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ABSTRACT: This article presents a comparison of data
obtained from a low-temperature cure of an epoxy/amine
system by three independent cure monitoring techniques:
ultrasonic wave propagation, dielectric permittivity, and nu-
clear magnetic resonance. The sizes and thermal histories of
the samples studied by the three techniques were controlled
for comparability between the methods. The three tech-

niques gave consistent information on the progress of cure
and were complementary, in that each was particularly sen-
sitive to different stages of the cure process. © 2003 Wiley
Periodicals, Inc. ] Appl Polym Sci 88: 1665-1675, 2003
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INTRODUCTION

The use of epoxy resins both as adhesives and as
primary structural materials to form critical safety
components and structures is now common in many
industries, particularly in the aerospace and automo-
tive sectors. In the interest of component quality and
reliability and manufacturing process economy, there
is a requirement for techniques to monitor the cure of
the resins during the component forming process to
provide essential quality assurance data'” and even-
tually to provide the basis for real-time control of the
process itself. Of particular interest is the identification
of critical stages in the cure, such as gelation and
vitrification.

Many physical methods have been applied to the
monitoring of thermoset curing, principally in labora-
tory studies. Two prominent macroscopic methods are
the measurement of dielectric permittivity®'* and the
recording of ultrasonic wave propagation parameters,
the most basic of which are the compression wave
absorption coefficient and the phase velocity.'**° An-
other method that has frequently been applied is dif-
ferential scanning calorimetry (DSC), either alone'*
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or in combination with dynamic mechanical analysis
(DMA),?® dielectric measurements,® or ultrasonic
studies.”® Ultrasound has been combined with DMA
and dielectric techniques by Matsukawa et al.** and
with Brillouin scattering and photon correlation spec-
troscopy by Alig et al.>” Low-resolution nuclear mag-
netic resonance (NMR) has been used alone and in
combination with ultrasound® to track the liquid—
solid transition in a curing epoxy. Lovell and Windle*
reported structural studies of epoxy cure with wide-
angle X-ray scattering (WAXS), and we extended this
work to compare observations of epoxy cure by
WAXS, NMR, and ultrasound measurements.’! Al-
though all of these techniques could in principle be
used to monitor a cure process, only the dielectric and
ultrasonic methods have potential for applications in
an industrial manufacturing setting because of cost,
physical access, and safety. The purpose of this study
was to investigate the similarity or complementarity
of the dielectric and ultrasonic techniques when used
to monitor the cure of an epoxy/amine resin system
and to compare the results obtained from these two
methods with a basic measure of the liquid—solid tran-
sition obtained from NMR data.

EXPERIMENTAL
Ultrasonic wave propagation

The phase velocity (c) and absorption coefficient («)
for ultrasonic bulk wave propagation can be expressed
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in terms of the real and imaginary parts of the elastic

modulus governing propagation:'®

(o) = M) M)
oM(v)
(o) = ot @)

where o is the angular frequency and Mpg(w) and
Mj(w) are the real and imaginary parts of the elastic
modulus governing propagation, respectively. For
shear waves, this is merely the shear modulus (G),
whereas for compression waves, it takes a combined
form (K + 4G/3, where K is the bulk modulus). The
mechanical loss tangent (tan 8,,) is given as follows:

1 o 2@

tan 8M = MR p o (3)

For a simple Debye process, tan 8, is a function of the
unrelaxed and relaxed moduli (M., and M,, respec-
tively) and the mechanical time constant 7>

Moc - MO (O?M 4
(MwMo)l/zl + wZ?IZVJ ( )

tan §,, =

Therefore, at a given time in the cure cycle, with
locally stationary 7, we expect tan 8,, as a function of
frequency to peak at w = 1/7,,. At a fixed frequency
and with tan §,, a function of 7,;, a similar peak
occurs, and so if 7, is expected to increase during the
cure cycle, we would expect tan 8,, to exhibit a peak as
a function of time in the cure process. This can be
interpreted as the passage of the center frequency of
an a-relaxation process through the measurement
range. Therefore, at any time in the cure process, it is
possible to estimate 7, from a knowledge of the fre-
quency at which tan §,; reaches its peak value. The
Debye model assumes a monodisperse molecular sys-
tem in which a single time constant applies to defor-
mations at all points in the material. Polydispersity in
the molecular arrangement leads to a broadening of
measured responses in frequency or time, frequently
represented by, for example, a Cole-Cole** depen-
dence on the frequency or cure time. Estimates of the
developing relaxation time during a cure process
made on the basis of the position of a peak in the
measured data would still remain valid under the
Cole—Cole model or related models.

