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. This paper reports on an attempt to explain the existence of a relation

between the reflection coefficient and mechanical strength of an adhesive bond,
based on a model of a bond with finite rigidity. On the basis of formulae derived,
a correlation relation was determined from experimental results between the
modulus of the pressure reflection coefficient of a plane ultrasonic wave incident
normal to the interface of an adhesive bond of lucite with epoxy resin, and
the tensile strength of the bond.

Notation

displacement amplitudes, respectively, of incident, reflected and transmitted
waves

propagation velocity of ultrasonic waves in the ith medium
frequency of ultrasonic wave

thickness

bond rigidity

complex pressure reflection coefficient

pressure reflection coefficient for K = o

tensile strength

time

displacement in the direction of the z axis in the ithe medium
attenuation over one wavelength

characteristic acoustic impedance in the ith medium

complex characteristic acoustic impedance in the ith medium
attenuation coefficient

stress in the ¢th medium

stress at the interface

Lamé constants

angular frequency

density of the éth medium
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1. Introduction

One of the possible ways of evaluating adhesive strength (degree of adhesion)
of layered joints by ultrasonic methods consists in measurement of the pressure
coefficient of the reflection of a plane ultrasonic wave incident normal to the
bond interface [1]. The results of a number of papers [2-4] indicate the pre-
sence of a relation between the reflection coefficient and mechanical strength
of a bond developed using different techniques (explosive welding, rolling,
gluing etc.). The authors of these papers give correlations for specific bonds
obtained from results of strength (destructive) tests and ultrasonic investigations.
The present paper reports on an attempt to explain changes in the reflection
coefficient accompanying changes in adhesive bond quality, based on a model
of a bond with finite rigidity.

2. Complex reflection coefficient

Acoustically, adhesive bonds are characterized by a boundary surface
on which a step-like change occurs in characteristic acoustic impedance (Fig.
1a). In practice, this class of bonds also includes, in addition to those with
a distinet boundary such as e.g. some bimetals or glue-and-metal bonds, those
involving a thin intermediate layer, caused, for example, by diffusion processes,

a) Qc
bimetals, .
g adhesive bonds
b) 9c "
glued bonds,
g soldered bonds
c) qc

9 >» diffusive bonds
Fig. 1. A division of layered bonds from the

acoustical point of view

whose thickness, however, is much less than the length of the ultrasonic wave
incident on the boundary. Another group of layered bonds consists of those
which involve a layer with thickness comparable to the length of the wave
used and with characteristic acoustic impedance distinetly different from that
of the materials bound (Fig. 1b). This group includes, for example, glued or
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soldered bonds. In investigations of these bonds, a distinetion is made between
problems related to cohesive strength, i.e. the strength of the binding layer
itself, and adhesive strength, which is a measure of the degree of adhesion
of elements bound to a binder. The other problem corresponds to the first
group of bonds, the so-called adhesive bonds. Finally, a. third group consists
of diffusive bonds which involve a smooth change in acoustic properties at
a thickness comparable to the wavelength.

ALK, LC K Al €,

incident wave

transmitted wave

reflected wave
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Fig. 2. A model of the interface of an adhesive bond
G = density, iy ultrasonic wave propagation velocity, i‘- and Hy — Lamé constants

Fig. 2 shows schematically the model of an adhesive bond interface in
which vibration. are carried from medium 1 to medium 2 by weightless springs
with equivalent rigidity K [N/m?®] per unit area. The assumption of a finite
value of the rigidity K permits a modification in boundary conditions, allowing
a displacement jump A caused by the current stress o, at the interface of the
media [9]

o, = KAu. (1)

When the displacements %, and %, (in the direction of the # axis) in the
two media for a plane wave propagating in the positive direction of the = axis
are expressed with the formulae

U, = A,explio(t—2/0)]+Aexplio(t+a/e)],
Uy = Bexp[io(t—»/6)], (2)
where A, A, and B are displacement amplitudes, respectively, of incident,

reflected and transmitted waves; and are subsequently related to the stresses
o, and o, by the relations

ou
ox’

o; = (4;+2u) i1=1,2, (3)

and considering that
. Z; = (A+2p5)/ 055
the displacement jump Aw at the interface (z = 0) can be given by
Au = uy(0,8)—u,(0,1) = (B—A4,—A,)exp[int], (4)
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while the stresses in media 1 and 2 can be expressed in the following way

