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[571 ABSTRACT

An ultrasonic interferometry technique for composite
structures such as metal/polymer/metal structures ex-
hibits high sensitivity to interfacial properties, even at
usual ultrasonic wavelengths. A model for the ultra-
sonic response of multilayered media accounts for vis-
coelasticity. Results of numerical calculations point out
scaling features for interfacial properties in terms of
specific stiffness S. A method is provided for character-
izing the interfacial adhesion in a multilayer composite
in terms of the parameter S. The multilayer composite is
ultrasonically irradiated with a pulsed signal to obtain a
signal characteristic of the interfacial adhesion between
the multilayers. A model is provided of the multilayer
composite that includes at least two additional layers
which model the behaviour of the interface between the
composite layers. From the model, given various input
parameters such as thickness of the two additional lay-
ers and the viscoelastic properties of the layers, a plural-
ity of spectra, characteristic of interfacial adhesion be-
tween the modeled multilayer composite are obtained.
The spectrum related to the ultrasonic signal is com-
pared to the plurality of the modeled spectra and a best
fit or match is obtained. The value of S relating to the
best fit model is determined to be the value which char-
acterizes the interfacial adhesion between layers of the
irradiated composite.

5 Claims, 10 Drawing Sheets
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HIGH RESOLUTION ULTRASONIC -
INTERFEROMETRY FOR QUANTITATIVE
MONDESTRUCTIVE CHARACTERIZATION OF
INTERFACIAL ADHESION IN MULTILAYER
COMPOSITES

FIELD OF THE INVENTION

This invention relates generally to an ultrasonic
method for the quantitative and nondestructive charac-
terization of interfacial adhesion, and more particularly
to adhesion between at least 3 layers of a multilayer
structure.

BACKGROUND OF THE INVENTION

Polymer based composites often serve as a substitute
for traditional industrial materials; these composites are
relatively easy to fabricate and are becoming ubiquitous
in the materials industry. An increased use of polymer
based composites designed for specific uses has stimu-
lated theoretical efforts oriented at describing and mod-
eling their properties. Models often rely on information
concerning boundary conditions for continuity of dis-
placement and stress between the constituents of a com-
posite and investigators generally assume rigid bonding
as described by L. Piché (the applicant) and A. Hamel,
in Polym. Compos. 7, 355, 1986; 8,22,1987. However,
when polymers are involved, this description is incom-
plete and viscoelastic behavior must be accounted for.
Bonding is never perfectly stiff (good bonding), nor
perfectly soft (bad bonding); instead, one should make
reference to a quantitative criterion related to materials
properties.

Recently, a great deal of progress has been made in
understanding the physical structure and properties of
polymer surfaces and interfaces. On one hand, efforts
have been devoted to theoretical modeling either
through analytical work or numerical simulations. On

 the other hand, new techniques provide density profiles
with finer spatial resolution, such as Scanning Electron
Microscopy (SEM, resolution 100 nm), Forward Recoil
Spectroscopy (FRES, resolution 80 nm), Dynamic Sec-
ondary Mass Spectrometry (DSIMS, resolution 10 nm),
Nuclear Reaction Analysis (NRA, resolution 10 nm),
Small-Angle Neutron-Scattering (SANS, resolution 10
nm), Neutron Reflectivity (NR, resolution 1 nm),
Transmission Electron Microscopy (TEM, resolution 1
nm), X-ray Photoelectron Spectroscopy (XPS, resolu-
tion 0.1 nm), in addition to more indirect means like
Infrared Spectroscopy and Attenuated Total Reflec-
tance Infrared Spectroscopy (ATR-IR, resolution 0.1 to
2 pm), or thermodynamic and hydrodynamic methods.
Tools have also been developed that probe interfacial
forces and complement traditional measurements.
Newer methods include Scanning Tunneling Micros-
copy (STM), Atomic Force Microscopy (AFM), the
quartz microbalance, and most relevant, the Surface
Force Apparatus (SFA) that measures forces between
surfaces as function of separation (resolution 0.1 nm)
and between surfaces that confine fluids. Finally, tech-
niques have been developed to study mobility near
interfaces and to assess the dynamic properties of con-
fined molecular systems.

These new methods, however, are not directly appli-
cable to the characterization of adhesion in real struc-
tures because the interfaces are not accessible for mea-
surements and because practical adhesion—for exam-
ple, as measured in peel tests—relates to complex non-
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linear and non reversible processes that involve other
materials characteristics. Notwithstanding, interfacial
chemistry and interfacial interactions are essential fac-
tors in the making and breaking of bonds. Therefore, a
nondestructive technique that correlates both to interfa-
cial properties and irreversible mechanical behavior
would be of great benefit.

Amongst the different approaches that have been
investigated, namely nuclear magnetic resonance,
acoustic emission, optical and thermal methods, ultra-
sonics have emerged as the most promising. Ultrasonic
techniques have become more dependable for the detec-
tion and identification of defects due to lack of adhesive,
delamination, porosity or surface roughness. However,
it is only rather recently, that a significant amount of
research has been devoted to the problem of interface
adhesion per se.

It is an object of the invention, to provide a more
reliable robust method for characterizing interfacial
adhesion in a multilayer structure.

The invention provides an ultrasonic method that
characterizes interfacial adhesion in terms of physical
parameters. The method is based on analyzing the inter-
ferometric features associated with the reverberation of
ultrasound in a multilayered system. The nature and the
origin of interfacial adhesion is more clearly identified
and a numerical scheme is presented for modeling the
propagation of ultrasound in layered media; the inven-
tion provides a method for determining a simple materi-
als constant which is an expression of interfacial adhe-
sion in the form of a specific stiffness for the interfacial
layer. :

In accordance with the invention, a method is pro-
vided for characterizing the interfacial adhesion in a
multilayer composite having at least three layers. The
method comprises the steps of: irradiating the multi-
layer composite with a pulsed signal, each pulse having
a width of about less than or equal to 100 ns to obtain a
first signal characteristic of the interfacial adhesion
between the multilayers; detecting a signal from the
irradiated object; storing amplitude and phase informa-
tion corresponding to the detected signal; convening
the stored information from the time domain to the
frequency domain to obtain a frequency spectrum re-
lated to the stored information; and, comparing the
frequency spectrum with a spectrum derived from a
model of a multilayer composite that includes at least
two additional layers which model the behaviour of
interface between the composite layers.

