JTTEES 4:367-373
©ASM International

————

Ultrasonic Characterization of
Elastic Anisotropy in Plasma-Sprayed
Alumina Coatings

S. Parthasarathi, B.R. Tittmann, K. Sampath, and E.J. Onesto

An ultrasonic, nondestructive contact measurement technique was employed to detect and characterize
the elastic anisotropy of a free-standing, plasma-sprayed alumina coating. Following this initial evalu-
ation, a computer-assisted, ultrasonic anisotropic test bed was used to determine the anisotropic elastic
stiffness constants of coatings produced by plasma gun currents of 600 and 400 A. The results showed that
the plasma-sprayed alumina coatings are transversely isotropic; i.e., isotropic in the spraying direction.
These coatings were characterized by five independent elastic stiffness constants. Coatings produced at
600 A plasma gun current showed higher elastic stiffness constants than those produced at 400 A plasma
gun current. This increase appeared to be related to a decrease in the porosity content of the coatings pro-

duced at the higher plasma gun current.

Nomenclature

A anisotropy factor

c wave velocity

Cium elastic stiffness tensor
E Young’s modulus

G shear modulus

n;  direction cosines

VL longitudinal wave velocity
Vs  shear wave velocity
d,, Kroneckerdelta

Am  Christoffel’s tensor

v Poisson’s ratio

P density

1. Introduction

PROTECTIVE coatings are commonly produced by flame spray,
electric-arc spray, or plasma spray processes. These coatings
protect the substrate materials from severe service conditions,
such as wear, corrosion, and temperature extremes. The per-
formance of coatings depends on their material properties; tradi-
tional engineering designs consider only the materiail properties
of the substrate. This is probably due to the limitations of tradi-
tional engineering analysis techniques and difficulties associ-
ated with the determination of material properties of thin
coatings as well as that of the substrate/coating interface. Sig-
nificant developments in fracture mechanics theory and com-
puter-based, finite-element and finite-difference analysis
methods allow engineering analyses in terms of local material
properties, if such properties are available. For example, an
evaluation of the elastic properties of thermal-sprayed coatings
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and their isotropic/anisotropic behavior permits engineering
analyses involving the effects of service loading conditions on
stresses, deflections, etc. within the coating, substrate, and coat-
ing/substrate interface. Such analyses can be used in specifying
minimum material properties, or in selecting coating materials
to preclude potential premature failure of thermal-sprayed coat-
ings. Further, in certain coating/substrate systems, the elastic
properties of the coating may show correlations with porosity
content and/or cohesive strength. These correlations may be
used to obtain desirable coating characteristics, such as reduced
porosity content or increased cohesive strength of the coatings,
thereby optimizing service performance. In view of such poten-
tial, recent reports on thermal-spray coating technologies have
identified the need to develop test techniques for measuring
various coating characteristics/properties, including elastic
properties (Ref 1, 2), to advance the progress of thermal spray
technology.

Reliable assessment of elastic properties of a coating is often
difficult, sometimes because of the small thickness of the coat-
ing. Conventional methods employed to determine elastic prop-
erties involve stressing the component statically in tension,
torsion, or bending and then measuring the strain using strain
gages. Such static mechanical testing techniques are well stand-
ardized and are widely used to determine the elastic properties
of bulk materials. Despite their widespread use, static mechani-
cal test techniques have some disadvantages. For example,
static testing for elastic properties is time consuming and expen-
sive; it often requires considerable time and effort in specimen
preparation. Another problem with these techniques relates to
measuring mechanical displacements with sufficient precision.
Further, these conventional techniques do not readily allow de-
termination of the directionality of properties (anisotropy) and
local property variations within a bulk material. In addition,
most often the static mechanical test techniques cannot be di-
rectly applied to evaluate the elastic properties of brittle ther-
mal-spray coatings because these coatings present difficulties in
gripping or loading.