Ultrasonic measurements

The absorption coefficient and phase velocity of the
ultrasonic waves in the curing samples were mea-
sured as functions of frequency with a novel gonio-
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Figure 1 Schematic of the ultrasound test cell with a sam-
ple in place.

metric system that has been described elsewhere'
(Fig. 1). Both compression and shear wave data could
be recorded quasisimultaneously during the cure of
the resin samples at temperatures controlled in the
range of 20-80°C (£0.5°C) and over frequency band-
widths within the range of 2-16 MHz. The instrument
used conventional ultrasonic compression wave trans-
ducers (tmp3, Sonatest, Plc., Milton Keynes, United
Kingdom) connected to a commercial pulse receiver
(UPR-1, NDT Solutions, Ltd., Chesterfield, United
Kingdom). Raw signals were digitized at 400 MHz
with a digital storage oscilloscope (59410, LeCroy
Corp., Chestnut Ridge, NY) connected via a standard
interface (GPIB, IEEE 488, NT-488.2, National Instru-
ments Corp., Austin, TX) to a Pentium personal com-
puter for instrument control and signal processing.
Ultrasonic wave attenuation and phase velocity as
functions of frequency were calculated with conven-
tional Fourier techniques. The time required for a
combined compression and shear wave measurement
over the full frequency bandwidth was 50 s, which
allowed for the required mechanical resetting of the
goniometer angle. The material was cured at 25°C,
and recordings were made at intervals of 2 min over a
cure time of 150 min.

Dielectric phenomena

The relative permittivity (€*) of a curing resin can be
expressed as the following complex quantity:

e*=¢' —ig" (5)

where ¢’ and &” are, respectively, the real and imagi-
nary parts, and i is (—1)'/2. Tt derives from the sum of
responses due to electronic and atomic effects, ionic
conduction, and induced and static dipoles (for an
example, see ref. 35). Although not active in the bulk
resin material, electrode polarization also contributes
to measured responses. In phase-separated mixtures,
there is an additional component due to interfacial
polarization. The contribution of the electronic effects
is approximately three units. The effects of ionic con-
duction show as a loss component in the dielectric
response with a reciprocal dependence on frequency:
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where & is the loss component, o is the conductivity and
€ is the permittivity of free space. The ionic conductivity
is proportional to the ion mobility and concentration and
varies approximately inversely with the viscosity of the
resin. The dipolar contribution results from rotational
diffusion of the molecular dipole moments. It is associ-
ated with relaxation processes in the resin material in a
manner that is analogous to the mechanical case outlined
previously. It is convenient to quantify the dielectric loss
in terms of the dielectric loss tangent (tan 6z), which can
be expressed in a form similar to the mechanical case
given in egs. (3) and (4):

”

tan &; = o (7)

The loss tangent can be expressed as a function of
frequency, which for a simple Debye process gives™

tan 6. = g — &, WTg )
AN O = (o) 21 + W T

where 71 is the electrical time constant® and €, and €
are the unrelaxed and relaxed permittivities, respec-
tively. Therefore, tan 6y expressed as a function of
frequency at a point in the cure or as a function of time
at a given frequency would be expected to exhibit a
peak at w7z = 1 analogously to the mechanical case
given earlier. Again, the molecular polydispersity can
be handled by extensions to the Debye formulation
such as the Cole-Cole model.**

