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A. State of the Problem Studied

Characterization of cure extent for the composites containing epoxy or polyimide during and

after the fabrication process is very important for reproducible process ability and achievement of the
consistent mechanical properties.

Dielectrometry(1) and fiber-optic FT-IR(2) and Raman(3) techniques have been recently
reported as cure monitoring methods. Each method has advantages and disadvantages. For example,
dielectrometry seems to be insensitive after about 60% cure in epoxies(1). Fiber-optic FT-IR suffers
from the lack of the transparent fibers in the full IR range. Scattered light due to fiber, decrease in
epoxy peak and increasing fluorescence at later stages of cure can complicate fiber-optic Raman
techniques(3).

During the last ten years, we have developed and applied sensitive UV and fluorescence
techniques for in-situ characterization of cure and water-uptake in high temperature, high
performance polymers and composites (4-12). Since optical fibers are usually transparent in UV and
visible range, these techniques were successfully implemented for in-situ monitoring (5,9).

Our first approach was the route of the extrinsic fluorophoric sensors, which were added in
small amount, either to mimic the curing agent or to act as water sensitive sensor. The extrinsic
sensors are sometimes inconvenient to add, especially to prepregs composed of the slightly pre-cured
resin and reinforcing fibers. Also, in some polymers containing fillers, the fluorescence signal from
a small amount of the extrinsic sensor may be blocked due to the fillers and the other additives.
Because of these undesirable aspects, we investigated the intrinsic fluorescence or UV signals that

can be correlated to cure and water uptake during the last four years.

B._Summary of the Most Important Results

The intrinsic behavior of the main curing agent p, p’-diamino dipheny! sulfone (DDS) used
in epoxy composites turned out to be very useful in the determination of cure extent, particularly in
excitation spectra (8). It shows a progressive red shift of about 24 nm due to the conversion of the
primary amine to the tertiary amine groups in DDS. Furthermore, the spectral shift is clearly related
to the extent of DDS reaction and epoxide reaction as determined by the model compound studies

as well as in a stoichiometric mixture of DDS and epoxide. This DDS excitation behavior was




successfully implemented for in-situ cure monitoring in the tetrafunctional epoxy based graphite
prepreg containing BF; catalyst, which is the actual high performance composite system, by co.P.L's
group at Tufts' university (9). Three different cure cycles, i.e., the isothermal, a constant heating rate
and three stages of cure were studied to mimic the real cure conditions. In-situ data were reduced,
by temperature correction for comparisons of each cure cycle. The optimum probe configuration was
found to be "through-the-plate” mode, which is normal to the prepreg plies within the laminate
assembly. DDS excitation data were correlated with the extent of epoxide reaction by FT IR, thus
providing a complete information on both the extent of amine and epoxide reactions during cure.
Furthermore, the spectral signal is easily obtained even in composites reinforced with graphite fibers,

since the DDS concentration in the resin is high, and thus, even a thin coating is sufficient to generate

- a strong signal. Unlike the dielectrometry, our fluorescence technique is_sensitive throughout the

entire extent of cure.

The DDS excitation spectroscopy, while useful as an in-situ cure monitoring technique, does
not have the sensitivity to detect small changes in the cure extent since the sensitivity is about 4% in

the cure extent. The DDS phosphorescence which occurs at longer wavelengths than the

fluorescence is found to exhibit more sensitive changes either in the spectral shift at 77°K or in the
room temperature intensity changes (10). Even though the phosphorescence is not an in-situ
technique, it can determine small changes in the cure extent, especially for prepregs, which could be
exposed to different thermal conditions, in order to determine cure conditions, prior to the actual
cure. Such a characterization is essential in optimizing cure conditions.

Due to high absorption in the UV transmission spectra, the external UV reflection technique
(Figure 1 for the schematic of the experimental arrangement) has been developed as an intrinsic cure
monitoring method to be applied to polymers such as polyimides which exhibit weak fluorescence.
UV reflection spectra on epoxy-DDS showed similar red shifts as the excitation spectra. Both the
reflection and the transmission UV spectra showed 24 nm shifts, which have been correlated to the
extent of cure. After testing with epoxy-DDS, UV reflection was applied for the imidization study
of polyamic acid made from phenylene diamine and a fluorinated dianhydride. This polyamic acid is

the widely used matrix resin for the polyimide composites. The spectral deconvolution of the UV




reflection spectra such as Figure 2 based on the spectra of the polyamic acid and polyimide provides

a way to determine the relative composition of polyamic acid and polyimide (11b).
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Figure 1. Schematic diagram of external reflection UV-Vis set up using fiber-optic instrument.

