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In-Situ Simultaneous Measurement
of Thickness, Elastic Moduli and Density
of Thermal Sprayed WC-Co Coatings
by Laser-Ultrasonics

C. Bescond, S.E. Kruger, D. Levesque, R.S. Lima, and B.R. Marple

(Submitted March 13, 2006; in revised form May 25, 2006)

A method for simultaneous nondestructive evaluation of WC-Co coating thickness, elastic moduli, and
density is presented. The technique, known as laser-ultrasonics, is used to generate and detect surface
acoustic waves in a noncontact and nondestructive manner. The surface acoustic wave velocity depen-
dence on frequency is compared to a model and an optimization procedure is used to evaluate the
coating properties. The results obtained demonstrate the ability of the technique to simultaneously
determine such properties with a single and possibly in situ measurement.

Keywords elastic moduli, laser-ultrasonics, nondestructive
testing, WC-12Co

1. Introduction

1.1 NonDestructive Evaluation of Thermal Spray
Coatings

Thermal spraying presents a cost-effective solution for
depositing coatings to reduce wear and corrosion and also
for producing thermal barrier coatings. High-velocity oxy-
fuel (HVOF) thermal spray WC-Co coatings are also an
excellent replacement for hard-chromium electroplating
that is extensively used by aircraft manufacturers to pro-
vide wear and corrosion resistance or to restore dimen-
sional tolerance to components, but that utilizes highly
toxic and carcinogenic hexavalent chromium. The non-
destructive characterization of these types of thermal
spray coatings as well as those used in other applications is
of particular importance for understanding and modeling
the mechanical and thermo-mechanical behavior of parts
and then for the development of life prediction models.
Because of their special lamellar structure, inhomoge-
neous composition and presence of discontinuities like
pores and cracks, the elastic properties of thermal sprayed
coatings are significantly different from those measured in
the same bulk material processed by other means and
may vary with the spray conditions employed for deposi-
tion. If the assessment of coating properties is done in a
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nondestructive way, it provides a powerful quality-control
tool, since these properties should be directly related to
the desired technological performance characteristics like
wear behavior and fatigue life.

Methods used for measurement of properties of coat-
ings in nondestructive manner include thermal imaging,
infrared spectroscopy, x-ray diffraction, eddy current and
ultrasound. Previous works on ultrasound for the charac-
terization of thermal sprayed coatings have shown the
great potential of the technique to measure various
properties like elastic constants (Ref 1-8), thickness (Ref
1, 4) and adhesion (Ref 5, 9, 10). The ultrasonic waves
propagate through the thickness of the coating (bulk
waves) or along the coating (surface waves). Surface
waves have been used largely for characterization of
coatings due to their sensitivity to many properties (Ref
11). Surface acoustic waves can be generated and detected
by piezoelectric or electromagnetic transducers and by
lasers. When lasers are used, the technique is known as
laser-ultrasonics (Ref 12, 13) and is by far the most flexible
and powerful technique for surface acoustic wave mea-
surements. Among the advantages of the laser-ultrasonic
technique compared to conventional ultrasonics are its
noncontact character (it can be applied on hot and moving
materials), the ease of changing the generation and
detection spot geometries according to the type of wave to
be measured, the large bandwidth of signals, and the ab-
sence of a coupling medium such as water that could give
rise to erroneous measurements on porous coatings.

In a previous paper (Ref 3), the elastic property mea-
surements of WC-Co and TiO, coatings with the laser-
ultrasonic technique and a comparison of the results with
measurements obtained with the Knoop indentation
technique were presented. The laser-ultrasonic technique
was used to generate and detect surface acoustic waves of
both Rayleigh and longitudinal types in the high-fre-
quency limit (waves propagate only in the coating with no
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influence of the substrate). In this case, the elastic con-
stants can be determined if density is previously known or
fixed. In the present paper, we limit the problem to WC-
Co coatings, but in addition to Young’s modulus, the
thickness, the Poisson’s ratio and the density are also
obtained with broadband surface acoustic pulses. The
coatings are fully characterized solving an inverse problem
with an optimization procedure to minimize the difference
between the measured and calculated Rayleigh wave dis-
persion curves. Although this concept has already been
used for the characterization of thermal sprayed coatings
(Ref 1, 4, 6) and other coatings (Ref 14-17), to the best
knowledge of the authors, it is the first time that elastic
properties, thickness, and density are determined with a
single measurement. This is made possible due to the wide
frequency response of the system, including the low fre-
quencies, the simultaneous measurement of the Rayleigh
and the longitudinal waves and the high signal-to-noise
ratio of the measured signals. The low porosity of the
coating that results in a low attenuation also contributes
positively to the success of the technique by providing
signals with good signal-to-noise ratio at relatively high
frequencies. Also, the dense character of the WC-Co
coating allows a special signature for density, otherwise
not easy to separate from the other parameters.