The outlined relationships provide an important ba-
sis for monitoring the cure of a resin system. At the
beginning of the cure, when the viscosity is relatively
low, the imaginary part of the dielectric permittivity is
high because of ionic conductivity in the liquid resin.
As the cure proceeds and the viscosity increases, the
conductivity decreases sharply but does not reach
zero even after gelation. The contribution to the di-
electric loss due to dipolar relaxation appears as an
imaginary part to €* and a developing loss tangent
that reaches a maximum at w7, = 1; 7 increases as the
molecular size increases, and so the maximum in tan
8 occurs at successively lower frequencies as the cure
proceeds. As with the mechanical case, these changes
in 7y represent an « relaxation and are related to
changes in the glass-transition temperature (T,) of the
resin; it has been shown that log 7; is proportional to
sz, and for a constant cure temperature, the log in-
creases approximately linearly with the cure time.” A
logarithmic plot of the relaxation frequency (1/7g)
versus the cure time, extrapolated to 1 Hz, gives a
useful estimate of the cure time for vitrification of the
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Figure 2 Schematic of (a) the dielectric test cell with a
sample in place, (b) the circuit with the electrode assembly in
air, and (c) the circuit when inserted into the sample.

resin.” In relation to the real part of the dipolar con-
tribution to permittivity, it has been found that the
low frequency value €, decreases during the cure and
decreases with temperature; the high frequency value
€, is independent of the cure time and temperature
and typically falls between values of two and four
units.

Dielectric measurements

Measurements of the dielectric permittivity in situ in a
curing resin typically involve an interdigitating comb
electrode laid down on a polymer substrate that is first
characterized in air and then inserted into the sample
precure’ [Fig. 2(a)]. The complex admittance of the
electrode system is characterized over the frequency
range of interest in air, at the temperature at which the
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cure will take place. With reference to Figure 2(b), this
gives

Y, =Y, +Y, =Y, +iY! (9)

where Y, is the component due to the electric field in
air and Y/, is due to the field in the polymer substrate.
It is assumed that the electrode fingers are on the
boundaries of the two half-spaces (air/substrate):

Yb = S;Yu (10)

where €, is the complex permittivity of the substrate. It
follows that

Y, =1+ &)Y, (11)

When the electrode is placed in the sample [Fig. 2(c)],
the terminal admittance is

Y, = (el+ &)Y, =Y, +iY) (12)

where €, is the complex permittivity of the sample.

The substrate materials are chosen to have low loss
so we can assume Y1” > Y1’ and €, < €j. The manip-
ulation of egs. (9)-(12) then yields the real and imag-
inary parts of the sample permittivity:

! YIZ, ’ !
85=7,1, (1+¢gp) — ¢y (13)
"—Lé 1 ; 14
&5 = Y/l/ ( + sb) ( )

In the experiments described later, €, was used to track
the ionic conductivity component and the dipolar
components of dielectric loss in the curing material.
The dielectric sensors had interdigitating electrodes
with an element spacing of 300 um on a substrate 70
pm thick (DekDyne Inc., Williamsburg, VA). The sen-
sors were connected to a frequency response analyzer
(SI 1260, Solartron) described in an earlier work”? and
augmented by a dielectric interface (SI 1296, Solartron
Analytical, Farnborough, UK) to enable measure-
ments of currents of the order nanoamperes as the
conductivity of the curing resin was reduced to very
low values toward the end of the cure. The output of
the system was the complex admittance of the test
piece as a function of frequency. The measurement
frequency range was between 0.3 Hz and 1 MHz. At
the start of each experiment, measurements were
made of the admittance of the circuit between the
instrument and the sensor and then of the admittance
with the sensor connected but held in air so that the
permittivity of the sensor substrate could be obtained.
The sensor was then inserted into a thick (2-mm) layer
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Figure 3 Schematic of the NMR test cell with a sample in
place.

of the uncured resin—hardener mixture set in an oven
held at 25°C, and wide bandwidth admittance record-
ings were made at intervals of 2 min over a cure time
of 150 min.

