View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by NRC Publications Archive

W YV 1aScience stewr pour be
Fram Discovery atwork for Caflddlﬂ_
Innovation...

découverte
a l'inmovation...

NRC Publications Archive
Archives des publications du CNRC

Laser-Ultrasonic Evaluation of Thermal Spray Coatings
Krager, Silvio; Lesvesque, Daniel; Bescond, Christophe; Lima, Rogerio;
Maple, Basil; Campagne, Benjamin; Blouin, Alain; Monchalin, Jean-Pierre

NRC Publications Record / Notice d'Archives des publications de CNRC:
http://nparc.cisti-icist.nrc-cnrc.gc.ca/npsi/ctri?action=rtdoc&an=11343990&lang=en
http://nparc.cisti-icist.nrc-cnrc.gc.ca/npsi/ctri?action=rtdoc&an=11343990&lang=fr

Access and use of this website and the material on it are subject to the Terms and Conditions set forth at

http://nparc.cisti-icist.nrc-cnrc.gc.ca/npsi/jsp/nparc_cp.jsp?lang=en
READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE.

L’acces a ce site Web et I'utilisation de son contenu sont assujettis aux conditions présentées dans le site

http://nparc.cisti-icist.nrc-cnrc.gc.ca/npsi/jsp/nparc_cp.jsp?lang=fr
LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

Contact us / Contactez nous: nparc.cisti@nrc-cnrc.gc.ca.

i+l

B l] Noionsfeseorsn Conseinaional Canadia



https://core.ac.uk/display/38556342?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://web-d.cisti.nrc.ca/npsi/jsp/nparc_cp.jsp?lang=fr
http://web-d.cisti.nrc.ca/npsi/jsp/nparc_cp.jsp?lang=en
http://nparc.cisti-icist.nrc-cnrc.gc.ca/npsi/ctrl?action=rtdoc&an=11343990&lang=fr

1st International Symposium on Laser Ultrasonics:
Science, Technology and Applications

July 16-18 2008, Montreal, Canada

L aser-Ultrasonic Evaluation of Thermal Spray Coatings

Silvio KRUGER, Daniel LEVESQUE, Christophe BESCOND,gRdo LIMA, Basil
MAPLE, Benjamin CAMPAGNE, Alain BLOUIN and Jean-PiemONCHALIN

Industrial Materials Institute, National Research CdwfdCanada
Boucherville, Québec, Canada; Phone: +1 450 641 5076, Fax 644%106;
silvio.kruger@cnrc-nrc.gc.ca

Abstract

The non-destructive characterization of thermal sm@atings for thermal barriers, anti-wear or anti-
corrosion coatings is of particular importance for quadiontrol, but it can be also very useful for
understanding the mechanical and thermo-mechanical belud\parts allowing the development of life
prediction models. Laser-ultrasonics, a non-contadtnigoe with great flexibility for generation and
detection spot geometry, presents many advantages oveentmmal ultrasonic techniques for this
application. In this paper, some recent works on theackenization of thermal sprayed coatings by laser-
ultrasonics are presented. First, the use of surfacestcavaves to obtain elastic properties, density and
thickness of dense coatings is considered and resulinedtwith WC-Co coatings are presented.
Second, elastic property measurements on thermaébagatings are introduced and, finally, results on
the detection of defects like vertical cracks and cgalisbonding for dense coatings are discussed.
Keywords: Laser ultrasound, coating, thermal spray, WC-Cdasaracoustic waves

1. Introduction

Thermal sprayed coatings have been widely used to impnaterials performance by
providing them outstanding properties like corrosion praiectwear protection or
thermal insulation. Because of their special lamekaructure, inhomogeneous
composition and the presence of discontinuities likeepaand cracks, the elastic
properties of thermal sprayed coatings are significatitfgrent from those measured in
the same bulk materials processed by other means, andvamgywith the spray
conditions employed for deposition. If the assessménbating properties is done in a
non-destructive way, it provides a powerful quality contoall, since these properties
should be directly related to the desired technologiealormance characteristics like
wear behavior and fatigue life.

The ultrasonic waves propagate through the thickness afadieng (bulk waves) or

along the coating (surface waves). Surface waves ha&en lused largely for

characterization of coatings due to their sensititatymany properties [1]. Among the
advantages of the laser-ultrasonic technigue compared temdnal ultrasonics, are

its non-contact character (it can be applied on hdt moving materials), the ease of
changing the generation and detection spot geometriesdawgrdo the type of wave to

be measured, the large bandwidth of signals, and the @&bsérac coupling medium

such as water that could give rise to erroneous measuieoreporous coatings.

