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Ultrasonic Wave Considerations for
the Development of an NDE
Feature Matrix for Anisotropic
Media

The problem of ultrasonic surface and bulk wave propagation in an anisotropic
media andlor a composte material is addressed so that applications in  Nondestruc-
tive Evaluation can be considered, emphasis in this paper being placed on bulk wave
propagation. Global material property determination is consdered in an inverse
wave velocity computation of stiffness coefficients based on principles of
anisotropic elasticity. A one-sided inspection technique based on practical con-
Sderations of a fidd environment is developed. The concept of a feature matrix,
based on the diffness coefficients, is then introduced as a means of both material
characterization and defect analyss in composite materials. A brief discusson on a
test protocol and an interpretation of the elements in the feature matrix from an
NDE point of view is also presented. The conclusions of a previous theoretical in-
vetigation of wave propagation in anisotropic media are considered from an ex-
perimental point of view by way of the bulk wave technique. A result of fundamen-
tal value is that the actual propagation of quasilongitudinal waves, generated by a
dandard broad band pulsed transducer, is indeed well matched with the theoretical
approximation obtained earlier. This approximation was based on the generalized
retarded potential  principle with variable energy velocity of the quasilongitudinal
mode in an anisotropic medium as the substitute for the constant longitudinal

velocity used in the refarded potentidl scheme for an isotropic medium.

Background

In carrying forward a number of work efforts on the subject
of the Nondestructive Evaluation of composite materias,
severd concerns, including practicdity of the research, im-
plementation potential, and in general, the use of advanced
wave mechanics, have surfaced. It was clear that, for complete
material and defect characterization purposes, the traditional
norma beam longitudina wave inspection technique, in either
a contact or immerson mode, would not be sufficient. The
use, therefore, of obliquely incident bulk waves, longitudinal
or shear, and/or guided waves, including surface, subsurface,
or plate waves, was considered because of their different sen-
dtivities to different materid States, geometries, and defect
situations. With the increasing number of wave modes and
sgna features for decison anayss, it became obvious,
however, that a carefully planned set of inspection and deci-
sion rules would have to be established for a particular
material system in order to produce optima sendtivity to
defect detection, location, classification, and sizing. In an at-
tempt to address these issues, three principa problems were
considered.

1. Globa materia properties should be known, including
the potential severity of the inhomogeneities and anisotropy.
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This would lead to a reliable inspection protocol and
transducer selection process for proper beam penetration to,
and reflection from, any particular area of interest insde the
composite material. Theoretica anaysis would be required in
both the material property determination phase and also in the
establishment of an optimal inspection protocol.

2. A one sided inspection procedure would be necessary
since access to both sides of atest specimen, or careful cutting
of a gpecimen to achieve direct measurements in a particular
plane, would not be possible in a fied environment.
Theoretica and experimental considerations of surface waves
and bulk waves were considered for a one-sided inspection
procedure.  Initial attempts at solving this prob-
lem with surface waves is presented in [1]. This current paper
emphasizes the use of bulk waves, even though the overall
philosophy on NDE applications by way of afeature matrix is
the same as that presented in [ 1].

3. A discriminant function, which would be based on a set
of signa features from a combination of test modes, would be
necessary in signal classification analysis. Therefore, a set of
physicaly based features would be required. A description of
Feature based methodologies and F-maps for composite
materid ingpection can be found in references [2-3].

All three concerns were addressed by introducing the con-
cept of a feature matrix that would be based on principles
from anisotropic elasticity.

An inverse surface and/or bulk wave velocity technique will
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be introduced to calculate the stiffness coefficients for the
composite material. The gtiffness coefficients could then be
consdered as actua feature values, with the entire set, form-
ing a so-called feature matrix. In essence, the inverse computa-
tion can be thought of as a transformation function or even a
discriminant function itself, from a pattern recognition point
of view, and the feature values can then be used to carry out
nondestructive evaluation analysis of the anisotropic material.
This analysis could include determining materia properties,
anisotropic  state, inhomogeneity characteristics,  defect
presence, and possible stress state.

