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SYNOPSIS

This article presents a novel short-pulse ultrasonic technique for measuring the relaxing
planewave modulus in realistically thin films of adhesive polymer over wide-frequency
bandwidths (1 MHz to between 30 and 100 MHz). On-line computational methods are
used to correct for known system distortions, for the estimation of absorption, planewave
phase velocity, and complex planewave modulus, all as functions of frequency. Where ap-
propriate it is also possible to fit models of relaxation processes to the measured data.
Detailed results are shown for nine structural adhesives designed principally for automotive
applications. The changes that occur during cure, as a result of extended cure, and with
variation in service temperature are demonstrated. This work concludes that the method
provides convenient measures of engineering properties, provides the means to study the
effects of cure and service conditions, and provides reliable measures of ultrasonic propa-
gation parameters that can be used to investigate the testability of adhered structures by

ultrasonic means.

INTRODUCTION

The ability to design and manufacture adhered
structural components that have predictable prop-
erties and good durability depends very much on
adequate knowledge of the mechanical properties of
the adhesive polymer and the stability of these under
in-service conditions. It is obvious to state that these
properties depend on the physicochemical formu-
lation of the adhesive, and frequently, the cure tem-
perature cycle, and the thermal conduction prop-
erties of the adhesive and of its immediate environ-
ment. There is no simple method to assess
nondestructively whether an adhesive material has
cured to within a defined band of property values or
whether its initial chemical formulation was correct.
Most nondestructive tests of adhesive materials and
adhesive joints can only give very crude evidence as
to whether all is well with the polymer or not. Me-
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chanical or ultrasonic tests are particularly relevant
because they give a measure of elasticity, a property
of structural importance, and because they could, in
principle, be used to identify defects.

A large number of authors have published meth-
ods and results describing the application of ultra-
sonic techniques to polymers, and a full review is
beyond the scope of this article. The methods gen-
erally divide into those aimed at measuring ultra-
sonic wave attenuation and those aimed at measur-
ing ultrasonic wave propagation velocity.'"'® Most
techniques are based on near-planewave propaga-
tion, although some incorporate shear wave mea-
surements. A further division between techniques
groups those in which measurements are made si-
multaneously over wide-frequency bandwidths and
those in which measurements are made at only one,
or a few, spot frequencies. Clearly the wider the
bandwidth available for measurement the more
complete the characterization of the polymer; con-
versely, spot frequency methods give only limited
characterization of polymer properties, particularly
loss mechanisms. If measurements of both atten-
uation and wave propagation velocity are made si-
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multaneously over wide-frequency bandwidths, then
it is possible to derive, in addition, the frequency
dependence of the real and imaginary parts of the
material elastic modulus, giving a detailed picture
of the viscoelasticity of the material. Further ad-
vantage is to be gained if the methods can be applied
to relatively thin polymer films, less than 1 mm say.
The reason for this is that it is often difficult to cast
an ingot of adhesive that is of a suitable size and
shape for mechanical and ultrasonic testing. This is
because many cure reactions are strongly exother-
mic, causing the polymer to carbonize if all parts of
its bulk are not in good thermal contact with an
adequately conducting substrate.

In this article we present a method that is appli-
cable to thin adhesive samples and that provides for
wide bandwidth measurement of wave attenuation,
velocity, and complex modulus. It is based on the
reverberation of a short acoustic pulse in a thin layer
of adhesive (50 to 200 um) and provides a measure-
ment bandwidth from 1 MHz to an upper limit that
is between 30 and 100 MHz depending on the acous-
tic losses in the polymer. The information provided
by the method is in the form of real and imaginary
parts of the planewave modulus (K + 4G/3), as
continuous functions of frequency over the stated
range. Since many adhesives exhibit relaxation in
their mechanical properties over this frequency
range, we have incorporated into the method a least-
mean-square { LMS) algorithm that will estimate
relaxation frequency and relaxation strength from
the measured data for one or more parallel loss pro-
cesses. The instrument can be used to study the cure
process, the effects of miscure, and the effects of
service temperature change. In the sections that fol-
low we outline the technique and present typical
experimental results.

