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ULTRASONIC FLAW DETECTION AND CHARACTERIZATION IN STRUCTURAL
MATERTALS BY SPECTRAL ANALYSIS*

L. Adler, K. V. Cook, W. A. Simpson, D. K. Lewis,T and D. W. Fitting

ABSTRACT

A method of quantitatively determining size and location
of simulated flaws in anisotropic materials such as stainless
steel welds is described. Previous work demonstrated that
spectral analysis of a broad-band ultrasonic pulse scattered
from a defect can be used to determine its size and orien-
tation in isotropic materials if the velocity of sound in the
material is known. TIn an anisotropic structural material —
stainless steel weld, centrifugally cast pipe — the velocity
of sound — both shear and longitudinal — depends on the sound's
direction. When anisotropy is not taken into account, defect
location and size are frequently misjudged. The effect of
this structural variation in materials must be considered to
obtain the correct size and location of defects by frequency
analysis. A theoretical calculation, including aaisotropy, of
the scattered field from defects is also presented.

INTRODUCTION

An important application of nondestructive evaluation (NDE) is the
detection of cracks or inclusions in metallic components and the deter-
mination of their location. 1In addition to defect location, defect char—
acterization is becoming increasingly important in modern NDE. Defect
characterization refers to the determination of size, shape, orientation,
and composition of the defect. 1In conventional ultrasonic testing the
beam reflected from a defect is observed and the location of the defect
is determined from the time the ultrasonic pulse takes to travel to
and from the defect. The size of the defect, on the other hand, is

estimated by measuring the amplitude of the reflected ultrasonic wave.

*Work performed under DOE/RRT 189a OHO61, "Nondestructive Testing."”
Graduate student from the University of Tennessee.



The measurement of the sound wave's travel time accurately locates the
defect. Amplirude measurements, however, can result in size estimations
in error by a factor of as much as 5 to 10 if the orientation of the
defect is not normal to the incident beam.! To overcome this difficulty
ultrasonic spectral analysis has been developed to make defect size deter—
minations to supplement those based on amplitude measurements ./

Spectral analysis, which uses frequency distribution of the scattered
amplitude to characterize flaws, has been successfully applied in aluminum
and in carbon steel. Conventional ultrasonic techniques detect and
characterize flaws poorly in austenitic steels with welded or cast struc—
tures., Very often ultrasonic time measurements do not locate the defect
properly when the weld itself is sectioned. The reason for this discre-
pancy may be explained by a recent study2 of austenitic steel, which
showed mechanical anisotropy caused by preferred local orientation of
eclongated subgrains. As a resulit, the velocity of propagation for both
shear and longitudinal waves will depend on the direction of the sound
waves. The purpose of this paper is to show: (1) how ultrasonics will
enable us to clearly describe this anisotropic behavior and (2) how
the information about anisotropy is used to locate and characterize

defects in anisotropic materials.
THEOQORY

Ultrasonic Wave Propagation in Anisotropic Solids

with Orthotropic Symmetry

The apparent symmetry in the macrostructure of an austenitic
stainless steel weld suggested2 orthotropic symmetry for the stress—
strain relationship. The general relation of stress to strain in

matrix notation is

{a} = |

!

el , (1)



where {8} is the stress matrix, {e} is the strain matrix, and [C] is the
elastic stiffness matrix. For a material with orthotropic symmetry there

are nine independent terms in [(]:

Cir Ciz Ci13 O 0 0
Ci2 Cax Cas 0 0 0
Cys 723 C3z3 0O 0 0
(C] = (2)
0 0 0 Cyy 0 0
G 0 0 0 Css 0
0 0 0 0 0 Ces J

Inversion of Eq. 2 yields in matrix notation
-1
{e} = [} "{o} = [s]{o} , (3)

where [s] is the elastic compliance matrix.
The relationship between the elastic stiffness constants and the velocity

of the ultrasonic wave is expressed by the Christoffel relation:

Ay — pV? A1z A3
A2 Apy — pV? Aas =0, (4)
Al A23 A3z — pV?
where, for a material with orthotropic symmetry
)\11 = Q;2C11 + m2C55 + n2055
Az = 2m(clz + Ces)
Ais = nQ(CIB + Css)
(5)

Aoz = 0%Cse + m?Cuy + n°Cqs
Aag = wn(Ceqy + C23)

}\33 = QIZCSS + mZCQQ + n2C33



where 7, m and n are direction cosines of the propagation direction and
o is the density of the material. A coordinate system attached to the
weld is defined in Fig. 1. The elements of the elastic stiffness
matrix are calculated by measuring sound velocity in a number of spe-~

cified directions and by applying the following relation.

