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Abstract

The mechanical properties of mullite (3ALO; 2Si0;) environmental barrier coatings are determined

using a laser-based ultrasonic system. The waveforms generated by a laser source in mullite coatings in the
1-20 pm thickness range are evaluated theoretically using the integral transform technique. It is shown that the
laser source generated the two lowest order SAW modes in these systems. Experimental waveforms are
generated using a 600ps pulsed Nd:YAG microchip laser and detected using a stabilized Michelson
interferometer. The dispersion curves for the generated modes are extracted from the expetimental data and the
mechanical properties of the coatings are obtained by minimizing the error between the measured and calculated
velocity vatues. The waveforms generated in mullite coatings agree well with theory and laser-based ultrasonics
is shown to provide an effective tool for the nondestructive evaluation of ceramic coatings.

1. Introduction

Mullite (3ALO; 28i0;) is an important
engineering ceramic exhibiting excellent high-
temperature strength, low thermal expansion, and
good chemical stability. Mullite is a candidate
material for corrosion resistant coatings on silicon
based ceramics (SiC and Si;N,) that are susceptible
to hot-corrosion when used in hostile environments.
This paper presents a theoretical and experimental
analysis of laser generation of ultrasound in mullite
environmental barrier coatings (EBCs) grown by
CVD. A model recently developed for laser
generated ultrasound in layered isotropic plates is
used to study the wave modes generated in EBCs
with thicknesses in the 1-20 #m range, and it is
shown that multiple surface acoustic wave modes
are generated in these coatings. Using the 2-D FFT
technique (Alleyne and Cawley, 1991) the SAW
modes, which are overlapping in the time domain,
can be separated and the density, elastic modulus,

and Poisson's ratio determined.

Optical techniques for the generation and
detection of ultrasound have received considerable
attention and have been utilized in a wide variety
of nondestructive evaluation (NDE) and materials
characterization applications (Scruby and Drain,
1990; Davis 1993; Hutchins, 1986,
Monchalin et al., 1998). Laser ultrasonic techniques

et al,

have been shown to be particularly well suited for
the inspection of thin films and coatings and several
techniques have been utilized including: a pump-
probe technique in which very high frequency
(GHz) acoustic waves are generated that propagate
perpendicular to the film and reflect off the
film/substrate interface (Thomsen et al., 1986)., the
impulsive stimulated thermal scattering (ISTS)
technique demonstrated in Duggal et al .(1992) and
Rogers, (2000) and the phase velocity scanning
(PVS) technique used in Cho et al. (1998) which
both use a spatially periodic irradiance pattern to
generate single frequency surface acoustic wave
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(SAW) tone-bursts, and broadband techniques
demonstrated in, for example, (Schneider et al.,
1995) and (Shen and Hess, 1997) where SAW's are
generated with a simple pulsed laser point or line
source. The pump-probe technique requires an
ultrafast laser source and attenuation limits the
useful measurement range to relatively thin films
making it less suitable for the inspection of EBCs
which can be tens of microns thick. The broadband
technique has the advantages over the ISTS and
PVS techniques in that,
signal-to-noise ratio is possible, information can be

provided sufficient
obtained about a materials system over a wide
bandwidth in a single experiment. In contrast, the
ISTS and PVS technique typically probe the
specimen at a single discrete frequency per
experiment, and thus the dispersion curve must be
found point-by-point over the frequency range of
interest. Note that recently a modification of
the ISTS technique has been developed which
allows for several narrowband signals to be
generated simultaneously allowing for more rapid
data collection (Rogers et al., 2000).

In this paper, the broadband technique will be
used where surface acoustic waves SAWs are
generated by a point focused laser and detected
using an interferometer. SAWs are confined to
propagate in the near surface region and are thus
very sensitive to the properties of surface coatings.
Unlike SAWs which propagate on a half-space,
SAWs which propagate on a coating/substrate
system are dispersive (Farnell and Adler, 1972).
The penetration depth of SAWs depends on their
wavelength allowing us to probe the elastic
properties as a function of depth. High frequency
(short wavelength) SAWs interact primarily with
the near surface region while low frequency (long
wavelength) SAWSs penetrate further into the
substrate. Measurement of the dispersion of SAWs
over a wide frequency bandwidth makes it possible
to extract the elastic properties, density, and
thickness of single and multilayer films. In addition,
SAWs can be used to monitor damage in coatings
as the velocity and attenuation of SAWs are

sensitive to the presence of microcracking, porosity,
residual stress, and machining texture (Pecorari,
2000, 2001; Schneider et al., 1999).

