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Laser-induced surface acoustic waves
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The elastic properties of plasma sprayed deposits have been evaluated using a
laser-excited surface acoustic wave (SAW) technique and an inversion processing analysis.
The SAWSs including Lamb and Rayleigh waves were generated in plasma sprayed
NiCoCrAlY and ZrO,, respectively, and their group velocity dispersions were used to
determine the elastic properties (i.e.Young’s modulus, Poison’s ratio and density) of the
deposits. Estimated elastic moduli from the velocity dispersions of Ag-mode Lamb waves
are in the range of 40-140 GPa for the deposits, which are much lower than the values
220-240 GPa of the comparable dense materials. The dramatic reductions in modulus and
density of ZrO, deposit have been attributed to the presence of high porosity and
particularly microcracks. Moreover, this study has emphasized on exploiting the
applicability of each kind of the SAWSs for the elastic property evaluation of different
sprayed materials. Both Lamb and Rayleigh wave dispersions are useful for the estimation
of APS and VPS-deposited NiCrAlY, but So-Lamb and Rayleigh waves are exceptional for
that of sprayed ZrO,, because of its characterization of high acoustic attenuation and
inconsequent displacement across the weak bonded interface of ZrO, and substrate.
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1. Introduction

Elastic properties of materials are of considerable im-
portance in determining their mechanical and thermo-
mechanical behavior, especially fracture behavior. In
comparison to bulk materials, thermal sprayed materi-
als have a characterization of inhomogeneous compo-
sition (unmelted particle and oxide inclusions) and de-
fective microstructures (crack, pore and lamellar splat),
so their elastic properties can not be referred to the ex-
isting values of the bulk materials in literature. Some
conventional test techniques such as tensile, bending
and cantilever tests, have been used for measuring elas-
tic properties of sprayed materials, but the experimental
data always were quite dispersive among the tests and
the methods [1-3], primarily because of a high sensitiv-
ity to local defects. For example, the Young’s modulus
of partially yttria-stabilized zirconia varies in the range
of 10-100 GPa, depending on the coating processes and
the measurement methods. Moreover, some local mea-
surement methods such as micro-indentation test have
been developed to overcome the difficulty of large-size
sample required in conventional mechanical tests, and
permit to measure Young’s modulus in a local region
of the deposits, but also contribute to a large scattering
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of data due to the inhomogeneous composition and mi-
crostructure [4-6]. Therefore, the experimental meth-
ods and the theoretical algorithms for accurate evalu-
ation of overall elastic properties of sprayed materials
are necessary to be developed.

Nondestructive ultrasonic techniques such as pulse-
echo or through transmission methods have been widely
used to determine elastic constants of variety of mate-
rials [7-9]. In practice, it is difficult to measure the
elastic properties of thin films or coatings by con-
ventional ultrasonic techniques, but surface acoustic
waves (SAWs) which propagate in the surface layer
have been useful [10-14]. In SAW technique, SAWs
are excited and received at a comparable long prop-
agation length to film thickness, and so the received
SAWSs contain an overall physical characterization of
the tested material, and therefore a good reproducible
results can be obtained through reducing the detection
sensitivity to local defects in porous deposits. The elas-
tic properties of porous silicon films were obtained from
the phase velocity dispersion of Rayleigh waves and
those of a plasma sprayed metallic coating from the
group velocity dispersion of Rayleigh wave [15-17].
This latter technique is attractive for nondestructive

f Present Address: Centre des Materiaux P.M. Fourt, B.P.87-91003 Evry CEDEX France.

00222461 © 2001 Kluwer Academic Publishers

5633



inspection application, however, when the coating is
porous and severely microcracking, this approach has
been unsuccessful. For SAW techniques, the laser ul-
trasonic techniques were developed rapidly and applied
to SAWs’ generation and monitoring [18-20]. One ad-
vantage of laser ultrasonic technique over traditional
one is noncontact, totally avoiding the use of liquid
couple medium such as water, which is believed to
have a negative influence on the estimated properties
of porous materials due to the liquid impingement into
the opening surface pores in conventional ultrasonic
techniques.