THE MEASUREMENT METHOD

The method is based on the test cell shown in Figure
1(a). The adhesive to be tested is formed into a
bond between two float glass blocks separated by
cylindrical wire spacers of known thickness. Ultra-
sonic transducers are placed in coaxial alignment
on either side of the bonded blocks, and coupled to
them by means of compressible aluminum foil layers
that also act as electromagnetic screens between the
two sides of the cell. One transducer is used as a
transmitter and the other as a receiver; both operate
in what is known as the acoustically thick mode!**?
and exhibit operating bandwidths that are much
greater than would follow from the simple damped

half-wave resonance used in conventional pulsed
ultrasound systems (discussed later). The two
transducers are connected to electronic driver and
receiver circuits, which are modules in the computer-
controlled system illustrated in Figure 1(b). The
host computer is used to synchronize the operation
of the transmission and reception electronics and
to carry out data processing tasks. In the present
arrangement the computer is a PDP 11 /23 machine
(Digital Equipment Corporation ), but a more mod-
ern personal computer equipped with appropriate
interfaces would serve just as well. Binary signals
from the computer are used to trigger a low-voltage
pulse generator (CO0), trigger the sampling oscillo-
scope (C1), and enable a high-voltage pulse circuit
(C2) that is triggered by the low-voltage pulse gen-
erator. The high-voltage pulse circuit excites the
transmitter transducer with a short pulse of 160 V
amplitude, with rise and fall times of 0.7 ns and
width 5 ns. The interval between excitations is 100
ms. A near-replica of this pulse is transmitted as an
edge-diffracted planewave (discussed later) through
the first glass block, the adhesive layer, the second
glass block, and then to the receiver transducer. The
receiver transducer is terminated resistively by 2 Q
and feeds an amplifier of 40-dB gain, 150-MHz
bandwidth, and with smooth phase response. The
amplifier output is fed to a sampling oscilloscope
(Tektronix 7613 frame with 7514 plug-in), ready
for signal processing on the computer. T'ransfer of
the analogue waveform from the slow-scan output
of the oscilloscope to the host computer is achieved
by means of a conventional successive approxima-
tion analogue-to-digital converter (ADC) plugged
into the computer backplane; it has a maximum
sampling rate of 50 kHz and a resolution of 10 bits.
With this arrangement it is possible to achieve an
effective sampling rate for repetitive signals at the
receiver amplifier of 1 GHz.

On its way through the adhesive layer the short
pulse reverberates to and fro in a time interval de-
termined by the layer thickness and the wave prop-
agation velocity in the adhesive polymer; these re-
verberation times are of the order of 100 ns. The
thicknesses of the glass blocks and of the ultrasonic
transducer elements are chosen so that reverberation
times in these components are much greater than
the reverberation time in the adhesive layer. This
enables the reverberations in the adhesive to be
time-resolved independently of the reverberations
in the glass blocks and the transducers. Typical re-
verberations from within the adhesive layer are
shown in Figure 2. The principle by which visco-
elastic properties are calculated is that successive
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Figure 1l (a) The test cell and (b) diagram of the whole system. The test cell is connected
to a high-voltage pulse transmitter and on the receiving side to a wide bandwidth linear
amplifier and sampling oscilloscope. The slow-scan output from the oscilloscope is digitized
and fed to the host computer (PDP 11/23) for processing. The computer also generates
binary signals to synchronize the operation of the pulse generator (C0) and the oscilloscope
(C1), and to enable the high-voltage pulse generator (C2).

reverberations will have made two more transits
through the adhesive layer than their immediate
predecessors. In Figure 2 the first pulse in the trace
will have made a single transit across the bond
whereas the second pulse will have made a total of
three transits (Fig. 3). The change in shape between
the first and second pulses is determined in part by

interactions between the propagating ultrasonic
pulse and the viscoelastic properties of the materials.
The principle of this technique is that the relaxing
elastic modulus is calculated as a function of fre-
quency on the basis of a frequency domain compar-
ison of the shapes of successive reverberation pulses.
However, before this can be done corrections must
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Figure 2 An acoustic reverberation signal from a 170-
pm-thick layer of Evode M23 adhesive showing the wake
component due to diffraction effects, marked “a,” and the
exponential rise due to transducer insertion, marked “b.”