NMR measurement technique

The apparatus and rationale for NMR measurements
on curing resins have been the subject of earlier pub-
lications,”®?°?! and the same techniques were applied
in this work. The apparatus is sketched in Figure 3.
The instrument used (P120 Minispec, Brucker, Biospin
Corp., Billerica, MA) was tuned to 20 MHz and had a
permanent magnet of 4.7 kG = 10 G. It was sensitive
to spin relaxations of hydrogen nuclei bound at spe-
cific sites in the resin, hardener, and resin—hardener
molecules. Short-pulse radiation applied to the sample
resulted in decaying radio frequency signals after the
relaxation of excited nuclei. These were processed to
extract the amplitude-time signal, that is, the free
induction decay (FID), which was analyzed into two
exponential basis functions, each characterized by a
decay time constant and an initial amplitude. For pro-
tons bound in molecules forming a liquid phase, such
as the uncured resin and hardener, the decay time
constant T, is generally of the order of milliseconds.
For protons bound in the solid phase of the curing
resin, the time constant T,g is much shorter, typically
of the order of 10 us. FID signals from a curing resin
system contain components with time constants in the
liquid range and with others in the solid range corre-
sponding to the cured material. The composite signal
[y(#)] can be described as follows:

y(t) = Ade T+ AT (15)
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Figure 4 Measured (M) ultrasonic compression and (@) shear wave velocities at 10 MHz as functions of the cure time.

where A; and A, are the partial signal amplitudes that
correspond, respectively, to the liquid and solid ma-
terial contributions to the FID. T3, and T3, are the
corresponding time constants that characterize the
two components of the decay. The FID is processed by
means of a least mean square (LMS) fitting algorithm
that extracts A;, T, A,, and T,s from the composite
signal. The magnitude of A; gives a measure of the
fraction of uncured molecules in the liquid state,
whereas A, gives the measure of the fraction of large
macromolecules forming the solid components in the
mixture. The changing magnitudes of A; and A, dur-
ing the cure reaction enables the transition from liquid
to solid in the curing material to be observed as a
function of time. In this work, this analysis was per-
formed at intervals of 3 min from the time at which the
uncured resin mixture was transferred to the NMR
instrument for a duration of 150 min.

Resin material and experimental protocol

The resin used was an unmodified bisphenol A
(AY105, Ciba Polymers, Duxford, United Kingdom),
and the hardener was an accelerated aliphatic
polyamine containing 50-62% diethylenetriamine
(HY2958, Ciba Polymers). This resin—hardener system
was chosen because preliminary studies had indicated
that it was not prone to bubble formation, which
would compromise the ultrasonic study, and that the
cure could be successfully monitored by all three of
our techniques. The sample preparation was synchro-
nized to establish a common starting time and condi-
tions for all three techniques. The resin and hardener
samples were warmed in an oven to the curing tem-
perature of 25°C for 30 min before being mixed so that

they matched the operating temperature of the instru-
ments. The material was mixed into 20-g batches, the
time at which mixing began being taken as time zero
in the cure process. Samples of 1-2 g were then placed
in the measurement cells of the three different appa-
ratus sets, and the cure was monitored for 150 min.
Samples of such volumes exhibited minimal exo-
therms during cure.

RESULTS

Figure 4 shows the development of the compression
and shear wave velocities, calculated at 10 MHz, plot-
ted against the cure time. The compression wave ve-
locity follows a sigmoidal curve and indicates the
development of Mp(w) , reaching a stable value at the
end of the cure. Such development of the elastic mod-
ulus in a curing material is typical of autocatalytic cure
mechanisms. It was not possible to observe shear
waves early in the cure because such waves remain
evanescent in liquid materials. However, around 70
min into the cure, shear waves were just observable as
solid material began to form; the subsequent increase
in the shear wave velocity followed the development
of G as solidification progressed. Figure 5 shows the
absorption coefficients calculated for both wave types
at 10 MHz as functions of the cure time. When shear
waves are first observed, the absorption is high; this
indicates that the imaginary part of G is high because
of the strongly viscoelastic nature of the partly cured
material. Toward the end of the cure, the shear wave
absorption falls rapidly as vitrification takes place,
and the imaginary part of G decreases as its real part
increases. The compression wave absorption rises to a
peak around 30 min corresponding to the condition
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Figure 5 Measured (M) ultrasonic compression and (@) shear wave absorption at 10 MHz as functions of the cure time.

o7y = 1 at 10 MHz for a relaxation process. The
residual absorption in the cured material is thought to
result from B-relaxation processes associated with the
motions of short molecular segments.