Table 1. Relationships Between Elastic Stiffness and
Ultrasonic Propagation Velocity

Propagation Direction

Elastic Stiffness Relations®

T axis Cii = Vit Con = Vit Cos = V!

2 axis Cu = oVt Coo = pV2l. Cas = gV)?

3axs Civ = oVt Coo = oVl Cus = V!

1" axis (Rotation around 3) Coi = "M [(J3C + MCa — oVil)Cas + M Co — V1)) — Cos
2" axis (Rotation around 1) Cyy = ' [(mCyy + MCh — Vi) (MPCh + NCyy e Vi)'t — Caa
3" axis (Rotation around 2) Ciy = N NC,, + 17Cee = Vi) (MCss + 11Cas — @ V')V = Cos

AThe first subscript on V indicates the direction of propagation
and the second subscript indicates the polarizatioun; e.g., V3] repre-
sents shear velocity propagating in the 3-direction and polarized along
the l-direction. Once the elastic constants are calculated from the
relations above, the last three equations can be solved to calculate the
variations of the velocities as a function of orientation.

ORNL-DWG 75-13166R

Fig. 1. Reference Coordinate Axes and Illustration of an Electroslag
Weld with the Idealization of all Solidification Directions as Parallel.



For some applications “"engineering” constants may be more con-—

venient than the components of the [s] or [c] matrix. The engineering
constants are most conveniently derived from the compliance matrix,

where

E, =1/5,,

Er = 1/522

Es = 1/855

Gsz = 1/S44 = Cus

Gsr = 1/Sss = Css (6)
Gar = 1/566 = Ces

Vsz = 523/522

Vs = 813/511

Va1 =-512/511

where Eé represents the modulus of elasticity in direction 7; Gij repre-
sents the shear modulus in the Zj plane; and vij represents the ratio of

the strain in the J~direction to the strain in the 7Z-direction.
Diffraction of Ultrasonic Waves at Flaws

In order to characterize unknown flaws in materials, one needs to
have previous knowledge of wave interaction with known, well-defined
flaws. Then with this knowledge one can attempt the inverse problem;
namely, to determine the size, shape, and orientation of a flaw by ana-
lyzing the scattered ultrasonic waves. The scattering mechanism for
defects large compared with the wave length is called diffraction. A
geometrical theory of diffraction developed for electromagnetic waves®

and adopted for ultrasonic waves’! relates the intensity distribution



of the diffracted waves in frequency space to the geometric charac—
teristics of the flaw. For a circular crack with radius a, the amplitude
of the scattered ultrasonic wave at a point in the far field is of the

form

2 sin?[ka(sin 6 + sin a)-m~%]
U= A(k) —
'k(Sin 5 + sin OL) sinz(«——z—-g—)
(7)

r ) &

cos?[ka(sin 6 + sin a) — 7] l 2
+ >
2[00 —a

where o is the incident angle, 9 is the scattered angle and A(k) is the
the amplitude distribution of the incident wave. For the case of nor-

mal incidence (o = 0) or pulse—echo technique (o = 8), Eq. (7) becomes

simpler.

The diffracted amplitude for scattered shear and scattered longi-
tudinal waves from a circular defect in steel (for a = 6 mm), calcu~
lated by using Eq. (7), is shown in Fig. 2. The scattered angle varies
from 30 to 60° and the frequency ranges from 2 to 6 MHz. Notice the
characteristic amplitude variation with frequency. The so—called inter-
ference modell developed earlier to determine size of defects uses the
frequency spacing Af of the amplitude maxima. The radius of the cir-

cular crack is

4

Af sin 0 ° (8)

a =

In the case of an anisotropic material, V is a function of direction (0).
In order to calculate scattered amplitude (V) from Eq. (7), as well as
to determine the size (&) of the crack, the functional relationship bet-

ween ¥V and 6 must first be determined.
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Fig. 2. <Calculated Diffracted Amplitude from a Circular Defect
(6-mm radius).

