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Long-distance ultrasonic testing of steel structures

1 Introduction
1.1 Background

Achieving an acceptable level of reliability over the lifetime of a structure requires a con-
sistent strategy of integrity assessment, repair and maintenance. The structures as well as
their environments determine the requirements on these three operations. While repair
and maintenance operations are rarely easy in any environment, the method with which
they are accomplished is fairly straightforward. Integrity assessment, in contrast, can be
accomplished in a variety of ways.

An integrity assessment evaluates the need for repairs and in addition yields information
on the remaining useful life of a structure. Integrity is assessed by measuring the extent of
damage which reduces the expected structural performance. Most commonly, damage
occurs during the lifetime of the structure and assessment takes place during use. In
addition, damage can occur during fabrication. Defective construction also reduces per-
formance and requires integrity assessment before use for damage during fabrication .
Many non-destructive testing (NDT) methods have been developed for measuring dam-
age of large steel structures such as offshore installations, bridges, rails, pressure vessels
and sluice gates. For these types of structures the primary types of damage that can poten-
tially degrade performance are fabrication defects and cracks due to cyclic loading. An
NDT method assesses the integrity of the structure, either before or during its useful life-
time, without causing damage to it. NDT may be divided into methods that involve
inspection and methods that involve monitoring. In the context of this thesis, the terms
are generally defined such that inspection techniques concern crack or defect characteri-
zation while monitoring techniques look at changes in the behavior of the structure or
component under loading.

NDT methods can result in detection, location and/or characterization of a defect in a
structure. These results are listed in increasing levels of sensitivity. Detection, the lowest
level of sensitivity, entails simply determining the existence of a defect in a structure or
component that is not included in its design. Location of a defect, possible after its
detection, pinpoints the area of the defect's existence. Characterization of a defect, possi-
ble only after it has been detected and located, reveals its type, form or dimensions. Each
NDT method has a different sensitivity level in different applications.

Common inspection techniques of large steel structures include visual inspection, mag-
netic particle inspection, radiography, ultrasonic inspection and electrical loss methods.
(Chinn 1989) These methods have the capability of characterizing small and large-sized
cracks and defects with varying degrees of sensitivity. Inspection measurements are
reproducible and are often recorded for periodic documentation purposes. Most structures
in use today rely on a combination of these inspection types.



All of the inspection methods target small, selected areas of a structure and are performed
by qualified inspectors. As such, these methods are labor-intensive. Because of the local-
ized nature of inspection methods, they require close-range accessibility to suspect areas.
Most integrity assessment requirements on large structures can be satisfied with the
present capabilities of inspection methods. Although inspection techniques are time-
consuming, labor-intensive and as a result expensive, they still provide the only means of
detailed characterization of defects. New developments and current research on inspec-
tion methods are concerned mainly with economization of inspection time.

Monitoring methods have recently received much attention due to the high costs of
inspection. These methods perform integrity testing of a structure without an inspector or
remotely-operated-vehicle (ROV) physically being at the point of assessment.
Monitoring techniques usually only require long-range accessibility to suspect areas. This
characteristic feature decreases the risk of further damage to critical areas and can also
lower the cost of testing hidden or inaccessible connections.

Monitoring methods for large steel structures include acoustic emission testing, vibration
analysis, and strain history measurement. Relative to inspection methods, monitoring
methods assess large areas of a structure with a single set of measurements. While quite
successful in detecting and locating most large types of defects, the global nature of
monitoring renders it incapable of detecting small defects or characterizing any defect on
a detailed level. Changes in global behavior of the structure indicate more extensive
damage than detected by inspection methods.

Monitoring methods have certain limitations in tracking fatigue crack growth. On a tubu-
lar offshore structure, the sensitivity of vibration analysis is limited to the detection and
general location of cracks with length longer than approximately 20% of the member
circumference. (Lepert 1980) Acoustic emission and strain history monitoring, while
more sensitive than vibration analysis, require that the structure be under stress in order to
determine crack existence and growth and are therefore not reproducible.

Monitoring methods try to economize, not replace, inspection methods. Analysis of
monitoring data identifies possible defect locations and can sometimes characterize a
defect in broad terms. Monitoring methods routinely require follow-up inspection to
determine the actual severity and the exact location of a flaw. The intention of monitoring
is to guide the assessment to suspect areas, thereby efficiently using inspection time.

1.2 Purpose and related work

A void exists between the capabilities of inspection and monitoring. The goal of this
research is to develop a hybrid method which ideally incorporates the advantages of both
inspection and monitoring. Economically, a hybrid method should allow localized
inspection without extensive operations. This can be accomplished by testing large global
areas with one set of measurements as in monitoring methods. Operations are facilitated
if the hybrid method requires only long-range accessibility. With respect to performance,
a hybrid method should detect, locate and characterize a full range of defects including
small cracks, through-wall cracking and extensive longitudinal and circumferential crack-



ing. In this way, fatigue crack growth can be tracked and repaired as necessary. For relia-
bility, data from a hybrid method should be recordable and reproducible.

Table 1. 1. Features of inspection and monitoring can be combined to produce a hybrid method
of testing. The features in the shaded boxes are those desired in a hybrid method.

Feature Inspection Monitoring
testing area localized global
accessibility close-range long-rang

sensitivity level  characterization of small and large location of large defects

defects

reproducibility requires constant conditions in local global conditions affect measure-
test area ments

expense labor-intensive analysis-intensive

Table 1.1 lists the features of both inspection and monitoring techniques. Those features
desired in a hybrid method that combine advantages of inspection and monitoring are
shaded in the table. Obviously, the relative importance of each feature varies with the
application. However a hybrid method should provide the potential for the combination
of inspection and monitoring features in any application.

Recent work on hybrid techniques in steel satisfying the requirements set out in Table 1.1
all use guided Lamb waves (Redwood 1960; Viktorov 1967) for defect detection. Lamb
waves, also called plate waves, use the cross-section of the member as a waveguide.
Lamb wave generation physically requires that the plate or wall thickness be on the order
of the wavelength of excitation. Slow in attenuating, this type of wave can be used to
assess large areas as in monitoring. A pulsed Lamb wave can radiate throughout a large
part of a structure. By varying the input signal, detection and location of small flaws is
possible as with inspection methods.

1.3 Scope

This study develops a potential hybrid method that combines the advantages of both
inspection and monitoring on thick steel members where detection, location, and estima-
tion of severity is required. The primary application targets large-scale civil engineering
structures subject to cyclic loading. In these types of structures critical areas are generally
located near welded steel connections. Fatigue cracks in these areas are usually surface-
breaking and grow normal to the direction of high stress. In many cases these fatigue
cracks grow in a plane. The sensitivity required for detection of fatigue crack initiation
and growth can only be achieved using small wavelengths, i.e. high frequency wave
propagation. Lamb waves were previously thought to be the only means of propagating a
high frequency wave packet over long distances without severe attenuation. In this study,



it is shown that ultrasonic bulk waves can be used over a distance of at least 2.0 m to and
from a defect while maintaining sufficient assessment information.

A secondary application of the technique concerns evaluation of steel components during
fabrication. Testing in this application involves looking for defects in both weld and base
material. Fabrication testing generally involves the assessment of large areas, not specifi-
cally limited to points of high stress as in cyclically-loaded structures.

The technique developed, long-distance ultrasonic testing, uses existing ultrasonic testing
methods to evaluate an area within approximately 1.0 m. This is a departure from present
ultrasonic testing methods where testing occurs within 0.1-0.3 m from a suspect area.
Because larger areas of a structure may be evaluated from a farther distance than with
normal ultrasonic testing, economical features of a monitoring method are realized. The
testing distance permits long-range accessibility to critical areas. Using frequencies in the
1-10 MHz range allows sensitivity to fatigue-induced cracks sized on the order of 3-5
mm in length and can detect growth. Present close-range ultrasonic inspection techniques
have been shown to provide excellent characterization of defects in steel. (Lorenz 1991;
Lorenz 1993) In place of the characterization derived from labor-intensive close-range
inspection, this work develops an analytical model to aid in characterization from the
large testing distance.

Fig. 1.1. Long-distance ultrasonic testing applied to (a) a tubular steel connection and (b) steel
plate fabrication testing.

Fig. 1.1 shows possible applications of long-distance ultrasonic testing to a tubular steel
connection and to the fabrication of a steel plate. Large steel structures having connec-
tions as shown in Fig. 1.1a typically have wall or member thicknesses of 20-40 mm. The
frequency range used in long-distance ultrasonic testing assures that bulk waves propa-
gate in steel members of this thickness. From 1.0 m testing distance, a bulk wave must
reflect several times before reaching the test area at the connection. Using an angled
probe to generate the bulk wave maximizes the energy that reaches the test area. In the
presence of a defect the wave reflects from the defect face and propagates back to the



probe. The plate in Fig. 1.1b also has thickness of ~20 mm. Long-distance testing uses a
single measurement to assess a 1.0 m distance of structure.

2 Long-distance ultrasonic measurement techniques
2.1 Measurement system

Fig. 2.1 shows the ultrasonic measurement system used and characterized in this chapter.
The pulser initiates the measurement process as indicated by the arrows. The Metrotek
MP 217 square wave pulser generates electronic signals at a repetition rate of 500 Hz. A
pulse sent to the probe triggers both the receiver and the recorder on the IBM AT. The
chosen pulse duration optimizes the signal emanating from the probe. The term probe
refers to the component that converts the electrical signal to mechanical excitation in the
steel specimen and vice versa. Probes used in long-distance testing consist of a transducer
and a 70 wedge. The wedge directs the energy into the steel at an angle. Piezoelectric
elements in the transducers perform the conversion between electrical and mechanical
energy. All interfaces transferring mechanical energy use gel couplant to provide con-
tinuous displacement across the interface. A thin layer of couplant fills the transducer-
wedge and wedge-steel interfaces.

