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The effectiveness of ultrasonic methods for the evaluation of material properties
and process control has been known for a long time. It was also found that ultrasonic
methods can be used for material strength prediction and verification. Application
of ultrasonic methods for evaluation of adhesive bonds has a number of specific fea-
tures. It involves checking a thin layer of adhesive, the thickness of which is
much smaller than that of adherents. It is necessary to detect not only violation of
the continuity of the adhesive, but also its effective elastic properties, which cor-
relate with the strength of the adhesive bonds. Most of the previous techniques used
Tongitudinal ultrasonic waves normally incident on the adhesively bonded interface.
But these waves are insensitive to the adhesion properties between adhesive and ad-
herends.

We suggest an alternative method using a guided waves. The advantage of this
technique is that this wave produces shear stresses on the interface. This method
was previously discussed (ref. (1) - (6)) and reviewed (ref. 7).

In this paper first, we describe application of interface waves for cure monitor-
ing of structural adhesives; second, the Lamb technique which is applicable for study
of adhesive joints of thin sheets is discussed.

ELASTIC INTERFACE WAVES

The general case of propagation of interface waves in adhesively bonded interfaces
was studied by Rokhlin et al (ref. 1). The case of propagation of interface waves in a
system of two half spaces separated by a viscoelastic layer was analyzed. The shear
modulus Wy of the layer was assumed to be smaller than the shear modulus of the half
spaces, then in the case of identical half spaces there always exists a guided inter-
face wave.

A possible method for obtaining interface waves is shown schematically in figure 1.
The surface wave, excited in the lower substrate, is transformed in the interface re-
gion into an interface wave. Due to the closeness of velocities of the surface and in-
terface waves, only a small part of the energy is transformed into bulk waves. The in-
terface wave leaving the interface zone is retransfomred into a surface wave, and is
sensed by a receiver.
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Fig. 1 Illustration of the interface wave Fig. 2 Deformation of an interface film
method. upon propagation of an interface
wave. The thickness of the in-
terface film is much smaller than
the interface wavelength. The
figure ¢ corresponds, on a magni-
fied scale, to element c singled
out in figure b.

The deformation of a thin solid interface film by the interface wave is illus-
trated schematically in figure 2. Figure 2a shows the deformation produces by the
surface wave in the subsurface layer. It shows tension and compression regions sep-
arated from one another by a half wavelength. Figure 2b shows the deformation of an
interface layer, the thickness of which is much smaller than the wavelength. Due to
antisymmetry of motion, the interface layer is subjected to shear strain (fig. 2c).

One can estimate the viscoelastic properties of the interface layer by measuring
the velocity and attenuation of the interface wave (ref. 1). We showed that the com-
plex shear modulus of an interface wave 1g is related by a simple expression to the
interface wave velocity Vy.

Mo/M = haye/ (8 - W pﬂl - 2ho2a5) (1)
P

where o = V¢/V; is the normalized wave number for the interface wave; aj =.a2 - By;

ap = 28y - W; W=a? + 825 g = (o2 - 1)%; v = (a2 - VE/V2)5; 2y = (W2 - 8028y); Ap 18
the characteristic function for the Rayleigh wave, V¢ an% V, are the shear and longitud-
inal wave velocities in the substrate, pp is the density of the interface film material,
p and u are the density and the shear modulus, respectively, of the substrate, f is

the frequency and h = 21fh/Vt is the nondimensional film thickness, 2h is the thickness
of the film.

Equation (1) is valid at h << 19, where A0 is the length of shear waves in the
material of the interface film. When this condition is not satisfied, shear modulus
Mg, determined from Equation (1) can be refined on the basis of the more exact equa-
tions (ref. 1). To determine the complex shear modulus ugy, one should substitute into
Equation (1) the complex wave number o, which is calculated on the basis of measured
velocity and loss factor of interface waves.
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Numerical analysis shows that the sensitivity of this method is high in the
range of film thicknesses which are small as compared with the length of interface
waves. Hence at film thicknesses from 100 to 1 um the measurements should be per-
formed at relatively low ultrasonic frequencies from 0.5 to 5.0 MHz.

It is possible to single out the principal features of the method, which indi-
cate that the use of the interface waves for the evaluation of thin interface layers
(in particular adhesively bonded structures) is promising.