In accordance with the invention there is further
provided, a method of characterizing the interfacial
adhesion in a multilayer composite comprising the steps
of:

a) ultrasonically irradiating the multilayer composite
having at least 3 layers to obtain a first signal char-
acteristic of the interfacial adhesion between the
multilayers;

b) modeling the multilayer composite with a model
that includes at least two additional layers which
model the behaviour of the interface between the
composite layers in such a manner as to obtain
plurality of spectra, each spectrum being charac-
teristic of interfacial adhesion between the modeled
multilayer composite; and,

¢) comparing, in the frequency domain, a first signal
characteristic of the interfacial adhesion between
the multilayers with a plurality of the spectra ob-
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tained in step (b) to obtain a spectrum which most
closely matches the spectrum of the first signal.
Advantageously, the invention provides a method of
ultrasonically irradiating a composite, and for obtaining
a measure in the form of a quantifiable index of the
adhesion of the bond between the layers of the compos-
ite. The method not only allows a bond to be tested, but

as well, it can be used as a tool so that bonds will meet .

specific desired levels of adhesion.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments of the invention will now be
described in conjunction with the drawings in which:

FIG. 1 is a cross-sectional view of a model of a three
layer composite including two additional layers, of
thickness di, representing adhesion between the three
layers;

FIG. 24 is 2 numerical simulation graph of amplitude
versus frequency (dB) for steel-polymer-steel assuming
rigid conditions 7=>500 ns and starting from the bottom,
dp=0,10,30,80,100, 120 pm;

FIG. 2b is a numerical simulation graph of amplitude
versus frequency (dB) for steel-polymer-steel assuming
rigid conditions, as shown in FIG. 2q, with d,=100 pm
and starting from the bottom, r=0.1, 1.0, 10, 102, 103,
104 ns;

FIG. 3a is a numerical simulation graph of frequency
peak positions versus modulus L*i, (=500 ns) of the
interfacial layer with d;/d,=10-5, 10—-410—310-210-,

FIG. 3b is a graph of a reduced master curve of the
data in FIG. 3a plotted against normalized specific
stiffness, Sp=(dp/L,") (L*/d));

FIG. 4 is a numerical simulation graph of amplitude
(dB) for R, versus frequency from bottom trace
§p=0.48, 1.2, 2.0, 4.8, 7.2, 12.0, and 80;

FIG. 5§ is a schematic diagram of an ultrasonic setup
showing a sample to be tested immersed in water;

FIG. 6a is a graph of amplitude versus time of two
ultrasound traces; '

FIG. 6b is a graph in the frequency domain relating to
the time domain traces of FIG. 6q, the lower trace in
FIG. 6b, being a deconvolved normalized trace derived
from the upper two traces;

FIG. 7a is a graph of amplitude versus time for 1) a
reference signal in water alone, 2) a result from steel
substrate in water, 3) a multilayer with anodized sub-
strates and high adhesion, 4) a multilayer with cleansed
only substrates and weak adhesion, all subjected to
ultrasound;

FIG. 7bis a graph of amplitude versus time as in FIG.
7a however a different transducer pair is used;

FIG. 8a is a graph of amplitude versus frequency of
reflection coefficient, at different locations on a multi-
layer for anodized substrates and high adhesion;

FIG. 8b is a graph of amplitude versus frequency of
reflection coefficient, at different locations on a multi-
layer for cleansed only substrates and weak adhesion;

FIG. 9a is a graph of amplitude versus frequency of a
transmission coefficient for a multilayer with anodized
substrates and strong adhesion at different orientations
from bottom to top, =0, 5, and 8 degrees as taken by
actual measurements;

FI1G. 9b is a graph of amplitude versus frequency of
transmission coefficient for a multilayer with anodized
substrates and strong adhesion at different orientations
from bottom to top, =0, 5, and 8 degrees as plotted
from simulations with Sp=7.2; '
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FIG. 10a is a graph of amplitude versus frequency of
transmission coefficient for a multilayer with cleansed
substrates and weak adhesion at different orientations
from bottom to top, 8=0, 5, and 8 degrees as taken by
actual measurements;

FIG. 104 is a graph of amplitude versus frequency of
transmission coefficient for a multilayer with cleansed
substrates and weak adhesion at different orientations
from bottom to top, 8=0, 5, and 8 degrees as plotted
from simulations with §,=2.0;

DETAILED DESCRIPTION

The word adhesion is commonly taken in a broad
sense to describe the sticking together of materials. This
invention, more specifically relates to layered compos-
ites, where two materials are bonded, “indirectly”,
through an intermediate layer of polymer adhesive.
Structures of this kind have two interfaces that are
prone to interfacial failure and three regions that are
susceptible to cohesive failure; together these constitute
complex situations. In the following description, adhe-
sion will be considered with reference to bonding at the
interface between two identical or dissimilar materials
in intimate contact, and that are referred to as the adher-
end and the adhesive. More particularly, the adhesive
behavior of thermoplastic polymers such as poly-
propylene(PP) will be discussed.

Polymers are comprised of molecules having N
(= 1000 for PP) repeating units a length 1 (=0.3 nm for
PP), that are covalently linked in a chain like manner.
Polymer adhesives are applied as melts, where the mol-
ecules form interpenetrated Gaussian coils with average
radius Ry~ IN? (=10 nm for PP). In these melts, inter-
molecular forces are associated with van der Waals
interactions, and also with entanglements of the long
chains. PP molecules exhibit strong intermolecular
forces and a high degree of stereoregularity and upon
cooling past the critical temperature for crystallization,
Tx(=130° C. for PP), the chains may fold in an orderly
way, forming crystalline lamellae dispersed in the melt.
Finally, below the glass transition temperature T,
(= —40° C. for PP), the polymer becomes a glass where
the random structure is frozen-in.

Polymer liquids have the ability to contour surfaces,
fill holes and cavities and also, through capillary pres-
sure, they may be forced into pores on the substrate,
creating a mechanical keying. Efficiency of mechanical
interlocking depends upon wetting, since unwetted
areas give rise to stress concentration that initiates fail-
ure or delamination. From the standpoint of thermody-
namics, the maximum reversible work of adhesion W, is
given by Dupré’s equation and the spreading coeffici-
ent, Scn;, is described by the Cooper-Nuttal relation:

Wa=Ya+¥8—7Yap (63]

SCN=’)’a.—'y/3—')'aB 2
where vy, and g are the surface tensions of materials a
and B respectively and yqp is the interfacial tension
between a and B. Therefore

Wa=Scn2yp,

indicating that strong wetting and high surface tension
promote adhesion. On the other hand, it has been ob-
served that interfacial tension, y.g, was even more
important in determining adhesive strength: the lower
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the yap, the higher the adhesive strength. In turn, W,
and 7yqg relate to surface energy associated with the
nature of atomic or molecular bonding. Depending
upon the distance between discrete particles near the
interface, the type of interaction is either mostly long-
range or short-range. Lifshitz-van der Waals forces may
be attractive or repulsive and are effective up to 1.0 nm.
Strong Coulombic forces have a range near 0.3 nm, and
involve chemical, covalent and ionic bonds. In the case
where the separation between particles is less than 0.3
nm, molecular interaction across the interface, such as
donor-acceptor_or acid-base interaction, can make a
major contribution to adhesive strength.