In this study, SAWs including Lamb and Rayleigh
waves were induced and monitored by a laser ultra-
sonic and interferometer system. The elastic proper-
ties of plasma sprayed thermal barrier coatings (TBCs)
were evaluated in a procedure of Simplex-based inver-
sion processing using the group velocity dispersions of
Lamb waves for freestanding films of NiCoCrAlY and
7Zr0,-Y;,03, and those of Rayleigh waves for coated
steel samples. In addition, the applicability of group
velocity dispersions of several mode SAWs for the elas-
tic property estimation of sprayed deposits were inves-
tigated by correlating the acoustic properties to their
microstructures.

2. Experimental procedure

Experiments were carried out on three kinds of plasma
sprayed materials. AISI304 stainless steel of 10 mm
thick were used as substrates, and were grit blasted with
Al,O3 (700 um), degreased and cleansed with alcohol
prior to spraying. NiCoCrAlTaY (AMDRY 997, Sulzer
Metco) was deposited by both atmospheric plasma
spraying (APS) and vacuum plasma spraying (VPS).
7r0;,-8%Y,03 (ZRO-178, Praxair) was deposited by
APS processing. Plasma spray parameters are given in
Table I. In order to prepare freestanding films, the coat-
ings were sprayed onto a thin and fine polished stainless
steel sheet, and then were removed by slight substrate
deformation or thermal shock treatment. The films were
finely cut into the size of 30 mm x 40 mm and one
side was polished to mirror finish. A thin aluminum
film was deposited on the polished ZrO, films by a
physical evaporation method in order to increase opti-
cal reflectivity of argon laser in the interferometer. The
polished APS, VPS-NiCoCrAlY and APS-ZrO, films
have typical thickness of 250, 360 and 350 pm, and as-
deposited porosity of 14 £2%, 10 £ 2% and 21 £ 3%
measured by laser microscope, respectively. The sur-

TABLE 1 Plasma spraying conditions for NiCoCrAlTaY and ZrO;
coatings

Powder NiCoCrAlY 7r0,-8Y,03
Spraying mode APS VPS APS
Working gas Ar/N», slpm 30/12 30/12 30/12
Current (A) 350-400 400-450 450-500
Voltage (V) 30-35 30-35 35-40
Powder injection manner External External Internal
Powder feed rate (g/min) 10 10 5

Stand-off distance (mm) 120-140 190-210 100-120
Carrier gas Ar (slpm) 5.5 5.5 4.5
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Figure 1 Surface morphologies of the plasma sprayed coatings ob-
served by laser microscope, (A) NiCoCrAlY coating deposited by APS,
(B) NiCoCrAlY coating deposited by LPPS, (C) ZrO,-8%Y,03 coating
eposited by APS.

face morphologies of the polished specimens are shown
in Fig. 1.

SAWs were generated by adiabatic thermal ex-
pansion due to line-focused pulse of a Q-switched
Nd: YAG pulse laser (wavelength: 1.06 pm, half-value
duration: 5 ns). Out-of-plane displacement induced by
SAWSs were monitored by a heterodyne-type laser in-
terferometer (frequency bandwidth: 20 KHz—20 MHz,
sensitivity: 1 x 10% V/m), digitized by an A/D converter
and stored in a personal computer. All the collected data
were processed in a workstation. Propagation distance
(P.D.) was adjusted by using two 2D and 3D-stages with
a spatial resolution of 1 and 2 um, respectively, and was
calibrated experimentally by the Rayleigh velocity of
pure aluminum bulk. In the case of Lamb wave mea-
surement, freestanding film specimens were installed
in an arrangement of cantilever or suspension. The ex-
perimental setup of the laser-induced SAW system is
shown schematically in Fig. 2.
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Figure 2 Schematic setup of surface acoustic wave excitation and detection system.