500 hz
repetition rate

1 MHz
high-pass filter

40 MHz digitization

|~
-

1" -5 MHz Scanner

S e e e S e e e S e e e e s S e

> .
7 J ) Specimen

Fe 510 steel
Fig. 2.1. General measurement setup for ultrasonic testing.

Mechanical traction produced by the probe generates a wave field in the specimen. The
receiving probe converts the mechanical response in the specimen back to electrical
energy sending the response signal to the receiver/amplifier. Electrical signals from the
receiver are related to the velocity response in the specimen at the receiving probe.

The receiver has a high-pass filter removing most of the frequency components in the
signal below 1 MHz. In addition, the receiver amplifies the signal up to +60 decibels



[dB]. At large offset distances between the sending and receiving probes, the amplifier
increases the received signal by an extra +40 dB amplifier.

The Waag II 8-bit analog-to-digital (A/D) converter, located on a board in the IBM AT,
digitizes the electrical signal from the receiver at a rate of 40 MHz. This provides suffi-
cient sampling of the 5 MHz signal from the probe to prevent aliasing of the specimen
response. In addition to the signal obtained from the response of the specimen, each elec-
trical signal contains some amount of random noise disturbance contributed by the elec-
trical system. To reduce this noise, the IBM AT averages 64 signals. This increases the
signal-to-noise (S/N) ratio by a factor of 8. (Cooper, C.D. 1971) The hard disk of the
computer stores the digitized, averaged response. An example signal collected with the
measurement is shown in Fig. 2.2.
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Fig. 2.2. Sample signal collected at 40 MHz and averaged 64 times.

The AT controls an x-direction scanner which moves the receiving probe linearly along
the surface of the specimen. Scanning enables the observation of the specimen response
at different offsets from the source. The scanning system raises and lowers the receiving
probe before measuring from the next offset position. During measurement, the scanner
applies a constant pneumatic pressure of 1.5 bars to the receiving probe in the z-direction.

2.2 Probe characterization

An ultrasonic probe is chosen on the basis of its application. In long-distance testing, the
probe must send a packet of energy through a steel member, illuminating the entire thick-
ness up to 1 m away. The energy packet should reflect from both small and large defects,
after which it must propagate back through the plate to a receiving probe. Minimization
of losses during wave propagation maximizes the energy received.

Pulsed energy packets help distinguish between different wave paths. A continuous or
long-duration signal does not provide sufficient resolution to the arriving waves in the
received response. In addition pulsed signals, having a distribution of frequencies, avoid
possible harmonic resonance in the plate.

A highly directional source delivers the maximum illumination energy to the area of test-
ing and has a minimum amount of spreading in the wave field. Losses due to spreading of
the wave field decrease the energy available for reflection from a defect.
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Propagation over long-distances with bulk waves using a surface source requires several
reflections from the plate faces. At a free surface, an incident P-wave always generates
both a P and an S-wave. An incident S-wave generates only a reflected S-wave when the
angle of incidence 6 satisfies 6, > 6, ,where 6is the angle of wave propagation measured
from the normal to the surface. The critical angle 6, is approximately 32° in steel. Above
this angle, S-waves reflect at an amplitude and angle equal to the incident S-wave. To
prevent mode conversion from S to P-waves at the plate surface, the probe generates S-
waves with propagation angle larger than 8. When propagating S-waves larger than the
critical angle, an S-wave remains an S-wave even after multiple reflections from the plate
surface. Using a large angle for S-wave propagation angle further minimizes the number
of reflections and the propagation path length in a plate. A 70° S-wave is chosen for long-
distance propagation in the steel medium.

For long-distance testing measurements, a 1" diameter contact transducer with 5 MHz
center frequency mounted on a perspex wedge is used to generate 70° S-waves in steel. A
5 MHz center frequency results in an S-wavelength of A, = 0.6 mm, sufficiently small to
detect fatigue cracks on the order of 5 mm. Commercially available wedges commonly
use perspex because of its durability and transmission properties. The transducer
generates P-waves in the perspex which, when incident on a perspex-steel interface,
produce S-waves in the steel as shown in Fig. 2.3.

an ucer 70° probc
» perspex
gel
couplant <
[

| wedge

Fig. 2.3. Probe components for 70° ultrasonic S-wave generation.

A thin layer of gel couplant effectively transfers the z-component of P-waves from the
perspex to the steel. (Kiihn, Lutsch 1961) Mode conversion occurs at the boundary
producing an S-wave in the steel. Edge effects of the probe generate a surface creeping
(C) wave and a Rayleigh (R) wave. (Krautkrimer, Krautkrimer 1990) The C-wave
travels along the surface with the same speed as a longitudinal wave but loses energy
quickly. The R-wave can travel relatively large distances along the plate surface before
dissipating.



2.3 Measured wave propagation in steel

The 1"-5 MHz probe is designed for testing of steel such that 70° waves result. This
section presents the attenuation properties of the wave field in steel produced by the
probe. Two types of attenuation influence long-distance testing of steel. Apparent
attenuation due to beam diffraction depends on the source geometry and the medium.
Attenuation due to energy dissipation results from the dissipative properties of the
medium. Attenuation losses generally increase with propagation distance and as a result
determine the primary limitations of long-distance testing. The magnitudes of both types
of attenuation depend on frequency. Measurements produced by scanning the plate reveal
the changes in the wave field resulting from the two types of attenuation.

2.3.1 Diffraction spreading

Diffraction attenuation results from interference effects of a finite-sized source on the
surface of a medium. Larger diameters and higher frequencies increase source direction-
ality.

Fig. 2.4. Model of virtual source for an S-wave angled probe.

To characterize spreading in the medium due to the 70° probe, we transform the probe
and the probe-steel interface into an equivalent virtual surface source (Wiistenburg,
Schulz 1977). The virtual source creates an equivalent diffracted S-wave field as shown
in Fig. 2.4. From laws of refraction the diameter of the virtual source, D" is

D - Dcos6 2.1

—wed 2
/\/1 —(C————P we gesine)
cq — steel
The equivalent wave path through the wedge determines the distance between the virtual

source and the steel interface, s'. The equivalent path through the wedge is inversely pro-
portional to the wave velocities of the two interfacing media.
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§ = S(c,,_—_\ﬂge) (2.2)
cg — steel

For the 1", 70° S-wave probe, D' = 14.5 mm and s’ = 22.1 mm. The wave velocities used
in these calculations are ¢, ., = 2730 m/s for the perspex and c; ., = 3200 m/s for the
steel.

The near-field is a region in front of a finite source characterized by an absolute lack of
spreading in the wave field. The near-field of the probe along the propagation path
extends 30.5 mm into the steel at 3 MHz. On-axis in the near-field, i.e. along the near-
field 70° wave path, no diffraction effects are measured for same-sized sending and
receiving probes.

Outside the near-field, a circular source generates lobes of varying pressure. Maxima and
minima in the wave field result from the interference pattern of the source. Fig. 2.5 shows
the directivity pattern for the 70° probe. One main lobe of high pressure is centered at 70°.

Fig. 2.5. 70° probe far-field directivity on steel.

Within the main lobe the pressure varies with angle. Maximum far-field pressure occurs
on the 70° axis of the probe. Specific angles of divergence in the main lobe signify the
deviation of pressure from the on-axis maximum. At angle y, ,, the pressure decreases to
1/2 of its on-axis maximum. (Krautkrimer, Krautkrimer 1990) For a circular probe with
diameter D

SINY g5 = 0.70% (2.3)

The 70° probe with virtual diameter D' = 14.7 mm has ¥, = 3° at 3 MHz and ¥, ,, = 9° at
I MHz (A = 3.2 mm). Fig. 2.6 shows the near-field and the -6 dB range at 1-3 MHz and
at 3 MHz.

An inverse relationship occurs between spreading and frequency. At lower frequencies
the wave field spreads more than at higher frequencies. At -6 dB the 3 MHz portion of the
signal propagates like a pencil ray spreading between 67°—73° while the 1 MHz portion of
the signal will spread profusely allowing more ray paths.

11



near-field |
z=10.4 mm |

Fig. 2.6. Near-field and far-field -6 dB spreading of 70° probe.

2.3.2 Scattering attenuation

Scattering attenuation in granular solids increases with the grain size of a solid. In steel,
the mean grain size D ranges from 0.18 mm for coarse-grained cast steel to 0.02 mm for
fine-grained annealed steel (Van Vlack 1977). Rayleigh scattering, with an f * rate of fre-
quency dependence (f= ¢/ A), should characterize the attenuation of 1-5 MHz S-waves
in steel (A, = 0.6 — 3.2 mm). This section shows scattering attenuation measurements of
S-wave propagation in Fe 510 steel.

Fig. 2.7 shows the locations of the probe used to measure attenuation in a plate. The term
A, denotes the pulsed input signal from the probe. Responses at B,, B,, B, and B, measure
70° through-transmission on a 35 mm thick plate after 0, 1, 2 and 3 reflections respec-
tively.

S

\ B, \ B,
Fig. 2.7. Attenuation measurements of a 70° S-wave after 0, 1, 2, and 3 reflections from the plate
surface.

Plate surface reflections do not affect the frequency content of a wave. Ignoring diffrac-
tion effects and surface roughness, the frequency spectrum of a wavefront at two different
propagation distances /, and [, from a pulsed probe source A, is described by (Generazio
1985)

B, (@)] = |4, (@)| (1 = R*) exp [~ (@) 1]

: 2.4)
1B, (0)] = A (@)] (1 - R exp [0 () ]

where 1A (@)! is the Fourier transform of the source and R is the reflection coefficient of
the wedge-steel interface. The quantity (1-R’) represents the net transmission of the wave
into and out of the steel at the sending and receiving probes respectively. The absolute
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value of the attenuation coefficient o(®) is measured by comparing two different output
signals with the relation:

20 | |B, (w)]

o) = lz‘ll Og|Bz(w)’

(2.5)

The units of o) calculated in this way are [dB/length].
The measurements lie outside the near-field and on the axis of the virtual probe. Includ-
ing a correction factor for spherical spreading of the wave field by the inverse of distance

Pe, 2, L+

Ps, Zp Li+s

2

to include diffraction effects resulting from the probe-steel interface in eqn. (2.5) gives

(2.6)

20 Ongn 5+@)

a(0) :g-hbgy&(wnxh+y

Attenuation in solids is commonly expressed in [dB/mm].