1) The interface wave produces shear stresses at the interface; these stresses
are most sensitive to variations of adhesion quality.

2) The interface wave propagates along the interface and hence is sensitive
to small changes in the properties of the adhesive and of the bond between
the adhesive and the adherends.

3) The interface wave can be used for evaluation of very thin layers, when
2h/x¢ < 0.01, where 2h is the thickness of the interface layer and At is
the length of the shear wave in the substrate. Conversely, bulk longitudi-
nal waves, usually employed for evaluation of adhesively bonded structures,
are insensitive to the existence at the interface of a infinityly thin
1iquid Tayer which exhibits no shear resistance.

4) As shown below, interface waves can be used for evaluation of multilayered
interface films, which simulate the adhesion properties at the adhesive-
adherend interface.

As an example, reconstruction of the complex shear modulus of adhesive from ex-
perimental data is shown in figure 3. The data were taken in the course of bonding
two steel substrates with epoxy resin. The thickness of adhesive film is 12u.
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Fig. 3 The normalized complex shear modulus po/u calculated from smoothed measured
values of the interface wave velocity and the transmission losses. The dashed
horizontal line represents direct measurements of the normalized film shear
modulus pg/u after full polymerization. The steel shear modulus was taken as
u=0.809 - 1012 dyn/cmz.
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THE CONCEPT OF THE EFFECTIVE SHEAR MODULUS - STRENGTH PREDICTION

An adhesive bond may fail in two ways: 1) Failure inside the adhesive, which is
termed conhesive failure. The cohesive strength of a given adhesive correlates with
jts elastic modulus. 2) Failure along or close to the adhesive-adherend interface,
which is termed interfacial or adhesion failure.

The cohesive strength of a given type of adhesive is governed by its chemical
structure and by the conditions of the curing process (in particular, by the percentag
of cross linking), and by the presence of various kinds of mocrodefects (e.g., micro-
cracks or voids). These quantities also determine the shear modulus and the ultrasoni
loss factor of the adhesive. By virtue of this fact, for a given type of adhesive, a
change in the elastic modulus correlates with a change in its strength.

It is reasonable to consider a multilayered model of a bond line, consisting of
an adhesive layer and thin interface layers between adhesive and adherends which char-
acterize the adhesion properties.

According to this model, the shear modulus of the adhesive, calculated on the
basis of the measured velocity and attenuation of interface waves is the effective
shear modulus peff. It characterizes the ef?écggve elastic properties of the multi-
layered adhesive system. The qualitative description of the properties of the inter-
face wave can be given on the basis of the matrix method. We obtained a series expan-
sion of the exact solution with respect to the thickness of interface films and com-
pared this solution with the solution for the case of a single film (ref. 6).

According to this comparison, we obtained equation (1) for a single interface
film when only linear terms are retained in the matrix expansion. A similar approxi-
mation for the multilayered system makes it possible to write the characteristic equa-
tion for the velocity of the interface wave in the form

berf/U = hap/(p - h 2eff a7 - Zhalay) (2)
p
where

heff = Ho (1 + M)/(1 + Mwhoys ooce = oo+ Pulw) (1 4wy,
ho hokw pobo h

h=ho+hw

2hy - is the thickness of the adhesive layer. hy, oy, Wy> - are the thicknesses, den-
sity and shear modulus of the weak boundary layer. The other terms have the same
meanings as in Equation (1).

When contact between an adhesive and substrates is not ideal the interface wave
velocity decreases. Hence, the effective shear modulus Peff found from Equation (2)
on the basis of the experimentally measured velocity will be smaller than the actual
modulus of the film.

For example, in the case of absence of shear bonding between the adhesive and
at least one of the substrates (slip contact) the velocity of the interface wave will
be close to the Rayleigh wave velocity and the calculated pefs will be equal to zero.
It is thus seen that the interface-wave velocity will characterize not only the elas-
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tic properties of the adhesive and its cohesive strength, but also the bond between

the adhesive and the substrates, i.e., the interfacial (adhesion) strength. this means
that the ratio ueff/ Mo can be used as a criterion of the bond strength. If the effec-
tive shear modulus Weff is measured for a given bond, and the shear modulus g of the
adhesive is measured on a reference specimen, then Equation (3) can be used for esti-
mating (ref. 7) the properties of the interfacial layer between adhesive and substrates.