3. Results and discussion
3.1. Evaluation of elastic properties

from group velocity dispersions

of Ag-Lamb waves
First, antisymmetric mode (Ap-mode) Lamb waves
were induced in freestanding NiCoCrAlY and ZrO,
film specimens while YAG laser beam irradiated on
the surface of the films. The signal/noise ratio was
increased by a signal averaging technique, and the
same measurement was repeated typically 4-6 times
by changing measurement locations, for the purpose of
examining the experimental reproducibility. Some of
the detected waveforms of Ag-mode Lamb waves are
presented in Fig. 3. Next, the group velocity disper-
sions of the measured waves were obtained by wavelet
transform as expressed in Equation 1 [21],

i [T (1D
Wy £)(b.a) = ldl f ‘”(T) F@oyde (1)

Where f(¢) is measured wave function in time domain;
a and b are scale and shift parameters, respectively.
a, =2"* b,, =mAt. At is the sampling interval. y(¢)
denotes mother wavelet. The Gabor function is em-
ployed as mother wavelet and is given in Equation 2
(22],

w 172 l‘2 w 2
w(r)=n—1/4(7p) exp _5<7”) + jopt| (2)

where the central frequency w,=2"27/At;y =
5.336.

The group velocity dispersions of Ag-Lamb waves
are shown in Fig. 4. Ap-mode Lamb wave is disper-
sive, and its group velocity increases with increasing
frequency. The measured group velocities were cor-
responded to the frequency range of 0.3-6.5 MHz,
with the maximum error of 20 m/s and 45 m/s for
NiCoCrAlY and ZrO,, respectively.

Elastic properties including Young’s modulus E,
Poisson’s ratio v, density p and thickness, can be
estimated by a Simplex-aided inverse analysis as
shown in Fig. 5, provided that the estimated mate-
rials is isotropic. In order to reduce the uncertainty
of the estimation, the thickness values measured by
metallography were used as known parameters. In the
procedure, a set of initial parameters are given, then
the experimental group velocity Vy(f) is compared
with the computed velocity dispersion V,'(f). Next,
the error |Vg*( f)—Ve(f)l, is compared to a conver-
gence condition with the additional restriction of
AE <1x1073 GPa, Av<1x107* and Ap <1 x
1072 kg/m?3. A set of 12-15V,, data points in the fre-
quency range of 0.3—6.5 MHz is used in the procedure.
Unless the error sum satisfies the convergence condi-
tion, new initial parameters are provided by Simplex
method and the process is repeated until the converging
condition is satisfied, when the optimized E, v and p
are determined. This process was satisfactory for APS-
NiCoCrAlY and ZrO,, but not for VPS-NiCoCrAlY
where a unique solution could not be found with the
above estimation processing. As shown in Fig. 6A,
there are three solutions respond to the minimum er-
ror sum, and the estimated £ and v values of VPS-
NiCoCrAlY are in the range of 135-138 GPa and
0.18-0.23, respectively, so the main difficulty of us-
ing Simplex method was in determining Poisson’s ra-
tio. Therefore, another algorithm was proposed to over-
come the problem by supplying sheet velocity Cg,

C 2
Cg =2Cr.]1— (C—T) 3)

L

where Ct and CL, are the transverse and longitudinal
bulk wave velocity, respectively.

In the new procedure, the sum error of group velocity
is calculated numerically and plotted as a function of Cp,
or Ct. The optimized Ct (CL) is specified as 2733 m/s

5635



Intensity, V

1.2
0.8
0.4
0.0
-0.4
-0.8

-1.2
-1.4

0.5

0471
037
0271
017

T

1 1 t

(A)

1 1 1
0 2 4 6
Time, us

8 10 12 14 16 18 20

(B)

3000

2800 |
2600 |
2400 |
2200 |
2000 |
1800 |
1600 |
1400 f

Group Velocity, m/s

1200

3000
2800
2600
2400
2200

—— Data 1
—~&— Data 2
—o— Data 3
—— Data 4

L ] L 1 i 1 L ] i i

(A)

1 2 3 4 5
Frequency, MHz

0.0 b
-0.17
-0.2¢
0371
04—
0 2 4 6 8 1012 1416 18 20 22
Time, us

Intensity, V

087
0.6 |
047
027
0.0
-0.27
-0.471
-0.6 |

-0.8 —
0 5

©

Intensity, V

10 15 20 25 30 35
Time, us

Figure 3 Typical waveforms of Ap-mode Lamb waves in freestanding
sprayed specimens, (A) APS-NiCoCrAlY, P.D.=9.98 mm, (B) VPS-
NiCoCrAlY, P.D. = 16.37 mm, (C) ZrO,-8%Y,03, P.D.=9.77 mm.