1.2 Surface Acoustic Wave Propagation
in Coatings

Surface waves have been applied for many decades in
nondestructive evaluation of materials mainly due to their
capability to sense properties near the surface of the
material. The most used wave mode is known as Rayleigh
wave and was first described by Lord Rayleigh at the end
of the nineteenth century. In its simplest form for isotropic
materials, the displacement of a point near the surface of
the material due to a Rayleigh wave is an elliptic move-
ment and the amplitude of this displacement decreases
rapidly with the distance to the surface, as illustrated in
Fig. 1a. This decrease of amplitude with depth is strongly
dependent on the wavelength (or frequency). Long-
wavelengths (low frequency) penetrate deeper in the
material while shorter-wavelengths (high frequency)
propagate closer to the surface, making this technique
very attractive for characterizing materials with depth
dependent properties like coatings. Figure 1b illustrates
this occurrence for waves of two different frequencies
propagating in a coated material. For an impulsive wave,
where a broad range of frequencies are present, propa-
gation in a coated material will show a dispersive behavior
with the higher-frequencies having the velocity of the
coating and the lower-frequencies sensing both the coating
and the substrate.

The velocity dispersion of Rayleigh waves propagating
in a coated material can be calculated if the thickness,
elastic constants and density of both coating and substrate
are known. A theoretical description of Rayleigh wave in
such a medium and the related 66 matrix for which the
determinant is numerically vanished can be found in Ref
11. Figure 2 shows a curve calculated with values expected
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Fig. 1 (a) Surface and sub-surface deformation due to a Ray-
leigh wave propagation. (b) Rayleigh waves with different
wavelengths propagating in a coated material where u(f) illus-
trates the wave amplitude decreasing with depth
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Fig. 2 Rayleigh velocity dependence on frequency as calculated
by a model for a WC-Co coating on a steel substrate

for a WC-Co coating on a steel substrate. The WC-Co
coating on a steel substrate correspond to the case where
the velocity of the coating is lower (less than 10%) than
that of the substrate. As expected, the Rayleigh velocity
dispersion curve tends to the Rayleigh velocity in steel at
low frequency and to the Rayleigh velocity in WC-Co at
high frequency. Note that this dispersion curve presents a
minimum at intermediate frequencies. This minimum, as
shown by the simulations in Fig. 3a, comes from the
important difference between the density value of the
WC-Co coating and that of the steel substrate. In this
figure, all other parameters are kept constant, and
changing the density value reveals the special signature
associated with this property. Fig. 3b shows the effect of
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Fig. 3 Simulations illustrating the dependence of the dispersion
curve with (a) coating density, (b) coating thickness and (c)
coating elastic constants. The values of material properties used
in these simulations are close to those of a WC-Co coating on a
steel substrate

the thickness that basically scales the horizontal axis. The
effect of the elastic constants is more complex, since two
independent constants are necessary to characterize an
isotropic material. Fig. 3c shows Rayleigh dispersion
curves where the Young’s modulus and the Poisson’s ratio
are changed, resulting in changes in the velocity-plateau
for higher frequencies.
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Fig. 4 Typical experimental signal of surface acoustic waves
obtained in a WC-Co coating. The Rayleigh wave and the surface
skimming longitudinal wave (SSLW) are indicated

However, with only the Rayleigh wave dispersion
curve, the measure of two independent elastic constants is
not robust. Different combinations of Young’s modulus
and shear modulus can result in similar dispersion curves.
Fortunately, the laser-ultrasonic setup used for measure-
ment of Rayleigh waves also produces a longitudinal mode
propagating near the surface as shown in the signal mea-
sured in a WC-Co coating depicted in Fig. 4. This wave
mode is sometimes called surface skimming longitudinal
wave (SSLW) or P-wave. When propagating only or
mostly in the coating, it can provide an independent
measure that combined with the Rayleigh wave will result
in a full characterization of an isotropic material.