A UV reflection setup as shown in Figure 1 requires the exact positioning of optical fiber

cables at 5 ~ 15° from the vertical position. For practical in-situ applications, the design is difficult

to implement. Therefore, we designed a new improved set-up. As shown in Figure 3, a bifurcated,
multifiber (140 strands) probe for UV reflection measurements has been designed to be attached to
the Perkin-Elmer Lamda 6 UV-Vis spectrometer by our Co. P. I's group at Tufts University. In this
design, both excitation and the detection side of the optical fibers are combined into a single probe
and placed vertically to the sample surface. Mathematical analysis has been carried out to illustrate
the relationship between UV reflection intensity and the probe-sample distance. With the fiber's
numerical aperture value of 0.20, the maximum reflection intensity is obtained when the probe sample
distance is 1.7 mm. This setup was tested by monitoring cure of epoxy-DDS and imidization of
polyamic acid. The spectral quality is comparable to the one obtained with external reflection

accessory (13a).
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Figure 2. UV reflection spectra of polyamic acid (6FDA/PDA) film as a function of stepwise
imidization (from bottom to top, 0 min, 10, 20, 30 min at 160°C, 10, 20, 30 min at 200°C, followed

by 20 min at 250°C)
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For water monitoring, the intrinsic signal of DDS has been further explored as a sensitive
probe of water uptake. The fluorescence intensity of DDS was tested in solvents of varying polarity
as well as the different form of DDS (primary DDS vs. tertiary DDS), to understand the effect of
cure. Before cure as well as after cure, DDS signal is found to exhibit sensitive intensity decrease as
function of water-uptake. Thermal analysis has been used to characterize the state of water and to
correlate the depression of Tg with the fluorescence intensity.

For the water sorption studies, both neat epoxy of TGDDM/DDS and commercial grade glass
fiber prepreg (Hexcel 120-38-£263) were studied at room temperature. Both excitation spectra
(emitted at 440nm) and emission spectra (excited at 366nm) of the cured system show a substantial

decrease in intensity of to 40%, upon moisture sorption in the matrix, of which equilibrium water

~ uptake is only 4%. The % intensity drop gives almost a linear relationship with the % water-uptake

data and this enables us to determine the moisture content in TGDDM/DDS epoxy from the %
fluorescence intensity drop.

Polymerization of styrene and methyl methacrylate (MMA) were studied by UV and
fluorescence spectroscopic techniques. Using a sharp decrease in the extinction coefficient at 250nm
and the fluorescence quantum yield at 308nm of styrene following polymerization, styrene conversion
in solution polymerization by UV and fluorescence measurements were found to correlate well with
IR results monitoring the disappearance of vinyl groups, at three different temperatures (65, 70, and
75°C). The activation energy of about 6 kal/mole was obtained. Using the decrease in UV
absorbance of MMA during polymerization, solution polymerization of MMA was studied and
compared with IR results. Due to the solvent absorbance, UV method underestimates the conversion
to a certain extent. When a small amount of styrene is added in MMA polymerization as a reactive
extrinsic comonomer, the conversion of styrene measured by fluorescence is found to be faster than
MMA, due to the characteristic reactivity ratios of MMA and styrene. The correlation curve could
be used to estimate MMA conversion from styrene fluorescence, providing a method more sensitive
than the viscosity-dependent fluorescence. Due to self-quenching, little fluorescence of styrene is
observed up to 75% conversion, but' increases sharply from 75% to 85% conversion, followed by a

drastic decrease during the last 15% conversion. In comparison to other methods of following vinyl



polymerization such as refractive index, density and GPC, these spectroscopic techniques provide
real-time-in-situ capability as well as better sensitivity, especially in the later stages of polymerization.

Evanescent wave probing of epoxy/amine reactions at the fiber/matrix interface has been
successfully carried out by the extrinsic fluorescence technique using extrinsic fluorescence
fluorophore (DAA) and SRH as the internal reference dye, by using sapphire fiber due to its high
refractive index (1.75). Due to the inherently low signals associated with evanescent wave sensing,
the signal was maximized by several methods including: metallizing the sapphire fiber tip, use of a
dichroic mirror, and selection of proper sapphire diameter. The probe sapphire fiber was connected
to the fluorimeter via 660um silica optical fiber which was drawn down to 450um to match the

sapphire diameter. Evanescent wave sensing of the epoxy/sapphire interphase is compared with those

- from the distal end fiber data. The evanescent data appear to exhibit slightly faster reaction rate and

lower final extent of amine reaction than the distal end data, suggesting theat there may be some
surface effect on the cure reaction at the glass fiber/epoxy interphase. Currently, probe fiber surface

is modified by organosilane or plasma, and its effect on cure reaction is investigated.
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