(4835 m/s) from the plotting at the minimum error point
as shown in Fig. 6B. Further, the estimated Ct and Cr
as well as the measured density 7408 kg/m?, were used
for the evaluation of £ and v from Equations 4 and 5,
respectively,

_p@@%—%@

E 4
D = M 6))
- 2(CE -3
L T

The estimated elastic properties of the sprayed ma-
terials are given in Table II. Young’s modulus of APS-
NiCoCrAlY is some 40 GPa lower than that of VPS-
NiCoCrAlY, but much higher than that of ZrO,, about
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Figure 4 Group velocity dispersions of Ag-Lamb waves excited in free-
standing sprayed films by a line-focused YAG laser, (A) NiCoCrAlY de-
posited by APS, (B) NiCoCrAlY deposited by VPS, (C) ZrO,-8%Y,03
deposited by APS.

39 GPa. The reductions in the estimated E and p values
of the sprayed materials appear to be reasonable due to
their defective structures, and the results are consistent
with those of NiCrAlY (E = 100-160 GPa) and ZrO,
(E =10-50 GPa) investigated in others’ studies [3, 5,
6, 26-28].

3.2. Comparison of using Sy and Ag-mode
Lamb waves for elastic property
evaluation

Lamb wave contains multi-modes such as symmet-

ric modes (S;-mode, i =0, 1, 2, .. .) and antisymmetric

mode (Aj-mode), and in principle either of the multi-
mode waves can be used for elastic property estimation.

In this section, we will reveal the restriction of using
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So-mode Lamb wave for the estimation of high porosity
materials in comparison to using Ap-mode wave.

In the experimental, both Syp- and Ag-mode Lamb
waves were generated while YAG laser beam irradi-
ated on the edge of freestanding film specimens, and

TABLE II Comparison of elastic properties of the sprayed and bulk
materials

Elastic properties

Young’s modulus  Poisson’s Density
Specimens (GPa) ratio (kg/m?)
APS-NiCoCrAlY 10143 024+£0.01 7142
VPS-NiCoCrAlY 1405 0.26£0.02 7408
APS-Zr0,-8%Y,03 39+£3 0.25£0.01 5300
AISI 304 steel [23] 193 0.3 8000
Pure Ni [23, 24] 190 0.3 8902
Sintered 220 0.3 5920

Zr0,-8wt%Y,03 [25]

their waveforms are shown in Fig. 7. The early arriv-
ing component is identified as So-mode Lamb wave,
and the followed one as Ag-mode one. Complete Sy-
and Ag-mode waves were generated and monitored in
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Figure 8 Group velocity dispersions of Sy and Ag-mode Lamb waves
shown in Fig. 7, (A) APS-deposited NiCoCrAlY, (B) VPS-deposited
NiCoCrAlY, (C) APS-deposited ZrO,-8%Y,03.