Introduction

A two step approach to reiable ultrasonic inspection is
necessary for anisotropic materials. Before examining
waveform characterigtics and arrival time for defect detection,
location, classification and/or sizing, it becomes necessary to
know material characteristics for suitable transducer selection
and proper signal analysis. As a result of developing a one-
sded materid characterization routine, which is based on
practical considerations, the concept of feature matrix deter-
mination and analysis can be introduced which is based on
elastic constant determination using concepts from
anisotropic eadticity. A careful study of the elements of the
feature matrix could then be used to determine materid in-
tegrity and potential globa deterioration from a particular
reference date.

An important first step in the reliable ultrasonic inspection
of anisotropic materials is therefore to acquire accurate
material Igropertia articularly the matrix of eastic con-
stants, which fully describe the homogeneous medium of a
perfectly manufactured materia, or at least the virgin state of
the material at some reference point. The elagtic properties of
unidirectionally reinforced composite (anisotropic) materials,
which are the subject of the given investigation, are completely
determined by five éagtic constants (the case of hexagona
symmetry) and by the unit vector d (director), which showsthe
direction of the principa symmetry axis. In a practical sense,
the director d points in the direction of the fibers in graphite-
epoxy composites or, for example, in the direction of
polycrystalline columns in centrifugally cast stainless stedl
(CCSS). Such a materid is dso caled transversdly isotropic,
because its properties do not depend on direction in any cross-
section plane, transverse to the director d. )

The use of ultrasonics for the determination of dynamic
eadic constants is well known [4]. In the literature, many ex-
amples of bulk wave velocity measurements for the evaluation
of elastic constants can be found [5-8]. For specidly prepared
test specimens that are cut aong off-symmetry planes, the
dagtic congtants can be determined with measurements of
longitudina and transverse wave velocities for an assumed
type of elastic anisotropy and mass density. If accessto the op-
posite side of a composite structure exists, the utilization of
obliquely incident longitudina waves, in either an immersion
or contact mode, and their subsequent refraction into
quasilongitudina and quasitransverse waves can be used for
elagtic condant evaluation. See for example [9]. In such a
case, the group veocity (velocity of energy flux) is measured.
All solutions to problems in wave propagation are tied
however, to phase velocities, therefore, the utilization of
group velocity and consideration of skew angle cdls for extra
mathematicd and experimental considerations. Elagtic con-
stant computations based on phase velocity measurements
alone might be beneficia due to the simplicity of interpreta-
tion. Both the specia preparation of the test specimens and
the mandatory two-sided access are the very inconveniences
that necessitate the development of a one-sided evaluation
measurement procedure which could be used on the materia
asitis. In the first case, the technique reguires specimen cut-
ting and is hence destructive in nature. Homogeneity is also
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assumed. The second technique, with oblique incidence, re-
quires access to both sides of acomposite layer. This approach
eliminates the necessity of specialy prepared specimens, but is
il practicaly difficult to carry out.

To some degree, an attempt to avoid the inconveniences of
destructive assay and two sided inspection was recently carried
out [10]. A method is proposed that is based on the applica-
tion of two angle beam probes placed on the same surface in
front of each other, one as a sender and the other as areceiver.
By changing the incidence and receiving angles, one can
generate and receive the quasilongitudinad waves, which are
propagating in an oblique manner in the composite layer. By
measurements of group velocity and the different angles of
propagation, the characterigtics of that particular material can
be obtained. Comparing such characteristics with those ob-
taned from numerical caculaions for different meterid
properties, one can indirectly obtain the condition of the com-
posite. This comparative method can be treated as a next step
towards the more practical solutions for composite
characterization in field conditions. Even for unidirectionaly
reinforced composites being inspected in the plane of sym-
metry (along the fibers), however, there is mathematical
complexity.

For the above mentioned reasons, and the lack of a one-
sided technique for a full determination of the dastic constant
matrix for orthotropic composites, a search for another prac-
tica solution has led to guided wave considerations. The
possihility of using guided waves in composite materia
characterization, for thin composite layers, has led to a
number of papers dedling with plate waves [ 1 1-12]. First
results were encouraging. By critical angle or resonance fre-
quency measurements, phase velocity determination, and
hence indirect material characterization, seems possble.