be made for the effects of the transducer properties
and for acoustic field diffraction phenomena, which
result from the fact that the transducers are bounded
(i.e., not of infinite extent). These effects show as
a falling baseline in the later regions of the signal
and a positive-going wake in the earlier part of the
signal (Fig. 2). These corrections and subsequent
viscoelasticity calculations are carried out in the host
computer; they are described in the following sec-
tion.

COMPUTATIONS

Correction of Raw Data

It can be shown'? that the frequency domain inser-
tion effect of a thick piezoelectric transducer device,
when expressed as the Laplace transform transfer
function, is

ks
B = 0 sm0) — 1/m @)

Here s is complex frequency, o + jw, k is a constant,
7 is the electrical time constant formed of the device
self-capacitance and its source or load resistance,
and 7, is an electromechanical time constant whose
value is set by the transducer material properties
and the mechanical loads applied to its acoustic
faces. It results in a rising exponential term in the
transducer response, and it is the cause of the falling
tail in the response shown in Figure 2. The mech-
anism of this rather bizarre effect has been discussed
in a previous publication.!® In the system described

here 75 for both transducers is kept below about 5
ns by choice of source and load resistances and Eq.
(1) can be simplified to

ks
H(s) = ——— (2)

S"l/TM

A filter designed to correct for this effect would have
a transfer function of the form

1 1 1
C(S)—m—;[l*;a (3)

We have implemented a filter of this form as a dis-
crete time-domain algorithm using conventional
digital filter design methods;*'® its effect on signals
of the form shown in Figure 2 is to remove the falling
tail and to slightly alter the shape of the reverber-
ating pulses.

The radiation coupling process between the two
transducers is such that, for an ideal Dirac function
excitation to the transmitter face, the receiver will
respond with a signal at its terminals that consists
of that Dirac function delayed in time due to the
propagation path length, and then followed imme-
diately by a wake component of opposite sign, known
as the edge wave or diffracted component. This is
the cause of the rising baseline in the early part of
the signal shown on Figure 2. Formulations of the
effect have been presented by many workers.’®'7 In
this method we make a correction to the digitized
data in the discrete frequency domain, using meth-
ods developed for a related instrument.!? The result
of this and the transducer correction process is to
set the train of reverberation pulses on to a flat base
line (Fig. 4). This greatly facilitates their separation

Ty H(f) Tas
H(s) YR,

-
>

-

Figure 3 Diagram illustrating the reverberative prop-
agation path within the adhesive.
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Figure4 The data of Figure 2 after correction for system
effects.

as two distinct time-domain events, which is re-
quired for calculations of the planewave modulus.

Calculation of the Planewave Modulus

We define the planewave modulus as a complex fre-
quency dependent quantity:

M(w) = Mp(w) + jM;(w) (4)

where w is a real radian frequency, j is the operator
(—1)'/2, and subscripts R and I denote real and
imaginary parts. For a planewave traveling in the
positive x direction in a medium of modulus M (w)
and density p, the wave pressure amplitude at x
compared to that at x = 0 is, in the frequency do-
main,

P(x, w) = P(0, w)e *Ixg jox/cle) (5)

Here a(w) is the planewave amplitude absorption
coefficient, generally a function of frequency, and
c¢(w) is the phase velocity, also a function of fre-
quency in the general case. After much tedious
algebra!® M(w) can be related to a(w) and c(w) as
follows:

1 - a¥(w)et(w)/w?
1+ a*(w)c?(w)/w?®]?
2¢3(wya(w)/ow
1+ a*(w)e?(w)/w?]?