0, = —iwZ,A,exp [iw (t — ci)] +iwZ A exp [z'w (H— ci)]’
1

¥

6, — —iwZ,Bexp [‘im (t— f)] : 5)

Oy
According to formula (1), the stress at the interface is
o, = K(B—A,—A,)exp(iwt). (6)

Considering that the stress is carried immediately from medium 1 to medium
2 by weightless springs, i.e. neglecting inertia forees, the following boundary
condition can be obtained,

ay(t) = 0,(0,1) = 6,(0, ). (M)
The satisfaction of this condition leads to a system of equations
—iwZ, A, +iwZ A, = —iwZ,B = K'(B —4,—A4,). (8)

The pressure reflection coefficient 7,, can be determined from the system
of equations (8). This eoefficient is the ratio of the pressure amplitude of the
reflected wave to the pressure amplitude of the incident wave,

o Zy—7Z, —i(wZ,Z,|K)
i Zy+Z,+i(wZ,Z,|K)

(9)

It is a complex form of the reflection coefficient, neglecting wave attenuation
in the two media, which is a result, in contrast to classical solutions, of the
assumption of discontinuous displacement at the interface. The introduction
of the rigidity K with finite value permits consideration of imperfection of
a bond. Similar reasoning led the authors of papers [6-8] to the same relation
between the reflection coefficient and the rigidity or compliance of a bond.

Transformation of formula (9) gives a relation between the rigidity K and
the modulus of the reflection coefficient, |7, |,

1/2
K=a)[A+ 2 ] : (10)

oyl —C
where
A = —[Z2,2,/(Z,+%,)F, B = —A[1—(ra)],
C = (ru) = [(4,—2)/(2,+%,))}, o =2=f, [f— frequency.

It ean be noted that without adhesion (K = 0) the modulus of the reflec-
tion coefficient is 1, while for K = co (an ideal bond)

[Fo] = (ra1)e = (2. —2,)(Z,+Z,).
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Fig. 3 gives a frequency relation between the bond rigidity K and the
modulus of the reflection coefficient |7,,| calculated from formula (10) for an
adhesive bond of epoxy resin (o = 1.189-10° kg/m®, ¢, = 2650 m/s) and lucite
(¢ = 1.182-10° kg/m? ¢;, = 2740 m/s). It can be seen that at higher frequency
a weaking of the bond with respect to an ideal one causes a greater change in
the modulus of the pressure reflection coefficient. Moreover, changes in the
reflection coefficient, which correspond to frequency changes, are greater for
mean values of bond stiffness than for bonds which are either extremely “good”
or “bad”.
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Tig. 3. The frequency relation between bond rigi- Fig. 4. The frequency dependence of the
dity and the modulus of the reflection coefficient modulus of the reflection coefficient for
different rigidity of a lucite — epoxy resin
bond, with consideration of attenuation in

materials bound

In terms of the measurement resolution of the coefficient |7,,| the combi-
nation of materials bound is also significant. From this point of view, pairs
of materials with close values of characteristic acoustic impedance (r,,),—>0
are most convenient. Yet, particularly in such cases, additional changes in the
value of the reflection coefficient, caused by attenuation changes in the two
materials bound as frequency changes, must be expected. These can be noticed
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particularly with materials which differ greatly in the attenuation coefficient
(by a few orders). These changes can be evaluated by introducing into formula
(9) the complex characteristic wave impedances

Z; = Z;/1 +a,) —in, Z, /(1 +2,)°, ¢ =1,2; (11)

where #; = ¢;a;/w is the attenuation over one wavelength, ¢; the propagation
velocity of the ultrasonic wave, and «; is the attenuation coefficient.

