place. It
should be n oted, however, that the ramp rates utilized provided rou ghly 1-5
hours of exposure to temperatures in excess of the post-cure temperature, and
produced only roughly 10% o fthe decrease in T , seen in the sa mples t hat
were post-cured for two hour s. T hus, if therm o-chemical degradation were
the primary cause of the lower T , values in the post-cured sa mples, it would
need to be highly dependent o n conversion and/or the relative valueo fT,
during po st-cure, rather than just a sim ple matter of exposur e to elev ated
temperatures.

Although the previous exa mples il lustrate how the use of multiple
heating rates and m ultiple thermal cycles can greatly aid in the interpreta tion
of thermo-mechanical data for systems undergoing simultaneous in-situ cure,
chemical degradation, and softenin g, other methods can also be very helpful.
Comparative FT-IR, for instance, t hough not q uantitatively accurate a s a
means of determ ining extent o fcure for many sy stems in the solid state
without special calibr ation pr ocedures, can p rovide a quick indication of
whether or nota sample has undergone substa ntial in-situ cure. S imilarly,
DSC studies carried out at the heating rates of interest may also detect the heat
released by in-situ cur e and t hermal degr adation. Athigh conver sions,
though, therm o-mechanical methods can be used in combination with the
diBenedetto equat ion® to esti mate t he degree of cure to well within 0. 5%,
which is ab out an order of magnitude better than FT -IR or DSC. T hus, a
careful and more extensive investi gation using thermo-mechanical analysis is
likely to provide the most useful data in the situations commonly encountered
in aerospace applications where the ~ maximum use te mperature of a high-
performance therm osetting r esin at near ly full conver sion is a key
performance parameter.
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Figure 1. Oscillatory TMA of catalyzed Primaset® LECy using a ramp rate
of2 C/min.
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Figure 2. Oscillatory TMA of catalyzed Primaset® LECy using a ramp rate
of 5 C/min.
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Figure 3. Oscillatory TMA of catalyzed Primaset® LECy using a ramp rate
of 10 C/min.

Conclusions

For thermosetting polymers with glass transition te mperatures that
exceed their f inal cure te mperatures, and for which short-ter ~ m thermal
stability considera tions dom inate, such as cyanate est er resins, a t raditional
thermo-mechanical analysis can easi ly produce an inaccu rate estimate of the
maximum use te mperature. In these situations, chemical rathe r than
mechanical effects, such as in-situ cure and thermo-chemical degradation, can
take place concurrently with  mechanical sof tening a nd signi ficantly af fect
thermo-mechanical m easurements. In order to obt ain accurate data on
parameters such as T that are crucial f or the determination of maximum use
temperatures, a much higher heating rate than normal may be needed, and it is
highly advisable t o use multiple heating rates to check f or in-situ cure. In
addition, the use of multiple heatin g and cooling cycles can elucidate the
effects of thermo-chemical degradation. For Pri maset® LECy, a heating rate
of 10 C/ min was found to be sufficient to avoid si gnificant in-situ cure for
T, valuesar ound240 C. Althoug hth e effect s of therm o-chemical
degradation were detectable, the r esultant changes in T, were less than 1 C
for the experimental parameters investigated.
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Figure 4. Glass transition temperature on first heating of catalyzed
Primaset® LECy as a function of ramp rate.
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