Structural morphology of intermixing of the materi-
als is another governing factor in the determination of
interfacial tension. Metals feature ordered crystalline
lattices, while polymers have disordered, loosely entan-
gled morphologies. For such a combination of materials
with widely different structures, the building of bond-
ing forces implies that complex mechanisms come into
play. Polymer molecules must diffuse (7p « N2, for
short chains) or reptate (7r « N3, for entangled chains)
so that segments become anchored on the substrate.
When the number of grafted chains per unit area, 3, is
small, the anchored molecules tend to coil up near the
surface in the shape of isolated mushrooms or pancakes
with average thicknesses di=~Rg=~1N%. As 3 increases,
the coils begin to overlap and interchain stresses associ-
ated with attractive osmotic forces and repulsive en-
tropic forces cause the molecules to stretch out perpen-
dicularly to the surface, like buoy lines. At equilibrium
additional chains are repelled and the final structure is
that of a brush with constant concentration profile. The
present account is only schematic, yet it retains the
basic ideas that constitute the state of the art. Although
the theory is mostly supported by experiments with
polymer solutions, it has been argued that melts behave
similarly, and recent measurements of dynamic re-
sponse with the SFA appear to confirm this.

The solidification phenomenon is not clearly under-
stood and moreover so at interfaces. For block poly-
mers, one observes effects of surface-induced orienta-
tion associated with surface free emergy differences
between molecular constituents. In the case of homo-
polymers, other more indirect measurements suggest
that the hydrodynamic layer in the melt is frozen in. In
the present case where the PP polymer has the ability to
produce crystals, surface energy effects may influence
growth behavior. For example surface roughness may
be a site for heterogeneous nucleation, resulting in
highly anisotropic domains, the so-called transcrystal-
line region.

The overall picture that emerges can be summarized
by turning to FIG. 1. After being attached to the sub-
strate (thickness d;,) some of the polymer chains may
stretch out perpendicularly to the surface, forming mo-
lecular bridges between the adherend and the bulk of
the adhesive (thickness dy). There results a thin inter-
face layer, d;=~Rg, of a material with properties differ-
ent than those of the bulk polymer. This interfacial
bonding layer serves to transfer mechanical load be-
tween the adherend to which molecules are solidly
attached and the adhesive per se, where the molecules
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of material which is probed with the method of this
invention. It is assumed that each component in the
multilayer sample is made up of an isotropic and homo-
geneous material that is rigidly bonded (non-slip bound-
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ary condition) to neighboring layers at interface planes,
and furthermore that the interfaces themselves are con-
tinuous and homogeneous.

Ultrasonic techniques involve the use of low ampli-
tude ( stresses o=102 Pa and strains €=~10—%) high
frequency (f, in the MHz range ) mechanical waves to
measure the elastic and viscous properties of materials.
Preferably, the signal should be a pulsed signal, each
pulse being of a duration in time of approximately equal
to or less than 100 ns. Preferably, the pulse spectrum
amplitude is approximately Gaussian in shape, the cen-
ter frequency of the pulse being between 10 and 50
megahertz. It is possible to perform the method of this
invention with a single pulse, however it is preferable to
use a train of pulses, wherein the time interval between
pulses is greater than 0.1 millisecond.

For isotropic elastic materials it may be shown that
the displacement vector { is given by:

22 ©)
P = (K + 4u/HVV - £ — uV X V X &

where p is-the density, and two independent coeffici-
ents, namely the bulk modulus, K, and the shear modu-
lus, p, completely describe elastic behavior. In turn, one
is led to introduce the dilatational or longitudinal modu-
lus,

L=K+4/3p.

Specializing to plane waves in unbounded media, when
the source of ultrasound oscillates harmonically with
angular frequency w=2f, and the movements are
polarized along the z axis, the solution is of the form:

b=A exp i(wt—kyz)+B exp i(wt+kpz)=0+ + 0~ (4a)
whereas for polarization normal to the z axis the solu-
tion is:

W=C exp i(wt—kz)+D exp i(ot+kz)=P+ +¥— (@b)
where A, B, C, D, are arbitrary constants depending on
boundary conditions. The quantities ®, and ¥, desig-
nate any of the field variables (strain, stress, particle
displacement, velocity and acceleration, temperature,
and entropy) that undergo sinusoidal change due to the
ultrasonic source. The + and — signs refer to waves
propagating forward in the +z direction away from the
origin and backward in the —z direction toward the
source. The wave numbers k;, and k; for longitudinal
(P-waves) and shear waves (S-waves) are related to the
wavelengths, Ap=27/k, and A;=27/k,, and to fre-
quency through the dispersion relations, k,=w/c, and
ks=@/c;5, where

5)
er=NLsp = (K+—§-p)/p) es=Nprp

are the different phase velocities of sound.

When an elastic wave of either type reaches a rigid,
slip-free interface between different media, 1 and 2,
certain boundary conditions must be satisfied that insure
continuity for 1) the normal displacement, 2) the tan-
gential displacement, 3) the normal stress, and 4) the
tangential stress. For longitudinal P-waves at normal
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incidence (6o=0), at the boundary between two semi-
infinite media, one derives simple expressions for the
reflection (rp) and transmission (tp) coefficients defined
as the ratio of the stress amplitude, respectively, in the
reflected, 01—, and transmitted, o, +, waves, to that in
the incident wave oy +:

oy Zy — 7) oyt 22, ©)

= = —— p = = m——
" ot Z2+21 7 ot L+ Z

where Zj=picp1, and Z= P2 cpy is the acoustic impe-
dance for medium 1 and 2 respectively. One may also
write similar relationships for shear waves. In reference
to electrical impedance, the acoustic impedance is the
ratio of the acoustic stress, o (analog to voltage) to the
displacement velocity, 3£/at (analog to current den-
sity). In the case where the media have finite dimen-
sions, standing waves may form so that the expressions
for Z, 1p and t, are not so straightforward. In the two
dimensional problem where the wave is oblique (8540,
FIG. 1) with respect to the normal (z axis) to the sur-
face (x-y plane), the boundary conditions give rise to
mode conversion whereby there are two components
for the reflection, a P-wave and an S-wave, and likewise
for the refraction. This may be expressed in terms of the
analog of Snell’s law in the case of light:

™

sing
= constant

where @ is the angle with the normal to the surface for
any wave component and c is the sound velocity for
that component. Therefore, there are five contributions
to each displacement, and although the problem is trac-
table, the final equations are very complicated.

Part of mechanical energy is extracted from the wave
which gives rise to damping or attenuation. Using I" for
the generalized instantaneous amplitude with maximum
value T, and a for the attenuation, both P-waves and
S-waves may be represented by:

I'=To™ exp(—az) Relexp i [wtk'2]} ®)
The presence of attenuation implies that the generalized
wavenumber is  complex, k*=k'4ik”=(w/c)(-
1—iac/w), and thereby also the acoustic impedance,
Z’=pw/k*. With this definition for a, the fractional
energy loss per cycle per unit volume is equal to 2aA.
Provided ac/w< <1, as is often the case, a and ¢ are
related to the real and imaginary parts of the general-
ized complex modulus, M*=M’+iM", through:

M’'=pc2, M”=2pac3/o ()]
and the logarithmic decrement, tand=2ac/0=M"/M’,
expresses the phase lag for the response to a perturba-
tion.