Nondestructive techniques for determining elastic properties
of coatings do not suffer from such disadvantages. In fact, the
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success of ultrasonic techniques in determining the elastic prop-
erties of various bulk materials, including metals, powder met-
als, ceramics, and composites, has been demonstrated (Ref 3-5).
These investigations showed that the elastic properties are
strong functions of density. Ultrasonic techniques have also
been used to characterize and quantify microstructural features,
such as degree, shape, and orientation of porosity (Ref 6-8). Re-
cently, Xu etal. (Ref 9) demonstrated the application of an ultra-
sonic guided wave technique based on Lamb and Rayleigh
waves to determine the elastic properties of plasma-sprayed Cu-
Ni-In coatings on Ti-6Al-4V substrates. Their investigation as-
sumed that the plasma-sprayed coating exhibits isotropic
behavior.

Consideration of the plasma-sprayed deposition process
shows that a plasma spray (or any other thermal spray) coating
cannot exhibit isotropic behavior. For example, consider a typi-
cal plasma spray operation wherein spray particles are fed into a
plasma arc. Depending on plasma spray conditions and the par-
ticle size distribution, the spray particles either experience com-
plete melting, partial melting, or only softening. A high-velocity
stream of inert gas or compressed air propels the molten drop-
lets, semisolid or softened spray particles onto a roughened sub-
strate surface where the individual spray particles deposit as
splats (with a morphology similar to a pancake) and form a mul-
tilayer coating. Although the deposition characteristics of
plasma-spray coatings are well documented in the thermal spray
literature, most efforts in the mechanical testing for coating
property determination (Ref 10-12) and engineering analyses of
the mechanical behavior of coatings (Ref 13-16) have tradition-
ally assumed that either thermal-sprayed coatings are isotropic,
or have measured a physical property in only one direction.
However, researchers have been aware of the anisotropic nature
of these coatings (Ref 17, 18). Nakahiraet al. (Ref 18) found that
the Young’s modulus measured in the spraying direction was
twice as high as that measured in the perpendicular direction.

This paper reports on the use of ultrasonic techniques to de-
tect elastic anisotropy in plasma-spray coatings, characterize the
elastic properties of alumina coatings, and measure their anisot-
ropic elastic stiffness constants.

2. Background

2.1 Ultrasonic Determination of Elastic Properties

The application of ultrasonic techniques to determine the
elastic properties of materials (including coatings) involves the
measurement of velocities of ultrasonic waves. These include
longitudinal waves (wherein the particles in the solid material
vibrate in the direction of wave propagation) and transverse
waves (wherein the particles in the solid material vibrate per-
pendicular to the direction of wave propagation). These mea-
surements can be used to determine the elastic stiffness
constants of both isotropic and anisotropic materials as follows.

An isotropic material is characterized by two independent
elastic constants. In such a material, if V1 andVjg are the veloci-
ties of longitudinal and shear waves, respectively, then:

G=pV2 (Eq1)
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where G is the shear modulus, E'is the Young’s modulus, p is the
density, and v is the Poisson’s ratio. The wave velocities can be
determined by launching an ultrasonic pulse into a specimen of
known thickness and by measuring the time taken for the pulse
to travel a known distance. Thus, based on thickness, density,
and wave velocity measurements, G, v, and E can be determined
for an isotropic material.

In the case of an anisotropic material, Christoffel’s equation,
which relates wave propagation directions and particle displace-
ment directions with the elastic stiffness constants, can be used
to characterize the type of anisotropy (Ref 19). A transversely
isotropic material is characterized by 5 independent elastic stiff-
ness constants. An orthotropic material exhibits 9 independent
elastic stiffness constants. A material exhibiting the most gen-
eral case of anisotropy is characterized by 21 independent elas-
tic stiffness constants. Christoffel’s equation is:

M, —pc*8 U, =0 (Eq4)

where ¢ is the wave velocity, p is the material density, U, is the
particle displacement vector, and §;,, is the Kronecker delta.
Christoffel’s tensor, A;,, is given as:

Rin= Ciam™ (Eq5)

where Cjiy,, denote elastic stiffness tensors, and n; denote the di-
rection cosines of the wave propagation direction. Equation 5 is
represented in Einstein convention (repeated suffixes indicate
summation); for example, a representative element of the tensor
Ap3is obtained by the following summation:

3 3
Ay 22 2 Cous™hy (Eq6)

k=1 [=1

Thus, based on measurements of the velocities of ultrasonic
waves propagating along different directions, one can evaluate
the number of elastic stiffness constants of a material and
thereby determine the type and extent of anisotropy.