Fig. 2.8 shows the frequency spectra for the B,, B,, B, and B, measurements. The prop-
agation distances, 102.3, 204.6, 306.8 and 409.3 mm, respectively, far exceed the near-
field range of the 1" probe. The spectra show frequency-dependent attenuation losses that
increase with longer propagation distances. As expected, attenuation increases with
frequency.

) i B,
o
E Bl 2,
7 Gp
3
&

frequency [MHz]

Fig. 2.8. Frequency spectra of measurements B,, B,, B, and B,.

Comparing B, to each of the other 3 measurements using eqn. (2.6) gives the measured
attenuation. Fig. 2.9 shows the attenuation from 3 comparisons of B, along with the com-
parison of B, and B,. The spectra in Fig. 2.8 indicate that the valid region of the attenua-
tion curves (based on 8-bit A/D data conversion) ranges from approximately 1.5-5 MHz.
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Fig. 2.9. Attenuation ¢ (@) of Fe 510 from comparison of B,-B,, B,-B,, B\-B, and B,-B;.

The attenuation at 3 and 5 MHz of S-waves in Fe 510 steel is o 4, = 0.10 dB/mm and
O 5\, = 0.20 dB/mm. The agreement of the 4 curves in Fig. 2.9 confirms that free-
surface reflections do not affect attenuation.

Fig. 2.10 shows the shape of stochastic spreading, o«(f?), between 1-5 MHz. The f* rela-
tionship of the measured attenuation in the 3-5 MHz range indicates stochastic scattering
instead of the expected f * Rayleigh scattering. From curve fitting, the attenuation in the
range 3-5 MHz is described by

o s, (F) = 0.035 +0.0073 £ 2.7

where o is expressed in [dB/mm] and f in [MHz]. From 1.5-3 MHz, the attenuation
relationship appears in a transition phase. The attenuation remains relatively constant at

sy, = 0.1dB/mm (2.8)
0.3
— 0.25 ’ measured
E 0.2 + attenuation
~
% 0.15 +
: ot ] - stochastzlc
3 — attenuation
= 0.05 + —
0 } t
0 2 4 6

frequency [MHz]
Fig. 2.10. Stochastic o(f?) relationship on average measured attenuation curve.

The stochastic attenuation behavior may be caused by pearlite inhomogeneities in the
steel. More tests are required to confirm this.

2.3.3 Pulsed wave propagation in steel

The previous sections describe the characteristics of the wave field. Diffraction of the
field, resulting from the size and shape of the source probe, and scattering, resulting from

14



inhomogeneities in the Fe 510 steel, both contribute to attenuation behavior during wave
propagation. This section compares the measured wave field with the field predicted by
the diffraction and scattering models presented earlier, examining the relative importance
of each type of attenuation with respect to long-distance testing.

Measurements at intervals of probe offset show the change in the wave field with propa-
gation distance. Fig. 2.11a shows scanning of a 40 mm thick plate with a “through-trans-
mission” configuration. In this configuration, two 70° S-wave probes face each other on
one side of the specimen. The sending probe generates a wave that travels through the
specimen. The receiving probe detects the wave field. This through-transmission configu-
ration is commonly used in ultrasonic testing to detect defects as in Fig. 2.11b. A defect
located in the path between the two probes influences the response at the receiving probe.

X

(@ (b)
Fig. 2.11. Through-transmission testing (a) with scanning to characterize the wave field and (b)
for detection of defects.

The specimen used to characterize the wave field has no defects. Without a defect, the
response from the specimen in through-transmission can give information on wave prop-
agation in the steel. The response at the receiving probe changes with its offset position
from the source probe. Because the angle of the backwall reflection must equal the inci-
dent S-wave angle for a flat surface, changing the probe offset distance gives a different
wave propagation path. Using the scanner to position the receiving probe at intervals of
offset distances allows precise examination of the changing response.

An offset position of x = 220 mm on a 40 mm thick plate gives an angle of propagation of
0=70". Fig. 2.12 shows the response at this position. From this time-varying response,
often called a trace or A-scan, the pulse arrives at 7 = 92 ps. Calculating the expected
arrival time of the pulse according to:

Z‘urr - cssin 6 + rwedge (29)

using ¢, =3.2 mm/us and 7. = 19 us we find that 7, = 92.2 us. This agrees with the
measured arrival time of the pulse.

wedge

The response is “windowed” in time around the arrival of the once-reflected wave path.
Within the window smaller amplitude waves arrive at approximately 7 = 90 and 95.5 ps.
These waves follow different wave paths than the 1-reflection S-wave and arrive at
distinctly different times. For example, the R surface wave arrives at 90 us. This wave
would not be seen in a smaller time window that ranges from 91-94 us. Conversely, other
waves may arrive before or after the chosen time window and do not appear in this A-

15



scan. The 3-reflection S-wave should arrive at ¢ = 104 ps, outside the time window, but
cannot be seen in this windowed A-scan.

amp [volts]

—

85 100

0 . 95
time [ps]
Fig. 2.12. A-scan response [volts] at x = 220 mm from 70° probes in through-transmission testing.
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Fig. 2.13. B-scans of through-transmission testing for probe offsets (a) x =204-415 mm and
(b) x = 66-261 mm.
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Changing the position of the receiving probe with the scanner while holding the trans-
mitting probe position constant reveals the change in response of the plate specimen.
Fig. 2.13 shows the set of A-scans from offset positions ranging from 66-415 mm. Spa-
tially varying sets of A-scans such as these are commonly called B-scans. Each A-scan is
placed on the vertical axis according to its offset position. The vertical scale of the B-scan
does not indicate the amplitude of the individual A-scans, however the relative ampli-
tudes of each of the traces are correct.

Fig. 2.13 reveals the advantage of a B-scan in observing waves. The scanned data sets
facilitate the identification of the waves and changes in amplitude. The arrival of the 1-
reflection wave seems to increase linearly in time. Calculating the slope in the B-scan
based on the arrival time in eqn. (2.9) gives

d—); = ¢4sinf

The slope of the 1-reflection wave in the B-scan depends on the angle of propagation. A
small angle of wave propagation yields a small slope of the wave in the B-scan. As 6
becomes large, the slope of the curve approaches cg. The propagation angle for a speci-
men of thickness £ is found from

- ()

an | 5
In Fig. 2.13a two separate waves appear within the time window. The angles of propaga-
tion represented in the B-scans in Fig. 2.13a ranges from 0 = 73° to 8 = 79°. Evident from
the relative amplitudes of each of the waves is that while the amplitude of the 1-reflection

wave decreases as the offset increases, the amplitude of the second wave increases. The
second wave is the beginning of the 3-reflection wave shown in Fig. 2.14.

%

—— 1-refl wave

- 3_refl wave

Fig. 2.14. The 1- and 3-reflection wave paths in through-transmission testing.

For through-transmission testing, the expected arrival time and angle of propagation at
position x for an n-reflection S-wave are

X
cgsin@

e (2.10)

arr-n

-1 X
6 = tn ((n+ l)h)
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According to these equations the expected arrival of the 3-reflection S-wave at x =415 mm
is r=157.8 ps. This calculated time agrees with the arrival time of the 3-reflection wave in
Fig. 2.13a. The angle of propagation for the 3-reflection wave ranges from 6=58" to
6=69" in Fig. 2.13a.

The B-scans in Fig. 2.13, while sufficient for observing arrival times and large changes in
amplitude, are inadequate for viewing specific amplitude and duration variation of the
waves with offset distance. For this purpose, Fig. 2.15 shows a “focused” B-scan. Shift-
ing each A-scan in Fig. 2.13b in time by the amount -, as found from eqn. (2.10) gives
the resultant B-scan focused on the 1-reflection wave.
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Fig. 2.15. Focused I-reflection B-scan.

Fig. 2.16 plots the maximum value of each trace in Fig. 2.15 against offset position and
angle of propagation. Angle of propagation at each offset position follows from
eqn. (2.10) where n = 1. The largest amplitude of the B-scan occurs at approximately 70°.
At 60° propagation the amplitude decreases by —15 dB. The relative amplitudes of the
pulses from each offset position exhibits the directionality of the 70" probe.

angle of propagation
50°55° 60°  65° 70°
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—
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i
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)
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Fig. 2.16. Measured maximum amplitude in trace at offset position x.



Diffraction and scattering attenuation in wave propagation, discussed earlier in this
chapter, are sketched in Fig. 2.17. The total amount of attenuation in a wave is deter-
mined by the path between the source and receiver. Diffraction attenuation depends on
both propagation distance and the angular variation of the receiver from the source probe
axis. These types of attenuation are termed axial diffraction and angular diffraction in
Fig. 2.17a and 2.17b respectively. Scattering attenuation due to grain boundaries
increases with propagation distance. This type of attenuation is termed axial scattering in
Fig. 2.17c.

(a) axial diffraction

(b) angular diffraction \§9

Fig. 2.17. Three forms of attenuation in testing of steel. (a) In axial diffraction the pressure dp
decreases as axial distance increases due to spreading of the wave field. (b) Angular
diffraction effects of a finite-sized probe cause the pressure to decrease when observed
at off-axis angles. (c¢) Polycrystalline grain boundaries produce scattering attenuation
that increases with axial distance from the source.