2. The Inverse Problem

As shown in Fig. 3, Rayleigh waves are very sensitive
to small variations in the properties of the WC-Co coating.
But to determine the properties of the coating from an
experimental velocity dispersion curve, a numerical
inversion problem should be addressed, since no simple
analytical expression is available. As already mentioned,
the determination of the two independent elastic constants
should be greatly improved by an independent measure of
the longitudinal wave propagating in the coating. From
longitudinal velocity and Rayleigh velocity dispersion
data, the optimization process consists in minimizing the
function:

Min {Z [ () = (e, f>f} (Eq 1)
7

where the unknowns, 4, p, Vs, to be determined are
respectively the thickness, the density and the shear wave
velocity, f is the frequency, Vi the longitudinal velocity,
Vr the Rayleigh velocity and the superscripts ‘““meas’ and
““calc”” denote measured and calculated values. The Ray-
leigh velocity is calculated by vanishing the determinant of
a 6x6 matrix as found in Ref 11. This calculation also
involves the properties of the substrate, i.e., steel in this
work. Density was taken from the literature with a value
of 7.8 g/lem®. The longitudinal and shear velocities were
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measured on a steel plate without coating in the thickness
direction using the same system, with the values of
5.8 mm/us and 3.2 mm/us, respectively. Substrate proper-
ties have an impact on the Rayleigh velocity of the coating
at the lower frequencies. The minimization process is
performed on a summation of the measured Rayleigh
velocity dispersion data in the available frequency range.
The minimization is performed using the Downbhill sim-
plex method (Ref 18) and provides optimal values for the
three unknowns /4, p and V. With the shear and longitu-
dinal velocities combined with the density, the elastic
constants are determined by (Ref 19):

_ PGV —47%)

=T (Ba2)

G=pl (Eq 3)
(07— 202)

"Ta07-92) (Eq4)

where I is the Young’s modulus, G the shear modulus and
v the Poisson’s ratio. In Fig. 5, an example of the optimi-
zation process is illustrated. The experimental data points
are shown with crosses, the dotted line is the dispersion-
curve calculated with the initial values inserted in the
minimization process and the solid line (nearly superim-
posed to the data) is the dispersion-curve calculated with
the values found from the optimization process. Note that
the algorithm converges to the optimal values even if the
initial values are far from the solution.

3. Experimental Procedure

3.1 Thermal Spraying

The WC-12%Co agglomerated and sintered feedstock
was deposited by HVOF on low-carbon steel substrates.

5 285
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Fig. 5 Optimization process for finding the coating properties
by adjusting a theoretical dispersion curve with that obtained
experimentally

Journal of Thermal Spray Technology

é

The HVOF torch used was JP5000 from Praxair-Tafa,
Concord, NH, USA. Eight samples were obtained by
variation of the processing parameters, i.e., standoff pro-
jection distance, kerosene flow, and oxygen flow. The
sample thicknesses were measured by optical microscopy
of cross-sectioned samples and are in the range of 190-
360 um. The porosity, measured by image analysis and
scanning electron microscopy (SEM), was found to be
below 1% for all samples. The samples were also sub-
mitted to an abrasion test using standard procedures and
equipment (Ref 20).

3.2 Laser-Ultrasonic Experimental Set-Up

The laser-ultrasonic experimental set-up is presented in
Fig. 6. A pulsed Nd:YAG laser (3rd harmonic: 355 nm
wavelength, 35 ps pulse duration) is employed to generate
a Rayleigh wave in the ablation regime. This generation
laser, in the ultraviolet wavelength with very short pulse
duration is chosen to get good generation efficiency with
minimum damage to the sample surface. Although the
technique can be considered as nondestructive for prac-
tical purposes, it always produces marks of about 10 nm
depth on the tested surface due to ablation. For the
detection, a long-pulsed Nd:YAG laser (1064 nm wave-
length, 50 pus pulse duration) is coupled to an InP:Fe
photorefractive interferometer by optical fibers. This
photorefractive interferometer provides good sensitivity
on unpolished surfaces and good response to lower
ultrasonic frequencies.