Ultrasonic excitation of a surface of an infinite anisotropic
solid propagates three types of waves into the material. The
faster longitudinal wave is followed by two transverse waves.
The particle displacement of three waves are mutually perpen-
dicular. For longitudinal wave propagation in a perpendicular
direction, if the particle displacements of the wave are in the di-
rection of propagation of the wave, the mode is called a pure
mode, and the wave is referred to as a pure longitudinal wave.
Otherwise the wave propagation mode is called a quasi-mode,
and the wave is referred to as a quasi-longitudinal wave. Simi-
larly, for transverse wave propagation, if the particle displace-
ments are perpendicular to the propagation direction, the wave
is called a pure transverse wave. Otherwise the transverse wave
is referred to as a quasi-transverse wave.
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Following measurement of the velocities of these quasi-lon-
gitudinal and quasi-transverse waves at various incident angles,
the elastic stiffness constants are determined using Christoffel’s
equation (Ref 20, 21). For example, based on ultrasonic contact
measurements of velocities of waves with different propagation
and polarization directions, Christoffel’s equation is solved to
obtain expressions for wave velocities as a function of elastic
stiffness constants for wave propagation along directions in
which wave velocity measurements were performed. The elastic
stiffness constants then can be extracted from these equations.
The section “Appendix: Extraction of Elastic Stiffness Con-
stants” describes such a procedure to extract the stiffness con-
stants of a transversely isotropic material. However, based on
ultrasonic contact measurements made in three orthogonal di-
rections (i.e., normal and two transverse directions) using nor-
mal incidence, four of the five elastic stiffness constants of a
transversely isotropic material—Cy, C;, Css, and C3 (but not
C12—can be determined. The entire anisotropic elastic stiffness
tensor of a transversely isotropic material is determined by using
the ultrasonic anisotropy test bed (available at Pennsylvania
State University) to perform the ultrasonic measurements over a
range of incident angles, wave propagation, and polarization di-
rections. An iterative procedure can be employed to recover the
elastic stiffness constants by measuring the velocities of these
quasi-longitudinal and quasi-transverse waves at various inci-
dent angles.

3. Experimental

3.1 Test Specimen Preparation

Several, free-standing alumina coatings (Metco 130 by
Sulzer/Metco, 1101 Prospect Ave., Westburg, NY 11590, con-
taining 87% Al,O3 and 13% TiO,) were produced, initially on
rectangular steel substrates (type AISI 1020 low-carbon steel)
using a Sulzer-Plasma Technik A3000S atmosphere powder
plasma spray system. Table 1 shows the set points for specific
plasma-spray process variables. The as-received surfaces of the
steel substrates were cleaned with a degreasing agent and not
subjected to a grit-blasting operation to achieve poor or limited
adhesion. This type of substrate surface preparation enables
easy removal of the coatings from the substrates. Subsequently,
the free-standing, plasma-sprayed alumina coatings were sec-
tioned into rectangular prisms (typically 12 by 12 by 7 mm) us-
ing a diamond saw. These rectangular prism sections were used
in the contact ultrasonic experiments.

Table1 Set points for plasma-spray process variables

Process Set
variable point
Plasma gas flow, L/min 45
Carrier gas flow, L/min 35
Voltage, V 57
Current, A 600
Spray distance, mm 250

Note: The plasma gas flow rate of 45 L/min 1s made up of an argon flow of 35
L/min and a hydrogen flow of 10 L/min (argon/hydrogen ratio = 3.5). The car-
Tier gas was argon.
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The anisotropic elastic stiffness constants were determined
using an anisotropic test bed; two additional sets of free-stand-
ing test specimens were produced. The first set was produced
with the same set of plasma-spray process parameters as shown
in Table 1. A second set of coatings was produced with a 400 A
gun current while all other parameters were maintained as
shown in Table 1.