We have also considered the possibility of using surface
waves for thick composites [1]. This one sided technique re-
quires a thorough understanding of the wave propagation of
such waves. The oretica solution of the characteristic equa
tion for surface waves in an orthotropic semispace loaded by a
liquid is also presented in that paper. Theoretical solutions for
the so-caled dry cases, (i.e, for solids with a free surface), are
also well known [ 13].

Quantitative Nondestructive Evaluation, and especialy
ultrasonic ingpection, are currently experiencing tremendous
complications, caused by the anisotropy of the materials. The
very basic aspects of wave propagation are changed, yielding
such phenomenon as changes in energy velocity, beam skew-
ing, beam splitting, unsymmetrical field profiles, unusua side
lobe formations, and unusua focusing and divergence, dll
causing errors in reflector detection, location, classification,
sizing, and in overal imaging. The problems of ultrasonic
wave propagation in anisotropic materias are currently under
wide and intensive investigation [ 14-29].

This presentation is devoted to both bulk quasilongitudinal
and surface wave techniques with emphasis on the bulk
quasilongitudina technique since the surface wave procedure
was presented in [1]. The main contributions of this study are
the demonstration of the feasibility of the two techniques and
the further development of the feature matrix concept, which
would implement the results of these techniques in a suitable
decision agorithm to locate, classify and size defects within
composite materias.

An additional contribution of fundamental vaue is the
direct experimental proof that the actual propagation of the
quasilongitudinal mode of ultrasonic waves, generated by a
standard broad band pulse transducer, is indeed well matched
with the theoretical approximation, obtained in [30]. This ap-
proximation was based on the generdized retarded potential
principle with variable energy velocity of the quasilongitudinal
mode in an anisotropic medium, as a substitute for the con-
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Fig. 1 Schematic of the bulk wave technique:
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S (Sender) An ultrasonic  transducer with variable incident
angle.
R1, R2 (Receivers) Ultrasonic transducers positioned on either the

same or opposite side.

d (Director) Anisotropy vector pointing along the axis of sym-
metry (ie, along polycrystalline columns in CCSS, or in the
fiber direction for graphite-epoxy).

stant longitudinal velocity used in the retarded potential
scheme for an isotropic medium.

Experimental  Techniques

A Centrifugdly Cast Stainless Sted (CCSS) specimen,
marked B504, was comprised of two, equaly sized pieces of
different pipe sections welded together. One side of the pipe
had a columnar grain anisotropic structure, while the other
isotropic side, used as a control, had equiaxed grains. Results
of this study are reported in [20]. A specidly made unidirec-
tiona, one-lamina piece of graphite-epoxy composite (re-
ferred to as OLGEC bar or specimen A) was aso studied with
the bulk wave technique. Two additional graphite-epoxy
specimens, marked as specimens B and C (the latter is of the
orthotropic symmetry) were used in the surface wave
technique.

The Bulk Wave Technique. The use of bulk waves is
depicted in Fig. 1. Sender S generates plane wave vibrations of
agiven mode (quasilongitudina) in the vicinity of the attached
area with the preferential energy directivity as shown. The in-
duced Vvibrations propagate through the bulk of the
anisotropic material, with thickness D, in the form of an
energy packet., The magnitude of the energy velocity isafunc-
tion of the angle between the wave propagation direction and
the director d. By virtue of the materia properties and the
manufacturing design characteristics, in both specimens, the
director d is ether perpendicular or paradle to the free boun-
daries (externa and interna surfaces). That is, d is either ver-
tical along the grain columns of the CCSS or horizontal along
the fibers of the unidirectional graphite-epoxy composite. This
is a very fortunate circumstance that keeps the reflection
angles equa to the incident angles and dlows the simple
geometric interpretation of the energy packet reflections
depicted in Fig. 1. Note that data analysis could till take place
even if the director d were inclined at some angle other than 90
or 0 deg, but the analysis would be more complicated and the
feashility of the technique could be affected.

After the wave reaches the opposite surface of the specimen,
it is detected by the receiver R1 (in through-transmission ex-
periments) or alowed to come back as a reflected wave to the
top surface, where detection takes place with the receiver R2
(in skip-distance experiments).