The scanned measurements can be used to compare and validate the attenuation models.
Directionality of the source probe and the scattering during propagation both contribute
to attenuation of the wave field. Attenuation from the scattering and diffraction models
are shown in Fig. 2.18. Curve (a) shows the attenuation due to scattering at 3 MHz
described by eqn. (2.8). The decrease in amplitude due to scattering attenuation A when
moving from position x, to position x,, on the n-reflection path of a plate specimen of
thickness h is

Ag = a(l 1) 2.11)
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I = 2 = JX+ [(n+ 1)A]® (2.12)

where [, and [, are the propagation distances when moving from position x, to x,. Values
of attenuation for scattering are shown in Fig. 2.18a. All the curves in 2.18 are given in
[dB] and normalized to the value at 6 = 70°.

angle of propagation
50° 55° 60°  65° 70°

u =~ -~ (a) 7
10 - (a) scattering

SE T (b) axial
= diffraction
2]
o 204~ | | (c) angular
diffraction
(d) total

_40 T L] T T T
60 100 140 180 220 260
offset position x [mm)]

Fig. 2.18. Modeled attenuation due to (a) scattering, (b) axial diffraction, (c) angular diffraction.
The total attenuation is shown in (d).

Curve (b) in Fig. 2.18 shows the attenuation due to axial diffraction effects. Scattering
effects for Fe 510 steel cause more losses than spreading effects on the axis of the probe.
Diffraction effects also cause variations in pressure when the angle of propagation to the
receiver deviates from the source axis by 6. This angular variation constitutes the other
component of diffraction. Attenuation due to angular deviation, A, is described by
Kinsler, 1962 #3

A = p(r.0yLE®)
X(0)

where p(r, 0) is the on-axis pressure and J, is a first order Bessel function. Curve (c) in
Fig. 2.18 shows the attenuation due to angular deviation of the offset positions measured
with a probe having D = 45 mm. This represents the size of the contact surface on the 70°
perspex probe.

Curve (d) in Fig. 2.18 shows the total apparent attenuation resulting from the sum of the
three components. The general shape of the total attenuation curve depends on angular
diffraction behavior. Attenuation due to axial diffraction contributes very little with
respect to the attenuation from angular diffraction. Scattering attenuation, while the only
factor in determining the peak frequency of the response, is still not as important as
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angular diffraction attenuation in determining the amplitude of the response. Of the three
contributors to attenuation, scattering is the only component that has been derived from
empirical values from measurements. The axial and angular diffraction curves are based
on theory of a piston radiator.

Fig. 2.19 shows a comparison of the expected amplitude profile from the attenuation
models and the measured amplitude profile from scanning. The modeled curve is
repeated from Fig. 2.18d. Measured data points come from Fig. 2.16. The maximum
value of each of the curves in this figure are normalized to 0 dB at 70°.

angle of propagation
50°55° 60°  65° 70°

10 1 1 L 1 L
0 4

2 — modeled
'E' -10
8- = measured
O

220 4
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60 100 140 180 220 260
offset position x [mm]

Fig. 2.19. Modeled and measured normalized amplitude profiles of B-scan traces.

Within the range of 65°-75° the modeled attenuation curve shows excellent agreement
with measured amplitudes. At propagation angles lower than 60° measured amplitudes
are lower than expected. Errors at these large angular deviations most likely result from
the receiving probe orientation. The receiving probe converts an S-wave to a P-wave in
exactly the opposite sequence as shown for the send probe in Fig. 2.3. Mode conversion
at the interface and the orientation of the transducer are optimized for incoming and out-
going 70° S-waves. The angular-dependent receiving sensitivity of the probe is the same
as its sending directivity pattern. (Krautkrimer, Krautkrimer 1990) At large deviations
from the axis of the probe smaller amplitude waves are sent as well as received. There-
fore, the probe will not transfer the full surface response of a 50° incoming S-wave as it
would a 70° S-wave.

2.4 Defect detection

A defect located within an ultrasonic wave field constitutes a potential source of scatter-
ing in the field. The defect provides both a surface for reflection and possibly a tip for
diffraction. Directionality of the scatterer depends upon the nature and orientation of the
defect. Certain limitations are placed on the defects considered in this work to facilitate
their measurement and analysis.
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Only planar defects are considered in testing because of their highly-directional reflected
field. Although non-planar defects can be detected with ultrasonic testing, at large
distances their reflected energy is too diffuse to measure. The response from a non-planar
defect may spread considerably. This results in small levels of energy at large distances.
A further constraint on the synthetic defect considered in testing is that its plane is limited
to perpendicular orientation relative to the axis of testing. This allows a linear probe con-
figuration as well as a 2-dimensional analysis of the wave field as shown in Fig. 2.20a.
An off-axis orientation of the defect, shown in Fig. 2.20b, requires a more complex
analysis of the wave paths. Finally, the plane of the defect is normal to the surfaces of the
plate specimen, as seen in the side view of Fig. 2.20a. This limitation quite accurately
characterizes fatigue-induced cracks. In addition, assuming a smooth defect surface,
normal orientation greatly simplifies modeling of the paths.

L %> ”

iy,

top view top view
P plane of defect P (b)
side view
(@)
Fig. 2.20. Position of planar defect relative to probes (a) on-axis orientation and (b) off-axis
orientation.

All defects considered in testing are initiated with electron discharge machining (EDM)
notches. EDM notches feature relatively sharp tips compared to mechanical machining
and can have surfaces that simulate the roughness of a fatigue crack.

Fatigue cracks and fabrication errors generally arise in the vicinity of welds. As a result,
all surface-breaking defects generated are located at the toe of a welded connection.
Bending or scattering of waves through the weld material in the specimens is not
observed in measurements. (Chinn 1990)

2.4.1 Measurement configurations

Three measurement configurations using angled probes exist for defect detection in steel.
Time-of-flight, pulse-echo and pitch-catch setups all use surface probes to send an angled
wave in the direction of a defect. Fig. 2.21 shows the three configurations.
Time-of-flight measurements observe the diffracted field from the defect tip. The
diffracted energy from a sharp tip is distributed over a wide range of angles as seen in
Fig. 2.22a. Given the wave speed in the specimen and the location of the probes, the
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arrival time or “time-of-flight” of the diffracted wave indicates the location of the defect
tip. This technique is very effective in localized testing. (Terpstra et al. 1989) (Ravens-
croft et al. 1991) However, accessibility requirements described in Chapter 1 preclude the
use of probes on both sides of the defect. Further, because of the wide distribution of
energy in the diffracted field this technique requires close proximity of the probes to the
defect, rendering it inapplicable to long-distance testing.

Time-of-flight Pitch-catch Pulse-echo
Fig. 2.21. Time-of-flight, pitch-catch and pulse-echo test configurations for defect detection.

defect
,Z incident field

/
// incident field
/

S

*\ diffracted field reflected field
(a) (b)
Fig. 2.22. Scattered energy from a notch or defect has two parts, (a) the diffracted field and (b)
reflected field.

Pitch-catch testing uses two probes on the same side of the defect. One probe transmits
the illuminating wave field, the other receives the scattered field from the defect. Both the
reflected (Fig. 2.22b) and diffracted fields contribute to the response in pitch-catch
testing. The relative magnitudes of the reflected and diffracted fields depend primarily on
the character of the defect. Defects with rough surfaces and a very sharp tip produce more
diffracted energy. Conversely, if the defect has smooth surfaces relative to the wave-
length of testing, the reflected energy is much larger than the diffracted energy. Fatigue
cracks and EDM notches fall into the latter category of defects. (Chinn, Dieterman 1991)
Although the tips are sharp, the surfaces of the cracks are relatively smooth producing a
large reflected field that dominates the diffracted field. Only the reflected field is
discernible on the illuminated side of the defect. The diffracted field is too small to
discern in the presence of the reflected field.

Pulse-echo testing uses one probe to both transmit and receive. A single probe test setup
is more versatile than dual probes allowing greater accessibility to testing areas. As in
pitch-catch testing, the sender and receiver are on the same side of the defect. The
reflected energy from a normally-oriented fatigue crack subject to pulse-echo testing is
much larger than the diffracted energy. (Chinn, Dieterman 1991) In pulse-echo testing of
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oblique defects however, the orientation of the defect relative to the incident wave is
another factor in the relative magnitudes of measured diffraction and reflection fields.

If the plane of the defect is oblique relative to the plate surfaces the measured response
may be dominated by the diffracted field. This is also true in pitch-catch testing however
the receiver position can be adjusted to take advantage of the larger reflected field. Fig.
2.23a shows an oblique defect in pitch-catch testing. The reflected wave propagates to the
receiving probe, overwhelming the diffracted field (shown with the dotted line). For most
defect orientations, the response at the receiving probe is almost always dominated by the
reflected field. Pulse-echo testing of an oblique defect, shown in Fig. 2.23b, can only
measure diffracted responses for some orientations. The reflected field misses the cou-
pled transmit/receive probe for the orientation shown. Because only normally-oriented
planar defects are considered in this work, it is assumed that the reflected field dominates
scattering in both pulse-echo and pitch-catch testing.

Fig. 2.23. Reflected and diffracted (dotted line) paths of an obliquely-oriented defect in (a) pitch-
catch testing and (b) pulse-echo testing.

(a) (b)
Fig. 2.24. S-wave reflection from a free surface (a) smooth, specularly-reflecting surface (b)
rough, scattering surface.

Separate transmitting and receiving probes in pitch-catch testing of fatigue cracks also
have the advantage of measuring a stronger response than with pulse-echo testing. An S-
wave incident on a perfectly smooth, free surface reflects at an angle 6, as shown in
Fig. 2.24a. Reflection from this type of surface is termed specular reflection. If the
surface is rough relative to the wavelength of propagation (Fig. 2.24b), scattering occurs
upon reflection. The extent of scattering is dependent on the surface roughness. (Ogilvy
1988) Rough surfaces with wide height distributions produce large amounts of scattering
yielding a large AO around the specular angle of reflection.