Figure 6 shows the compression wave loss tangent
as a function of the cure time plotted for three fre-
quencies in the measurement range. The maximum
time on the horizontal axis of this graph has been
limited to 120 min so that the small shift of the peak
value to the left as the frequency increases can be
observed. The relaxation times corresponding to
1/2mf, where f is the frequency of the curves in Figure

3.5

6, are compared later to the dielectric relaxation times
shown in Figure 10. The real and imaginary parts of
the dielectric permittivity as a function of the cure
time for three frequencies are shown in Figure 7. The
very high values of the imaginary part at the initiation
of the cure and the sharp fall in the early stages of the
cure are due to the effects of ionic conduction in the
still liquid material and indicate a rapid increase in its
viscosity during the first 10 min of the cure cycle. The
peak values occurring around 53 min at 10 kHz and
around 40 min at 56 kHz correspond to the a relax-
ation associated with dipolar motion. Tan 8. [egs. (7)
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Figure 6 Ultrasonic compression wave loss tangent at (H) 5, (A) 8, and (®) 13 MHz as a function of the cure time.
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cure time.

and (8)] is plotted in Figure 8 versus the cure time for
the same three frequencies. As with the ultrasonic
compression wave data (Fig. 6), we note a peak in the
tangent that occurs earlier in the cure as the frequency
increases and that is, again, typical of the passage of
the a relaxation through the measurement frequency-
time interval as the cure proceeds. The value of the
conductivity calculated from eq. (6) and correspond-
ing to the loss peaks in Figure 6 is plotted versus the
cure time in Figure 9, in which it is seen to decrease as
the cure proceeds. There is an inflection in the curve

around 57 min into the cure, which is consistent with
earlier results”” and is close to the expected gelation
time of the resin—hardener mixture used. The further
inflection around 100 min corresponds to the comple-
tion of the solidification process as observed by NMR
(discussed later). The relaxation times corresponding
to the peaks in tan &, for a range of frequencies (Fig. 6)
are plotted versus the cure time in Figure 10 with the
ultrasonically determined relaxation times superim-
posed. Although the ultrasonic measurements were
restricted to a relatively small range of frequencies
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Figure 8 Tan 6E at (W) 10, (A) 56, and (@) 560 kHz as a function of the cure time.

and, therefore, relaxation times, Figure 10 gives some
evidence that the ultrasonic and dielectric relaxation
times follow the same trajectory, although the rate of
change of the ultrasonic data appears to be higher than
that of the dielectric data.

The NMR-FID exponential amplitudes are plotted
against the cure time in Figure 11, one representing the
liquid fraction of the curing mixture and the other the
solid fraction. During the first 20 min of the cure, the
curves are relatively flat, indicating little change in pro-
ton mobility. This is consistent with an initial reaction in
a liquid phase during which epoxy groups and amine

-5

groups react to produce an alcoholic hydroxyl and a
secondary amine. After 20 min, the transition to the solid
accelerates, with a consequent reduction in proton mo-
bility. This is consistent with reactions between alcoholic
hydroxyls and secondary amines and the initiation of
network formation. The crossover point for the liquid
and solid amplitude signals occurs at 55 min, which is
close to the occurrence of the inflection observed in the
conductivity data at 57 min. The short transient in the
NMR data around 65 min we attribute to a hydrogen-
exchange reaction between a partially reacted secondary
amine from the hardener and an alcoholic hydroxy

-5.5

-6.5 -

Conductivity (S/m)

-7

-8 -

100 120 140 160 180 200

Cure Time (mins)

Figure 9 Conductivity as a function of the cure time.
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of the vitrification time of 127 min.

group from a reacted epoxide ring from the resin. After
70 min or so of reaction, the rate of conversion from
liquid to solid slows down. This is consistent with a
reduction in the concentration of secondary amines and
alcoholic hydroxyls as network formation continues. The
conversion from liquid to solid appears to be complete
around 100 min, when the liquid signal falls close to
zero.