For homogeneous polycrystalline metallic materials
thermal gradients are set up over distances correspond-
ing to the size of the crystallites, resulting in damping by
thermoconduction, a; «f. Also, grain boundaries are
sites for the scattering of sound, which is another cause
for attenuation, a5« f4. In common metals, the attenua-
tion is a combination of losses by thermoconduction and
scattering and is usually expressed through a phenome-
nological equation:
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Amer=cif +2f2+. .. (10)

where ci, ¢z, . . . are constants that are determined
experimentally.

The propagation of ultrasound in polymers is of great
interest and has been the object of active investigation
by the applicants. Ultrasonic strain modifies thermal
equilibrium in the polymer, and internal processes occur
on a time scale f during which the system relaxes
towards equilibrium. Such a mechanism being irreversi-
ble is accompanied by an increase of internal entropy
and energy dissipation. Because of the small strains, the
ultrasonic wave essentially probes small movements
associated with the mobility of segmental units in the
polymer chains. Therefore 7 is related to 2 Rouse type
relaxation time, quite different from that for large
strains in usual rheology experiments, and which is
closer to 7p, or 7. For a sinusoidal excitation, condi-
tions of linearity insure that the response is also sinusoi-
dal; then the steady state solution for the complex dy-
namic modulus, M* (0)=M'(w)+iM" (o), is:

M) — My (o7)? (11
Mo, -M — 14 (w7)?

M@ et

M, — Mo 1 + (o7)?

where Mp is the so-called relaxed modulus in the zero
frequency limit and M, the unrelaxed modulus corre-
sponding to infinite frequency. Actually this description
implies only one degree of freedom and is not complete
for polymers. However, the operational assumption is
made, of a single effective relaxation time 7.

The multilayer structure shown in FIG. 1 can be
viewed as a complex acoustic transmission line. In trav-
eling from medium i to medium i+1, the change of
acoustic impedance, from Z;* to Z;.1*, causes the wave
to be partly reflected and partly transmitted at the inter-
face which results in standing waves with intricate pat-
terns of constructive and destructive interference. Al-
beit usual transmission line theory is valid, actual appli-
cation is quite involved due to: 1) finite thickness of the
layers, 2) numerous interface planes, 6 in the case at
hand, 3) different laws for the elastic metal and visco-
elastic polymer, 4) mode conversion for 2-D propaga-
tion, 5) finite width of the acoustic beam and nonplanar
wave fronts. Also, polymer viscoelasticity is a form of
negative feedback mechanism that relates to nonlinear
behavior with respect to frequency and thus may lead to
peculiarities in the response function.

In this case one must return to Equations (4) that are
coupled through the boundary conditions and resolve
the system for the unknown coefficients in each layer.
The solution involves a great deal of analytical work
but the final operational result can only be obtained
numerically. In the applicant’s publication referred to
above, a recurrence relation is described for transfer-
ring stresses and displacements from one interface to
another using a so-called Transfer Matrix Approach.
Also described is a numerical scheme for calculating the
reflection and transmission coefficients, that is very
efficient and yet robust, so as to overcome problems
associated with computational stability.

Test Results

As a means of illustration, a numerical experiment
was performed on a steel (ds=400 pm) / polypropylene
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(dp)/steel (ds=400 mm) multilayer under water immer-
sion and the frequency dependence for the amplitude of
the reflection coefficient R,=|r,| in the case of P-
waves at normal incidence was computed. The acoustic
properties for water, stainless-steel, and bulk PP are
given in Table 1 and will be explained later. First, the
assumption of rigid boundary conditions with no inter-
facial bonding layer, d;=0 is made. FIG. 2¢ illustrates
the behavior for R, (24 dB between tick marks) in the
frequency range f=0to 40 MHz; for the relaxation time
associated with P-waves 7p,p=3500 ns is used, and going
from bottom to top, the different traces correspond to
polymer thicknésses d,=0, 10, 30, 80, 100, and 120 um
respectively. The results show up in series of dips for
R, that may be understood in terms of coupled har-
monic oscillators, as suggested by the occurrence of
standing waves in each layer. The characteristic fre-
quency for an isolated oscillator vibrating in the half-
wavelength mode is f=nc/(2d), n=1, 2. .. The lower
trace, for dp=0,when the two steel plates are welded to
one another, corresponds to a single oscillator with
d=2d;=800 pm, so that resonant features appear regu-
larly at frequencies fo¢=n 3.60 MHz. In the next trace,
the polymer film acts to couple the steel plate vibrators.
On one hand, the layered structure constitutes a lumped
oscillator having its own eigenfrequéncy, which is the
origin for the dip near 1 MHz. On the other hand, the
coupled oscillators represent a physical system with
normal modes given by:

f=f=p+( A,

where f+(f1f2)/2 and f—=(f1—£2)/2, f1 and f; being
the natural frequencies for the freely oscillating vibra-
tors and x a coupling constant. Here, since the oscilla-
tors are perfectly tuned, fi=fy=fs=n 7.20 MHz
therefore f—=0 and f=f++y=f+y. Assuming the
polymer plays the role for the coupling ¥, there results
the double dip features that tend to disappear as the
oscillators become independent, near dp=30 pm. How-
ever, this argumentation is only approximate due to
standing waves in the polymer itself, as evidenced by
the presence of triplets at higher values of d,. In turn
this suggests that each steel plate is itself coupled to the
polymer, via an additional coupling constant.

Still under the assumption of rigid boundary condi-
tions with no interface layer in the steel (d;=400
pm)/polypropylene(d,)/steel (d;=400 mm) multilayer,
in FIG. 2b thickness for the polymer, dp,= 100 pm is set,
and the influence of the relaxation time of the polymer
is investigated: starting from the bottom 7p,p=0.1, 1.0,
10, 100, 103, and 10 ns. As in FIG. 24, one observes a
low frequency feature, between 0.5 and 2.0 MHz corre-
sponding to an eigenmode for the lumped oscillator,
and sharp minima at equally spaced frequencies, f,...
1— fr=7.2 MHz, coinciding with resonant conditions in
the steel plates. In the lower trace, 7,p=0.1 ns, the
resonance at 7.2 MHz corresponds to the limit
oTpp< <1, where the polymer is liquid-like and the
attenuation is small. These conditions promote mode
coupling between the different layers, as manifested by
triple-dip feature near 7.2 MHz. For larger values of
7p,pthe attenuation increases rapidly and the satellite
dips become smaller, leaving only the central feature for
the resonance of the steel plate. For 75,,=10 ns and
frequencies above 7.2 MHz, the condition w7pp>1
prevails and the attenuation is large so the pattern ap-
proaches that of a single steel layer immersed in water,
except for the low frequency feature where w7, p< < 1.
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For 75,,=10% and 10* ns, o7p,p< <1, the attenuation is
small and the polymer behaves solid-like. Then, because
of the stiffer coupling, the resonance dips become nar-
rower and the splitting becomes more pronounced.

In the example, the doublet/triplet features for reso-
nance splitting constitute the most obvious indication of
coupling between layers. Hence, for purposes of nonde-
structive evaluation, this method may be useful for
probing the thickness of the polymer adhesive or the
advancement of curing of adhesive joints. However
such a test is only approximate since the resuits in FIG.
2 presuppose rigid bonding with no interface layer and
do not make allowance for interfacial adhesion.