A line-source and line-detection configuration was
chosen in this work to minimize the noise from the coating
microstructure. The line dimensions are about 10 mm long
per 50 um wide for both the generation and detection.
With this configuration, Rayleigh waves with a 60 MHz
bandwidth can be generated and detected in low-attenu-
ating materials. A scanning system with a mirror and a
translation table allows the Rayleigh wave to be generated
at different locations on the specimen while the line
detection is kept fixed. As a result, precise Rayleigh
velocity measurements are obtained from different
source-to-receiver distances between 1 and 10 mm.

Data processing ‘
t Optica fiver

Interferometer: two
wave mixing InP:Fe _f\
photorefractive

Detection laser:
Pulsed Nd:YAG
(1064 nm, 200 us)

Generation laser:
Pulsed Nd:YAG
(355 nm, 35 ps)

X0

N
Polarizer M4 Translation'
Lstage v

Sample

Fig. 6 The laser-ultrasonic setup
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4. Results and Discussion

4.1 The Inverse Problem Results

Measurements were performed on the eight samples
having WC-Co coatings processed under different condi-
tions. In Fig. 7, the inverse problem results are shown for
three of these samples where the squares, circles, and
triangles are the experimental data and the solid line are
the Rayleigh velocity dispersion curves calculated with the
optimal values. The thickness, the density, the Young’s
modulus and the Poisson’s ratio found with the technique
are indicated in the figure. The minimization process
works very well since the Rayleigh velocity dispersion
curves are virtually superimposed to the data. The opti-
mization process was repeated for many propagation dis-
tances on each sample and averaged.

4.2 Thickness Measurements via Laser-
Ultrasonics

The results obtained with laser-ultrasonic measurements
were compared to those from destructive techniques. In
Fig. 8, the thickness measured with laser-ultrasonics and
with an optical microscope after sectioning the sample are
compared for the eight coatings produced in this study. In
this figure, the straight line indicates the case of a perfect
correlation between the two thickness measurements. It is
observed that the data points are well fitted by the straight
line, thus indicating an excellent correlation. Note that, for
such coatings, the thickness is not perfectly uniform and
their variations are indicated by the error bars representing
plus or minus one standard deviation. The error bars for the
laser-ultrasonic measures are obtained from the variations
with different propagation distances. About ten different

3.0 4

Rayleigh velocity (mm/us)

5 10 15 20
Frequency (MHz)

Optimal fit

0 h=367um;p=14.2g/lcm’ E =311 GPa; v = 0.30
O h=251um;p=134 g/cma; E =321 GPa; v=0.29
A h=205um; p=12.9 g/om®; E = 325 GPa; v = 0.28

Fig. 7 Examples of optimization results where the symbols
represent experimentally obtained velocity dispersion and the
solid lines are the optimal fitting curves from the model

242—Volume 16(2) June 2007

propagation distances between 1 and 10 mm were used to
estimate the accuracy for each sample. They reflect the
nonuniformity of the thickness but also the precision of the
technique. Considering that the present laser-ultrasonic
technique does not use any calibration, the accuracy found
in Fig. 8 appears very satisfactory.

4.3 Density and Elastic Modulus Measurements
via Laser-Ultrasonics

The coating of one of the eight samples was separated
from the substrate for further measurements. Its density,
as measured by Archimedes’s method, was found to be
13.4 g/em®, which is very close to the value of 13.5 g/cm®
obtained by laser-ultrasonics. The Young’s modulus was
measured for this sample by a three-point bending test and
found to be 318 GPa with an estimated accuracy of +10%.
This is somewhat different than the value of 300 GPa
found by laser-ultrasonics, but well within the measure-
ment error of such bending test. The precision on the
Young’s modulus of the proposed laser-ultrasonic method
estimated from different propagation distances is about
2%. This accuracy could not be verified by an independent
method due to the intrinsic inaccuracy of available tech-
niques.