The arriva time of the peak (and/or the leading edge) of the
signa amplitude was measured as a function of the flight
distance, which was determined from the geometry of the ex-
periment (in either through-transmission Or skip-distance). If
the transducer diameter is essentialy less than thetotal length
of the path, including the distance inside the sender shoe, it is
reasonable to consider it as a point source and, therefore, to
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calculate the energy velocity smply from the geometry of the
travelling path. Alternative setups, of course, are possible,
whereby simultaneous solutions of a large number of equa
tions should be used to evauate the anisotropic material
properties.

It is obvious that the skip-distance, as opposed to the
through transmission design, is more practical from an NDE
point of view, snce one sided inspection is possible.
Therefore, dl data for the columnar CCSS and its equiaxed
control specimen were gathered in the skip-distance arrange-
ment. Unfortunately, the large overdl diffraction caused by
the graphite-epoxy interfaces may effectivdly mask the
reflected signal, therefore, most data on the graphite-epoxy
composite was first gathered by the through-transmission ar-
rangement, where both leading edge and pesk vaue signals
were recorded. This information was then used to identify the
correct peak in the skip-distance experiments.

B504 Measurements. Two similar transducers (1 MHz, 0.5
in.), together with five different pairs of plastic wedges were
used as a sender and a receiver in the skip-distance arrange-
ment (Fig. 1) to gather five sets of data. The time and distance
reference points were determined by the position of the max-
imum response in the direct transmission measurements from
one wedge to another for each pair of wedges.

The ariva time + was measured by the maximum signd
amplitude for each position of the transducers, which were
separated by adistance X. The data, in pairs (X,t;), were then
used to generate the values of energy velocity W, versus angle
6; according to the simple formulas:

tan(9;)= X;/2D, W;=2D/(t;cosf;)

Additiondly, the pulse-echo method was used to measure
the velocities in the perpendicular direction (6= O deg). The
results [20] show that the differentiation of columnar from
equiaxial (and hence the anisotropic versus the isotropic case)
can be obtained by observing the profiles of energy velocity
versus skip distance or angle f values. The festure matrix con-
stants were also obtained for this specimen, and from them,
the two sides can be clearly distinguished.

OLGEC Measurements. The one-lamina, graphite-epoxy
composite specimen (OLGEC bar), was a specidly made,
unidirectiond, caibration block, with a length of 229 mm,
thickness of 12.7 mm, and width of 25.5 mm. The graphite
fibers were oriented in the longitudinal direction, so the
(width) x (thickness) cross-section was in the plane of
transverse isotropy.

Preliminary data on the ultrasonic velocities, aong and
perpendicular to the fibers, were obtained by the standard
pulse-echo method. The results are as follows: for longitudinal
waves ¥, (0 deg) = 9.467 mm/us; ¥, (90 deg) = 3.058 mnvus,
for vertical shear waves V(90 cfeg) = 1855 mm/ps; for
horizontal shear waves V(90 deg) = 1.439 mm/us. Note that
there is no difference between phase and energy velocities for
either the 0 deg or 90 deg directions, which again, is in
reference to the director d (fiber direction unit vector).

Due to strong diffraction it was practicaly impossible to
detect the shear waves @ 0 deg using the entire nine inch length
specimen. Therefore, after dl data were gathered, a short
piece of 0.457 in. length was cut from the origina block, and
shear wave veocities for the O deg direction were taken on it.
Two different waves were detected, verticad and horizontal
shear, with velocity values of V(0 deg) = 1.89 mm/us and
V(0 deg) = 1.95 mm/us, respectively.

For an ided transversdly isotropic material, there is only
one shear mode (twice degenerate) in the 0 deg direction, or we
may say that the velocities of the vertical and horizontal shear
waves must have the same value, coinciding with the vertica
shear wave velocity in the 90 deg direction (1.855 mmyus).

JULY 1989, Vol. 1111257
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Fig.2 Experimental data (all combined), and best fit theoretical curve
for the energy velocity, obtained from OLGEC bar
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Fig. 3 Comparison of OLGEC data obtained from the through
transmission technique with that obtained from the skip distance
technique

Although not exactly the case here, it is strikingly close (~ 3
percent deviation), provided that the longitudinal mode
velocity changes by more than three times from the 0 to the 90
deg direction. We take this observation as supporting evidence
in favor of the assumed overal transversely isotropic (or
unidirectionally anisotropic) nature of the material.