Interface Bonding Layer and Specific Stiffness (S)

The influence of an additional layer between the
adherend and the adhesive in the sample was investi-
gated: steel (d;=400 pm)/interfacial bond layer (d;)/-
polypropylene (d,=80 pm)/interfacial bond layer (d;)/-
steel (ds=400 mm). Since the actual thickness (d; and
moduli (K;*, L;" and p;*) are unknown, relative quanti-
ties are considered, di/dp, K%, L*/L,", u"/pi’. Equal
relaxation times in the intermediate layer and the bulk
polymer for P-waves, 7;p=7,p=7, and S-waves,
TiS=Tp,s=T7 are initially assumed. The low frequency
feature near 1.0 MHz which is the response for the
composite vibrator when d,=80 pm and 7=>500 ns (see
FIG. 2a) was investigated. In FIG. 3a, the frequency
fmax Was computed for the position of the resonance
feature with respect to L;/L," in the range from 10—5
to 103, and starting from the left the different curves
correspond to di/d,=10-5, 10—4, 103, 10—2 and 10!
respectively. The results immediately suggest scaling

5 behavior with respect to di/dp. Following along those

lines, in FIG. 3b, fmax as function of S,=(dp/L,")
(L{*/d;) was plotted, which indeed yields what may be
considered as a universal master curve. A great number
of simulations for other features at different frequencies
were performed and also for the amplitudes of R and T
which lead to the same conclusion: whenever d; is
smaller than the acoustic wavelength A, the thickness
and modulus are not independent parameters. Similarly,
the propagation of S-waves could be described in terms
of the reduced quantity Sy=(d,/p,")(ui*/d;). In fact, the
results are in line with a more analytical approach when
the intermediate layer is considered as a small perturba-
tion and when inertia terms are neglected. We mention
that provided 7; p=7p,p, and 7;5=7,,, Spand Sare real
quantities. While (d,/L,") and (dp/p,") are ad hoc scal-
ing constants, the parameters, S,=(L;/d;) and

s=(t;"/d;) are the normal and transverse specific stiff-
ness coefficients for longitudinal and shear waves re-
spectively, and constitute the relevant variables for the
problem. This is tantamount to the more intuitive idea
of an effective viscoelastic spring S=3k*, where, in 2
parallel arrangement, = is the number of springs per unit
area and k* the complex spring constant. In FIG. 3,
one observes saturation when S> 100, which points out
the limiting sensitivity of the method for strong interfa-
cial adhesion, corresponding to almost rigid boundary
conditions (see FIG. 2).

In FIG. 4 the behavior of R, (24 dB between tick
marks) for different values of S, (bearing in mind the
present value d,=80 pum) is shown: starting from the
bottom S,=0.4, 1.2, 2.4, 4.8, 8.0, 12.0, and 80. The small-
est value, §p=0.4, represents a very weak interface, and
indeed it was verified that the pattern is similar to that
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for a single steel plate with air backing. For Sp=12,
there appears a small double dip feature near 8 MHz,
that shifts to higher frequency for larger values of S,
and eventually contributes to the resonance at 14.4
MHz. Although this pattern seems to repeat itself with
increasing frequency, no evidence was found of a true
periodicity. Finally, when §p> 80, the behavior ap-
proaches that in FIG. 2q, corresponding to rigid bond-
ing.

Overall, comparing FIGS. 2a and 4, it is obvious that
the intermediate bonding layer affects the ultrasonic
spectrum, depending on specific stiffness. Given the
great number of paths and collisions for the wave, the
final result for the output signal is difficult to predict
and highly dependent on details for the geometry
(thickness) and physical properties (density, velocity
and attenuation of sound), of the individual constituents.
It is precisely this complexity that causes the “interfero-
metric device” to be so sensitive to minute changes in
interfacial properties. In some sense, because of the
large contrast of acoustic impedance, the metal layers in
the metal/polymer/metal assembly play the same role
as the mirrors in a Fabry-Pérot interferometer.

The approach in accordance with the invention is a
novel approach; it includes and probes interfacial prop-
erties at the microscopic scale and leads to quantitative
characterization of interfacial forces in terms of specific
stiffness, Sy and S;.

Experimental Materials

The samples chosen for demonstrating the method
are the same as those used in the simulations, namely:
steel (ds=400 pm)/polypropylene (d,)/steel (ds=400
mm), where interfacial adhesion was modified through
chemical action on both the PP polymer, and the metal
surfaces. Polypropylene is a non-polar and chemically
non-reactive material that exhibits low wettability and
very weak adhesion to metals. The PP polymer was
made adherent to stainless steel by radical grafting of
glycidyl methacrylate (MAG, 142 g/mol) containing
ester and epoxide functional groups. The virgin PP
material, designated 61400AP, was provided by the
Appryl Company, France in powder form with average
grain size near 250 pm. Using gel permeation chroma-
tography (GPC) the number average molecular weight,
M,=48 000 g/mol, and the weight average molecular
weight, M,,=205 000 g/mol. In order to limit thermal
degradation, all chemical actions on the material were
performed in the solid state and modifications were
mainly localized in a 30 pum shell around the grains.
Peroxide structures were generated by flowing a
02—O03 mixture on the PP powder contained in a fluid-
ized bed reactor. Kheology measurements established
that approximately 0.8 grafting sites per chain were
created. The peroxidized powder was mixed with liquid
glycidyl methacrylate and the temperature was brought
to 115° C. where the peroxides decomposed, initiating
grafting and polymerization of the MAG comonomers.
The reaction was carried out for 3 hours. Using Fast
Fourier Infrared (FTIK) spectroscopy it was found that
the polymer contained 6.5% weight of MAG. This
corresponds to circa 20 MAG comonomers for each PP
chain, meaning that the PP-MAG polymer also con-
tained short MAG macromolecules. :

Starting with austenitic stainless steel (Z6NT 18-09)
sheet with thickness d;=400 pum, two different substrate
materials were prepared. In one case, the metal was
thoroughly cleansed and etched in an acid solution (5%
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HF + 15% HNO3) while in the other case, the cleansed
and etched metal was also anodized in a sulfochromic
solution. Whilst the overall rugosity for the substrates
was =200 nm, observations revealed mesopores with
diameters between 4 and 10 nm on anodized surfaces.
On the other hand, XPS showed that anodized surfaces
were enriched with Cr and O elements and also that the
concentration of hydroxidized species (M—OH and
MO—OH) exceeded that of oxidized species (M—O).