NiCoCrAlY, but not in ZrO,, especially for high fre-
quency component of So-mode wave. By wavelet trans-
form the group velocity dispersions of Sp and Ag-mode
Lamb waves in the film specimens were obtained and
are presented in Fig. 8, in which the experimental and
the computed data using the estimated properties in the
Section 3.1, are represented by dotted points and solid
lines, respectively. Itis noticed that the group velocity of
Ap-mode wave increases with increasing frequency, but
it is inverse for that of So-mode wave. Another feature
is the velocities of both Syp- and Ag-mode waves tend
to the constant Rayleigh velocity Cr at high frequency.
In fact, it is quite difficult to determine the velocity of
So-mode Lamb wave at high frequency such as >5 MHz
for NiCoCrAlY and >3.5 MHz for ZrO, due to the
high acoustic attenuation nature of the sprayed materi-
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als with a high porosity. Therefore, the results of elastic
property estimation from the So-mode velocity disper-
sions were strongly dependent on how to choose the ex-
perimental data points, or even no reasonable result was
obtained in the case of ZrO;. In this experimental, the
measured group velocity dispersions of Sp-mode Lamb
waves were used to compare with the computed ones
by using the elastic properties estimated from Ag-mode
Lamb waves, in order to examine the validity of the es-
timated values in some extend. In Fig. 8, it is evident
that the measured and the computed Sy- and Ap-Lamb
wave velocities matched well for NiCoCrAlY, but not
those of Sp-mode Lamb waves for ZrO,. Moreover, the
So-mode velocity at zero frequency is sheet velocity
CE correlating to the fastest arriving wave [29]. The Cg
value of VPS-NiCoCrAlY was determined from the
Sp-mode Lamb wave and used for the estimation of
elastic properties. In Fig. 8C, the fact that the measured
Cg from Sp-mode wave in ZrO, deposit is close to the
computed value, indicates the validity of the estimated
properties. Therefore, it is ensured that Ap-mode Lamb
wave is more suitable for the elastic property estima-
tion of the porous materials than Sp-mode wave, but the
latter can be useful for examining the reliability of the
estimated results.

3.3. Rayleigh waves for the estimation
of elastic properties

SAWs contain several types of waves including Lamb
and Rayleigh waves. Individual Lamb and Rayleigh
waves can be generated when their wavelength is
greater or smaller than the thickness of tested plate spec-
imen, respectively. Rayleigh wave measurement can be
carried out in a coated substrate without removal of the
coating, so itis areal nondestructive test technique from
the point of sample preparation. In this section, we will
discuss the feasibility of using Rayleigh wave velocity
dispersions for the evaluation of elastic properties of
the sprayed deposits.

Rayleigh waves were excited in the deposits on
stainless steel substrates by laser ultrasonic technique.
The waveforms of Rayleigh waves excited in VPS-
NiCoCrAlY and ZrO; are shown in Fig. 9, and their
group dispersions are given in Fig. 10, in which the
experimental data are represented by dotted points and
the theoretical data by solid lines. The theoretical ve-
locities were computed from the estimated elastic prop-
erties by Adler’s matrix transfer method. The Rayleigh
group velocity of steel substrate is nondispersive and
measured as 2874 m/s, which is close to the exist-
ing value of 2924 m/s in literature. In contrast, dis-
persive group velocities were obtained for the coated
samples. The velocity at zero frequency will be the
Rayleigh wave velocity of the substrate and that of the
deposit at high frequency. In the case of NiCoCrAlY
coated specimen, the experimental and theoretical ve-
locities match very well, and thus demonstrates that
the elastic properties of VPS-NiCoCrAlY can be esti-
mated precisely from the Rayleigh wave dispersion by
Adler’s method as well. The metallographic observa-
tion on the cross-sections of the freestanding films have
testified that no obvious damages (mainly cracking)
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Figure 10 Group velocity dispersions of the Rayleigh waves shown
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were induced in the removal procedure of NiCrAlY
and ZrO, films. The good agreement between the mea-
sured and computer data for VPS-NiCrAlY provides
additional evidence for no induced damages in free-
standing films. In the case of ZrO,, the deviation in
group velocity was substantial in the frequency range
of 2-5 MHz and it become very difficult to estimate the
elastic properties from the experimental data with an ac-
ceptable calculation error. In the estimation procedure
by Adler’s matrix transfer method, it is assumed that
the displacement must be continuous at the interfaces
of layered material. From the frequency range the de-
viation occurred, it was postulated that the continuous
displacement condition could not be satisfied due to the
weak interface bonding or distinct difference in phys-
ical properties of ZrO, coating and steel substrate in
71O, coated specimen. Moreover, the high attenuation
nature of the porous ZrO; deposit may also account for
the deviation. Therefore, the application of Rayleigh
wave dispersion for the elastic property estimation of
a sprayed sample will be limited by interface bonding
situation, coating/substrate materials and their acoustic
characterization.