The results of the bulk wave experiments, which were con-
ducted with a variety of different arrangements, as illustrated
in Fig. 1, are shown in Fig. 2. Comparison between the
through-transmission data and the skip-distance measurement
datais presented in Fig. 3. The through-transmission measure-
ment data alone, with different arrangements is shown in Fig.
4,

When plotted together, the data from all of the experimen-
tal arrangements form a very smooth curve (see Fig. 2), wdl
matched by the one-parameter (Cy; = Cy3), best fit theoretical
curve for the energy velocity (solid line of Fig. 2, see adlso Step
#5 of the Appendix). We take this as strong evidence that the
experimenta curve is indeed the energy veocity profile, as
would be produced by a point source of quasilongitudinal
ultrasonic waves, propagating through an infinite, unidirec-
tionally anisotropic, eastic solid. The phenomenological ap-
proach for the processing of the data [1, 20] ultimately yields
the values of the five elagtic constants that characterize the ar-
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Fig. 4 Through transmission data obtained from the OLGEC bar with
various transducer frequency and incident angles. (9 cases in ail, fre-
uencies 1 .0, 35 and 50 MHz and L-wave shoe angles from 25 to 45
egrees).

Table 1 Evaluated dagtic constants. The siffness matrix is
given in GPA = 10°N/m?.

Constant Graphite-Epoxy ~ Specimen
Cy=Cp 14.5
Cy 139
Ci3=Cy 3.75
C1a=C11 —2Cgs 8.08
Cy4y=Css 533
Ces 321

bitrary, unidirectionally anisotropic material. These constants
are liged in Table 1.

The Surface Wave Technique

B504 Measurements. Surface wave experiments were con-
ducted on specimen B504 with a limited task: to distinguish
the columnar side of the specimen from the equiaxed side. The
results can be found in reference [20].

Composite Specimens. Small vaues of the surface wave
velocities in graphite-epoxy composite materias have forced
us to consider a different surface wave generation procedure.
The most popular NDT method for generation and reception
of surface waves, and that which was used for the CCSS
specimen, is known as the resonance technique. This tech-
nique utilizes an obliquely incident longitudina wave from
either a liquid or solid upper material, the most commonly
used upper materids being plexiglass and water, with
longitudinal wave speeds of 1500 mV/s and 2700 m/s, respec-
tively. Comparing these velocities with the values obtained
from our caculations for the surface wave velocities in com-
posites, one can see from Snell’s law, for the combination of
plexiglass onto graphite-epoxy, that there does not exist a
third critical angle for plexiglass or it is a least very close to
the grazing angle. Therefore, the utilization of this very con-
venient oblique incidence technique is dmost impossible.

A modified line source method, similar to that presented in
[29], was incorporated with the same differentid measuring
technique, depicted in Fig. 5. To increase the efficiency of sur-
face wave generation, a solid, sharp edged mediator was used
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for each probe. The waves were generated along the line con-
tact of the sharp edge mediator, attached to the transmitter,
and received a two other line contacts of similar mediators,
attached to the receivers and separated by a precisely known
distance. The configuration may be caled a quasi-point
measurement  because of the relativdly smdl measurement
base of 10 mm. Such a small base was chosen not only due to
large attenuation (0.335 dB/mm in the fiber direction and
0.354 dB/mm in the perpendicular direction for 1 MHz), but
mainly to avoid any difficulties with the interpretation of the
received signals, due to the finite thickness of the composite
layer and possible reflected waves from the bottom surface.
Two frequencies, 1 MHz and 2 MHz were used in the study.