Uniform films of grafted polypropylene (PP-MAG)
were prepared by molding the powder at constant pres-
sure, p=1.0 MPa, and temperature, T=200° C,, for 5 or
6 minutes. The substrate-film-substrate sandwich was
left for 6 minutes between the platens of a press where
p=1.0 MPa and T=200"° C. From measurements of
total multilayer thickness, it was deduced that
dp=80+1.0 pum for the thickness of the adhesive. De-
structive shear tests (ASTM D 1002-72) demonstrated
definite enhancement of practical adhesion due to anod-
ization: for samples prepared with cleansed substrates,
(cD), interfacial failure occurred at o {cl)=6.1+0.4
MPa while for samples with anodized substrates, (an),
cohesive failure happened near o(an)=12.6+1.1 MPa.
Application of SEM, XPS and IR-micro-spectrometry
techniques following faiture showed residual polypro-
pylene films on the anodized substrates, with thick-
nesses near 10 nm and evidence for C—O—C and
C—O—H groups associated with MAC entities grafted
to the surfaces. Therefore, for the samples, stronger
adhesion is obtained when molecules with ester and
epoxide groups are made to interact with polar groups
on the anodized substrates.

Ultrasonic Technique

In an experimental setup shown in FIG. 5, a sample
50 was placed between a pair of coaxially aligned trans-
ducers T1 and T2, and the assembly was immersed in
water that acted to couple the sound wave in the mate-
rial. The setup was maintained at a constant tempera-
ture T=23°+0.5° C. and care was taken to prevent
infiltration of water and humidity into the multilayer
sample. The sample 50 could be rotated around a y axis
which, in accordance to Snell’s law, allowed launching
longitudinal and shear waves in the sample. Various
broadband transducers T1 and T2 with center frequen-
cies from 20 to 50 MHz were used. The distance be-
tween sample 50 and transducers T1 and T2 was chosen
so as to minimize spurious effects due to beam diffrac-
tion. It was established that the acoustic beams were
Gaussian, with half-widths near 2.0 mm at the arrival
site on the sample. Operation could be performed either
in the reflection mode with one transducer acting both
to emit and receive the ultrasound or in the transmission
mode with two transducers, one for the emission the
other for the reception. The emitting transducer was
energized with a generator (Metrotec MR-203 not
shown) that produced short 50 to 200 ns high voltage
200 V pulses with a repetition rate around 1.0 kHz. The
signal from the receiving transducer was fed to a Tek-
tronix 7854 digitizing oscilloscope 54 via a broadband
100 MHz receiver-amplifier 52 (Metrotec MR-106).
The digitizer 54 was linked to a computer 56 where the
signals could be Fourier-transformed to the frequency
domain and deconvolved with a reference spectrum in
order to obtain the spectra associated with the reflec-
tion and transmission coefficients.

Referring to FIGS. 6a, the measurement of the acous-
tical properties of steel substrates is shown. The upper
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trace in FIG. 6a is the signal for specular reflection off
a very thick piece of stainless steel that served as the
reference for experiments in the reflection mode. The
lower trace is the signal for reflection off a 400 pm thick
substrate. A strong component due to specular reflec-
tion and small echoes with exponential decay corre-
sponding to reverberations within the sample is shown.
In principle, the time delay, At, between successive
echoes, n and n+1, provides a measurement of the
velocity of sound, cps=2dy/At, and accounting for
reflection, Ry, due to the acoustic mismatch between
water and steel, the ratio for the amplitudes leads to the
attenuation, aps= —(3ds)1n[(1/Rs2) (T n+1/T )} How-
ever, the short pulse is not monochromatic and due to
its finite duration, 8t, it has a finite bandwidth,
8f=2(1/8t), which allows measuring the frequency
dependence of the velocity and attenuation. In FIG. 65,
the upper trace (1) is the frequency spectrum for the
signal due to specular reflection in FIG. 6a, and the
middle trace (2) is the spectrum for the reflection from
the substrate. The bottom trace (3) is the deconvolved
signal obtained by dividing the results in trace (2) by
those in trace (1), and that represents the frequency
dependence of the reflection coefficient, Rp, for the
steel plate, independent of the characteristics of the
measuring system. Likewise, the transmission coeffici-
ent at normal incidence, Tp, and oblique incidence, T,
is found by deconvolving the signal transmitted
through the sample with the reference spectrum ob-
tained when the sample is removed. By fitting a model
to such results, the P-wave and S-wave ultrasonic prop-
erties of the materials were determined, see Table 1. In
a different experiment the ultrasonic properties of the
PP-MAG material with regards to viscoelasticity were
also investigated. Measurements of density, sound ve-
locity and attenuation were carried out at constant pres-
sure, p=1.0 MPa in the temperature range from 0° to
© 220° C. A strong relaxation feature with a maximum
near 60° C. corresponding to w7=1 was observed. Al-
though there was evidence of a broad distribution of
relaxation times from 7~105 ns to 7~10—2 ns, near
T=23" C. it was estimated that 75 p=7p,5=500 ns. The
results in the region around T=23" C. could be fitted to
the relaxation functions in equation (11) with the values
for the relaxed and unrelaxed moduli as in Table 1.

Experimental Results

Referring to FIG. 7, some results in the time domain
(signal amplitude versus time) are shown for the
through transmitted signals obtained at normal inci-
dence with two different pairs of transducers: in the
case of FIG. 7a the center frequency was 15 MHz and
the bandwidth close to 8.0 MHz, while in FIG. 75 the
center frequency was 30 MHz, and the bandwidth near
30 MHz. Starting from the top in FIGS. 72 and 75, the
different traces correspond to 1) the reference signal in
the absence of sample, 2) the signal from a 400 pm steel
substrate, 3) the response for a multilayer made with
anodized substrates, and 4) the signature for a multi-
layer with cleansed only substrates. In the time domain,
one can neither identify nor separate out echoes for the
different constituents in the multilayer, due to the fact
that the wavelength, Ap=200 pm, is not small com-
pared to the path length dsor dp=200 pm. On the other
hand one observes that adhesion strength can have a
marked influence on the signal, depending on trans-
ducer characteristics. Therefore, the measurements
effectively embody information on adhesion; however,
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in the time domain the signals are too complex to be
unscrambled and analyzed.

Now turning to FIG. 8, the behavior for the fre-
quency spectrum of the reflection coefficient at normal
incidence is shown, R, (24 dB between tick marks)
corresponding to different locations on the specimens
with anodized substrates. From the data in FIG. 8g, the
samples appear rather homogeneous and one clearly
observes resonance splitting, indicative of strong cou-
pling between the different layers. Going from the top
down, traces 1), 2) and 3) are in order of decreasing
coupling strength. Using the model, attempts were
made to reproduce these patterns by investigating the
influence of Spand 7ip. In FIG. 8b results of simulations
are shown that matched best the traces in FIG. 8a:
going from top to bottom, spectra 1), 2) and 3) where
obtained with Sp=11.0, 7.0 and 6.0 respectively, and
Ti,p=Tp p=", that is with equal relaxation times in the
bonding layer and the bulk polymer. FIG. 9a illustrates
data for the samples with the cleansed only substrates.
In this case, the material seems to be less homogenous
and there is no evidence of frequency splitting, suggest-
ing small coupling. Going downwards from the top,
traces 1), 2) and 3) are in order of decreasing adhesion
strength. FIG. 9b reproduces theoretical spectra that
matched best the experimental curves in FIG. 9a: from
top down, spectra 1), 2) and 3) correspond to Sp=2.8,
2.0 and 0.8 respectively, and 7; p=7, p=7. Compared to
the samples with anodized substrates, the results for the
samples with cleansed only substrates indicate lower
adhesion forces, even though there were no signs of
delaminations. For waves at normal incidence only Spis
relevant, but for oblique incidence, both Spand S;oper-
ate.