3.2 Thickness and Density Measurements

The thickness and density of each specimen were determined
following test specimen preparation. The thickness measure-
ments were performed using a micrometer. The density mea-
surements were performed using an Archimedes oil-immersion
procedure recommended by the Metal Powder Industries Fed-
eration (MPIF) Standard 42 for porous materials (Ref 22). This
technique, having been developed for porous materials, ac-
counts for the presence of connected surface porosity.

3.3 Ultrasonic Contact Measurements

Subsequently, the ultrasonic contact measurements at nor-
mal incidence were performed using the rectangular prismatic
sections (typically 12 by 12 by 7 mm) of the plasma-sprayed alu-
mina coating. Figure 1 shows a schematic diagram of a plasma-
spray coating test specimen to illustrate wave propagation and
particle displacement (polarization) directions for normal inci-
dence. Ultrasonic measurements were performed using
matched transducers at a center frequency of 5 MHz. A com-
puter-controlled MATEC Instruments SR9000 DSP ultrasonic
system (Matec Instruments, 56 Hudson St., North Burough, MA
01532) was used to measure the velocities of longitudinal and
shear waves propagating along different directions in the speci-
men. Following wave velocity measurements, Christoffel’s
equations were used to obtain expressions for wave velocities as
a function of elastic stiffness constants for wave propagation
along directions in which the wave velocity measurements were
performed, and the elastic stiffness constants were determined.
(This procedure is described in the appendix).

Spray Direction 1 @
&
&
52 <*
Sl
S3
S3 [2 mm
A
7 mmi Transverse 3‘_7_> S2
S1
——

12 mm

1
L’:
2

Fig. 1 Schematic diagram of test specimen, illustrating wave inci-
dence, propagation, and polarization directions
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3.4 Measurements Using Immersion Ultrasonics in
an Anisotropic Test Bed

Figure 2 schematically illustrates the ultrasonic anisotropy
test bed used to determine the elastic stiffness constants of the
free-standing, plasma-spray coatings. The test setup consists of
a computer-assisted ultrasonic apparatus to measure the veloci-
ties of quasi-longitudinal and quasi-transverse waves propagat-
ing at various angles. This apparatus includes a Panametrics
6400 pulser/receiver to generate and receive ultrasound, a Klin-
ger stepper motor controller (Klinger, Irvine, CA 92714) to con-
trol both the rotary motion of the goniometer and the linear
motion of the slide, a LeCroy oscilloscope (LeCroy Corp., 700
Chestnut Ridge Rd., Chesnut Ridge, NY 10977) for data acqui-
sition, and an Apple Macintosh computer for data analysis and
extraction of elastic constants. The stepper motor has 0.01° ro-
tary resolution and 1 mm linear resolution.

Figure 3 shows the specimen fixturing used with the experi-
mental measurements. Initially, a test specimen was mounted on
an aluminum plate using an epoxy adhesive. This plate then was
placed in a water tank and rotated through the use of a goniome-
ter to generate various incident angles. The fixture provided
structural stability to the test specimen during rotary manipula-
tion. The ultrasonic measurements were performed in a through-
transmission setup using matched transducers at a center
frequency of S MHz. The incidence angle was varied in 3° steps
from 0° to 45° in a plane. This resulted in approximately 30 mea-
surements per plane (including both Jongitudinal and transverse
wave measurements). The wave velocity measurements were
made at 0°, 45°, and 90° planes. This was accomplished by
changing the axis of rotation of the test specimen, as shown in
Fig. 3. Measurements were performed on two specimens ob-
tained from each process variable set. The thickness of these
specimens ranged from 1.7 t0 2.5 mm.

Oscilloscope Computer

Pulser-Receiver

Stepper Motor
Controller

Goniometer

Linear Slide

]— 1

LLLLLLN [

= Water

Receiver

Transmitter

Specimen

Fig. 2 Schematic of anisotropic test bed
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The elastic stiffness constants were extracted using a least
squares optimization process (Ref 21) following the wave ve-
locity measurements. Compared to the contact ultrasonic mea-
surement method, which assumes the coating is transversely
isotropic, this technique initially assumes a general case of or-
thotropy (three planes of elastic symmetry) and progressively
evaluates different types of anisotropy until a convergence is es-
tablished.