3.4. Comparison of elastic properties
of sprayed and bulk materials

The elastic properties of two kinds of dense materi-
als, rolled pure nickel foil (200 «m) and sintered yttria
(8 wt%) stabilized zirconia foil (250 um), were evalu-
ated by the same procedure described in the Section 3.1.
The Lamb waves excited in the two sheets are shown in
Fig. 11. It is noticed that both Sy and Ag-components of
the Lamb waves in the foils are very integral comparing
to those in the sprayed films. The group velocity disper-
sions of Lamb waves were obtained by wavelet trans-
form, and those of Ag-mode Lamb waves were used for
the estimation of elastic properties of the dense foils.
The estimated properties are listed in Table III. The
estimated Young’s moduli are 226 GPa for nickel and
241 GPa for zirconia, which are close to the literature
values of 190 GPa for bulk nickel and of 220 GPa for
YPS-zirconia [23-25]. Further, the theoretical group
velocities of Sg and Ag-mode waves were computed by
using the estimated elastic properties and are compared
with the experimental data in Fig. 12. The computed
data (solid lines) match the experimental data (dotted
points) very well for both the dense materials. These
results testify that the experimental procedure and the
data processing are valid and exact for the elastic con-
stant estimation in the present work.

In comparison to the bulk materials, the sprayed
materials have much low elastic stiffness, especially

TABLE III Results of estimated elastic properties of the dense
materials

Elastic properties

Young’s modulus Poisson’s Density
Specimens (GPa) ratio (kg/m?)
Rolled pure Ni 226+2 0.29 8750
Sintered YPS-ZrO, 241+3 0.24 6401
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Young’s modulus for the sprayed zirconia. For the case
of NiCoCrAlY deposits, the reduced elastic properties
can be correlated closely to the presence of porosity.
In addition, the lamellar microstructure may also con-
tribute to the reduction in elastic properties due to its
effect on reducing the coating integrity. From the lit-
erature data on porosity dependency of elastic moduli
of sintered zirconia [24], however, it is believed that
the significant reduction in elastic modulus of sprayed
ZrO, should not be attributed to the presence of pores
in the deposits. Probably, the results resulted from the
presence of micro-cracking network. The micro-cracks
as scattering center for acoustic waves will increase
significantly acoustic attenuation of the waves propa-
gating in the defective materials. This can also be used
to explain the inability of using Sp-mode Lamb wave
for estimating the elastic properties of the sprayed ZrO,
in this study.

4. Conclusions

The elastic properties of plasma sprayed materials have
been evaluated by measuring their group velocities of
surface acoustic waves (SAWs) excited by laser ul-
trasonic technique. Different mode SAWSs, primarily
Lamb and Rayleigh waves, were generated in either
freestanding films or in the deposits with substrates,
and their advantages and limitation for the evaluation
of elastic properties of the sprayed materials were ex-
ploited and analyzed. The Main summaries are obtained
from the experimental results.

1. Young’s moduli of plasma sprayed NiCoCrAlY
and ZrO, were evaluated as 100-140 GPa and 40 GPa,
respectively, which are much lower in comparison to
those of the comparable dense materials. The low-
porosity NiCoCrAlY produced by vacuum plasma
spraying has the highest Young’s modulus and density
among the tested specimens.

2. Elastic properties of the sprayed deposits have
been determined successfully from the group velocity
dispersions of Ag-mode Lamb waves excited in free-
standing sprayed films. Sp-mode Lamb waves were also
applicable to the property estimation of NiCoCrAlY
deposits, but not to that of ZrO, deposit which is more
porous and microcracking-contained.

3. Applicability of Rayleigh waves to elastic prop-
erty estimation was obviously dependent on the inter-
face integrity and bonding situation in the coated spec-
imens. Reproducible elastic properties of NiCoCrAlY's
were obtained from their group velocity dispersions
of Rayleigh waves, however, it was incapable of de-
termining the elastic properties of sprayed ZrO, from
its Rayleigh wave velocity due to the weak interfacial
bonding and inconsequent displacement across the in-
terface of ZrO, and steel substrate.
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