In FIG. 10a results are shown for measurement of the
transmission coefficient at oblique incidence T, in the
case of a sample with anodized substrates. Going from
the bottom up, the different traces 1), 2) and 3) for Te
(20 dB between tick marks) were measured at 69=0.0°,
5.0°, and 8.0°, respectively. In comparison with the
behavior for Rp the spectra for Ty are more complex
and cannot be described with simple arguments. Over-
all, for oblique incidence the ultrasonic path length is
longer, therefore the resonance features for P-waves are
displaced to lower frequencies. Also manifestations
related to S-waves are expected; however, they occur
close to P-wave resonances and therefore they cannot
always be clearly identified. In FIG. 105 simulations for
a best fit to the data yield Sp=S;=7.2 for strong adhe-
sion with 7; p=7 and 7;s=7. Bearing in mind that sensi-
tivity for the measurement diminishes below f =~ 5 MHz,
the similarity between the experimental results and the
simulations from the model is striking. Starting from the
top in FIG. 11a experimental spectra are shown for Ty
(20 dB between tick marks) measured at 60=0.0°, 5.0°,
and 8.0° in the case of a sample with cleansed only
substrates. FIG. 115 illustrates the best fit to our model,
with Sp=8,=2.0 which corresponds with conclusions
for Rp in FIG. 9. Comparing FIG. 10 and FIG. 11
shows that frequency splitting due to strong coupling
between the layers is indicated for the feature near 15
MHz, at least for small values of 6. Also longitudinal
waves may be more sensitive than shear waves for dif-
ferentiating between strong and weak bonding, indicat-
ing that adhesion is not a shear related problem only.

On the basis of recent developments the assumption
was made that the modulus, M/*, for the interface layer
was described by a relaxation function as in equation
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(11). Using 7j=7,=7 both the amplitude and the shape
of the different spectra could be fit, suggesting that
indeed 7;=~7,. However, for the experiment at T=23°
C., the condition 7> >1 prevails and the behavior is
mainly elastic. Therefore, the results are not sensitive to
the exact value of  which mostly affects the amplitude
of the spectra and not so much the overall shape, such
as position of resonances. In order to investigate this,
experiments at temperatures up to T=50° C. were per-
formed, where the attenuation became large as well as
impaired signal to noise ratio. Results showed that §p
remained essentially constant in the whole temperature
range which again leads to #;=7, for the materials
used. Indeed 7; for the interface material and 7, for the
amorphous material between the crystalline lamellae in
the bulk polymer have the same origin, in that both
relate to the mobility of confined PP molecules. All of
the data could be described with Sp=Sg. In the present
case where wr> > 1, one may write L;'/ i =L, /1y for
the elastic part of the modulus and using the relation-
ship L'/p’'=2(1—v)/(1—2v) for Poisson’s ratio, v, one
finds v=0.46. This value is very close to the limit
v=0.5 for rubbers and liquids. Results therefore indi-
cate that the interface layer is rubber-like rather than
solid-like, in concordance with theoretical predictions
and other experiments. It may be said that due to the
random nature of the structure, the details for the small
molecular movements appear to remain essentially the
same for longitudinal and shear waves.

At this point the elastic properties of the interface
layer per se may be evaluated. Ultrasonic measurements
provide average properties, and therefore the specific
stiffness parameter, S=M;"/d; is 2 mean field quantity,
or effective parameter. In the model, M;* and d;can not
be considered independently as if the interfacial region
had a given modulus and a given thickness. In fact the
material that makes up the interface region is not ex-
pected to be homogeneous and its modulus may be
different, depending on the distance from the substrate.
Indeed at the interface, the modulus reflects the strong
chemical bonding of the MAG moleties but also the
small number of molecules. In the first layer, the struc-
ture is dominated by the monomer-substrate interac-
tions that may be attractive or repulsive. Further away
from the interface an entanglement network forms with
increased rigidity until eventually the final structure of
the bulk polymer develops. As may be seen in FIG. 35,
when Sp> 100, bonding conditions rapidly tend to be-
come rigid-like, which corresponds to the case where
M =M,". With d,=80 um, one finds d;=~1 pm for the
thickness of this “almost rigid” interface layer. Al-
though this value is not universal, it serves to establish
a length scale for the adhesion problem. Since w7> > 1,
one may assume that Spis mostly elastic. Then, starting
from Sp~(d,/L,)(L;/d;)~8.0 for strong adhesion and
with dp=80 pm and L, =~ 7.0 GPa, the specific stiffness
for the interface layer is L//d;=~7.0X 1014 N/m3. In
relating to polymers and polymer interfaces, the coher-
ence length given by R, constitutes the natural length
scale. Also, here R;~10 nm is of the same order as the
thickness of the residual polypropylene films on the
anodized substrates after delamination. Taking
d;i=Rg=~10 nm, one obtains 7.0 MPa. Proceeding like-
wise for shear behavior leads to pu=2.0 MPa. For the
case of weak adhesion where Sp=~2.0, one finds L;/-
di=~1.5 1014 N/m3, L/ = 1.5 MPa, and p/ ~0.5 MPa. All
of the above estimates represent very small moduli, but

remain within realistic bounds. Indeed, the smaller
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modulus, L./ =~ 1.5 MPa is still larger, by two orders of
magnitude, than the van der Waals level which consti-
tutes a lower limit for adhesion as long as perfect
contact is maintained. Also it is instructive to compare
the acoustic modulus with measurements with SFA. In
dynamic experiments on low molecular weight melts
with no entanglements and no chemical bonding to
containing walls, the elastic shear modulus was in the
order of MPa. From static measurements on polymer
solutions, one may evaluate a longitudinal modulus that
is also in the MPa range, corresponding to the minimum
in the surface energy curve. Finally from results for the
solid surface energy of polymer films one estimates a
modulus that also is in the range of MPa. Although
these different results are not directly related to our
problem, they yield orders of magnitude for the forces
in confined molecular systems and are comparable to
our measurements.