4. Resulits and Discussion

4.1 Thickness and Density Measurements

Table 2 shows the resuits of the thickness and density mea-
surements. The precision of the density measurements was typi-
cally better than 1%. These results indicate a marginal reduction
in coating density with decreasing plasma gun current.

4.2 Contact Measurements

Table 3 shows the measurements of ultrasonic contact wave
velocity at S MHz. Vy_refers to a longitudinal wave; Vg, Vso,
and Vg3 refer to shear waves whose particle displacements (po-
larizations) and propagation directions are shown in Fig. 1.

The wave velocity measurements show the following. (a)
The longitudinal and shear wave velocities are higher in the
spray direction compared to the transverse directions, indicating
the presence of anisotropy. (b) The shear waves polarized in per-
pendicular directions for propagation along the spray direction
show minimal difference in velocities. (c) Both longitudinal and
shear wave velocities measured in the two transverse directions
show minimal difference. (d) The shear waves propagating in
the transverse directions, but polarized in perpendicular direc-
tions, show a large difference in wave velocity.

These observations indicate that the plasma spray coating is
most likely transversely isotropic; that is, isotropic in the plane
of the coating. Such a quasi-isotropic behavior is similar to that
observed in unidirectionally reinforced composites (Ref 23) and
unidirectionally compacted particulate materials (Ref 4-5). As-

Table2 Results of thickness and density measurements

Current, Thickness, Density,
Ne. A mm g/em
1 600 7.066 3423
2 600 2.754 3.409
3 600 2.274 3.402
4 400 1.562 3372
S 400 1.559 3.382

Note: The calculated theoretical density is about 3.9 g/cm3.

Table3 Results of ultrasonic wave velocity measurements

Propagation Velocity, m/s

direction VL VSl Vsz V53
Spray 6090 .- 3575 3566
Transverse 2 4884 3567 e 3272
Transverse 3 4850 3556 - 3267
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suming that the plasma spray coating is transversely isotropic,
we used Christoffel’s equations to obtain expressions for wave
velocities as a function of elastic stiffness constants for wave
propagation along directions in which wave velocity measure-
ments were performed. Four elastic stiffness constants (Cyj,
Cy), Css, and Cy3) were extracted from these expressions. The
elastic stiffness constants of the two sets of coatings were deter-
mined using the procedure outlined in the appendix following
the wave velocity measurements performed using the anisot-
ropic test bed. In the calculations, the average wave velocities in
the two transverse directions was used. Table 4 (specimen No. 1)
shows the calculated values of these constants (in GPa).

4.3 Anisotropic Test Bed

Table 4 shows the reconstructed elastic stiffness constants (in
GPa) for the two sets of coatings (specimen No. 2 to 5). Minor
variations observed in the calculated elastic stiffness constants
from specimen to specimen arise from errors in the density and
velocity measurements as well as spatial variations in properties
within the specimen. The calculated values of Cy1, Css, and Cop
obtained using the test bed were approximately equal to the val-
ues calculated from the preliminary normal incidence contact
ultrasonic measurements (specimen No. 1). However, a high
value of C3 was obtained from the contact measurements com-
pared to that obtained using the anisotropy test bed. This differ-
ence in test results is attributed to errors in the contact

. 90° axis

‘ ~4—— Aluminum Plate, _,
45° axis

Free-Standing
~#—— Coating —

0° axis

-
35"

Fig. 3 Plan and elevation views of free-standing, plasma-sprayed

alumina coating utilized for ultrasonic anisotropic test bed measure-

ments

Table4 Elastic stiffness constants (in GPa) and anistropy factor

————

measurements arising from lack of coupling uniformity and test
specimen parallelism.

An examination of the elastic stiffness constants determined
from the anisotropy test bed measurements showed that Cjp =
C13; Crp = C33; Cs5= Cgg; and Cyg = (Crp — Cp3)/2. These rela-
tionships among the elastic stiffness constants indicated that the
free-standing, plasma-sprayed alumina coatings are most likely
transversely isotropic; that is, the coatings is isotropic about the
spraying (1) axis. This behavior is consistent with the hypothesis
on the evolution of anisotropy in plasma-sprayed coatings,
based on an analysis of the deposition process.