EXPERIMENTAL SYSTEMS

Measurements of Ultrasonic Velocities as a Function
of Orientation in Structured Materials

An apparatus developed to measure variation of velocities with
direction in structured materials is illustrated in Fig. 3. A cylindri-
cal sample mounted on a goniometer is slowly rotated about its axis.
Ultrasound is transmitted through the sample on a fixed—-distance path
from transmitter to receiver; both transmitting and receiving trans~—
ducers are 5-MHz (center—frequency) units., The signal transmitted
through the sample 1s displayed on an oscilloscope and the variation in
velocity is measured by noting the time shift of the ultrasonic wave-
form. An aluminum reference cylinder helps to align the system. This
technique can detect velocity variations of about 17.

Three cylindrical samples and a cubical sampley(Fig. 4) are

machined from the weld. The three cylinders are selected such that
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Fig. 3. Apparatus to Measure Longitudinal Velocity Variations in a
Cylindrical Sample.
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Fig. 4. Sample Selection from a Section of Weld for Ultrasonic
Studies.



their axes lie along the coordinate axes. The cylinders are used to
measure the velocity changes with orientation. Rotating each sample
about its axis yields continuous data on longitudinal velocity as a
function of orientation in the three orthogonal planes. For example,
rotating the sample about its 2-axis gives not only Vi, and Vss but also
V3s (see Table 1), which is required to calculate the elastic constants.
The cube's contact longitudinal~ and shear-wave velocities must be
measured to convert the relative velocities determined from the

cylindrical samples to absolute velocities.
Data Analysis

A computer program in FORTRAN was used to calculate important para-
meters. This program, an interactive one, accepts longitudinal and
shear velocity data for the sample. Program output includes (1) the
elements of the elastic stiffness and compliance matrices and (2) theore-
tical longitudinal- and shear-wave velocities at 5° intervals in three
orthogonal planes. The computer program was written to follow the

method of calculation outlined in Section II.
Results

Two weld materials were available: (1) an electroslag single-—pass
weld of type 308 stainless steel and (2) an Inconel 82 multipass weld
(47 passes). Plots of theoretical and experimental velocity data for
these two welds are given in Figs. 5 and 6. Figure 5 shows only the
planes demonstrating anisotropy. The longitudinal data were obtained by
through transmission directly across the diameter of the sample. Shear-
wave data were from the cubical specimen. The solid curve is theoreti~
cal and is obtained by solving the last three equations of Table 1 for
the primed velocities. Dots denote experimental results.

Experimental data are also presented in Figs. 7 and 8 for the
variation of attenuation with orientation for the two welds. Again,

plots for the single-pass weld do not include the plane of isotropy.
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APPARATUS FOR FREQUENCY ANALYSIS

For Analog Data

Figure 9 shows the block diagram of the electrounic configuration for
ultrasonic frequency analysis. Note that provision has been made for
both single transducer pulse~echo and multiple transducer pitch~catch
studies, For simplicity all components are synchronized to the ultra-
sonic pulser. The exciting energy is provided by a high~voltage untuned
spike of short duration. For highly damped ceramic or lithium sulfate
transducers, the emitted energy covers a relatively broad band of fre-
quencies under these conditions of excitation. The transducer outpul
consists of all received echoes, and for the single transducer, the
exciting pulse; these echoes apply to the input of a preamplifier.
Recovery of the "preamp" occurs in time to amplify all subsequent echoes,
provided a water column of 13 mm or more is used. The ocutput of the
preamplifier is fed through the main amplifier to a pedestal~-free gate
and oscilloscope. The oscilloscope is a monitor to detect distortion in
gate input. The delay of the gate adjusts in time, so that any desired
segment of the main amplifier radio frequency output may be gated to the
spectrun analyzer. The output of the gate consists of two signals:

(1) the input waveform plus the gate pulse and (2) the gated portion of
the input signal. The latter caan be adjusted both in position (time)
and in width. Both outputs are displayed simultaneously on a dual-trace
oscilloscope and the gated signal is then fed to the spectrum analyzer.
The displayed spectrum may then be photographed or recorded on an exter-

nal device such as an &~} recorder.

