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INTRODUCTION

The life of mechanical components depends greatly on their surface condition. Cracks and
other surface imperfections propagate into the bulk of the material causing failure. Exposure to
extreme temperatures, pressures, stress pulses, and corrosive liquids or gases can magnify these
effects and further shorten the life of the part. Metallic coatings are applied to protect the surface
against crack propagation and thus against wear and erosion.

The effectiveness of the coating depends on its mechanical properties, thickness, cohesion,
and adhesion to the substrate. These properties can vary from coating to coating of the same
material, with subtle changes in substrate preparation, surface finish, and coating deposition
parameters. Therefore, practical methods, preferably nondestructive, are needed to be able to
measure properties one can associate with the quality of these coatings. Ultrasonics has been
used successfully for years as a means of nondestructive material testing and evaluation.
However, traditional ultrasonics requires the probes to be in contact with the test surface.
Surface waves generated by laser impulse provide a dynamic method for evaluation of thin
metallic coatings, which cannot be evaluated by other ultrasonic techniques or by other
technologies using tomography. '

The use of laser ultrasonics as a testing tool provides several advantages over classical ultrasonic
methods. Near-field effects and couplant problems associated with conventional ultrasonics are
eliminated. Measurements can also be made at high temperatures. Parts with odd shapes or curved
surfaces can potentially be evaluated without preparation of special equipment for testing. Using lasers
also allows for both generation and detection of a wide band of frequencies, which is important,

especially when characterizing thin coatings of less than 100 pm.

Our objective was to evaluate the ability of theory and experiment to distinguish between ’
good and poor bonds. Achenbach and Epstein (ref 1) have analyzed two different bonds, one of
which they call "welded," and the other, known as "smooth" contact. Their analysis was
conducted in terms of the boundary conditions defined between the layer and the half space.
They showed that the dispersion relation gives insight into the bond quality between a coating
and a substrate.

Surface waves are nondispersive in homogenous isotropic materials, but become dispersive
in materials with coatings. For a dispersive signal, the determination of the acoustic velocity in
the coating is not as straightforward as in the case when the signal is nondispersive. Wavelet
analysis was used here to obtain dispersion curves (ref 2), the velocity-frequency relationship.
The dispersion of a surface wave traveling in a coated material depends on the relative Rayleigh
velocities of the substrate and coating and on the type of bond. Wavelet analysis also provided
information about the material properties of both the coating and the substrate materials.

We simulated and provided experimental data for four cases and compared the predicted and
experimentally obtained dispersion curves. These were for smooth and welded contacts, with the
coating being acoustically stiffer and less stiff than the substrate. For the welded bond, we used
sputtered tantalum on steel in one case and chromium electrodeposited on steel for the other. To
simulate the smooth contact bond, we epoxied thin sheets of tantalum and nickel on steel and
copper substrates, respectively. We used the method originated by Cielo et al. (ref 3) to gather




data consisting of laser generation of the surface waves in an annular ring and laser detection in
the center. ’

THEORY

Waves that propagate along the free surface of a semi-infinite solid travel as Rayleigh surface
waves. Rayleigh waves in a system consisting of a layer and half space, having different elastic
properties, propagate in an infinite number of modes. Achenbach and Epstein (ref 1) have
provided a two-dimensional analysis with various boundary conditions for free waves in a
system consisting of layer (coating) and half space (substrate). Figure 1 illustrates an example of
a layer and half space. The figure shows the dispersion relation in two dimensions r and z. Our
study looks at the axisymmetric case in the coordinate system r, z, and 6.

&

Layer

Half space

Figure 1. Layer and half space.

Using the Helmholtz decomposition (ref 4), we obtained the scalar and vector potential, and
set up the required field quantities of elasticity, for the problem of a layer on an elastic half space
in the axisymmetric case. The equation of equilibrium in terms of displacements can be written
as

2
(A+20V(V -7)- uVx (Vx&)- p%;zﬁ:o )

-where 4, u are the Lamé constants, p is the material density, and # is the displacement. Using
the Helmholtz decomposition (ref 4)

Uu=Vo+Vxy 2)
with
V-y=0 3)
2




The equation of motion can be reduced to the solutions of the following scalar and vector
equations:

19 1 9%
VW-——=0 Vp-———==0 4
VSZ at2 - ¢ ‘112 at2 ( )
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p p

Assuming the time factor of the form e, and c is the velocity of the wave, we define some
parameters based on the elastic properties of the two elastic layers. The subscripts a and b
reference the layer and half space, respectively. ’

(6

Similar parameters are defined for the half space. The solution of equation (4) in the layer
can be written as