Table 4 also shows that the elastic stiffness constants of the
coatings produced at 600 A plasma gun current were about 20%
higher than that of the coatings produced at 400 A. Wave veloc-
ity measurements performed using the anisotropic test bed also
showed that the longitudinal wave and shear wave velocities in
the test specimens typically increase with increasing gun cur-
rent; this could be attributed to increased density. In fact, Steeper
etal. (Ref 25), in employing a Taguchi procedure to evaluate the
influence of various plasma-spray process parameters on the po-
rosity content of coating, showed that increases in the plasma
gun current decrease the degree of porosity. Thus, based on mea-
surement of wave velocities and determination of elastic stiff-
ness constants, one could estimate the porosity content of a
plasma-spray coating and identify possible methods to optimize
plasma-spray process parameters.

The extent of anisotropy in anisotropic materials can be
characterized by an anisotropy factor (Ref 19), which is de-
fined as:

2Cy,
Anisotropy factor = ————— (Eq6)
1~ Cn

This constant represents the degree of anisotropy and is equal
to 1 for an isotropic material. The calculated values of the elastic
stiffness constants determined from the anisotropy test bed mea-
surements show that the anisotropy constant varies between
0.70 and 0.78.

5. Conclusions

This work demonstrates the use of ultrasonic techniques to
characterize elastic anisotropy and to determine elastic stiffness
constants of free-standing, plasma-sprayed alumina coatings.
The results indicate that the plasma-sprayed alumina coatings

No. Current, A Cn Cyy Cas Cy Css Ces Cyy Cis Cxn A
Contact ultrasonic measurements

1 600 127.36 81.34 43.76 44.63
Anisotropy test bed measurements

2 600 129.66 91.24 83.46 35.31 34.77 3679 3232 29.46 30.02 0.73
3 600 134.90 100.85 98.57 38.21 38.59 46.15 33.96 33.03 21.31 0.76
4 400 109.82 85.08 83.98 29.42 29.53 33.76 26.07 27.82 14.90 0.70
5 400 102.88 90.58 87.11 28.78 31.54 23.99 29.16 26.27 19.52 0.78

A, anisotropy factor = (2 x Cq4)/(C11 — C12); E. bulk alumina = 400 GPa (Ref 25)
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exhibit elastic anisotropy. When an automated ultrasonic anisot-
ropic test bed was used for wave velocity measurements, the cal-
culated elastic stiffness constants showed that the coatings are
transversely isotropic. This behavior is consistent with the
plasma-spray process deposition characteristics. The elastic
stiffness constants were dependent on the porosity content of
plasma-sprayed coatings. Fracture, fatigue, wear, and other
computer-based techniques of engineering analyses of coatings
could use these anisotropic elastic stiffness constants to better
evaluate the mechanical behavior of the coatings in service.
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Appendix: Extraction of Elastic Stiffness Constants

This appendix describes a procedure for extracting elastic
stiffness constants of a transversely isotropic material from nor-
mal incidence contact ultrasonic velocity measurements in
spraying and transverse directions. A transversely isotropic ma-
terial has five independent elastic constants; using condensed
notation, these are Cyy, Cya, C23, Ca3, Cs5, where the subscript 1
denotes the axis about which it is isotropic. The stiffness tensor
for a transversely isotropic (five independent elastic constants)
material is:

€, C,C, O 0 o
Ch Cpp Cp3 O 0 0
C12 C23 C22 0 0 0
0 0 0 CZZ;C” 0 0

1 ;m for transversely isotropic material, as a function of direction
cosines (ny, ny, and n3) of the propagation direction, can be ob-
tained from the expression l;,, = Cypymmy 1y

nt+Cen2+C

ljy = Cpyni+ Cssny

2
s55™3

_ 2. 2
by = CosniCyyny +
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C,, - C
_ 2,22 "B > 2
Ly =Cssni+————nm+Cyn
li =(Css + Cpp)mymy
li3=(Cs5 + Cpy) nyny
C,,+C
ntin
123 =——2—n2n3 (Eq 7)