EVALUATION OF THE CURING OF STRUCTURAL ADHESIVES BY ULTRASONIC INTERFACE WAVES

The reliability of adhesive-bonded structures and composite materials depends on
a large number of different factors. It is determined to a significant extent by the
manufacturing process and the feasibility of monitoring it. In connection with this
it becomes necessary to control the quality of viscoelastic properties of the adhesive
in the course of curing over the required temperature and pressure ranges, and to per-
form real-time continuous monitoring over the entire range of variation of adhesive
properties in the course of the bond's performance.

The method of ultrasonic interface waves appears to be promising in resolving
this problem.

The curing of structural adhesives is performed in nonisothermal conditions. The
standard cure cycle consists of a rising temperature at a constant rate for 40 min.
from room temperature to 120°C (for FM - 73) and to 180°C (for FM - 300 K). Tempera-
ture changes modify the elastic moduli of the adhesive film and substrates (adherends).
To measure the adhesive properties under nonisothermal conditions, it is necessary to
eliminate the effect of temperature variations in the substrates and transducers. For
this purpose a differential measuring arrangement, in the form of an acoustic bridge,
was suggested and analyzed (ref. 4). A computerized ultrasonic system was further
developed to measure the phase difference of the ultrasonic signals from the two arms
of the bridge.

The experimental sample in the form of an ultrasonic bridge is shown schematically
in Fig. 4. Locations of the heaters and thermocouples are shown in the figure. The
temperature gradient in the course of measurement did not exceed 0.5°C. As shown in
the figure, pressure may be applied to the specimen. Strictly perpendicular force
transmission is ensured by means of spherical contact. The comb transducers were used
for excitation and reception of surface waves.
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Fig. 4 Schematic of the specimen for dif- Fig. 5 The block diagram of the computer-
ferential measurements. ized automatic measuring measure-
ment.
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The measuring arrangement is shown shematically in Fig. 5. A gated oscillator
excites the transmitting transducer. The received signals are fed from two receiving
transducers through attenuators and home-made dual-channel amplifier to a specially
designed dual-channel phase-lock trigger. This unit is used for automatic following
of changes in the phase of the signal between the working and reference channels. The
received reference and working signals are transformed into zero-crossing rf signals.
When one of the zeroes coincides with the selecting window, there is produced a short
trigger/signal: trigger start, which starts up the counter. Analogously a second
pulse: trigger stop, is produced in the second channel, and it stops the count. The
change in the time shift between both triggers corresponds to a change in the phase
between the working and reference signals. The temperature data and data from the
counter operating in the time-interval averaging mode through IEEE-488 are fed to a
microcomputer.

To check the accuracy of the system, we performed an analog simulation of the
measuring method. For this a reference and a working signal from a highly stable fre-
quency synthesizer were fed to the phase-lock trigger. The synthesizer's clock signal
was used as the reference. The resulting time noise was measured to the order of
30 psec, which corresponds to the synthesizer error. This means that the noise of the
electronic system, namely, the phase-lock trigger and counter, does not exceed 30 ps.

Some examples of application of the method for study of the curing of structural
adhesives are given below. The changes of the phase velocity of interface wave during
curing of FM-73 structural adhesive are shown in Fig. 6 by black circles. The shear
strength data obtained in different stages of curing process are also shown in this
figure. It is seen that a rise in the velocity of the interface wave (rise in the
shear modulus of the adhesive) corresponds precisely to the time interval of the bond-
strength growth. Fig. 7 shows results of the measurements at different temperatures.
In Fig. 8 these results are summarized in the form of an Arrhenius plot from which the
activation energy of the curing reaction for the FM - 73 adhesive was found to be equal
to 9.3 Kcal/mole. The data for FM - 300K structural adhesive are shown in Fig. 9.

The cure temperatures for this adhesive are higher than for FM - 73.

The effect of aging of adhesive prepregs on cure are illustrated in Fig. 10 and
Fig. 11. The adhesive was aged at 40°C before curing. The number of days of curing
(24 hours in a day) are shown in Fig. 10 on the right side of the experimental curves.
The summary results are presented in Fig. 11. Moderate aging results in appearance of
nucleation sites, with shortening of the initial incubation period. For a Tonger time
of aging prepreg became more polymerized and not converted to the fluid in the course
of curing and therefore bond formation is not effective.