Pulse-echo testing, with its single probe, relies on scattering at the defect to obtain a
response. Fig. 2.21 shows a pitch-catch configuration, measuring the specular response
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from a defect, and a pulse-echo configuration, measuring the scattered response. Because of
the single probe in pulse-echo testing, the response must be measured from a non-specular
path. Only a separate transmitter and receiver allow measurement of the specular reflection.
[Muminated defects with surface roughness much smaller than the wavelength of the
incident wave, such as fatigue cracks, reflect most of their energy specularly. Scattering
energy is lower but always present because the surface of the fatigue crack is never com-
pletely smooth. Pitch-catch configurations primarily measure specular reflections and
therefore produce stronger responses from fatigue cracks than pulse-echo configurations.

2.4.2 Defect detection of surface defects

Ultrasonic testing is capable of detecting both surface and embedded defects. Surface-
breaking defects are the most common type found in practice. When compared to embed-
ded defects, surface defects present more immediate danger because they are usually
located at the point of highest stress within the thickness. This section discusses detection
and observation of surface defects under cyclic loading.

2421 Scanning measurements

Scanning configurations of a 40 mm steel plate specimen are shown in Fig. 2.25. In pitch-
catch testing the transmitting 70° S-wave probe illuminates the defect area from an offset
position of 165 mm. This transmitting position is fixed while the receiver scans a range of
positions. At a transmitting position of 165 mm, a 70° wave illuminates a point halfway
through the thickness at the defect after 1-reflection. Other points through the thickness
are illuminated with larger or smaller angles of incidence. The receiving probe is scanned
between 290 mm-900 mm offsets from the defect at 3 mm intervals. Pulse-echo testing
of the same plate specimen uses a single 70° S-wave probe scanning from 165 mm-920 mm.

tandem receiver offset
range: 290-900 mm

transmitter

-

o

,&'}t N

pitch-catch testing fatigue crack
probe offset
,< range: 165-900 mm -

W\

by

I A (S

pulse-echo testing

Fig. 2.25. Pitch-catch and pulse-echo scan test configurations.
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x=210 mm x =210 mm

1-0 reflection path 1-2 reflection path
transmit path
---- receive path

Fig. 2.26. Two possible pulse-echo paths from offset position x = 210 mm.

Two pulse-echo reflection paths, the 1-0 path and the 1-2 path, at an offset position
210 mm from the defect are shown in Fig. 2.26. The 1-0 path has 1 reflection to the defect
and 0 plate surface reflections on the return path. A 0-1 path, with the transmit and reflected
paths reversed from the 1-0 path, has exactly the same path length as the 1-0 path. The 1-0
and 0-1 paths arrive at the same time and are indistinguishable in the time domain. Hence-
forth an n-m path in pulse-echo testing denotes both the r-m and m-n paths.

The 1-2 path uses the same path to the defect as the 1-0 path but returns on a path that has
2 plate surface reflections. The 1-0 and 1-2 paths use different scattered paths from the
defect surface in order to return to the same probe location. The number of measurable
reflection paths from a defect is determined by the probe directionality together with the
extent of scattering at the defect. Pulse-echo scanning in the offset range 165 mm-
370 mm of a surface-breaking defect with a depth and length of 10 mm and 29 mm,
respectively, produces the B-scan in Fig. 2.27a. Separate waves from several different
paths are discernible within the time window. The arrival time of the m-n wave resulting
from pulse-echo testing at offset position x is

turr m-n = twedge + g_ {A/[ (171 + 1) h+ 8my] ’ + x2 + (213)
S

J[(n+1)h+sny]2+x2}

where

€, €, = +1 for even m and n, respectively,

€., €, =—1 for odd m and n, respectively
and h is the plate thickness. Shifting each trace in the B-scan by the arrival time of the 1-0
wave reflecting from y = 2 mm at the crack location allows identification of the wave and
its amplitude at different offset positions (Fig. 2.27b). Focusing on the 1-2 reflection
(Fig. 2.27¢c) shows that the 1-2 path in this offset range has higher amplitudes than the 1-0
wave. Illumination and reflected energy in the 1-2 path combine to produce a higher
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response at these offsets. The other two paths in the shifted B-scans are identified using
focusing as the 0-3 and 2-3 / 1-4 paths. The 1-4 path has almost the same arrival time as
the 2-3 path in pulse-echo testing and cannot be separated from it.
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Fig. 2.27. Pulse-echo data for probe offset range 165 mm to 370 mm from a surface defect with

depth 10 mm. (a) B-scan data, (b) B-scan focused on 1-0 reflection, (¢) B-scan focused
on 1-2 reflection.
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In the offset range 780 mm—920 mm, pulse-echo wave paths are still discernible for the
10 mm defect. Fig. 2.28 shows the pulse-echo B-scan and the shifted B-scan for the 5-6
reflection path from this range. Even at these large distances the shifting equation (eqn.
(2.13)) effectively predicts the arrival time of the 5-6 path. Although the signal-to-noise
ratio is much lower than with closer ranges of testing, shifting the traces according to the
path arrival time helps identify the wave. At approximately -8 s in Fig. 2.28b the 4-5
reflected path occurs and appears almost in focus. Similarly, the 5-8 reflection path
occurs at approximately +8 us and also has sufficient energy to be detected. Detection of
the 10 mm x 29 mm (depth X length) defect on a 40 mm plate from long distances is
clearly possible with pulse-echo testing.
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Fig. 2.28. Pulse-echo testing in the range 780 mm-920 mm (a) B-scan from a 10 mm deep
surface defect (b) Shifted B-scan for the 5-6 reflection path.

Pitch-catch testing configurations can also detect the 10 mm X 29 mm defect from long-
distances. The decoupled transmitter and receiver featured in pitch-catch testing allow
more wave paths at each offset. Fig. 2.29a presents the B-scan from pitch-catch testing of
the 10 mm defect with the configuration in Fig. 2.25. In this B-scan the receiver offset
ranges from 700 mm-900 mm. More paths are visible in each pitch-catch testing trace
than in Fig. 2.28a for pulse-echo testing. The arrival time for the m-n path using a pitch-
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catch testing configuration with the transmitting probe located at x

18

and the receiving

transmit

probe at x,

receive

Iam‘ m-n = twedge + Cl {/\/[ (l’l’l + l)h + 8"1)7] ’ + Xlrzlnsmilz + (214)
S

A/[ (I’l + 1)]’[ + S,Iy] ? + -)Creceive2 }

Figs. 2.29b-c show the B-scan shifted in time for the 1-6 and 1-8 reflections. Pitch-catch
testing gives a better signal-to-noise ratio than pulse-echo testing at these offsets. Posi-
tioned at 165 mm from the defect, the transmitting probe illuminates the defect area from
a relatively close distance. In pulse-echo testing the transmitting offset is the same as the
receiving offset resulting in a longer path length and less energy in the returned signal.
Both the 1-8 and 1-10 paths have strong responses in this offset range. The path arriving
between these paths is identified as the 0-7 path. The 0-7 path has an equally strong
response as the 1-8 and 1-10 paths. All 3 of the paths appear to have their largest
response in this offset range. Pitch-catch testing, like pulse-echo testing, can detect a
10 X 29 mm defect from long distances.

24.22 Crack growth observation

At intervals of crack growth the plate specimen is unloaded and tested using pulse-echo
and pitch-catch testing. Because the exact depth and shape of the crack are unknown dur-
ing loading, intervals are chosen based on the crack length. The crack shape is marked by
decreasing the load for 40 kcycles between testing intervals. Delineation by the marks
reveals the precise shape of the crack upon breaking of the plate. Increasing in length as
well as depth, the shape of the crack remains semi-elliptical throughout loading.
Comparison of the pulse-echo response from offset distances x =210 mm and
x =920 mm are shown in Fig. 2.30 for crack surface area. The crack surface area is calcu-
lated from a half-ellipse given the length and depth of the crack. At the closer probe posi-
tion of x =210 mm the response is on average +20 dB higher than when the probe is
positioned at x =920 mm for all crack sizes. Longer propagation distances allow the
wave to attenuate more. As the crack grows, the amplitude of the response generally
increases. Between the individual measurements there appears to be a certain amount of
error or uncertainty in the increase. This may result from measurement error or from the
changing crack surface morphology.

The response from pitch-catch testing of a growing crack is shown in Fig. 2.31 for
receiver positions x = 300 mm and x = 900 mm. As in pulse-echo testing, the response at
the closer receiver position is on average +20 dB higher than the farther offset. Responses
from pitch-catch testing increase with crack size as expected. There seems to be less
uncertainty in the increase between individual measurements than with pulse-echo
testing.
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Fig. 2.29.
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Pitch-catch configuration data for receiver offset range 700 mm-900 mm testing a
10 x 29 mm defect. (a) B-scan data (b) B-scan focused on the 1-6 reflection path
(c) B-scan focused on the 1-8 reflection path.
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Fig. 2.31. Pitch-catch testing response from receiver offset positions x =300 mm and
x =900 mm for increasing crack size.

Both pulse-echo and pitch-catch testing methods are sensitive enough to measure changes
in crack size from distances of 900 mm from the defect. Pitch-catch testing has more
consistent measurements than pulse-echo testing. This consistency most likely results
from the decoupled transmitter and receiver that provides a strong illumination field for
pitch-catch measurements. More paths are available in a given range with pitch-catch
testing. Pulse-echo testing, relying exclusively on non-specular reflected paths, is more
susceptible to changes in the crack surface as it grows. Pitch-catch testing obtains large
responses from the specular reflection. The specular response may vary with crack
growth, however, because the plane of the crack remains normal to the plate surfaces, the
strongest response remains specular for most reasonable surface roughnesses.