For propagation along the 1-axis ([nynpn3] = [100]) and from
the above equation set, /,,, is calculated as:

c, 0 0
0 Cy O
|0 0 Cy
This results in the following eigenvalue problem.
- .
c, 0 0 o o]
0 Cs5 0 |-pcfo10|U, =0
0 0 Cg (00 1]

Solving the eigenvalue problem, for propagation along the
spraying direction ( 1-axis), the following expressions for the ve-
locities of the three waves can be obtained:

o
2=—
p
C
C§=_55
p
C
55
G== (Eq8)

Polarization (direction of particle motion) of each wave can be
determined by substituting the appropriate expression from Eq 8
into the following matrix:

_ 2
all“ + azl12 +a3l13 =arc

_ 2
alll2 + a2122 + a3l23 =a,re Eq9)

_ 2
all31 + a2123 + a3133 =ayre

For ¢y, the polarizations [aja,a3] are found to be [100]. Hence ¢
is a longitudinal wave. When the same procedure is followed, ¢;
and c3 are found to be shear waves. Since the material is as-
sumed to be transversely isotropic, the polarization direction of
the shear waves is immaterial. Solving Eq 8, C; and Csscan be
calculated.

Similarly, for propagation along the transverse direction (3
axis), the following expressions for wave velocities can be ob-
tained:
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C
2= Sz
p
2= (€ = Cp3)
2 p
C
55
§= "y (Eq 10)

cyisalongitudinal wave, and ¢, and ¢ are shear waves polarized
in the 2 and 1 directions, respectively. Thus, Cyy and Cy3can be
calculated.

References

1. H. Herman, Spray Coating Technologies—State-of-the-Art Assess-
ment, National Center for Manufacturing Sciences. June 1989

2. R. Shah, K.C. Wang, K. Sampath, S. Parthasarathi, J. Jo, and E.J. On-
esto, Towards Manufacturing High-Quality Thermal Spray Coatings,
Thermal Spray Industrial Applications, C.C. Berndt and S. Sampath,
Ed., ASM International, 1994, p 675-681

3. 8. Parthasarathi, T. Prucher, C.J. Yu, J. Jo, and R.J. Henry, Determina-
tion of Dynamic Elastic Properties in Powder Metallurgy Components,
Review of Progress in Quantitative Nondestructive Evaluation, Ple-
num Press, 1993, 12B, p 1631-1637

4. S.Parthasarathi and T. Prucher. Ultrasonic Matenal Characterization of
Powder Metal Matenals, P/M in Aerospace, Defense and Demand-
ing Applications, Metal Powder Industries Federation, 1993, p 75-82

5. S.Parthasarathi, M.D. Aesoph, D.-W. Yuan, J. Jo, and J. Kajuch, Ul-
trasonic Characterization of Density and Elastic Properties in B1-
2212 Powder Compacts, J. Electron. Mater, Vol 23 (No. 11), 1994,
p 1199-1202

6. Y.Lu,N.G. Wadley, and S. Parthasarathi, Ultrasonic Sensing of Powder
Densification, J. Appl. Phys., Vol 71 (No 4), Feb 1992, p 1641-1648

7. B.R. Tittmann, M. Abdel-Gawad, and K.W. Fertig, Ultrasonic Charac-
terization of Microstructure in Powder Metal Alloy, Res. Nondestruct.
Eval., Vol 2, 1990, p 119-133

8. B.R.Tittmann, L.A. Ahlberg, K.W. Fertig, and M.Abdel-Gawad, Ultra-
sonic Attenuation in Powder Metal Alloy, NDE of Microstructure for
Process Control, HN.G. Wadley, Ed., American Society for Metals,
1985, p 89-97

9. PC.Xu,K.E. Lindenschmidt, and S.A. Meguid, High Frequency Leaky
Lamb Wave Measurement of Elastic Properties of Coatings, Thermal
Spray Coatings: Research, Design and Applications, C.C. Berndt
and T.F. Bemecki, Ed., ASM International, 1993, p 499-503

10. H. Lauschmann, M. Moravcova, K. Neufuss, and P. Chraska, Elastic

Young's Modulus of Plasma Sprayed Materials, Thermal Spray Indus-

Journal of Thermal Spray Technology

11.