Modified Experimental System and Signal Processing

The volume of data frowm our frequency analyses has become
increasingly troublesome to process; therefore, we have radesigned the
system to permit computer processing. Figure 10 shows the modified

system. The microprocesscr controls the analog-to-digital converter and
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Fig. 10. Block Diagram of the Modified Frequency Analysis System.

converts the binary data to a code format compatible with our peripheral
devices. Programs were written to allow the data to be punched on paper
tape, displayed on a cathode ray tube terminal, or stored on magnetic
tape. Magnetic tapes are preferred for their high-density data-storage
capability. The time-series data from magnetic tape are processed by an
IBM 360-21 computer using a Fast Fourier Transform program. Another new
feature of the modified system is the boxcar integrator. This unit pro-
vides a low—frequency facsimile of the ultrasonic waveform and permits
the signal to be digitized at a rate far wmore effective than rates from
devices that acquire the waveform directly. Fipgure 1lla shows the wave-
form of a 40° shear wave scattered by an elliptical flaw with a major
axis of 0.8 mm in wrought material. The signal-to-noise ratio in this

case is only about three, and if digitized directly, the spectrum
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Fig. 1l. Signal Obtained from a O.8-mm Flaw in Metal. (a) Before
processing. (b) After processing.
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computed from such a signal would be meaningless. Figure llb shows the
signal reconstructed by the boxcar-integrator.system. Note the vast
signal~to-noise ratio improvement over that of Fig. Ila. The spectrum
shown in Fig. 12 was computed from the signal depicted in Fig. 1lb.
Another advantage of the new system is that it provides both power
spectra and the phase of the processed signal. An analog spectrum ana-

lyzer furnishes only the power spectra.

ORNL-DWG 77-3026
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Fig. 12. Spectrum of the Signal Shown in Fig. 1llb from an
Elliptical Flaw with a Major Axis of 0.8 mm.

RESULTS

Initial experimental work was carried out to characterize defects
in 308 weld material. A 6.3-mm—diam. flat-bottomed hole was drilled in
the weld. The end of the hole, simulating a circular flaw in the weld,

lay in the 1-2 plane, the plane of isotropy. A normally incident
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longitudinal wave incident to the plane normal to the defect interacts
with the flaw and the diffracted wave emerges at an angle §. Previous
characterization of the weld has defined the functional relationship of
ultrasonic velocity to the angle ¢ (see, for example, Fig. 5).

From the experimental geometry — in our case, normal incidence
and a diffracted angle 8 ~ and from Eq. (7) one may calculate the
amplitude spectrum. The changes in velocity expected as a change of
angle result from the anisotropic behavior of the weld and enter into
Eq. (7) as changes in the value of wave number (k).

Plots of experimental and theoretical diffracted amplitude for
angles of 15 and 36° are presented in Figs. 13 and 14. Figure 15
illustrates the experimentally determined spectrum for a diffracted

shear wave at an angle of 30°.
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Figure 16 demonstrates the error that could be made in predicting
the amplitude spectra if mechanical isotropy were assumed when the
material was actually anisotropic. The spectrum for the highest velo-
city shown is the true diffracted amplitude distribution when anisotropy
is accounted for; that is, it is the distribution that would be
measured. The spectrum in the foreground of the plot is that predicted
when isotropy is assumed. The figure dramatically demonstrates the
absolute necessity of correcting for velocity variation within the weld.
The greatest error results from a 45° diffracted shear wave, because of
the large variations in velocity with orientation. Ironically, 45° is
the most commonly used angle for testing welds. Both size and location
of a weld defect can be misjudged by as much as 407 unless the procedure

we have described is followed.
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