3 Processing techniques

3.1 Synthetic aperture focusing technique

Focusing techniques demonstrated in Chapter 2 allow easier identification of wave paths
when considering B-scan data sets. Shifting each trace in time focuses the scan data set
on the response from a single point in the medium. The travel time to and from the point
in focus determines the time shift at each offset position.
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Some ultrasonic testing applications use focused probes to achieve higher sensitivity to
defects than conventional probes. (Krautkrimer, Krautkrimer 1990) Focused probes con-
tain concave transducers that focus on a specific point in a solid with very little spreading
of the wave field. The presence of a reflector at the focus point returns a very strong
signal with most of the input energy (Fig. 3.1a). While appropriate for some specific
applications, these types of transducers are not flexible enough for use in general
detection. However, processing scanned data can simulate the qualities of a focused
transducer. The time-shifting technique in Chapter 2 effectively uses the response at
successive point sources to simulate a focused probe.

coherent
summation
shifted scan
traces 11 T I=
.==-
==

scanning probe

reflector at reflector at
focus point focus point

(a) (b)
Fig. 3.1. Focusing on a point in the medium in the presence of a reflector: (a) using a focused
probe, (b) by shifting scanned data.

Processing scan data can simulate a large focused probe whose diameter is the length of
the scan. Fig. 3.1b shows traces from scanned data shifted in time, focusing on the
selected point. Summation of the focused traces gives a coherent signal equivalent to that
found with a focused probe. A reflector close to, but not at the focus point produces a
smaller response from the synthesized probe just as with a focused probe. The summation of
the focused traces indicates the presence of a reflector as shown in Fig. 3.2b that is weaker and
more diffused than if the reflector were at the focus point as in Fig. 3.2a. When no reflector
occurs in the vicinity of the focus point zero response results as shown in Fig. 3.2¢.
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Fig. 3.2. Summation of focused signals with (a) a reflector present at the focus point, (b) the
reflector close to the focus point, (c) no reflector in the vicinity of the focus point.

Shifting the traces effectively finds the coincident point or points among the possible
reflector locations from each trace. Fig. 3.3a shows the set of possible reflector points in
the medium that can result in a response at #, = 2[,/c. The set of all possible reflector
points form a semicircle with equivalent travel times at distance /,. The response from
two measurement points reduces the possible locations of the reflector to the coincident
points of the respective equidistant semicircles as in Fig. 3.3b. Many coincident points
result for measurement points within close proximity of one another. Increasing the range
covered by the set of measurement points decreases the set of coincident points. The size
of the actual reflector bounds the lower limit of the set of coincident points.

21 20
= ==
c c 212
===
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Fig. 3.3. Possible reflector locations in free-field propagation form a semicircle (a) equidistant
points resulting from measurement from a single point, (b) measurements from two
points reduces the possible reflector locations to the coincident points.

In non-destructive testing, this focusing and summation procedure is called the synthetic
aperture focusing technique (SAFT). (Doctor et al. 1986; Seydel 1982) SAFT performs
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spatial characterization of a solid from ultrasonic testing measurements. Using pulse-echo
or pitch-catch data, SAFT identifies reflections and wave paths resulting from a defect in
a solid. When focused, these reflected paths provide information on the location and
nature of the defect. SAFT-imaging uses the reflected paths to construct an image of the
defect. Images produced by SAFT-processing of data indicate points of reflection or scat-
tering in the area of interest.

3.1.1 SAFT-imaging from pulse-echo measurements

SAFT-imaging provides a visual image of an area in the solid. Fig. 3.4 shows the process
of SAFT-imaging on a plate specimen scanned with a pulse-echo probe. A grid divides
the area of interest into a set of points with spacing smaller than the wavelength of test-
ing, A. This prevents undersampling of responses in the image. Each point in the grid has
a characteristic travel time function with respect to the offsets, x, of the scanned range for
a given wave path. Fig. 3.4 shows two travel time functions corresponding to the offsets
in the scanned positions relative to points A and B in the grid. The travel time functions
assume the same m-n wave paths between the offset positions and the mesh points.

Travel time to and
from point A

~-—path to point A Travel time to and

—path to point B from point B

x
Fig. 3.4. SAFT-imaging of an inspected region of a plate.

Obtaining an image entails successively focusing the scan data set on each point in the
grid. The coherent summation of the shifted traces at the expected arrival time from point
A becomes associated with mesh point A. The summation of shifted traces at point B
corresponds to mesh point B. Repeating the process for all the other points supplies a
coherent sum for each grid point. The collection of these coherent sums into a grid
produces a SAFT image . When no reflector occurs at the focus point in the test specimen
a small coherent sum at that SAFT grid point results. The presence of a reflector at the
focus point in the specimen results in a large sum.

In Chapter 2, Fig. 2.27a shows traces from the pulse-echo configuration in Fig. 2.25 test-
ing a 10 mm deep surface-breaking fatigue crack. The travel time of the 1-0 wave path
between the probe and a focus point 2 mm from the surface at the crack location increases
with probe position according to eqn. (2.13). This is the travel time function for the pulse-
echo scan. Shifting each trace in the scan by its travel time to and from the focus point
results in the focused data set in Fig. 2.27b.

SAFT images of the crack area, derived from the data in Fig. 2.27a, are shown in Fig. 3.5.
The SAFT images contain a 128 X 128 point grid representing a 15 mm X 40 mm area of
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interest centered at the crack location as indicated in Fig. 3.5a. Fig. 3.5b shows the size
and location of the actual fatigue crack relative to the SAFT image size. The SAFT grey-
scale images in Fig. 3.5¢ and d show dark areas to indicate grid points with large summa-
tion values and light areas to indicate points with small summation values. Fig. 3.5¢
shows the SAFT image found using the 1-0 reflection path to focus on each point in the
grid. Fig. 3.5d uses the 1-2 reflection path to focus on grid points.

pulsi:fchg\ off{e\t 19'5\ - 370 mm 128 x 128 point grid

15 x 40 mm area of interest

\

fatigue crack

(b) (© (d)
Fig. 3.5. SAFT images of a 10 mm fatigue crack using pulse-echo testing in the offset range
165 mm-370 mm, (a) Measurement configuration and location of area of interest in
SAFT images. (b) actual location of fatigue crack in image area (c) SAFT image from
1-0 mm reflection path (d) SAFT image from 1-2 reflection path.

Both images in Fig. 3.5¢ and d locate the crack at the correct offset position on the plate.
However, resolution of the actual crack size is not possible from either of the images. The
SAFT image in Fig. 3.5c gives better resolution of the 10 mm fatigue crack than the
image in Fig. 3.5d. The indication in the 1-0 reflection image extends to the upper third
of the plate, correctly estimating the depth of the actual crack. The 1-2 reflection SAFT
image in Fig. 3.5d has an indication that erroneously represents the actual depth of the
crack. It shows a defect extending to the full depth of the cross-section. Both images use
the same measured data set however different focusing paths generate different images.
Comparison of the two images shows that characterization accuracy decreases with path
length and configuration.

The accuracy of defect characterization using pulse-echo testing depends on the path
length to the imaging area relative to the aperture size. For a given synthetic aperture size,
longer path lengths decrease the characterization ability of the SAFT image. The set of
indications in the SAFT image includes the actual defect surface. A large aperture relative
to the path length limits the set of indications to those points on the defect surface. As the
aperture-path length ratio becomes smaller, resolution decreases and other indications
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appear in the SAFT image. False indications arise at points on the SAFT grid whose
travel times equal the travel time to the real reflector.

High frequency wave propagation in a flat plate undergoes multiple reflections from plate
surfaces. Multiple reflections can be idealized with free-field wave propagation traveling
through layers. Fig. 3.6 shows the idealized pulse-echo 1-2 reflection path resulting from
a defect. The propagation path to the defect, /|, reflects once before reaching the defect
and therefore passes through one layer before reaching the defect. The path from the
defect, 1,, reflects twice before arriving at the receiving probe and therefore passes
through two layers. Each pass through a layer boundary represents the reflection of the
wave from the actual plate surface. S-waves incident upon a plate surface reflect an S-
wave at an angle equal to the incident angle, as given by Snell’s law. When traveling
across the idealized layer boundary, the wave effectively reflects at its incident angle.
Reflection from the defect occurs in the illuminated layer.

The set of points with the same total propagation distance, [, + [,, form an ellipse whose
major axis lies on a line between the probes. These points also have the same travel time,
given by (I, + 1,) / c¢. By definition, the equidistant ellipse has length (I, + ,). The foci of
the ellipse coincide with the probe positions.

illuminated

layer ﬁ\ $

1-2 pulse-echo
reflection path

Fig. 3.6. Layer idealization of a pulse-echo 1-2 reflection path.

The SAFT image in Fig. 3.5¢ uses the response from the travel time of the 1-2 path to
determine the coherent sum at the grid position. A large response measured at that time
point can be attributed to a reflector at any point along the ellipse within the illuminated
layer and in the direction of the probe axis. Marked with a thicker line in Fig. 3.6, these
points have equivalent travel times and equidistant propagation paths.

Coherent summation of the responses from a large aperture eliminates some of the equi-
distant points in the illuminated layer, depending on the size of the aperture. Fig. 3.7
shows ellipses of equidistant length from several pulse-echo offset positions. The coher-
ent sum of responses in the aperture limits indications in the SAFT image to coincident
points on the ellipses. The 1-0 reflection path shown in Fig. 3.7a has a large aperture
relative to the propagation distance. Coincident points of the ellipses from each offset
position are limited to a small area of the illuminated layer. In Fig. 3.7b the 1-2 path has
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a longer total propagation distance and the same size aperture as in Fig. 3.7a. More
coincident points occur in the illuminated layer than in the 1-0 reflection path. This
explains the erroneous characterization of the crack in the SAFT image in Fig. 3.5¢ and
the elliptical curve of the indication. Good characterization requires a large aperture
relative to the length of the wave path.

coincident
points

coinciden
points

(@) (b)
Fig. 3.7. Ellipses of equidistant path lengths for increasing pulse-echo offset positions. SAFT
image indications are limited to the coincident parts of the ellipses. (a) 1-0 reflection
path, (b) 1-2 reflection path.