Fig. 4 shows results of calculations of the modulus of the reflection coe-
fficient as a function of frequency for some values of the rigidity K of a lucite-
epoxy resin bond. Linear changes (in the range 2-10 MHz) in attenuation for
both materials were taken into account: from 0.45 dB/mm at a frequency
of 2 MHz to 1.0 dB/mm at a frequency of 10 MHz for lucite and, respectively,
from 0.88 dB/mm to 2.0 dB/mm for epoxy resin. In the frequency range in-
vestigated it is interesting to note a nonmonotonous behaviour of the above
relation for higher K.

Some strength significance can be aseribed to the quantity K, introduced
here and called bond rigidity. On the one hand, there is a linear relation between
stress and the displacement jump at the boundary surface (see formula (1)).

On the other hand, the Hooke law for an elastic layer responsible for the
bond strength can be given as

E
o -— Au, (12)
g

where F is the elastic modulus of a layer with thickness g. It follows from com-
parison of formulae (1) and (12) that the parameter K is a certain measure of
the ratio E/g, under the assumption that thickness of the intermediate layer
is much less than the length of the ultrasonic wave.

3. Experiment

In order to evaluate the usefulness of the model of an adhesive bond with
finite rigidity for explanation of the relation between the modulus of the pressure
reflection coefficient of an ultrasonic wave incident normal to the interface
of two bodies and the strength of their bond, experiments were performed
according to the following procedure (Fig. 5):

— Different (mechanical and chemical) preparation of the surface of
lucite yielded 29 samples of the adhesive lucite — epoxy resin bond with di-
fferent degree of adhesion. The shape of the samples is shown in Fig. 7.

— Ultrasenic investigations were performed to determine the modulus
of the pressure reflection coefficient of a wave at a frequency of 10 MHz, aecor-
ding to the procedure shown in Fig. 6.
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Fig. 5. The procedure for the determination of the correlation between the tensile strength K,
and the reflection coefficient |Fy;]
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Fig. 6. The procedure for the determination of the modulus of the pressure reflection
coefficient of ultrasonic waves |Faql
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An advantage of the present way of determining |#,,| is its independence
from changes in acoustical properties in the volume of the epoxy resin poured
on to a lucite base. A restriction is, however, the necessity of securing repeatable
conditions of acoustic coupling between an ultrasonic probe and the sample
on the side of lucite. This was achieved as a result of careful preparation of
the external side of the sample (class 10).

— The strength of these bonds was determined by a tensile test, in which
a special clamp was used (Fig. 7).
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l Fig. 7. A clamp for tensile strength tests
i and a sample

— For the values of the reflection coefficient |,,|; determined, the rigidity
K;, a specific implementation of formula (10), was calculated from relation (1)
given in Fig. 8.

— Subsequently a regression relation was found between the tensile
strength K, and the bond rigidity K, under the assumption of a homographic
functional relation between R, and K.
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Correlation analysis performed for all 29 samples gave the correlation
coefficient » = 0.68, while elimination from the set of four samples with least
strength (4, B, 0, D), because of their extreme results, led to the equation
given in Fig. 8, with the corresponding correlation coefficient » = 0.998. The
deviation of samples A, B, €, and D from the model under analysis is justified
by the presence of a thin layer of solid grease at the interface for weakest samples
and by the error involved in the tensile strength at low strength. The dashed
line curve in Fig. 8 was caleulated for a frequency of 20 MHz, on the basis of
a correlation derived above (formula (2) in Fig. 8) and formula (10). Comparison
of these two curves (Fig. 8) indicates that, as frequency increases, greater
changes of the modulus of the pressure reﬂeetlon coefficient correspond to the
same weakenings of a bond.-
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Fig. 8. The relation between the tensile strength  Fig. 9. The measured values of the modu-
of an adhesive lucite-epoxy resin bond and the 1lus of the reflection coefficient at five
modulus of the pressure reflection coefficient  frequencies for samples with different

points represent measurement results; solid line — the tensile strength
correlation for f = 10 MHz, dashed line — the calculation
curve for f = 20 MHz

Ultrasonic measurements of the reflection coefficient were additionally
taken for five samples at five frequencies, i.e. 2, 4, 6, 8 and 10 MHz. The results
of the measurements are given in Fig. 9. Its similarity with Fig. 4 is noteworthy.
These results also confirm the thesis that measurement sensitivity increases

4 — Archives of Acoustics 1/83
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as frequency increases. It is also possible to see the nonmonotonous character
of changes in the reflection coefficient, depending on frequency for “good”
bonds, with corresponding larger K.