2. Theory

Pulsed laser sources provide a nondestructive,
non-contact means of wide-bandwidth acoustic
wave generation. In order to determine the
properties of a given structural system, the signal
generated by a laser source in such a system must
be well understood. The laser generation of
ultrasound in a half space as well as in thin plates
has previously been addressed by Spicer et al.
(1990, 1991), McDonald (1990), Cheng et al.
(1994), and Sanderson et al. (1997). The work of
these papers was recently extended to the case of
single and multi-layer films and coatings by
Murray et al. (1999) and Cheng et al. (2001). The
integral transform technique is used to calculate
the response of a layered system to an axisym-
metric laser soﬁrce. The model will be briefly
reviewed below for the specific case of a single
isotropic coatihg on a semi-infinite substrate and
both time domain displacements and dispersion
curves presented for mullite EBCs.

The axially symmetric elastic wave problem is
with the
decomposition of the displacement component

set up in cylindrical coordinates

normal to the surface (note that this is the
component measured with the interferometric
detection system) is written as:

u.=¢,-v,

The vector potential is given by ¢ (8 component
only) and the scalar potential by ¢. The two
potentials satisfy the following wave equations:

1 2
(p,rr + ;q’r + ¢,zz = SL(P,tt

1 1 ,
Vo + :Wr + Vo ;7‘/’ = sTV/,tt

where 5, =1/¢; and sy =1/¢; are the slownesses
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of the longitudinal and transverse waves in
the coating with the corresponding phase velocities
c¢. and ¢y . Analogous equations follow for the
substrate. These equations are augmented by the
initial conditions. If the system is at rest prior to

t = 0 then for both the coating and substrate:
‘p(r5 Z’O) =¢)1 (r: Z,O) = W(r> ZaO) = W‘x (r,z,O) =0 e (4)

The boundary conditions to be satisfied at the
coating/substrate interface are given as:

2

1 2 1 2 1 1 2
Tz=T"2 Tx=T 2 U,=U, U:=u :

where the superscripts (1,2) indicate the film and
substrate respectively. Eqns. (2) through (5) are
solved using a transform technique. A Laplace
transform is applied with respect to the temporal
variable and a Hankel transform with respect to
the radial coordinate. The equations must be
supplemented by the appropriate traction boundary
conditions at the coating surface. Taking the
Hankel-Laplace transform of eqns. (2) and (3) and
solving the resulting expressions for the potentials
yields:

'm0 = A6 + Be™

......... (6)
W' o = Ce™?' + DP
in the coating, and
(p LHO = Ee ~02z 7
V/ Lol = Ge—/!zz ......... ( )

in the substrate, where:

21,2)=5"/, _s?
AAD=T 0 B AT

p is the Hankel transform variable and s is the
Laplace transform variable. The subscript L refers
to the Laplace transform and the subscripts HO
and HI refer to Hankel transforms of order zero
and unity, respectively. The constants 4-G must be
determined by evaluating the boundary conditions.

The boundary conditions at the coating/substrate
have already been given in eqn. 5 and leaving the
boundary conditions at the top surface to be
determined. It has been shown by (Spicer et al.,
1990; 1991) that in a number of practical cases of
interest, the thermoelastic source can be modeled
as an equivalent elastic boundary source. The
following Hankel-Laplace transformed boundary
conditions may be used at the coating surface
(z = Oy

g B 12 B+ 27 No o(mats)

T = ’2(:)NQ0Q(P)Q(S)

s
18 2

where: ’s K k is the thermal diffusion

coefficient, and N is a constant related to the
thermal and elastic properties of the top coating.
Q(p) and Q(s) are the Hankel transform of the
incident laser pulse spatial profile and the Laplace
transform of the laser pulse temporal profile,
respectively, and Qo is the absorbed laser energy.
The laser source function has been given by

2¢% 26
R ]{ﬁ 3'71 ......... )
ILe 1

where R is the laser spot size and 7 is the laser

o(r1)=0, %e

pulse rise time. This source has been shown to
accurately represent the stress field induced by a
laser in a number of practical cases (Spicer et. al.,
1990, 1991; Murray et. al., 1999).

The surface boundary conditions hold under the
following assumptions: the heating is localized to
the film, the point of observation is outside the
volume defined by significant thermal diffusion,
and the optical energy is converted to heat close
to the irradiated boundary. The first two
assump- tions can be expected to hold, in general,
if the film thickness and source-to-receiver distance
are both sufficiently greater than the thermal

diffusion length ( 4kt )", where t is the incident
laser pulse width. The analysis is particularly suited
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for the evaluation of thermal and environmental
barrier coatings whose 500nm to 20 £ m thickness
range is much larger than the thermal diffusion
length on the imescales of interest.