Mg(w) = pc?(w)

(6a)

Mi(w) = pc*(w) (6b)

In our computations we first calculate a(w) and ¢(w)
from the precorrected data and then we calculate
M (w) from Egs. (6a) and (6b).
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Calculation of a(w) and c(w)

Absorption coefficient and phase velocity are cal-
culated from the shape change between the first two
successive reverberations in Figure 4. A number of
different computational techniques have been tried
and will be presented in a later publication; only the
simplest method will be described here. The first
task is to estimate the low-frequency planewave ve-
locity as follows: The positions on the time axis that
correspond to the centers of area of the two pulses
are calculated from the digitized data using the
method of moments. If these times are T4 and T,
respectively, and if the bond thickness is X, then
the low-frequency velocity is given by

2X

“TT T, "

The two digitized pulses A and B are then separately
shifted leftwards in time until both of their centers
of area correspond to the notational zero of time for
the digitized data. The fast Fourier transform (FFT)
of each is calculated as a complex function of fre-
quency. These have modulus spectra | A(w)| and
| B(w)|and phase spectra 4 (w) and 5 (w), respec-
tively. The absorption coeflicient is calculated from
the moduli of the raw frequency spectra, thus

a(o) = L n 141 BO)
2X " |B(w)| A(0)

(8)
The term B(0)/A(0) is included to eliminate the
effect of the internal reflection coefficients between
the adhesive and the glass substrate, both of which
are assumed to be independent of frequency. Phase
velocity is calculated from the two phase spectra as

follows:
Before leftward shifting of the digitized data a

frequency component in pulse A would, in traversing
the adhesive once only, be phase shifted:

ABA = —wX/c(w) (9a)

similarly a frequency component in pulse B would
be shifted three times this amount:

Abg = ~3wX/c(w) (9b)

Now, because of the leftward time shifts applied to
the digitized data, the computed shifts will be

BA = (DTA - (.OX/C((J))
0 = wTg — 3wX/c(w)

(10a)
(10b)
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The difference between these two is
Af =0p — 04 = &(Tp — Ts) — 20X/c(w) (11)
Now substituting from Eq. (7) for Tp — T4y we get
A = 20X [1/co — 1/clw)] (12)
from which ¢(w) can be calculated as

Co
1 — (Abcy/20X)

clw) = (13)

This value of ¢ (w) and the value of a(w) calculated
from Eq. (8) are used in the computation of Eq. (6)
to calculate the real and imaginary parts of the
planewave elastic modulus.

Estimation of Relaxation Parameters

A material that exhibits a single time constant vis-
coelastic relaxation (Fig. 5) has the complex mod-
ulus

1 +ij2

M(w) =M, (14)

1 +jw71

where M is the low-frequency (real) modulus, and
7, and 7, are time constants that relate to the viscous
and elastic elements in Figure 5 thus

T = ﬂ/ka (15a)
72 = N(ky + ky) /[ Rk (15b)
It is convenient to reexpress Eq. (14) as
1+ jwar
= —_— 16
M) =M= e (16a)
where
02 = 1'2/71 and 7= U‘rl‘rg (16b)
Kb

— AN AT
Ka n

Figure 8 Mechanical model representing a single re-
laxation process.

The real and imaginary parts of the modulus are

1+ w?r?
My =Mooy 55,0 (17a)
M, =M, wr(a—1/a) (17b)

1+ w??%/a?

If this modulus is incorporated into the one-dimen-
sional planewave equation, then the phase velocity
becomes, for small a,

DR (18)

The acoustic absorption per wavelength is given by
wT

a)\—w(a—l/a)m (19)

The relaxation parameters to be estimated are the
strength a and the relaxation time constant 7, or
the corresponding relaxation frequency f, = 1/2x7.
In our system, functions of the form of Egs. (18)
and/or (19) can be fitted to measured data using
Marquardt’s LMS algorithm.?® We have organized
our signal processing software to fit any arbitrary
number of relaxation processes, although for the
purposes of the current work we have constrained
its operation to a single relaxation. It should be noted
that there are alternative formulations'® to relaxa-
tion phenomena in which the strength parameter ¢
is given by

e=1—1/a? (20a)
or
a=(1—¢ 42

(20b)