2. Char acterization of WC-Co coatings

Thermal spraying of WC-Co presents a cost-effective isoldbr depositing coatings to
reduce wear and corrosion. High velocity oxy-fuel (HVQRgrmal spray WC-Co
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coatings are also an excellent replacement for hardndum electroplating. In this
section, it is introduced WC-Co coatings characteoralbly solving an inverse problem
with an optimization procedure to minimize the differerbetween the measured and
calculated Rayleigh wave dispersion curves. This contaptalready been used, with
some degree of success, for the characterizationeomtl sprayed coatings [2] and
other coatings [3]. A broader review of previous workslmafound in Ref. 4.

Laser-ultrasonics allows generation and detection oasenivaves of both longitudinal
(sometimes called surface skimming longitudinal wav&Li®) or P-wave) and
Rayleigh modes as shown in Figure 1a. The Rayleigh wayditade decreases with
depth and this decrease depends on the wavelength (or frggusmeg wavelengths
(low frequency) penetrate deeper in the material whilertesh wavelengths (high
frequency) propagate closer to the surface, making thimnigue very attractive for
characterizing materials with depth dependent propertiesdi&engs.

The velocity dispersion of Rayleigh waves propagating toated material can be
calculated if the thickness, elastic constants and tyeokiboth coating and substrate
are known. Figure 1b shows a curve calculated with vadxeected for a WC-Co

coating on a steel substrate. The Rayleigh velocispatsion curve tends to the
Rayleigh velocity in steel at low frequency and to Beyleigh velocity in WC-Co at

high frequency. Note that this dispersion curve presamsinimum at intermediate

frequencies. This minimum comes from the importarfeckhce between the density
value of the WC-Co coating and that of the steel satstr
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Figure 1. (a) Typical experimental signal of surface a@ousves obtained in a WC-Co coating and (b)
Rayleigh velocity dispersion as calculated by a moded MfC-Co coating on a steel substrate.

Simulations shows that changes of the dispersion cumvéadthe coating thickness and
density are readily recognizable, but the measure ofrtdepiendent elastic constants is
not robust as different combinations of Young’s modulus shear modulus can result
in similar dispersion curves. Fortunately, laser-glracs also produces a longitudinal
mode propagating near the surface as shown in the sgeasured on a WC-Co
coating in Figure 1a. When propagating only or mostly in tdaieg, it can provide an
independent measure that, combined with the Rayleigh walleesult in a full and
robust characterization of elastic properties of atrapic material.



Eight samples were obtained by variation of the prawmgsparameters. The WC-
12%Co agglomerated and sintered feedstock was deposited by i@ dw-carbon
steel substrates. The thicknesses of the samplesmeasured by optical microscopy of
cross-sectioned samples and are in the range of 190 §on@60he porosity was found
to be below 1% for all samples. The laser-ultrasererimental set-up is presented in
Figure 2. A pulsed Nd:YAG laser "{3harmonic: 355 nm wavelength, 35 ps pulse
duration) is employed to generate a Rayleigh wave inathlation regime. For the
detection, a long-pulsed Nd:YAG laser (1064 nm wavelengthp2Qiulse duration) is
coupled to an InP:Fe photorefractive interferometer Ify] optical fibers. This
photorefractive interferometer provides good sensitivity umpolished surfaces and
good response to lower ultrasonic frequencies. A line-soartd line-detection
configuration is used with line dimensions of about 10 wing lby 50um wide for both
the generation and detection.

) Optical fiber
Data processing \ Generation laser: Pulsef
* Nd:YAG (355 nm, 35 ps)
Interferometer: two-wave ——f\
mixing InP:Fe photorefractive Dichroic
Lens
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Detection laser: Pulse
Nd:YAG (1064 nm, 20Qus)

. . Sample
Figure 2. The laser-ultrasonic setup. P

In Figure 3a, the inverse problem results are shown feetbf these samples, where
the squares, circles and triangles are the experiméataland the solid lines are the
Rayleigh velocity dispersion curves calculated with apéimal values. The thickness,
the density, the Young’s modulus and the Poisson’s ratindfavith the technique are
indicated in the figure. In Figure 3b, the thicknesseasmesd with laser-ultrasonics and
with an optical microscope after sectioning the sampmecampared. The straight line
indicates the case of a perfect correlation betweenvwo thickness measurements. It is
observed that the data points are well along the striigh thus indicating an excellent
correlation. Note that, for such coatings, the thicknesot perfectly uniform and their
variations observed by optical microscopy are indicétgdhe error bars representing
plus or minus one standard deviation. The error barsh®ilaser-ultrasonic measures
are obtained from the variations with different propagatistances.

The coating of one of the eight samples was sepdfabm the substrate for further
measurements. Its density, as measured by Archimededisdnetas found to be 13.4
g/cnt, which is very close to the value of 13.5 glabtained by laser-ultrasonics. The
Young’s modulus was measured for this sample by a thrie¢4pending test and found
to be 318 GPa with an estimated accuracyl®®. This is somewhat different than the
value of 300 GPa found by laser-ultrasonics, but well withehrheasurement error of



such a bending test. The precision on the Young’'s modrfiuibe proposed laser-
ultrasonic method estimated from different propagatictadces is about 2%. This
accuracy could not be verified by an independent methodtodine intrinsic inaccuracy
of available techniques.
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Figure 3. (a) Example of optimization results, whaeesymbols represent experimentally obtained
velocity dispersion and the solid lines are the optinttih§j curves from the mode{b) Thickness
obtained by laser-ultrasonics (LUS) compared to that médiady optical microscopy.