The surface wave velocity measurements were carried out
on three graphite-epoxy composites with unknown material
properties. Two of the specimens were unidirectionaly rein-
forced, the third was (0-90)s with 64 plies. The first was the
same OLGEC bar (specimen A) used in the bulk wave
messurements. The second specimen (B) was plate-like and
had dimensions of 157.5 x 94. x 5.1 mm, a density of 1.55
gr/cm?, and fibers along the width. The thickness of specimen
B was not exactly constant but varied up to 15 percent. The
third specimen (C), which was aso plate-like, had dimensions
of 242 x 928 x 8 mm and a density of 1.56 gr/cm3. The
specimen was of orthotropic symmetry due to its structure.
The principa axes x;, x,, were chosen so as to be in the same
plane as the surface of the specimen, and x, was directed along
the length.

The results of surface wave velocity measurements a three
different locations and in two perpendicular directions (i.e,
¢, ¢), for each specimen are presented in Table 2. For

STEP 2

i 1+al
e——n R

\NANYA VINA
VARV, \V/

t sy t +248 ! Aty c+2ps
(b) (d)
Fg. 5 Differential technique for surface wave velocity measurements:
d Depth of penetration of surface wave;
t Travel time corresponding to distance | between transmitter T

and recever R;
ag Incident angle (around 62 degrees).

splecimen C, the measurements were performed at one location
only.

I\);Ieasurements of the off-axis surface wave phase velocities
for specimens B and C at a frequency of 2 MHz was aso car-
ried out. The results are plotted in Fig. 6. The reduced
anisotropy of specimen C due to the averaging effect of 64 dif-
ferently oriented laminas (plies) is clearly observed. The values
of the surface wave velocity measurements together with some
of the bulk wave velocity measurements, were used to evaluate
the matrix of dastic constants. The results are given in Table
3

Theoretical  Investigations

Numerical Integration Model. The numerica integration
mode [27, 30] makes use of the energy flux deviation angle
and the resulting group velocity in summing the point source
responses over a transmitter or a reflector surface. The
Green's function scalar retarded potential serves as a point
source indde a surface integral for caculaing the superim-
posed ultrasonic scattering function impinging onto a reflector
and/or reflecting from the target. The model is thus capable
of handling arbitrary shaped transmitters and reflectors
located in three dimensiona space, for any generaized phase
velocity profile.

2000

N Legend

— -
o 1s0f 44 = a = Specimen C
.g. . a 4 Specimen B

g

Velocity
w0
8

0 1000 2000 3000 4000

Velocity [m/s]

Fig. 6 Offaxis surface wave velocity measurements for specimens B
and C. (Nomina frequency = 20 Mhz)

Table 3 Elastic constants evaluated with the surface wave
technique (GPA)

Constant Specimen A Specimen B Specimen C

(transversely isotropic) (orthotropic)
Cy 145 13.5 68.4
Cn 14.5 13.5 75.1
Cy 139.0 138.0 71.0
Cia 8.1 6.1 57.1
Cn 5.6 3.1 55.3
Cy 5.6 3.1 8.7
Cu 5.3 7.7 12.5
Css 5.3 7.7 5.2
Ces 3.2 3.7 5.2

Table 2 Surfacewave velocitiesin two perpendicular directions (along the principal axes) for

specimens A, B, and C (m/s)

A C
1 MHz 2 MHz 1 MHz 2 MHz 1 MHz 2 MHz
lg 8 1565 137 130€2 205C3 136€2  060C3 13792 °_3 ) 0_3 °-2
1796 1295 1792 1305 2201 1450 2210 1455 1732 1733 1732 1738
1828 1295 1840 1295 2132 1368 2120 1368 - - - -
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Fig.
orientations of the original phase front to the director (fiber direction).

Obtained from numerical integration model with 3.0 MHz.

7 Ultrasonic field profiles in composite specimen for different

input pulse.

(a) 0 deg, (b) 40 deg, (c) 61 deg, (d) 72 deg, (e) 61 deg, (f) 90 deg.