The main concern on the application of the model used
in the present problem is the assumption of isotropic
elastic properties. Previous measurements with Knoop
indentation (Ref 3) have shown different elastic behavior
when measured on the top surface or in the cross-section
of a WC-Co coating. But laser-ultrasonic measurements
with longitudinal waves in the plane of the coating
(SSLW) and normal to the plane (LW) have shown a
minor difference of about 5%, comparable to the accuracy
of single LW measurements. The LW velocity measure-
ments were done in the coating detached from the sub-
strate (the same sample used to measure the density and
for three-point bending test) and the inaccuracy comes

360 -
320
280
240

200

Thickness measured with LUS SAW (um)

T T T T T j ) " J
200 240 280 320 360
Thickness measured with optical microscopy (um)

Fig. 8 Thicknesses obtained by laser-ultrasonics compared to
that obtained by sectioning the sample and measuring by optical
microscopy
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Fig. 9 Correlation obtained between the Poisson’s ratio mea-
sured by laser-ultrasonics and the wear property

mainly from the separate thickness measurement used to
calculate the velocity from the time-of-flight. Also, mea-
surements of surface acoustic waves performed at differ-
ent angles have shown minor differences of about 1%.
This leads to the conclusion that, from the ultrasonic point
of view, the tested WC-Co coatings could be considered
nearly isotropic. Consequently, the agreement of the
thickness and density determined by laser-ultrasonics and
those measured by independent methods is not surprising
and strongly suggests that the elastic constants determined
by laser-ultrasonics also have good accuracy. It should be
noticed that considering the coating as an anisotropic
material would complicate the inverse problem.

4.4 The Relationship Between the Poisson’s Ratio
Measured by Laser-Ultrasonics and the Wear
Behavior of WC-Co Coatings

The properties measured by laser-ultrasonics were
compared with the wear performance on these samples.
Figure 9 shows the correlation obtained between the wear
volume and the Poisson’s ratio measured by laser-ultra-
sonics. Similar correlations were also found for the other
measured parameters like Young’s modulus and density,
but they are not as good. One reason may be the small
range of variations of the elastic properties on the samples
measured (less than 10% for the Young’s modulus and
Poisson’s ratio). A set of samples with larger variations of
these properties could reveal additional and more clear
correlations. Although such kind of correlations can be
very valuable, the physical mechanism behind them can be
complex and its usefulness limited to a specific type of
coating and process.

5. Conclusion

A laser-ultrasonic method is proposed for simultaneous
nondestructive evaluation of WC-Co coating thickness,
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density, Young’s modulus and Poisson’s ratio. The tech-
nique uses lasers for generation and detection of two
surface acoustic waves, the Rayleigh wave and the surface
skimming longitudinal wave, in a noncontact manner. It
also includes a photorefractive interferometer that pro-
vides good sensitivity on unpolished surfaces and good
response to lower ultrasonic frequencies. The surface
acoustic wave velocity dependence over a broad range of
frequency is compared to a model with an optimization
procedure to determine the coating properties.

Measurements have been performed on WC-Co coat-
ings processed under different conditions. A comparison
of thickness measured with laser-ultrasonics and with an
optical microscope shows a very good accuracy taking into
account the inherent nonuniformity of coating thickness.
Also, very good results are obtained for the density by
comparison with the method using the Archimedes’
principle. For the Young’s modulus, the values obtained
by laser-ultrasonics are found within the error bar of the
three-point bending measurement used for comparison.
Indeed, the estimated accuracy of the proposed method on
the Young’s modulus is about 2%. Regarding the Pois-
son’s ratio, a good correlation was obtained between laser-
ultrasonic measurement and wear performance on the
tested coatings. It is noted that a set of samples with wider
variations of these properties could reveal additional and
more clear correlations.

To our knowledge, this is the first time that elastic
properties, thickness and density are determined with a
single measurement. Both the low porosity of the WC-Co
coating that results in a low attenuation and its rather high
density producing a particular signature contribute posi-
tively to the success of the technique. The results obtained
demonstrate the ability of the technique to simultaneously
determine such properties with a single and possibly in situ
measurement. The application of the technique to other
thermal sprayed coatings could also be considered. Al-
though in most cases it will not be possible to measure all
parameters simultaneously like in the WC-Co case, the
technique should be still a valuable tool to thermal spray
coating characterization.
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