8, (r.2.0) =14, 7o (kr)e ™ + LT, (kr)e™ Je )
I:Ba Jl (kr)e"-!'gkz , Ca Jl (kr)e-snkz ’Ez_ Jo (kr)e—s,,kz ]
‘I-ia (r’z,e)': SaAl ei(‘t (8)
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The solution of equation (4) in the half space is
9,(r.2,6)= {Ab Jo(kr)e ™" }em 9
ij (r, 2,9) = {[Bb‘,l (kr)e"-‘bkz , CbJ1 (kr)e—.\'bkz ,_B_b_Jo (kr)e—sbkz ]}eia (10)
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Free waves are plane harmonic waves with real phase velocities and wave numbers. Here the
free waves in the coating can interact (or couple) with the waves in the half space, as seen in
Figure 2. For the welded contact, the high and low frequency ends of the ultrasonic pulse, the
Rayleigh waves travel with velocities characteristic of the coating and substrate, respectively. In
between these values, the coupling provides intermediate velocities between the coating velocity
and the substrate velocity. This is not so for the smooth contact when Rayleigh waves propagate
in the system of coating and substrate, with their particular velocity-frequency relation
determined by the boundary conditions between coating and substrate. The analysis results in
dispersion curves that are distinct, and characteristic of the boundary conditions.
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Figure 2. Surface waves of different frequencies traveling in a layered material.

The boundary conditions imposed characterize the bond between the layer and half space.
Using boundary conditions analogous to Achenbach and Epstein (ref 1), we have obtained the
dispersion relations for both cases.

The two bond conditions, welded and smooth contact, are described by the following
boundary conditions. For welded contact, the boundary conditions are

c,=0,7,=0,7, =0 at z=-H (11
U, =Wy U, U, Uy U, T, =T, Ty =T, 0, =0, at z=0 (12)

and the smooth contact boundary conditions are
co,=0,7,=0,7, =0 at z=-H v : (13)

U, =Uy» T, =0,7,=0,17, =0,7, =0,0, =0, at z=0 (14)

These boundary conditions lead to a set of nine homogenous equations involving geometric
parameters, elastic constants, frequency, and acoustic velocity. For the solution to exist, the 9x9
determinant has to vanish for a set of velocities in a frequency range leading to the dispersion
relation for the given geometry and material properties. Further, in absence of torsional motion
this determinant reduces to the ones given by Achenbach and Epstein (ref 1).

Dispersion curves have been obtained from analysis using the above formulation for the
cases that have been experimentally studied. These are for a smooth and welded contact, with
the coating being acoustically stiffer and less stiff than the substrate. The theoretical dispersion




curves are shown in Figures 3(a) and (b). The material properties used to generate these curves
(acoustic velocities and coating thickness) were taken from values that well represent the
materials being experimentally examined.
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Figure 3. Theoretical dispersion curves calculated from experimental
parameters for the coating acoustically stiffer (left) and less stiff than
the substrate (right), welded contact (a) and smooth contact (b).

In a subsequent report we will describe in detail the problem with axial symmetry based on the
conditions of annular generation. Based on the boundary conditions, welded and smooth, and in the
absence of torsion we will further reduce the problem and discuss and compare solutions to those
obtained by Achenbach and Epstein (ref 1). We will discuss welded and smooth contact between
coating and half space and obtain a distinguishing feature of the bond. Also, simulation results
will be discussed.

EXPERIMENT

Samples

Four samples were prepared for the experiment, as seen in Table 1. Two were prepared with
a welded bond and the other two with a smooth bond. Tantalum sputtered on ASTM A723 steel
and chromium electroplated on ASTM A723 steel were used for the welded bond. To simulate
the smooth contact bond, thin sheets of nickel and tantalum were epoxied on copper and ASTM
A723 steel substrates, respectively.




Table 1. Experimental Sample Parameters

Coating Acoustically Less Coating Acoustically
Stiff Than Substrate Stiffer Than Substrate
Welded Sample Tantalum on Steel Chromium on Steel
Contact Method Sputtered Electrodeposited
Coating Thickness -0.0035 Inch 0.0036 Inch
Sample Tantalum on Steel Nickel on Copper
Smooth : :
Contact Method Epoxied Epoxied
Coating Thickness 0.005 Inch 0.005 Inch
Laser System

The laser ultrasonic system (refs 2,5) consists of a Michelson interferometer, a high-power
pulsed laser, and a PC with a high-speed digitizer used to acquire and analyze the data. The
high-power laser generates the acoustic waves and the Michelson interferometer detects the
ultrasonic signals.

The impulse laser is a Big Sky CFR200 Q-switched Nd:YAG pulsed at 10 Hz. Ithas a
wavelength of 532 nm and produces 70 mJ per each 8 ns pulse. Where the laser contacts the
surface of the material, the latter is rapidly heated and cooled; this causes stresses in the material,
which are manifested as ultrasound. The impulse laser generates in the shape of a ring
approximately 1 inch in diameter and 0.01 inch in width. Only a quarter of the circle is used for
generation (3/4 of the circle is blocked with an opaque mask). Both Rayleigh surface waves and
bulk ultrasonic waves are generated in a wide range of frequencies.

The nonstabilized Michelson interferometer uses a Melles Griot 05-LHP-991 continuous
HeNe with a wavelength of 632.8 nm at 10 mW. A Sonix STR-81G 1 GHz digitizing card
located in the PC digitizes the signal from the photodetector. A LabVIEW® program was written
to acquire the data from the Sonix digitizing card and average, save, and perform data analysis
on the ultrasonic signals.