DISCUSSION

Earlier work of ours has described the monitoring of
resin cure by dielectric,®® ultrasound,'®'**! and NMR
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techniques.”®”* The aim of this article is to demon-
strate the complementary nature of these three tech-
niques when they are applied to the same resin—hard-
ener system. The previously described results for the
three techniques demonstrate definable stages of cure
that are characterized by features in the measured
data. We consider these features in the context of three
stages of cure.

Stage 1: liquid phase (0-20 min)

During the early stage of cure, there was very little
change in the NMR data (Fig. 11), and this indicated a
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Figure 11 Measured NMR solid and liquid signal amplitudes as functions of the cure time.
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continuing liquid state with no change in proton mo-
bility observable. However, the conductivity data (Fig.
9) showed a consistent fall, and tan 8 (Fig. 8) also fell
rapidly; this indicated increasing viscosity and de-
creased ionic mobility in general. The dielectric a-re-
laxation peak could not be assessed during this inter-
val, it being masked by high values of conductivity.
Ultrasonic shear waves were not observed, and this
again confirmed the liquid state (Fig. 4). The ultrasonic
compression wave velocity (Fig. 4) began to increase
slowly in the interval, indicating an initial slow in-
crease in the bulk modulus in the material as the cure
reaction got under way. The peaks in the ultrasonic
compression wave loss tangent (Fig. 6) attributable to
the relaxation were observable from about 10 min into
the cure, and it can be seen from Figure 10 that the
corresponding relaxation times increased relatively
rapidly in the interval from 8 to 20 min. This would
imply a high rate of molecular growth despite the
continuing liquid state and only slow changes in the
bulk modulus. The ultrasonic relaxation times were
not measurable earlier than about 10 min because the
corresponding frequencies were above the 16-MHz
upper limit available with this test cell. However,
extrapolation by the naked eye back to the zero time
on the curve shown in Figure 10 suggests that the
initial acoustic relaxation time in the liquid material
was in the range of 1-3 ns. This stage in the cure can
be summarized as a liquid one in which there is rapid
molecular growth, rapidly diminishing conductivity,
and relatively slow development of bulk mechanical
properties.

Stage 2: gelation (20-70 min)

The NMR data in Figure 11 show a rapid reduction in
the liquid curve and a rapid rise in the solid curve,
indicating that the environment for excitable hydro-
gen nuclei was changing rapidly from being liquidlike
to solidlike. The intersection of the two curves at 55
min can be taken to indicate gelation. The rapid fall in
conductivity (Fig. 9) gives further evidence of solidi-
fication, and the inflection in the curve around 57 min
provides evidence for gelation at that time,”? corrob-
orating the NMR results. Ultrasonic shear waves be-
came observable around the same time (Fig. 4); this
indicated the establishment of G, initially with a high
imaginary part leading to high absorption (Fig. 5). The
compression wave velocity increased gradually
through the period with no significant inflections, in-
dicating a steady growth of the real part of the com-
pression modulus. The maximum rate of change in
this curve occurred around 57 min, which corre-
sponded to the expected gelation time. The peaks in
the ultrasonic loss tangent were not observable during
this interval because the relaxation frequencies were
below 2 MHz, which was the minimum measurable

CHALLIS ET AL.

with the test cell used for our experiments. However,
the ultrasonic loss tangent curves (Fig. 6) were seen to
fall and approach nearly stationary values during this
interval, as did the tan &y curves, only at longer times
because of the lower measurement frequencies. The
rapid growth in the relaxation times (Fig. 10) slowed
in the first part of this interval but increased slightly
around 50 min, which was close to the gelation time
observed from the conductivity and other ultrasonic
data. In summary, this stage of cure is dominated by
gelation, a reduction in conductivity, the initial ability
to support shear, and the gradual development of
elastic moduli with diminishing imaginary parts.