3. Elastic property measurements on thermal barrier coatings

Thermal sprayed barrier coatings (TBCs) are widely usegias turbine components
and have always exhibited an important challenge to the@sanic nondestructive

characterization. The thermal barrier properties cénmen the network of cracks and
voids that create barriers to heat propagation. Azitheks are not randomly oriented,
the properties of thermal barrier coatings are intnuases very anisotropic. It is
common to assume the anisotropic symmetry of TBCgaasversely isotropic (analog
to hexagonal structure), where the elastic constantseirplane (axes 1 and 2) of the
coating are independent of direction but different fritve properties in the direction

perpendicular to the coating surface (axis 3). The eguétsented in this section are
limited to the in-plane (G) and through-thickness {¢} elastic constants.

Commercially available 8 wt% yttria-stabilized zircop@wder was thermal sprayed on
a steel substrate with a plasma torch using a widlgeraf spray parameter settings. The
tested samples were produced for a study of the effextiroé projection parameters on
the final properties of TBCs, and more details can bedoanRef. 6. The laser-
ultrasonic measurements of surface acoustic waves dane in the configuration
shown in Figure 2, and the through-thickness measurements de&ne in a
transmission configuration where the ultrasonic waveganerated on the coating and
detected on the opposite substrate surface. To obtainpdesafastic constant in the
through-thickness and in-plane directions, only the akrof the first echo in each
waveform is measured. The elastic constants are latddu from the measured
velocities assuming a fixed value of the density of 4.7 §/cm



Figure 4 shows the through-thickness versus in-planeiceleshstants measured in
many samples produced with different processing conditions \aarious thermal
treatments. The strong correlation between the elastnstants obtained in the two
directions is very clear, suggesting that even if Blastic constants are necessary to
fully characterize this anisotropic coating, the measarg¢raf only one constant could
provide a good indication of the other elastic constainiseocoating.
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Figure 4. Through-thickness versus in-plane thermaldvastastic moduli for various processing
conditions and heat treatments (as sprayed and heetitfenl, 5 and 20 hours at 1400 °C).

4. Detection of cracks and disbonding in WC-Co coatings

Another important aspect of the non-destructive evaloaifocoatings is the detection
and sizing of discontinuities. A thermal sprayed WC-@ating sample with vertical
cracks (Figure 5a) was scanned with laser generation aedtidatspots separated by
about 0.5 mm. The laser-ultrasonic configuration is émsdnthe same as that of
Figure 2.. The presence of the crack will block the propagatidhe surface acoustic
waves. The measurement of a waveform parameterhkeainplitude of the Rayleigh
wave, can easily identify the zones with and withor#tcks. Figure 5a shows the
variations of a waveform parameter along a samplefrandistance between the peaks
is found to be the same as the distance between anaeksured by metallography in
the sample cross section.

Also, if there is a complete disbonding between thatiog and the substrate, the
coating when excited by the generation laser will vibrite a membrane. This
vibration can be readily detected with a system respgndit sufficiently low
frequencies [7]. Signals obtained on a WC-Co coating fiegion where there is good
adhesion show clear differences from signals ofg@orewhere the coating is detached.
In the tested sample, there were large oscillatibabdaut 200 kHz on the signals of the
detached area. Figure 5b shows a plot of the vibratigrlitache over a line scan taken
in a region where the coating is partially detached ftbensubstrate. The regions with
disbonding can be readily distinguished.
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Figure 5.Laser-ultrasonic detection of cracks in WC-Co coatifa)sCross-sectional view of a sample
with the generation/detection scheme, and variation ofv@faan parameter along the sample. (b)
Profile of the vibration amplitude in a region wheretbating is partially detached from the substrate.

5. Conclusion

The laser-ultrasonic technique presents many advantagesawentional ultrasonics
for thermal spray coating characterization. First adif it is a fully non-contact
technique, eliminating all the inconveniences of directactror immersion techniques.
Another major advantage is its easy control of theeggion and detection laser spots
that provides a powerful flexibility to efficiently gera¢ée and detect different wave
modes, like surface acoustic waves. The technique alsadpsounmatched broadband
and meaningful sensitivity if sufficiently powerful laseare used. The limitations of the
technique are mainly related to its complexity and costlewthe laser security and
surface damage can be a challenge for some applisafitve examples presented in
this paper show that laser-ultrasonics can provideandstg performance for different
problems of non-destructive characterization of coatings.
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