13.

15.

17.

18.

19.
20.

21.

22.

23.

24.

25.

——

trial Applications, C.C. Berndt and S. Sampath, Ed., ASM Interna-
tional, 1994, p 699-701

J.P. Chambard and M. Nivoit, A Method for in-situ Determination of
Young’s Modulus of Deposits, Proc. 16th Leeds-Lyon Symposium on
Tribology, D. Dowson, C.M. Taylor, and M. Godet, Ed., Elsevier, 1990,
p223-230

. RV, Hillary, B.H. Pilsner, R.L.. McKnight, T.S. Cook, and M.S. Hartle,

“Thermal Barrier Coating Life Prediction Model Development,” Final
Report NASA CR 180807, National Acronautics and Space Admini-
stration, 1987

P. Auerkari, P. Kauppinen, K. Santaoja, and T. Uuttu, “Strength and In-
tegrity of Ceramic Coatings,” Research Report 734, Technical Re-
search Centre of Finland, May 1991

. M. Toyoda, Performance of Alumina Coated Rolls, Laboratory of Me-

chanics on Materials/Structures, Osaka University, 1989, p 60

A. Kousomichalius, C. Panagopoulos, and H. Badekas, The Effect of
Plasma Sprayed AlpO3 on the Mechanical Behavior of Al-4% Cu Al-
loys, Surface Modification Technologies IV, T.S. Sudarshan, D.G.
Bhat, and M. Jeandin, Ed., Minerals, Metals and Materials Soci-
ety/AIME, 1991, p 247-259

. S. Kuroda, T. Fukushima, and S. Kitahara, Significance of Quenching

Stress in the Cohesion and Adhesion of Thermally Sprayed Coatings, J.
Thermal Spray Technol., Vol 1 (No. 4), 1992, p 325-332

R. McPherson and P. Cheang, Elastic Anisotropy of APS Alumina Coat-
ings and Its Relationship to Microstructure, High Performance Ce-
ramic Films and Coatings, Vincenzini, Ed., Elsevier, 199G, p 207-290
H. Nakahira, K. Tani, K. Miyajima, and Y. Harada, Anisotropy of Ther-
mally Sprayed Coatings. Thermal Spray: International Advances
in Coatings Technology, C.C. Berndt, Ed., ASM International, 1992,
p1011-1017

H.E Pollard, Sound Waves in Solids, Pion Limited, 1977, p 23-30

B. Hosten, B.R. Tittmann, and M. Abdel-Gawad, Elastic Anisotropy of
Carbon-Carbon Composites During the Fabrication Process, 1986
IEEE Ultrasonic Symposium, B. McAvoy, Ed., 1986, p 1061

B. Hosten, M. Deschamps, and B.R. Tittmann, Inhomogeneous Wave
Generation and Propagation in Lossy Anisotropic Solids. Application
to the Characterization of Viscoelastic Composite Materials, J. Acoust.
Soc. America, Vol 82 (No. 5), 1987, p 1763-1770

“Method for Determination of Density of Compacted or Sintered Metal
Powder Products,” MPIF Standards 42, Metal Powder Industries Fed-
eration, 1986

B.D. Agarwal and L.J. Broutman, Analysis and Performance of Fiber
Reinforced Composites, 2nd ed., John Wiley & Sons, 1990, p 55-56
A. Nagarajan, Ultrasonic Study of Elasticity-Porosity Relationship in
Polycrystalline Alumina, J. Appl. Phys., Vol 42 (No. 10), 1971, p 3693-
3696

T.J. Steeper, W.L. Riggs, A.J. Rotolic, J.E. Nerz, D.J. Varacalle, and
G.C. Wilson, Experimental Studies of Air Plasma Sprayed Alumina
Coatings, Ceramic Coatings, Trans. ASME, Vol 44,1993, p 133-147

Volume 4(4) December 1995—373