Evaluation of the boundary and interface
conditions yields a 6x6 matrix that is numerically
inverted for the potential coefficients. Eqn. 6 is
then substituted into the Hankel-Laplace transform
of eq. (1) in order to find the transformed displace-
ment solution. The displacement with respect to
time and space is then obtained through numerical
inversion of the transformed solution.

Figure 1 shows the dispersion curve for a
mullite coating on a silicon carbide substrate. The
Young's modulus, Poisson's ratio, and density of
the coating and substrate are taken as E = 227.5
GPa, v = 0.28, and p= 3.17 g/em’ (Ledbetter et
al, 1998) and E = 410.0 GPa, v = 0.14, and
o = 3.10 glem’, respectively. The lowest order
SAW mode approaches the SAW velocity of the
substrate at low frequency*thickness (fh) values
(note that & refers to the thickness of the coating).
This corresponds to SAWs with large penetration
depths and thus the presence of the coating has
little effect on the phase velocity. At higher fh
values the velocity of the SAWs approaches the
SAW of the coating. In this
penetrationdepth is small and the SAWSs propagate

regime the

depth is small and the SAWs propagate primarily
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g. 1 Dispersion curve for a muliite coating on a SiC
substrate

in the coating. There are several higher order SAW
modes observed in the dispersion curve as well.
These have a cutoff at the shear wave velocity of
the substrate (7.62 mm/ s). Above the cutoff
these modes, often referred to as pseudo-Sezawa
modes, radiate acoustic energy into the substrate.
Below the cutoff these modes, now referred to as
Sezawa modes, propagate without losing energy to
the substrate and the velocity of these modes
approaches the shear wave velocity of the coating
at high fh values.

Figure 2 shows the time domain displacement
normal to the surface in a 10 ¢ m thick mullite film
on SiC at source-to-receiver distances ranging
from 200-1000 . m. The laser generation source
spot size is 20 xm and the rise time is 1 ns. The
waveforms show that the laser source primarily
generates the lowest order SAW mode. The low
frequencies propagate significantly slower than the
higher frequencies as expected from the dispersion
curve and the waveforms exhibit a significant
short
source-to-receiver distances. The second mode is

amount of dispersion over relatively
also observed and at source to receiver distance of
800-1000 12 m the two modes are clearly separated
in time with the first (low amplitude) arrival
corresponding to the second mode and the latter
arrival corresponding to the first mode. Figure 3

shows the normal displacement produced for in

25 : . . : —
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0 25 .
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é 2.0 \"\v'lv =
Q
§ 15 Mo 220 m .
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Fig. 2 Acoustic waves generated by a laser source in a
10gm thick coating on a SiC substrate at
source-to-receiver distances of 200-10004m
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coatings with thickness ranging from 1-20 zm and
a source to receiver distance of 600 ¢ m. The 1 g m
thickcoating has little effect on the generated
waveform which is similar to that generated on a
SiC half-space with the first arrival corresponding
to the surface skimming longitudinal wave and the
second the SAW. This waveform shows little
dispersion indicating that higher frequencies must
be generated (through, for example, decreasing the
generation spot size) to obtain information about
the coating properties. The 5-20 #m waveforms
exhibit increasing dispersion and the two dispersive
SAW modes are clearly visible.
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9. 3 Acoustic waves generated by a laser source in
1-20 m thick coatings with a source-to-receiver
distance of 600 um

3. Experimental Setup

The mullite coatings were tested using the laser
acoustic microscopy system illustrated in Figure 4.
The system has three optical paths that lead to the
sample surface through the same long working
distance objective (Numerical Aperture = 0.4). The
first path leads to a CCD camera and allows for
optical imaging of the sample surface as well as
sample alignment. In the second path, the detection
laser light enters the microscope from a single mode
optical fiber, is collimated, and directed to a
beamsplitter where it is divided into reference and
signal beams. The reference beam reflects off of a
mirror mounted on

an actuator (used for

o —

5'1 l <++—— actuator

CCD Camera

XYZ stage
sample
e «

Fig. 4 Laser acoustic microscopy setup for coating
inspection. Figure is labeled as follows: CGB
(collimated generation beam), GM (gimbal
mount), DCM  (dichroic  mirror),  BS
{beamsplitter), RM (reference mirror), SMF
(single mode fiber), CL (collmating lens), DL
(detection laser), PD (photodetector), RBS
(removable beamspiitter), IFL (image forming
lens), LWDO (long working distance objective).