The technique discussed above is applicable to evaluation of thick bonded adher-

ends. It was further developed (ref. 9) for evaluation of thin bonded sheets using
Lamb waves.
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LAMB WAVE METHOD

When the thicknesses of both bonded substrates are much greater than a wavelength
the interface wave can propagate along the interface as was discussed in the previous
section. When the thicknesses of the bonded substrates are comparable to a wavelength
the problem of wave propagation becomes much more complicated: several modes with dif-
ferent speeds can propagate in such a structure (Lamb modes). The number of modes and
their phase and group velocities depend on frequency, substrate thicknesses and bound-
ary conditions (adhesion) between substrates.

It is possible to select Lamb modes sensitive to the changes of the bond proper-
ties. Let us for example consider the dispersion characteristic of Lamb wave for two
different boundary conditions: slip and rigid. The slip boundary condition corres-
ponds to 1iquid adhesive on the interface (initial stages of curing). During the cur-
ing the adhesive solidifies and the boundary condition between plates becomes closer to
the rigid boundary condition. During this liquid to solid conversion the propagated
mode is transformed with change of phase velocity from a mode which can propagate for
the slip boundary condition to one which can propagate for the rigid boundary condi-
tion.

As an example in Fig. 12 the dispersion curves for Lamb waves in a structure with
slip and rigid boundary conditions are shown (two plates of the same thickness are
bounded). The mode So(h) can propagate in the case of slip bond. It is transformed
to the mode A1(2h) during adhesive curing. It is shown schematically for Kth = 3.1
(Kt is the wave number for shear waves, h is the half thickness) by arrow.

Ultrasonic experiments and shear strength tests are usually performed on the lap-
shear specimen Fig. 13(a) (ultrasonic measurements can be also performed for the sample
shown in Fig. 13(b)). The wave behavior for such samples is much more complicated than
was discussed above.

The Lamb wave is excited on the plate outside the bonded area. When it reaches
the bonded area it is converted to the Lamb waves permissible in the plate region with
a new value of the parameter Kith. This transformation will be different for different
contact on the bondline (slip or rigid). So it is possible that some mode which can
easily be excited for the slip contact cannot be excited at all for the rigid contact.
So this mode will vanish in the course of curing of the adhesive and it cannot be used
for our purposes. '

To clarify this matter the theoretical analysis were applied for estimation of
mode conversion on the boundary between bonded and unbonded areas (ref. 8). The num-
erical values of the energy transmission coefficients as functions of the parameter
Kth are plotted in Fig. 14 (2h is thickness of the bonded system). The first and last
lower symbols shows the number of the mode in the bonded area. The middle Tower symbol
shows the incident and transmitted mode. The upper symbols show the type of this
mode (symmetric(s) or antisymmetric(s)). The same curves can be used for slip contact:
1) antisymmetric waves may not be excited in the interface region 2) in the interface
region modes with the same wave number as the incident wave can propagate in both
sheets.

For the incident S, mode the energy is transported in the bonded region mainly by

the mode Sy (2h) at 0 < Kgh < 2 for both rigid and slip contacts. Additionally, for
slip contact, energy is also transported by the So(h) mode (the same mode as incident).
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So (2h) and Sy (h) modes will have different phase velocities as can be seen from the
dispersion caves shown in Fig. 12. For Kih 2 the energy in the bonded region is trans-
ported by the mode A1 and by the mode S when the bond is rigid ( not shown in Fig. 14).
When the bond is slip the energy is transported by the Sy(h) and S; modes. So with
changes of the type of contact the energy will be carried by different modes.

Fig. 12 The dispersion caves for the guided waves in the bonded region.
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Fig. 13 Schematic illustration of the method of measurements and two sample config-
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10
Qs

t 00o— >~

(o]
S 005
[-]

< ool
0.005

0.001
0005

000!

i
l

[

/

N

/

i \

1
|

31

/ i

|

7

[
[
I
!
I

),

174 sas

010
—

2

i
3

W

—= Kh
Fig. 14 Energy transmission coefficients for incident S,(h) mode with Sp(2h) mode
propagates inside the bonded region.