In order to investigate the frequency dependence more precisely, on ultra-
sonic spectral analysis was used. At the Nondestructive Testing Laboratory
of the Institute of Machinery Construection (SVUSS) in Prague (Czechoslovakia),
measurements were taken on 20 samples of a lucite — epoxy resin bond using
an analogue spectral analyzer manufactures by Hewlett Packard. Fig. 10 shows
some examples of echoes from interface for two samples with different tensile
strength against the background of the spectrum for a “zero” sample, i.e. without
connection. On the basis of the spectra obtained, the moduli of the reflection
coefficient were calculated at 0.25 MHz intervals over the frequency range
2.5-6 MHz.

—— 30 R, =0 MPa,
e g R,,:Q.EMPG} h,,+30d8 3

——— #2 Ry=70MPa

1 1

! I
3 4 5 6 fiMHz]

Fig. 10. The spectra of defect echoes from the interface of a bond, for different tensile
strength R,

Fig. 11 shows, as an example, changes in the modulus of the reflection
coefficient as a function of frequency, in reference to its value at f, = 2.5 MHz
for three samples with low, medium and high tensile strength, respectively.

Fig. 12, in turn, shows collectively results obtained for all samples in the
system.: the horizontal axis — the values of the moduli of the reflection coeffi-
cient at a frequeney of 5.5 MHz, the vertical axis — the difference, in dB,
between the values of the reflection coefficient at frequencies of 5.5 MHz,
and 2.5 MHz. Respective strength determined in a tensile test was assigned
to each point on the curve. Accordingly, three groups of results can be distin-
guished. The first group consists of high-strength bond samples, with corres-
ponding low values of the moduli of the reflection coefficient and small changes
a8 a function of frequency. The second group is composed of medium-strength
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Fig. 11. Relative changes in the modulus of the reflection coefficient as a function of fre-
quency, calculated from the spectra of echoes for three samples with low, medium, and
high separation strength, respectively
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Fig. 12. Moduli of the reflection coefficient |7y| at the frequency f = 5.5 MHz and the ratio
of the moduli |7y| at f = 5.6 MHz and 2.6 MHz. The figure also shows numerical values
of bond tensile strength
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samples, with corresponding mean value of the reflection coefficient but its
large changes as a function of frequency. The third group, in turn, contains
weak bonds with values of the reflection coefficient close to unity and dependent
to a small degree on frequency changes.

4. Conclusions

The present model of an interface with finite rigidity in adhesive bonds
provides an explanation of the existence of a relation between the reflection
coefficient and the mechanical strength of the bond. This model involves modi-
fied boundary conditions which permit a. displacement jump at the interface.
It follows from analysis of the relation derived between the bond rigidity and
the modulus of the pressure reflection coefficient of plane ultrasonic wave
incident normal to the interface that the use of this acoustical parameter as
a measure of the degree of adhesion in adhesive bonds is all the more purposeful,
the closer the values of the characteristic acoustic impedance of materials bound
and the higher frequency of the ultrasonic waves used. The latter remark relates
to the frequency dependence of the reflection coefficient. Experimental verifi-
cation showed the usefulness of relation (10) derived here for the search for
a relationship between the rigidity of a bond and its strength. The advantages
of this approach include the possibility of diminishing the number of standard
samples necessary for correlation analysis, by the performance of ultrasonic
measurements for some different frequencies. Additional information, which
facilitates a distinguishing of adhesive bonds in terms of their strength, can
be obtained from ultrasonic spectral analysis, since it follows from experiments,
which confirm the conclusions of theoretical analysis, that smaller changes
in the modulus of the.pressure reflection coefficient as a function of frequency
corresponds to “good” and “weak” bonds rather than to bonds with “mean”
values of adhesive strength.

The present paper neglected, because of technical restrictions of measu-
rement, analysis of the possibility of using the phase angle of the reflection
coefficient as an additional measure of the degree of adhesion.
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