Examination of the fracture profiles suggested that
delamination was initiated in the region d;=R,. With,
the hypothesis that failure was mainly due to chain
pullout, it was speculated that the level of strain in this
region was of the order e~ 1. Then, using the approxi-
mation that the modulus L; remained constant during
fracture, the accompanying stresses were L; e~7 MPa
for the sample with anodized substrates and L; e~1.5
MPa for the sample with cleansed only substrates. It is
noteworthy that these approximations are the same
order of magnitude as the nonreversible values mea-
sured in practical adhesion, o (an)~13 MPa and
o (cl)=~6 MPa. Furthermore, if one assumes that the
modulus increases with the number density of grafted
chains, 2, the ratios L/(an)/L,’=~10-3 and
L/(cD/Ly =2.5 10—* for samples with anodized and
cleansed only substrates suggest that only a small num-
ber of chains participate in adhesion. Also, the rather
small values of the ratios L/(an)/L/(cl)=~4.0 and
odan)/o{cl)~2.0 indicate that anodization has only
limited influence on adhesion. In principle, one expects
that anodizing the substrates would greatly increase the
number of grafting sites and that adhesion would be
enhanced accordingly. It could be that many of these
sites are occupied by short MAG macromolecules with
no entanglement coupling to the bulk material. These
short chains would not partake in the acoustic modulus
nor in practical adhesion. Alternatively, samples with
cleansed only substrates in FIG. 9a appeared to lack
homogeneity, which could be an indication of internal
stresses, or stress concentration originating from poor
wetting during fabrication. For our samples, adhesion
depends on the possibility of molecules being grafted on
the substrates. In turn the degree of grafting is con-
trolled through chemical action on the metal surfaces.
Since all other materials characteristics stay constant,
changes in adhesion are governed by the properties of
the interfacial zone. For the curing of epoxies the prob-
lem is somewhat different and more complicated since
most materials properties, such as z and also Mg and
M., depend on the advancement of polymerization.

A nondestructive method for measuring reversible
interfacial adhesion forces has been described. The
method is based on mapping data from ultrasonic mea-
surements onto results from a newly developed model
for acoustic waves in multilayered media. This mapping
is performed by comparing the spectrum from a ultra-
sonic signal applied to a multilayer composite with a
plurality of modeled spectra each having an associated
value of S relating to adhesion. A single modeled spec-
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trum is selected on the basis that a best fit or match is
found; its corresponding value of S which most closely
characterizes the adhesion between the multilayers is
determined. Recent ideas concerning the different prop-
erties of polymers near surfaces were incorporated and
allowance was made for a thin viscoelastic interface
layer having a complex modulus M;* and a thickness d;.
Numerical simulations showed that the system behaved
much like an interferometer for the acoustic waves,
manifesting high sensitivity to interfacial properties.
Concurrently, it was shown that the reflectivity and
transmissivity of the bonded structure could be de-
scribed in terms of the specific stiffness of the interface
material, S=M;"/d;. Using controlled ultrasonic tech-
niques, the method was demonstrated through experi-
ments on steel/polypropylene/steel samples. Interfacial
adhesion was modified by radical grafting of ester and
epoxy groups on the polymer and by anodizing the
substrates, thereby adding polar species to the metal
surfaces. Anodization enhanced the breaking strength
in tests for practical adhesion and also the specific stiff-
ness S measured by ultrasonics. Relaxation time in the
interfacial region was similar to that of the amorphous
component in the semicrystalline material, representa-
tive of confined molecules. Also results showed that
adhesion is related to elongational forces and not only
to shear behavior. Assuming that the thickness for the
bonding layer was of the order of the radius of gyration,
d;=Ry, the ultrasonic modulus was in the range of a few
MPa, in agreement with results from other techniques.

With regards to applications in nondestructive evalu-
ation, the method has been used successfully for the
characterization of adhesive seals in the food packaging
industry. In this case, where the problem was related to
polymer/polymer adhesion, it was found that S was
directly correlated to processing parameters, namely
time, pressure and temperature. All our results point out
that the specific stiffness, S, refers to basic materials
properties.
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b) detecting the interaction signal from the irradiated
multilayer composite;

c) storing amplitude and phase information corre-
sponding to the detected interaction signal;

d) convening the stored amplitude and phase infor-
mation from the time domain to the frequency
domain to obtain a frequency spectrum related to
the stored information;

€) comparing the frequency spectrum with a spec-
trum derived from a model of a multilayer compos-
ite that includes at least two additional layers that
model the interfacial adhesion strength of the inter-
face between the composite layers, the at least two
additional layers including viscoelastic properties
expressed in terms of a complex modulus M;*; and

f) obtaining a viscoelastic stiffness value characteris-
tic of interfacial adhesion strength between layers
of the composite from the model of the multilayer
composite having a spectrum that most closely
matches the spectrum of the detected interaction
signal, the at least two additional layers each hav-
ing a thickness d; and whereby the viscoelastic
stiffness value is characterized by a parameter
S=M//d;.

2. A method as defined in claim 1, wherein the ultra-
sonic pulsed signal is comprised of a plurality of pulses
and wherein the duration of time between a first and
second pulse is at least sufficient to allow the detection
of any reverberations that are produced from the first
pulse before the occurrence of the second pulse.

3. A method as defined in claim 2, wherein the time
interval between pulses is greater than 0.1 millisecond.
" 4. A method as defined in claim 3, wherein the com-
posite is a metal-polymer-metal multilayer.

5. A method of characterizing interfacial adhesion
strength between layers of a multilayer composite com-
prising the steps of: .

a) ultrasonically irradiating the multilayer composite

having at least 3 layers to obtain a first signal char-

TABLE 1 -
Velocity Velocity Attenuation Attenuation

Density, Longitudinal Shear Longitudinal Shear

p kg/m3 cpm/s csm/s apm—} agm~!
Water 1000 1485 — =0 —
Steel 7930 5765 3084 910~M2  2510-B42
PP relaxed 926 1394 23 T = 500 ns
PP unrelaxed " 2851 1469

Real Modulus Real Modulus Loss Modulus  Loss Modulus

Density, Longitudinal Shear Longitudinal Shear

pkg/m3> L' GPa © GPa L" GPa p GPa
Water 1000 2.20 - =0 —_
Steel 7930 263.6 75.42 43510-9f 18.52 109 f
PP relaxed 926 1.80 05103 7 = 500 ns
PP unrelaxed " 7.53 2.00

acteristic of the interfacial adhesion strength be-
TABLE I tween the at least 3 layers;

What we claim is:

1. A method of characterizing interfacial adhesion
strength between layers in a multilayer composite hav-
ing at least three layers, comprising the steps of:

a) irradiating the multilayer composite with an ultra-
sonic pulsed signal for interaction therewith, the
duration of a pulse of the ultrasonic pulsed signal
being approximately less than or equal to 100
nanosecond, to obtain an interaction signal charac-
teristic of the interfacial adhesion strength at the
interface of the at least three layers;

65

b) modeling the multilayer composite with a model
that includes at least two additional layers which
model the behavior of the interface between the
composite layers in such a manner as to obtain
plurality of frequency spectra, each frequency
spectrum of said plurality of frequency spectra
being characteristic of interfacial adhesion strength
between the layers of the modeled multilayer com-
posite;

) comparing in the frequency domain, the first signal
characteristic of the interfacial adhesion strength



5,408,881

19

between the multilayers with a plurality of the
frequency spectra obtained in step (b) to obtain a
best frequency spectrum that most closely matches
the spectrum of the first signal; and

d) determining a value related to the best frequency
spectrum obtained in step (c), the value being an
indicator of the interfacial adhesion strength in the
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20
multilayer composite, the value corresponding to a
modulus of the at least two additional layers di-
vided by a thickness of the two additional layers,
the multilayer composite being a metal polymer

metal composite.
* * * * *