307



Now suppose that the properties of the interface change continuously from slip to
rigid contact. This occurs when a thin film of liquid adhesive is cured on the inter-
face. In which way can we attempt to select the incident mode and working frequency
(parameter Kith so that the selected mode will be sensitive to the interface properties
and in particular to monitor the state of cure? We summarize here the main directions
of analysis. 1) If the mode with the same phase velocity transports energy in the bon
ed region for slip and rigid contacts one can assume that the velocity changes for dif
ferent bond quality will be small (this is clear because the difference between the
limited values (slip and rigid) is negligible. 2) The energy transformation coeffi-
cients for the modes which are the main carriers of energy for slip and rigid contacts
must be close in value. 3) The group velocities of the above modes must not be too
different. Otherwise, the transmitted ultrasonic impulse for slip contact will be de-
graded if the contact changes and another signal will appear as the contact becomes
rigid. In this case, it is impossible to make phase velocity measurements.

EVALUATION OF ADHESIVE CURING USING LAMB WAVES

The measurements were performed at frequencies 0.5, 1, 1.5, and 2 MHz. The
thickness of the adhesive film is typically 80-90u. We will discuss here only a few
examples of the experimental data.

The experimental data for the incident Sy mode at frequency 1 MHz are shown in
Fig. 15. The time delay changes of the ultrasonic signal during adhesive curing are
plotted.

The Kth in the bonded area is about 3.2. When the adhesive is 1liquid the Sq(h)
is the main energy transporter. So the shift from the point 1 to the point 2 (Fig. 1z
corresponds to the phase velocity changes during the polymerization. The phase veloc-
ity decreases and the time delay correspondingly increases.

Data for the incident S, mode at frequency 1.5 MHz are shown in Fig. 16. For
rigid bond in the bonded area the energy transport is by the Ay (2h) mode (parameter
Kth = 4.7), and for slip contact by the mode Sy(h). For this parameter Kih, the phase
velocity of these modes were close to one another (practially equal). Experiment
shows that the velocity changes are very small. The same measurements were done on
the sample shown in Fig. 13(b). The changes of the phase velocity and attenuation are
very close to those shown in Fig. 15 and Fig. 16. This supports the supposition that
these changes are basically due to changes of the adhesive properties and the effect
of the edges of the bond does no play a significant role.

Inversely the results for frequency 0.5 MHz (not shown here) are very different
for the sample configuration shown in Fig. 13(a) and Fig. 13(b). One can assume that
at this frequency the velocity changes occur not due to property changes on the bondec
line but due to edge effects (ends of the bonded junction) because this is the only di
ference between the specimens shown in Fig. 13(a) and Fig. 13(b) from a wave propaga-
tion point of view. This may lead to the very interesting conclusion that some of
the modes are sensitive to the edge condition. This is a very important from the frac
ture mechanics point of view.

Summarizing we can say that by selecting different working frequencies and incid-
ent modes for experiment, the different aspects of the bonding process can be studied.
Some of the modes are sensitive to the bond line properties; some of them are more
sensitive to the conditions of the edges of the bond.
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Fig. 15 The phase velocity and transmitted amplitude changes during adhesive cure
for Sg(h) incident mode at frequency 1 MHz.
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Fig. 16 The phase velocity and transmitted amplitude changes during adhesive cure
for incident So(h) mode at 1.5 MHz.

CONCLUSION

In this paper some results on application of interface and Lamb waves for study
of curing of thin adhesive layers have been summarized. In the case of thick sub-
strates (thickness much more than the wave length) the interface waves can be used.
In this case the experimental data can be inverted and the shear modulus of the ad-
hesive film may be explicitly found based on the measured interface wave velocity.
It is shown that interface waves can be used for the study of curing of structural
adhesives as a function of different temperatures and other experimental conditions.
The kenetics of curing was studied. In the case of thin substrates the wave phenomena
are much more complicated. It is shown that for successful measurements proper
selection of experimental conditions is very important. This can be done based on
theoretical estimations. For correctly selected experimental conditions the Lamb
waves may be a sensitive probe of adhesive bond quality and may be used for cure
monitoring.
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