These yield the following expressions for phase ve-
locity and absorption per wavelength:

2 2.2
[+ € w'T
=1+ 2 21
cd 1-¢ 1+ w? (21)
and
€ wT
A= . 22
N=T =TT o (22)



EXPERIMENTAL MEASUREMENTS

Table I lists the nine different adhesives that were
employed in this study; all except one (RS epoxy)
were designed principally for automotive applica-
tions. For each adhesive type, batches of five bonds
were formed between glass blocks as described ear-
lier and cured in a temperature-controlled oven, fol-
lowing the manufacturer’s temperature cycle rec-
ommendations. During cure the bonds were main-
tained in compression by means of a 2-kg weight
resting on the glass block-adhesive—glass block test
piece. The test bond thicknesses were 120, 150, or
170 um; the uniformity of thickness was better than
+3 um across the bond, and the tolerance of mean
thickness was better than =5 um for all bonds tested.
A small sample of each adhesive was cured sepa-
rately, and its density measured by the density bottle
method. In order to check against the possibility
that acoustic scattering could significantly affect our
wave propagation results, we studied a section of
free adhesive surface with the scanning electron mi-
croscope (SEM) at either X800 or X8000 magnifi-
cation in order to estimate the size of any inhomo-
geneities such as filler particles or bubbles. All in-
clusions were at least two orders of magnitude
smaller than the wavelengths contained in the
propagated ultrasonic pulse. One bond formed of
cold-curing epoxy (RS epoxy) was studied through-
out its cure cycle, and another was subjected to lim-
ited temperature variation in the range 20-60°C. A
third sample (M23, Evode Ltd.) was subjected to an
extended cure cycle: 60 min at 200°C instead of the
normal cure of 30 min at 180°C. The results for all
these experiments are described in the following
sections.

TableI Summary of Adhesives Used
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Typical Wide Bandwidth Data

Figure 6 (a) shows, for Kelseal adhesive, typical pri-
mary results as functions of frequency—absorption
per wavelength, phase velocity, and the real and
imaginary parts of the planewave modulus. We note
variability within a batch of five bonds and suggest
that this is due to uneven temperatures and cooling
paths in our curing oven. The results show typical
relaxation behavior as far as we can tell within the
40-MHz bandwidth. Degraded signal-to-noise ratio
prevented our obtaining meaningful results above
this frequency. The maximum value of the imaginary
modulus was around 3 X 102, This value was close
to half the change in the real modulus between its
low-frequency and high-frequency values. This re-
lationship would be expected from a single relaxation
process of the type shown in Figure 5. Figure 6(b)
gives a comparison of the averaged results for each
of the adhesives studied.

Relaxation Parameter Fits

For a cold curing adhesive (RS epoxy) the sets of
the five aA curves and the five phase velocity curves
were averaged by simple additions of the five ver-
sions of each function. The averaged velocity versus
frequency curve is shown as the solid line on the top
graph of Figure 7. The averaged absorption per
wavelength trace is shown as the solid line on the
bottom graph of the same figure. The dotted traces
on the two graphs on Figure 7 are the predicted ve-
locity and absorption data, predicted on the basis of
a and f, obtained by fitting Eq. (18) to the raw av-
eraged velocity data. The functions formed of crosses
are the velocity and absorption data predicted on

Adhesive Manufacturer Generic Type Cure Cycle Applications

M23 Evode Ltd. Elastosol 30 min at 180°C Automotive

Ma33 Evode Ltd. Elastosol 30 min at 180°C Automotive

Kelseal 16.152 Evode Ltd. PVC and related 30 min at 155°C Automotive
copolymers

DP70-0127 Evode Ltd. 2 part modified 24-48 h at 20°C Industrial/automotive
epoxy

Teroson W.R. Grace Ltd. 1 part acrylic 30 min at 155°C Industrial/automotive

RS high strength RS Components Ltd. 2 part epoxy 24 h at 20°C Industrial/domestic

epoxy
E5238 Bostik Ltd. 1 part epoxy 30 min at 155°C Automotive
Araldite 2007 Ciba-Geigy Ltd. (Plastics 1 part epoxy 40 min at 160°C Automotive/industrial
Division)
XB 3131 Ciba-Geigy Ltd. (Plastics 1 part epoxy 30 min at 155°C Automotive

Division)
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the basis of a and f, obtained by fitting Eq. (19) to
the raw averaged absorption data. We note consis-
tency in these results: Both sets of fitted data agree
well with the measured results. Also absorption can
be predicted reliably from velocity data and vice
versa.