CCSS Specimen. In reference [10] the beam pattern for a
longitudinal wave mode is shown for different angles of entry,
again with respect to the director d (in this case the columnar
grain direction). The O degree incident beam shows a diverging
pattern, with a pair of side lobes symmetrically positioned on
either side. Asthe entry angleisvaried to 15 degrees, the beam
tends to skew in the direction of increasing phase velocity.
Skew angles are dso observed in the 30 degree and the 65
degree direction diagrams, while in 45 and 90 degree diagrams
the waves do not skew at al. The results show that the phase
velocity a these angles resches the maximum and minimum
values which is the reason that the energy velocity is identical
to phase velocity, and which in turn explains the lack of beam
skewing. At 45 degrees there is a natural beam focusing effect
which has been experimentaly observed [ 14, 15] and which is
the direct consequence of the maximum of the phase velocity
being at this angle. At 0 and 90 degrees, where the phase
velocity reaches its minimum values, defocusing should be
observed.

Graphite-Epoxy ~ Specimen. The generdized numerica
modd with the scaling transform [30] was applied to the
graphite-epoxy composite, and the results for quasi-
longitudina mode propagation are presented in Fig. 7. The
transducer arrangement was the same as described above.

Figures 7 (a-, show the ultrasonic field profiles for dif-
ferent orientations of the origina phase front to the direction
of the director d (fiber direction). Hence, the angle is
measured between d and the normal to the transducer excitar
tion surface. The moving surface of the transducer is aways
horizontal and perpendicular to the plane of the drawing, the
same as the wave front of the initial excitation.

One may observe the strong focusing effect at 0 deg (the
phase and energy velocity are in the same vertica direction
aong the fibers, so thereis no skewing-refer to Figs. 7 and 8)
and a strong defocusing effect at 90 deg, when thefibersarein
a horizontal orientation. The skewing is well pronounced and
approximately equal to 35 deg for a 40 deg orientation, and 57
deg for a 61 deg orientation. It approaches the fiber direction
with increasing angle until it reaches 90 deg where, drictly
spesaking, the skewing is zero. However, due to the strong
defocusing, we may just as well say that this latter is the case
of 90 deg skewing. From a computational point of view, the
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Fig. 8 Phase (a) and Energy (6) velocity profiles for the uni-directional
graphite epoxy compsite (polar coordinates). Angle § is between the
fiber direction (horizontal) and the direction of propagation for the given
mode.

very strong overall skewing observed in Fig. 7 is the result
mostly of the scaling transform alone, although a mild skew-
ing (~ 8 deg) ill exists in the imaginary pre-reverse-scale-
transform material.

Evaluation of the Feature Matrix

The theoreticd basis and computational procedure for
elagtic congtant evaluation is presented in detail in references
[ 1,301 We shdl give here only the results of those procedures,
based on the approximate expression for the Green's function
[30], which was obtained for the mildly anisotropic medium.
Although the graphite-epoxy composite (OLGEC) is certainly
not the case of weak anisotropy (Fig. 8 showsthat the velocity
along the fiber is three to four times the vel ocity in the perpen-
dicular direction), the special considerations based on proper-
ties of the characteristic equation, with respect to the scaling
transformation, show that the same approach may be applied
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Fig. 10 A surface wave transducer arrangement for material
characterization

to the graphite-epoxy composite in spite of its large
anisotropy. The idea was mentioned first in reference [30] and
then was eaborated in reference [31]. Concisdly, a scding
transform along the director d with the scaling factor

J=V1(90 deg)/ V(0 deg).

turns the graphite-epoxy composite into the materia with very
small anisotropy of the quasilongitudinal phase velocity pro-
file. Quantitatively, in a new, scaded system, the graphite-
epoxy composite has the anisotropy parameter ~ 3 percent
deviation of the quasilongitudina velocity from its angular
average vaue.

Briefly, the theoretical analysis leads to the basic statement
that the data on ultrasonic pulse velocity, as obtained here,
pertains to the energy velocity as opposed to the phase veloci-
ty. The results of inverse computations, from energy velocity

Journal of Enaineerina _ Materials and Technoloay

to phase velocity and finaly to the dastic constants, are
presented in Table 1 of the bulkwave section.

To determine the elastic constant values from the velocity
values the density of the graphite-epoxy composite was
egimated as 1.55 gr/cm?. The procedure for the inverse com-
putation for the surface wave technique can be found in [1].
The results of these computations can be found in Table 3 of
the surface wave section of this paper.

Conclusion

The ultimate goal of this work is to produce an expert
sysem for the reliable NDE of anisotropic solids. The
methods of material evaluation and transducer sdection [32],
which are the basic congtituent parts of such a system, are
outlined very briefly next.