stabilization) and is sent to a photodiode with a
1 GHz bandwidth. The signal beam is sent to the
specimen surface and, upon reflection, returns back
to the beamsplitter and interferes with the reference
beam at the photodetector. The detection system
thus forms a standard Michelson interferometer.
Additionally, polarization optics (not shown in the
figure) are used to control the amount of light sent
into the reference and signal beams. The detection
laser is a 200mW frequency doubled Nd:YAG
( A=532nm).

The generation laser is collimated, directed to
a mirror on a gimbal mount, sent though a relay
lens system, and on to the specimen. The gimbal
mount allows for precise control of the generation
point within the field of view (1.25 mm) of the
microscope and allows the source-to-receiver
distance to be controlled by adjusting the angle at
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which the beam enters the objective. The source-
to-receiver distance can be controlled with greater
than 500nm resolution. The generation laser is a
600 ps. Nd:YAG microchip laser with a pulse
energy of 10 #J which is used at the fundamental
frequency (1064nm). The generation laser energy
was attenuated to below 1] to avoid damage to
the coating surface. To determine the ablation
threshold, the specimen surface was observed under
the optical microscope as the generation laser was
increased. The ablation threshold was taken as the
point where a slight discoloration of the sample
surface was observed.

The laser ultrasonic system is well suited for
the Jocal inspection of materials properties. The
source and receiver probe the sample through a
single microscope objective and experiments are
typically performed with a maximum source-to-
receiver distance of 500-600 xm. The use of a
diffraction limited detection beam (spot size ~ 665
nm) allows us to work on specimens which are
unpolished and optically rough but have localized
optically flat regions where high modulation depth
can be obtained using standard Michelson
interferometer. The precision of our velocity
measurements is limited in these experiments by
the resolution of the source-to-receiver measure-
ment (less than 500nm) and the sample rate of the
digitizer (4Gs/s).

4. Results and Discussion

Figure 5 shows representative waveforms
detected in a 11.2 xm mullite film at several
propagation distances. The waveforms were
averaged 1000 times to improve the signal-to-noise
ratio. Multiple modes are observed experimentally
and these modes are overlapping in time for the
source to receiver distances shown. The mechanical
properties of the coatings are found by first using
the experimental data to determine the dispersion
curves and subsequently minimizing the mean
squared error between the experimental and
theoretical dispersion curves using the simplex

optimization routine (Press et al., 1986). Using
relatively small source to receiver distances allows
for high signal-to-noise ratio measurements over a
broad frequency bandwidth and minimizes the
effects of high frequency signal loss due to
scattering and attenuation, but at the propagation
distances shown in Figure 5 the generated modes
are not clearly separated in time and thus the
dispersion curves can not be obtained by measuring
the displacement at two distances and using the
simple phase unwrapping scheme detailed in
(Schneider et al., 1995).

97.5um
8- g
[ 227.5um
2 4 ]
2
5 357.5um
[0
25
El
e 487.5um
0- y

0 25 50 75 100 125 150 175 200
time (ns)
Fig. 5 Experimental waveforms measured at several

source to receiver distances

The dispersion curves are found using the 2D
FFT technique of (Alleyne and Cawley, 1991). A
set of waveforms is collected at evenly spaced
source-to-receiver intervals. One data set is
illustrated in Figure 6 where 81 waveforms have
been collected at intervals of every 6 ¢ m. At close
source to receiver distances (see waveform number
1 for instance) a short arrival is observed while the
latter waveforms show relatively broad arrivals in
time indicating the extent of the dispersion. A 2D
FFT (with respect to space and time) is then taken
of the waveforms in Figure 6 resulting in the plot
shown in Figure 7a. The waveforms are now in the
spatial and temporal frequency domain. The peaks
in the 2D FFT correspond to SAW modes and the
two modes are clearly separated over a large
frequency band. While the first mode has signifi-

cantly higher amplitude than the second mode, the
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Fig. 6 Plot of 81 waveforms taken at increasing source
to receiver distances. The propagation distance
is increased by 6 um increments in each trace
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Fig. 7 a) 2D FFT of waveforms shown in Fig. 6. and

b) aslice through the 2D FFT at 120 MHz showing

two distinct peaks in spatial frequency
corresponding to two modes

second mode is still clearly visible below the first
mode in Figure 7a. A slice of Figure 7a at 120
MHz is shown in Figure 7b and two peaks in
spatial frequency are clearly observed with the larger
peak corresponding to the first mode and the smaller
to the second. The dispersion curve for each of the
modes was found by searching for peaks in the 2D
FFT.