For all of our adhesives we have investigated
variability in our fits to relaxation processes and in
other basic data; these are described in the next sec-
tion.

Bond Data and Its Variability

The principal results for all of the eight adhesive
types tested are shown on Table II. For each ad-
hesive type we show the mean of five measurements
of the low-frequency modulus M, and of the low-
frequency propagation velocity ¢,. There follows the
fitted relaxation parameters f, and a, shown in two
groups representing parameters fitted to phase ve-
locity data and parameters fitted to absorption data,
respectively. For each parameter a second column
gives the standard deviation as an estimate of the
variability between the five measurements that con-
tribute to the mean parameter value. A number of
comments can be made on these results: First, the
low-frequency modulus and the low-frequency ve-
locity values are associated with relatively low stan-
dard deviations that give measurement uncertainties
in the ranges 1.9-6.4% for modulus and 1.1-2.2%
for velocity. The relaxation data is associated with
much higher variability as evidenced by higher

standard deviation (SD) values in relation to the
means. This is to be expected for two reasons: (a)
Minor inhomogeneities in the adhesive material are
more likely to interact with the higher frequency
components in the short acoustic pulse used in our
apparatus, due to their dimensions being closer to
the wavelengths of those components. (b) The ab-
sorption of ultrasound in adhesives increases with
frequency, and this brings about worsened signal-
to-noise ratio (SNR) in our raw data at high fre-
quencies. The relaxation data fitting procedures are
sensitive to the raw data SNR, and increased noise
at the receiving transducer maps into increased
variability in our derived parameters. The SDs as-
sociated with £, and a fitted from absorption data
are generally much smaller than the corresponding
SDs for £, and a fitted from the phase velocity data.
The reasons for the better performance of the ab-
sorption data fit are twofold: (a) The phase velocity
is calculated by means of a phase unwrapping tech-
nique that is more sensitive to raw data SNR than
is the absorption calculation, and (b) the peak of
the absorption curve is more clearly defined than
the rather gentle inflexion in the corresponding ve-
locity curve.

Changes during Normal Curve

A bond formed of room temperature curing epoxy
was studied over a 4-day cure cycle. Wide bandwidth
raw data were captured under computer program
control 5 min after the bond was formed, then after

Table II Summary of Basic Data Measured for Adhesives Detailed in Table I*

From Phase Velocity

From Absorption Data

M, (GPa) C, (ms™)

f- (MHz)

a f- (MHz) a

Adhesive Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Teroson 4.16 0.12 1676 25 24.3 6.31 1.127 0.036 28.0 5.84 1.146 0.027
M23 3.76 0.08 1543 16 35.3 3.58 1.155 0.029 28.4 1.11 1.113 0.010
M33 4.72 0.26 1791 48 28.7 3.16 1.129 0.015 28.4 2.59 1.124 0.006
Kelseal 4.64 0.20 1708 36 23.6 1.51 1.162 0.013 23.3 0.68 1.149 0.003
DP70 6.01 0.22 2141 39 36.9 17.19 1.237 0.213 31.5 6.32 1.171 0.034
RS epoxy 5.61 0.24 2289 51 24.3 1.81 1.066 0.006 21.6 0.85 1.060 0.005
E5238 7.30 0.47 2334 75 26.6 0.87 1.092 0.005 26.7 1.85 1.087 0.006
2007 8.54 041 2681 44 46.0 17.75 1.050 0.009 38.1 11.11 1.039 0.006
XB3131 9.59 0.47 2571 63 63.3 24.59 1.177 0.099 43.9 9.20 1.095 0.012

* For each parameter the columns give the mean calculated for each group of five bonds and the standard deviation of the five values.
The tabulated parameters are low-frequency (real) planewave modulus M,, low-frequency phase velocity C,, relaxation frequency £,
and relaxation parameter a, calculated from LMS fits to velocity data and LMS fits to the absorption data.
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Figure 12 Low-frequency value of the real modulus M, and the relaxation parameter a
plotted versus temperature for the experiment of Figure 11.