By following a carefully prepared data acquisition protocol
(see Appendix A), a series of different velocity measurements
can be taken, and from them, a plot of energy velocity as a
function of skip-distance (or angle) can be generated (see Figs.
2-4). From this plot, we can obtain the anisotropic materia
state, as is illustrated in Fig. 9. This material state
characterization technique could be implemented by way of a
multi-element, eectronically phased array of transducers. The
surface wave technique may aso be used for the determination
of the anisotropic materia state, as well as the materia varia
tions with depth. A suitable surface wave transducer arrange-
ment for carrying this out is illustrated in Fig. 10.

Once the material properties are known, computer runs can
be carried out to evaluate the ultrasonic field profiles for ar-
bitrary inspection parameters (i.e, wave modes, frequencies,
and incident angles). These profiles will provide us with the
necessary information to select the proper parameters which
show minimal beam skew and energy velocity variations. We
can aso, a the same time, explore such characterigtics as axia
resolution, beam focusing, and latera resolution for those
particular ingpection parameters. Side lobe energy, beam split-
ting, and potential artifacts can aso be predicted, and hence
avoided in the actual inspection.

All of thisis envisioned in an expert system, with rapid com-
putation capability, so that the materia characterization
results can immediately be used to determine the optimal in-
spection parameters, hence enabling us to carry out a detailed
inspection of the advanced anisotropic materials, widely used
in nuclear, aerospace and other leading industries.

Besides being smply a collection of material constants,
which are used asinputs to the numerical integration modd, in
order to generate the ultrasonic fidd profiles, the overal
materid giffness coefficients which are generated can tell us
about the reference state of the materid in a particular
neighborhood and then actually depict changes from the
reference date in aress nearby. As a result, such globa
material property changes as porosity, fiber volume fraction,
matrix degradation, etc. will be reflected in the constants of
the feature matrix. Such defect types as delaminations, gross
defects or through cracking, etc. may also be determined by
observations of unusua or bizarre feature values due to the
computation process associated with a particular data collec-
tion, inspection and analysis protocol. The effects of certain
defects on the dements of the festure matrix are reviewed
briefly below.

1. Uniform, nondramatic changes in all constants by the
same amount in the range of 5 to 10 percent strongly suggests
that the density changed by the same amount.

2. The changes in dengity can be caused by changes in
fiber fraction (FF) or porosity (PC), and the discrimination
between these two may be done, in principle, by the computer
aded decison making procedure.

3. Dradtic changes of the eastic constants or bizarre
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values (i.e., negative or even complex) indicate the presence of
defects. It could mean gross defects (delamination, large
voids, cracks in large numbers) or small defects (voids, vertica
cracks at various locations, local inhomogeneity or interfacial
weakness with depth).

4. If dragtic or bizarre results are spotted, bulk and sur-
face wave measurements, at different locations in the
neighborhood of the first encountered suspicious spot and at
different frequencies, would alow one to discriminate be-
tween gross and small defects, and to determine their location
and sze
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APPENDIX A

A tentative protocol for anisotropic material evauation,
based on the bulk wave technique, is listed below. Specificaly,
it is for the eastic constant determination of transversaly
isotropic graphite-epoxy composites.

Step Measurements Technigues Evaluation
# (velocities) (dlastic  congtants)
L ¢, -longitudina Pulse-echo, or skip-
diong’ the fibers distance, or trans  Csy
o mission
2. oL péllg)(rj]gltludlnalt gusliseecho, ort skip- o c
icular  to istance, or trans- ,
he fibers mission =z
Yok pg%m? T iseh Cu» C
icular 1o se-echo ,
b’ fioes s
4. cr-horizontal Pulse-echo Ces
shear &ong the C13=Cy; —2C¢
fibers o
5. ¢ (©)-quasi- Skip-distance  or
longitudinal  at transmission Ci3, Cy3
different  angles.
Note : With a sufficient number of measurements a different angles,

step 5 alows us to eiminate steps 1 and 2, and, therefore, to
determine smultaneously the elastic constants C | j, Cy3, Css.
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