Stage 3: postgelation and vitrification (70 min
onward)

The NMR curves (Fig. 11) reached saturation values,
which indicated that all of the material was solid in the
context of the mobility of bound hydrogen nuclei. The
dielectric permittivity and loss tangents rapidly ap-
proached their end-of-cure values, indicating a signif-
icant reduction in the rate of reaction. The ultrasonic
data shown in Figures 4-6 reflect the same phenom-
ena with a slowing of the rate of change of all mea-
sured variables. However, significant development of
elastic moduli was still observed for both compression
and shear waves, and the measurable changes in ab-
sorption for both wave modes indicated a continuing
development in the mechanical properties at times
when the raw dielectric data were relatively feature-
less. We attribute these changes in elasticity to the
growth of molecular crosslinking and observe that
ultrasonic data appear to be more sensitive to changes
during this stage of cure than data from either dielec-
tric or NMR recordings. We infer from these results
that at this stage in the cure, relatively small chemical
changes (the number and type of bonds) had a dispro-
portionately large influence on the development of the
mechanical properties of the material. Beyond 150
min, we observed that the mechanical properties con-
tinued to change slightly for periods of up to 24 h, and
this indicated some chemical changes in the material
over this period. Previous work has shown® that the
extrapolation of the dielectric relaxation frequency to 1
Hz on a frequency/cure-time plot gives an indication
of the time to vitrification of the material. This is based
on the assumption that the logarithm of the relaxation
frequency follows the time into cure in a linear fash-
ion. A reference to Figure 10 shows that the ultrasonic
relaxation times appeared to change more rapidly
very early in the cure and that the observed dielectric
relaxation times followed a linear curve except for a
small inflection around the gel time, between 40 and
60 min. However, notwithstanding these observa-
tions, we have fitted a straight line to all of the relax-
ation time data in Figure 10. This intersected the re-
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laxation time value of 1/27 = 0.159 s at a cure time of
127 min that we, therefore, take as the time to vitrifi-
cation for the material at the cure temperature used.
We note that after this time, the compression wave
velocity was yet to increase by a further 4% and the
shear velocity was yet to increase by a further 7%. This
indicated further increases in the compression and
shear moduli of around 8% and 14%, respectively.

CONCLUSIONS

The cure of a bisphenol A resin system has been
characterized with three complementary techniques:
ultrasound, dielectric, and NMR. Diagnostic features
in the data from each of the methods have been related
to three principal stages in the cure process. The band-
width of the apparatus available for the dielectric mea-
surements was limited to an upper frequency limit of
1 MHz, whereas the bandwidth of the ultrasound
system was restricted to the 2-16-MHz range by the
responses of the transducers used. With this appara-
tus, it was not possible to use different sets of trans-
ducers to extend the bandwidth either downward be-
cause of errors associated with transducer aperture
diffraction or upward because of a diminishing signal-
to-noise ratio that resulted from higher absorption in
the adhesive at higher frequencies. Although the two
techniques could be said to be truly complementary in
the context of these experiments, we note that the
slope of the ultrasound relaxation time data was dif-
ferent from that of the dielectric data, although the
two functions appeared to lie on a continuous curve.
For the future, there will, therefore, be value in repeat-
ing part of this work for both dielectric and ultrasonic
measurements up to 20 MHz or so to investigate
whether the two techniques are sensitive to the same
or different relaxation processes early in the cure. It
will also be instructive to complement the existing
study with a time plot of measures of conversion, such
as DSC or Fourier transform infrared, neither tech-
nique being available at the time at which the exper-
iments described here were performed. An ultrasonic
system operating well below 1 MHz would, in princi-
ple, provide useful data on the later stages of cure in
processes for which DMA could not be applied, al-
though low-frequency ultrasound techniques applied
to small samples are fraught with problems due to the
effects of diffraction, vibration mode conversion, and
standing waves. However, overall it has been shown
that key diagnostic features in the data from each
method are corroborated by equivalent features in the
other two methods, although ultrasound seems to be
the most sensitive to changes around and after vitri-
fication. This study demonstrates that in cases for
which one technique may be most suitable for an
engineering application, comparative results obtained
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on a laboratory scale from the other techniques can aid
in the interpretation of subsequent data obtained in
the process.

The authors acknowledge with thanks G. M. Maistros for dis-
cussions concerning the interpretation of the dielectric data.
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