1 h, and thereafter at hourly intervals up to 6 h, and
then two hourly intervals up to 24 h. A single final
measurement was then made at 4 days. The wide
bandwidth data are shown in Figure 8. We have
made only minimal attempts to minimize the effects
of poor SNR in this experiment, and this accounts
for the rather variant form of the imaginary modulus
and absorption data. We have plotted the principal
changes that take place during cure in Figure 9,
which shows the variation of My, ¢, f,, and a as
functions of time during cure. The hardening of the
material is evidenced by the gradual monotonic in-
crease in low-frequency modulus and low-frequency
phase velocity with time. The fitted relaxation pa-
rameters are interesting in that both center fre-
quency and strength begin at relatively high values,
fall to a minimum at around 8 h, and then increase
again to reach final values that are between the
minimum and the initial high value. At the present
time we do not offer an explanation for this phe-
nomenon.

Effect of Extended Cure

Figure 10 shows the basic wide bandwidth results
for bonds formed of M23 elastosol adhesive (Evode
Ltd.) when subjected to different cure cycles. The
crossed lines show data for the normal manufactur-
ers recommended cure cycle of 30 min at 180°C while
the solid lines show what happens when the adhesive
is cured for 60 min at 200°C. The principal result
is an increase in the real modulus by about 27%
across the whole measurement frequency range. The
absorption per wavelength curve did not change ap-
preciably, from which we conclude that vibrational
states in the polymers that contribute to absorption
are not affected by extended cure and, indeed, are
not greatly changed during cure either, as evidenced
by the results of the last section.

The Effect of Service Temperature

A single bond from the E5238 epoxy series ( Bostik
Ltd.) was tested in the temperature range 20-60°C



and the results are shown in Figure 11. We note that
the real modulus falls rapidly with rising tempera-
ture as would be expected as the adhesive softens.
The imaginary modulus tends to rise with increasing
temperature as does the relaxation strength as ev-
idenced by the height of the aX curve. The relaxation
frequency stays roughly constant over the temper-
ature range studied. The principal changes with
temperature as shown in Figure 12.

DISCUSSION

This article has presented a novel acoustic technique
by which the planewave modulus can be estimated
in adhesive films in terms of its real and imaginary
parts expressed as functions of frequency in band-
widths up to between 30 and 100 MHz, depending
on adhesive type. Where relaxation processes are
present, estimates of relaxation frequency and
strength are made as part of the modulus compu-
tation. The method is relatively cheap and rapid in
operation. It can be left under computer control for
extended periods and used to study cure processes
and the effects of in-service temperature variation,
as these evidence themselves in the measured vis-
coelastic properties.

In the area of nondestructive testing (NDT) of
adhered structures, there are many uncertainties
associated with the detectability of small flaws due
to the fact that high frequencies (i.e., short wave-
lengths) are required, and these are heavily atten-
uated in most adhesive polymers. The method pre-
sented here provides reliable estimates of acoustic
planewave absorption coefficient and propagation
velocity as functions of frequency and is currently
being employed as an aid to developing quantitative
measures of flaw detectability.

CONCLUSION

We conclude that our instrument and associated
computational methods have three important areas
of application: (1) They provide a means to measure
viscoelastic parameters in realistically thin films of
adhesive. (2) They provide a simple basis for in-
vestigating the cure process, the effects of service
conditions, and, potentially, aging. (3) They provide
reliable measures of absorption and velocity disper-
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sion that can be used to investigate the testability
of adhered structures by ultrasonic means.

The authors acknowledge with thanks the support of the
UK Science and Engineering Research Council and the
Ford Motor Company.
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