Sensitivity studies in (Johnson 1982) show that the optimum synthetic aperture size for
good resolution of a defect equals the beam width of the probe at y,,,; as shown in
ynihetic> 1arger than the —20 dB
beam width at propagation distance L, indicated in Fig. 3.8 by B ;. Finding the
optimum D for a given ray path entails determining the —20 dB beam width at the
propagation distance L of the ray path. Smaller synthetic apertures result in exaggerated
SAFT image indications. Because the probe beam width increases linearly in the farfield,
the optimum synthetic aperture size increases linearly with propagation distance. The
images in Fig. 3.5 confirm that resolution decreases with propagation length. The opti-
mum synthetic aperture on the plate surface for the 1-2 pulse-echo path using the 70°
probe is 260 mm. False indications in Fig. 3.5b result from the smaller 205 mm synthetic
aperture size used to generate the image.

Fig. 3.8. Good resolution requires a synthetic aperture, D

Pulse-echo testing from long distances requires a large aperture. Scanning over such a
large aperture may not always be possible. Despite the oversized indication of the defect
in the SAFT image of Fig. 3.5c, detection and lateral location capabilities remain very
good. Fig. 3.9 shows the effect of increasing the testing distance on a SAFT image while
maintaining a 200 mm aperture. A 10 mm deep surface-breaking fatigue crack on a
40 mm thick plate is tested in pulse-echo from 90 mm-970 mm offset distance. The
SAFT image of a 15 mm X 40 mm section of the plate at the location of the crack com-
prises a 100 x 100 point grid centered about the crack. All images have a synthesized
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aperture of 200 mm. Each image uses the wave path with the highest response in the test-
ing range.

Dsynthetic >|
'¢ L = propagation distance
m] |

Dyyniheric Z B-2oap

Fig. 3.8. Optimum synthetic aperture size of a scanning probe, from (Johnson 1982).

As testing distance increases, more reflected wave paths become available. These wave
paths manifest themselves in the SAFT image as “echo-indications”. Fig. 2.28b shows
the shifted B-scan for the 5-6 reflection path. Other paths present in the time window of
Fig. 2.28b, such as the 4-5 and 5-8 reflection paths, have only a slightly different time-
shift function. The strongest indication in the image results from the coherent sum of the
5-6 reflection path. The coherent sum of the 4-5 and 5-8 reflection paths form the echo-
indications in the SAFT image of Fig. 3.9¢.

Despite the poor resolution in SAFT images from long-distance pulse-echo testing, the
images still reliably detect and locate the crack. Visual interpretation of a pulse-echo
SAFT image facilitates analysis of pulse-echo data, however the ambiguity of the indica-
tions resulting from a limited aperture size must be kept in mind when interpreting the
images.

The image in Fig. 3.9¢ illustrates another feature of SAFT-processing. Signals from this
long-distance aperture, partly shown in Fig. 2.28a, have a very low signal-to-noise ratio.
Despite the low signal-to-noise ratio, the image still provides sufficient visual detection
capabilities. The SAFT process filters out noise from the weak long-distance signal to
allow better interpretation of the data. This additional feature of SAFT makes it prefer-
able in evaluating long-distance data.
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pulse-echo testing 100x100 point grid
N\ 15x40mm area of interest
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fatigue crack
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570-770 770 - 970
3-4 5-6
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Fig. 3.9. SAFT images using a 200 mm aperture from different pulse-echo testing ranges.

3.1.2 SAFT-imaging from pitch-catch measurements

Pitch-catch configuration measurements of a normally-oriented defect give a higher
signal-to-noise ratio than pulse-echo configurations because of the shorter wave path
associated with the separate source and receiver. This feature of a decoupled source and

39



receiver also provides SAFT images from pitch-catch measurements with better reso-
lution than images from pulse-echo measurements.

Resolution of points through the thickness of a plate requires non-coincident equidistant
ellipses for the offset positions in the aperture. To obtain non-coincident ellipses in the
illuminated layer, the curvatures of the ellipses from each offset position must vary suffi-
ciently. In pulse-echo testing only larger apertures can increase the total variance of
ellipse sizes. In pitch-catch testing, the ellipse curvature at each position in the synthe-
sized aperture can change more rapidly depending on the probe configuration.

Fig. 3.10 shows the ellipse of equidistant path lengths for a pitch-catch probe configura-
tion with a 1-2 reflection path to and from a normally-oriented defect. As with pulse-
echo layer idealization, the probe positions define the major axis of the ellipse and its
foci. The propagation distances /, and I, again determine the total ellipse size. Keeping
the source position constant, measurements from scanning of the receiver probe con-
tribute to the synthetic aperture in pitch-catch testing.

1-2 pitch-catch
reflection path

Fig. 3.10. Ellipse of equidistant path lengths using layer idealization of a pitch-catch 1-2
reflection path.
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Fig. 3.11. Ellipses of equidistant path lengths for different pitch-catch receiver offset positions.
(a) 1-2 reflection path, (b) 1-4 reflection path.
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Fig. 3.11 shows ellipses of equidistant paths for a scanning pitch-catch receiver. Longer
propagation distances in the 1-4 wave path produce larger ellipses than with the 1-2
wave path. As the offset increases, not only does the ellipse size increase, but its axis
angle changes. With the larger propagation distance, increases in offset have less effect
on the angular orientation of the ellipse. At longer propagation distances, small changes
in the ellipse within the illuminated layer yield more coincident points resulting in less
resolution in the SAFT image.

Fig. 3.12 presents SAFT images from pitch-catch testing at increasing distances. The 10
mm deep surface-breaking fatigue crack, imaged in the previous section with pulse-echo,
is imaged in Fig. 3.12. The images in Fig. 3.12b—d have 200 mm apertures and use the
pitch-catch testing configuration in Fig. 2.25. The image in Fig. 3.12a uses a transmitting
distance of 165 mm and has a 200 mm aperture except for the close range measurements
from 200 mm-300 mm. The images represent a 15 mm x 40 mm section of the plate cen-
tered around the crack, generated using a 100 x 100 point grid.

pitch-catch testing 100 x 100 point grid
15 x 40 mm area of

interest

T

fatigue crack

—range: 200 - 300 mm

300 - 500 500 -700 700 - 900
refls: 1-2 1-4 1-6 1-8
(a) (b) (c) (@

Fig. 3.12. SAFT images from a pitch-catch testing configuration on a 40 mm plate with
transmitting probe positioned at 165 mm offset.

Pitch-catch testing has the possibility of providing accurately finding the depth of a defect
from close ranges. Fig.3.12a shows good depth resolution of the crack from a receiver
distance range of 200 — 300 mm. As the propagation distance increases, resolution
decreases as with pulse-echo testing. Once again, detection and lateral resolution remains
very good, even when testing from 900 mm.
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3.2 Crack growth by SAFT image energy

SAFT images derived from both pitch-catch and pulse-echo long-distance testing show
indications with excellent lateral resolution and poor depth resolution. Defects are
detected and located from SAFT images when testing from distances up to 1.0 m. Despite
the lack of visual depth resolution in a long-distance SAFT image, quantitative analysis
of the SAFT image can provide information concerning the defect size.

A quantitative analysis of a SAFT image requires an analytical description of the proces-
sing technique. Langenberg (Langenberg 1987) discusses SAFT-imaging within the con-
text of general inverse scattering problems. The forward scattering problem finds the
scattered response when an inhomogeneity in a solid is subject to an incident wave field.
The inverse scattering problem, the complement of the forward problem, characterizes
the inhomogeneity given the scattered response and the incident wave field. SAFT-imag-
ing solves the inverse scattering problem under specific boundary conditions for the
source and receiving surface geometry. Using the notation in (Langenberg et al. 1986) the
total field @ resulting from a source at position R, in the presence of a scatterer Y(R') with
volume V as in Fig. 3.13 is

D= O+ D

where @, is the incident wave field and @, is the scattered wave field.

grid image

Fig. 3.13. The SAFT-imaging process. Scatterer Yy (R'), measurement surface Sy, incident wave
field @, and scattered wave field @, produce a grid of points which can be converted
into an image of a defect.
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The scatterer y (R") produces a continuous, secondary source field @, that depends on the
incident field. The scattered field at a single observation point with position R is found by
integrating over the volume of the scatterer.

D (R, 1) = [[[®y (R, R, 1)d"R (3.1
\%

Ultrasonic testing of plates, as described carlier, uses a single measurement surface to
transmit and receive the wave fields. Fig. 3.13 shows both the source and receiver on the
same measurement surface S,,. Reconstructing the scatterer from the scattered field inci-
dent on the measurement surface Sy, on a the basis of a grid of points gives an image
(Langenberg 1987):

Osarr (%,¥) = [ [@5(R,1)d"R (3.2)

Swm

where Og,gr (x, y) is an image with pixels at x and y as in Fig. 3.13. The variable  in eqns.
(3.1)—(3.2) represents the travel time function between the source, the scatterer and the
receiver for each point on Y(R').

Pixel values in the SAFT image consist of the summation of the scan response measure-
ments “in focus” at the pixel location. As the scattering surface Y(R') increases in size, the
image reflects the increase in the form of larger pixel values in the image.

The response measurements used in long-distance testing, described in section 3.1, are
proportional to velocity of the plate surface, v. An estimation of the total energy received
in the SAFT image from a given path uses the square of the pixel values (or v?), integrated
over the image:

Egupr = [ [Ogupr (R)17dR (33)
\

where ¥ represents the set of pixels in og,g. Comparison of the energy estimate, Ej, .,
with the actual crack surface area reveals the relationship between long-distance reflected
energy and growth of the normally-oriented crack.