Data Collection and Analysis

The laser system described above was used to generate and detect surface acoustic waves (ref
2) in these samples. Using the LabVIEW® program, ultrasonic data were digitized at a sampling
rate of 1 GHz over a range of 8192 points and were averaged over 200 shots. A phase
compensating routine was used to normalize the data because the output of the Michelson
interferometer was not phase stabilized.

Wavelet analysis was applied to the Rayleigh surface wave signals to determine the
frequency-velocity or dispersion relationship of the experimental signals. A more detailed
description of the method used for the wavelet analysis is presented in a related paper (ref 2).




DISCUSSION AND RESULTS

We conducted experiments to generate and analyze Rayleigh surface waves where the layer
on half space analysis can apply. In order to investigate a broader range of parameters in the
theory, we did measurements for the conditions indicated in Table 1, with the specific coating
and substrate materials and type of bonding or deposition given.

The sputtered tantalum-on-steel data show the higher frequencies arriving later and the lower
frequencies earlier. This is evident in the dispersion curve obtained from the data by means of
the wavelet analysis seen in Figure 4(a). Further, the low-frequency velocity starts at the steel
value and drops to the tantalum velocity for higher frequencies. The arrival time of the first
Rayleigh signal is between 4.5 and 5 microseconds as in steel, with the displacements due to the
tantalum arriving later, illustrating the lower Rayleigh velocity of tantalum. For chromium
electrodeposited on steel, the interferometer data show the higher frequency displacements
arriving first and before the steel signal. The dispersion curve in Figure 4(b) shows that the
velocity at lower frequencies starts at the lower steel value and at the higher frequencies rises to
the chromium value. For intermediate frequencies the data show intermittent velocities. The
results of theoretical analysis of the dispersion, Figure 3(a), indicate the same features as the
ones obtained from experiment and wavelet analysis.

In the smooth contact case, the data are much different than in the welded contact case. In
both cases, when the coating is acoustically stiffer than the substrate and less stiff, the ultrasonic
signal is much longer in time than in the welded case. The tantalum epoxied-to-steel signal
illustrated in Figure 4(c) shows the lower frequencies arriving earlier, but the decreasing
frequency trend in the welded tantalum-on-steel case is not seen. The resulting dispersion curve
shows, in the lower frequencies, two frequencies traveling at the same velocity below that of the
substrate, which is also not seen in the welded case. The chromium-on-steel case that was
studied for the welded case, was compared to nickel epoxied to copper for the smooth contact
case. Both have a coating that is acoustically stiffer than the substrate. For the latter, the
dispersion curve shows two frequencies having the same velocity. As shown from the results of
the theoretical dispersion curves, Figure 3(b), both curves exhibit a minimum in the lowest
mode. This means that two frequencies have the same velocity. The experimental data for the
two smooth contact cases show just such a superposition, with the exception that the dip in the
dispersion curves goes to much lower velocities, as seen in Figures 4(c) and (d). Experiments
with similar objectives were published by Nagy and Adler (ref 6) and Adler et al. (refs 7,8) for
friction-welded specimens. Here the dip in the dispersion curve was related to the pressure and
velocity of the spinning member used during joining. Wu et al. (refs 9,10) saw a dip that
corresponded to the epoxy bond and the bond thickness. They successfully analyzed their
epoxied coating data in terms of three layers.
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CONCLUSIONS

Rayleigh surface waves were generated and detected in coated materials with different bond
qualities. Wavelet analysis was used to obtain dispersion curves of these signals. There is a
relationship between dispersion of surface waves and coating-substrate bond quality. Theoretical
and experimental dispersion curves were obtained for four different cases and compared. The
theoretical dispersion curves came from the theory based around Achenbach and Epstein (ref 1).
To match our experiment we completed the analysis for annular generation, which did not result
in straight-crested waves as in Achenbach and Epstein (ref 1). However, in the absence of
torsional deformation, the dispersion curves were identical to those of the straight-crested case.

As indicated in Table 1, we useéd chromium electrodeposited on steel and tantalum sputtered
on steel to achieve the welded bond. The dispersion curves we obtained using wavelets in both
cases show the shape one would expect from the analysis, with the high and low frequency
values of the Rayleigh velocity corresponding to the coating and substrate, respectively, and a
smooth transition between these two values at the intermediate frequencies. As Table 1 also
reveals, we epoxied sheets of tantalum and nickel on steel and copper, respectively. We did this
to try to approximate the smooth boundary condition between layer and half space. The
dispersion curves thus obtained have the approximate shape found from the analysis, but show a
more pronounced dip in the low frequency region. The low frequency end of the curves gives
the substrate Rayleigh velocity, whereas the higher frequency end gives the velocity for the
coating. Even the raw data from the interferometer (after averaging) indicate that a clear
differentiation can be made between the welded bond of tantalum sputtered on steel and the
approximation of the smooth bond obtained by the tantalum sheet epoxied to steel. The
dispersion curves certainly show that difference, as well as the differences in relative stiffness
between coating and substrate.
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