The dotted lines in Figure 8 shows the measured
dispersion curve for the first two modes found using
the this technique. The noise on the second mode
is due to the small amplitude of this mode and
poorer signal-to-noise ratio (SNR) with respect to
the first mode. The useful frequency range of the
first mode, where the highest SNR is obtained, is
from 80-230 MHz. The simplex search algorithm
was used to determine the mechanical properties of
the coatings by minimizing the mean squared error
between the measured and calculated dispersion
curves. Only the first mode was used for the
optimization routine due to the low SNR of the
second mode. The optimization routine was used
to determine the Elastic Modulus, Poisson’s ratio,
and density of the coating. The results from three
independent experiments over separate regions of
an 11.2um thick mullite coating on SiC are given
in Table 1.

Table 1 Properties of 11.2 mm thick mullite coating found
using the optimization routine.
data set E(GPa) v p (kg/m3)
1 188.9 22 3022
2 190.6 21 3043
3 188.32 22 3086

The theoretical dispersion curves agree very well
with the experimental curves and are over-plotted
in Figure 8 (solid lines). The experiments from the
different regions give consistent results. The values
for the Elastic Modulus are somewhat lower than
for fully dense mullite reported in the literature and
this may be due to the presence of porosity which
has a strong effect on the elastic propertie. The
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Fig. 8
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density values obtained are also slightly lower
than the literature values which supports this
hypothesis. (Ledbetter et al., 1998) The simplex
algorithm converged to the same solution with
various initial guesses indicating that it had
reached a global minima and that three properties
can be reliably obtained for these coatings.
Figure 9 shows the time domain signals
calculated using the properties found from the
optimization routine. The calculated waveforms
agree well with the measured waveforms for the
propagation distances shown. The generation spot
size was taken as 20um for the theoretical
waveforms. The of the
experimental signals is slightly lower than the

frequency  content
theoretical waveforms. This discrepancy is most
likely due to high frequency grain boundary
scattering in the sample which is not taken into
account in the theoretical model. Nevertheless the
waveforms show good agreement indicating that
the model can be used for laser generated ultra-
sound in ceramic EBCs.

227.5 pm

254

100 125 150 175 200

time (ns})

25 50 75

30
259
2,04
154
104
054

relative amplitude

0.0
-0.5
-1.04

357.5 um

304 ‘ I .
o] 487.5 um
20

An
v

T
50 75

——
100 125 150 175 200

fime (ns)

relative amplitude

15
1.0
054
004
05
104

100 125 150 175 200

time (ns)

0 25 50 75

Fig. 9 Comparison of experimental and theoretical time domain waveforms in mullite. The top trace
in each plot gives the theoretical waveform and the bottom the measured waveform.
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5. Conclusions

A laser based ultrasonic system has been used
to determine the mechanical properties of ceramic
environmental coatings. The experimental wave-
forms show both the lowest order SAW mode as
well as one higher order mode (Sezawa mode). The
acoustic microscopy system presented allows for
the determination of materials properties over
length scales on the order of 500 z m. The 2D FFT
technique is used to separate the modes in the
spatial frequency-temporal frequency domain and to
map out the dispersion curves of each of the modes.
The mechanical properties of the coating (density,
elastic modulus, Poisson's ratio) are subsequenctly
found by minimizing the mean squared error
between the measured and calculated dispersion
The theoretical
generated ultrasound in coatings is reviewed. The
theoretical results for

curves. formulation for laser

the mullite coatings show
excellent agreement with experiment. The
theoretical model can be utilized, for example, to
optimize laser source parameters or as a reference
in a reference based signal processing scheme to
improve SNR.

Laser based ultrasonics allows for the inspection
of coating materials in a completely noncontact,
nondestructive manner and without prior surface
preparation. This technique may also provide an
effective means of monitoring coating degradation
during thermal cycling. It is well known that the
elastic modulus is influenced by micro-structural
parameters such as micro-crack density, porosity,
bonding condition within the material, and
stoichiometry. Changes in the elastic modulus after
thermal cycling can be monitored using laser based
ultrasound. Finally, the high spatial resolution of
laser-based systems can be exploited in the future
to scan coating materials for crack formation prior
to spallation and failure.
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