Fig. 3.14 shows the relationship between Eg,; and increasing crack surface area for
pitch-catch testing. Energy in the SAFT images in Fig. 3.14 come from the pitch-catch
measurements on the 40 mm plate shown in Fig. 3.12. Fig. 3.12 shows examples of the
SAFT images from these pitch-catch measurements when the crack surface area reaches
666 mm’. The source probe sends from a fixed position at 165 mm offset. The SAFT
image for each measurement uses a 200 mm synthetic aperture starting at 300, 500 and
700 mm testing distances. As in Fig. 3.12 the SAFT image apertures use the 1-4, 1-6 and
1-8 wave paths respectively.
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Fig. 3.14. Pitch-catch testing of 40 mm plate. SAFT image energy increases with crack surface
area. (a) synthetic aperture from receiver at 300-500 mm, (b) aperture at 500-700 mm,
(c) aperture at 700-900 mm.

E,,; increases with crack surface area from all three testing ranges. Comparison of
Fig. 3.14 to Fig. 2.31 indicates that SAFT image energy correlates better to crack area
than the maximum response from measurement at a single position. Eg,p; uses contribu-
tions from all measurements in the synthetic aperture resulting in better correlation with
crack size. Increased crack size increases @y in eqn. (3.1) which in turn increases 0g,gy in
eqn. (3.3). Therefore despite the lack of visual depth resolution in the long-distance
SAFT images, the quantitative measures of energy in the images provides some insight
into the crack size.

Normalization of the Ej,;, values to that found from an image of the smallest crack size
gives the relative decibel gain in energy as the crack grows. Because only a single ray is
included in the SAFT image, Ej,;; has significance only on a relative basis. Absolute
values of Eg, ., indicate the energy in a single ray for a given aperture. This value changes
for different rays and different aperture sizes and positions. Although relative values give
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a precise relative comparison, the absolute accuracy of each value in Fig. 3.14 depends on
the Eg,;; value measured from the smallest crack. As a result all values in Fig. 3.14
should be considered strictly on a relative basis.

As testing distance increases, Eg,.; becomes less sensitive to crack growth. Results in
Chapter 2, Figs. 2.30 and 2.31 also demonstrated decreasing sensitivity to crack growth in
individual measurements for larger offset positions. In addition to the decreased sen-
sitivity from individual traces at long-distances, sensitivity also diminishes due to the
decreasing ratio of aperture size to propagation distance. However, SAFT images from an
aperture at 700 mm-900 mm offset still shows good correlation to crack growth.

3.3 Conclusions

This chapter explores the capabilities of SAFT-processing in deriving more information
from long-distance testing measurements. SAFT-imaging uses data from measurements
to graphically reconstruct the defect area. The resultant image allows qualitative visual
assessment of the defect. In addition to spatial filtering of data SAFT-processing acts as a
noise filter, isolating the response of the chosen wave path and eliminating noise effects
from the graphic representation. This added feature makes SAFT particularly attractive
when processing characteristically noisy data, as found in long-distance measurements.
From testing distances of up to 1.0 m, SAFT images identify the existence and lateral
location of a normally-oriented defect. This detection and location capability results from
isolating a single wave path to and from the defect. In contrast to localized testing with a
very limited number of wave paths, long-distance testing generates a wave field with
numerous wave paths. By considering only one wave path SAFT can circumvent certain
problems associated with multiple wave paths in long-distance data.

Depth resolution of a defect in a SAFT image depends on the aperture size used relative
to the propagation distance of the wave path. An exact reconstruction of a defect requires
an infinitely large testing aperture. Localized testing usually permits a relatively large
aperture-to-propagation distance ratio and better depth resolution. With the objective of
extended accessibility and limited scan distance, long-distance testing has a very small
aperture-to-propagation distance ratio, resulting in very poor depth resolution of a nor-
mally-oriented defect in the SAFT image.

To obtain more information on the character of a defect from the SAFT image the param-
eter Eg,py is introduced. This parameter attempts to compensate for the lack of depth
resolution of cracks in long-distance SAFT images. The energy in the SAFT image,
Eg,pr» glves a quantitative estimate of the magnitude of the scatterer. Images taken from
long-distance measurements show that Ej, ., increases with incremental growth in the
surface-breaking fatigue crack. Until now, only visual information from the SAFT image
has been used in defect assessment. By offering a quantitative measure from the SAFT
image, Eg,p; contributes additional information concerning the size of the defect.
Without modeling the total energy balance in the measurement process, Eg,.; can only
determine relative crack sizes. Comparison of Eg, ., measurements at intervals of crack
growth yields an estimate of the relative crack size. Identification of the absolute crack
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size from a single scan measurement would require baseline values for the particular
crack and testing configuration.

The special defect configuration used in this chapter, a normally-oriented fatigue crack in a
plate, limits the applicability of Eg,. in estimating crack size from scan measurements.
With some obliquely-oriented cracks, Eg,.; may not appear to increase with crack growth.
The scattered field for these types of cracks does not return to the receiving probe in the
same way as the field from a normally-oriented crack. Equations for the scattered field
given in this chapter apply when considering the entire scattered field. All scans cover a
reduced area of the measurement surface. For an obliquely-oriented crack a larger measure-
ment surface, or a larger scan aperture could show Ej . increasing with crack growth.

4 Modeling of long-distance testing
4.1 Probe modeling

The ray theory model of the plate requires a point source or a distribution of point sources
at the surface to simulate excitation from a probe. Several methods can be used to derive
a point source model of a probe. Previous methods involve either analytical solutions or
deconvolution of measured data. The method used here is a new approach to probe
modeling. Excitations on the probe face are optically measured. This results in a discrete
point source model of the probe.

4.1.1 Angled S-wave generation

Producing S-waves in steel through refraction of P-waves requires ideal surface contact
conditions between two media at their interface as shown in Fig. 4.1a. Refraction of an S-
wave requires that the interface transfer displacements in both shear and normal direc-
tions. A contact S-wave probe has a gel-filled interface between the probe material and
steel. This gel interface transfers only the normal components of the perspex wave field
across the interface into the steel as shown in Fig. 4.1b. (Kithn, Lutsch 1961) Although
both the ideal and gel interfaces result in introduction of an S-wave into the steel, the
mechanisms which produce the S-wave differ between the two interface types.

A P-wave obliquely incident upon an ideal interface refracts and can produce both a P and
an S-wave in the interfacing medium according to Snell's law. The different impedances in
the two interfacing media provide the mechanism for refraction. In a perspex-steel gel inter-
face, the lack of shear transfer across the interface prevents refraction. Generation of the S-
wave with the gel interface occurs through a temporal delay mechanism of the normal
forces and the interference of wavefronts resulting from the normal forces.

To understand this, consider a single, normally-oriented, surface point source with time-
varying load f,(#). This point source produces both a spherical P and S wave front as well
as a Rayleigh (R) surface wave as in Fig. 4.2a. Fig. 4.2b shows how a series of these nor-
mal point loads, each having a load f(x, 1), acting at the interface can generate an angled
S-wave front. Angled P-waves can be generated in a similar manner with a different
series of loads, f(x, 7). As evidenced in later sections of this chapter, superposition of a
temporally and spatially varying series of normal point sources results in a coherent S-

46



wave propagating at angle 6. Produced strictly from normal components of the incident
wave at the interface, the S-wave results from the time-dependent application of the nor-
mal components of the incoming P-wave as it impinges upon the interface. The combina-
tion of the time and space dependent functions for the probe #(x) and A(x), termed the
source or probe function along with the time-varying load f(x, 7), yield the probe model
required for input to the ray theory plate model developed later.

i

.

(a) (b)

Fig. 4.1. Different mechanisms of S-wave generation across an ideal and a gel-filled interface
between two media (a) refraction at an ideal interface according to Snell's law (b)
normal displacements at a gel interface.

(@) (b)

Fig. 4.2. Mechanism of S-wave generation at a gel interface between perspex and steel. (a) a
single normal point source has P, S and R wave fronts (b) superposition of a series of the
normal point sources produces a coherent S-wave. The series has both temporal and
spatial dependence.
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4.1.2 Direct measurements of the probe face

Recent developments in laser interferometry offer a new, relatively direct way of finding
the source function of a probe. Optical laser interferometry measurements have the
advantage of measuring actual surface conditions on the probe resulting in a source
function that avoids numerical errors associated with deconvolution and direct integration
methods. Fig. 4.3 shows the setup for the measurements. (Breeuwer, Chinn 1993; Chinn
et al. 1993) The Fabry-Perot heterodyne speckle interferometer uses relative phase differ-
ences between a reference beam and a scattered field to determine the change in length of
the optical path. (Vrooman 1991) When focused on the probe contact surface, the optical
path of the beam length changes with the normal surface velocity. A two-dimensional
scanner moves the 70° probe so that the laser focus point travels across the face of the
probe in the x and y directions.
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Fig. 4.3. Laser interferometry measurements of the 70° probe contact surface.

Scanning provides a picture of the spatial variation along the surface. Fig. 4.4 shows a
surface plot of the particle velocities in the +z-direction on the probe surface at time
t=11 ps. The pulse stretches across the measurement area in the y-direction. The edge of
the probe appears to have a noisy but incoherent profile of z-particle velocity.

The wedge used has clear perspex along the wave path and red-colored damping material
outside the wave path of the transducer. The projection of the round transducer onto the
wedge contact surface results in an oval shape of the clear perspex at the contact surface.
This oval shape is visible in Fig. 4.4. The edge area outside the oval in the free probe sur-
face measurements is characterized by a higher noise level than in the clear perspex area.
The collection system normalizes all measurements based on the reflectivity of the
returned light. The colored damping material of the wedge has higher optical reflectivity
than the clear perspex oval. As a result of the normalization, the velocities outside the
oval appear to have larger magnitudes than velocities inside the oval. The magnification
of velocities in the edge region due to normalization is therefore deceiving.

Fig. 4.5a—4.5c show images of the probe surface at =38, 11 and 14 us. A pulsed wave
clearly moves in the negative x-direction across the face of the angled probe in time.
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Fig. 4.5d shows an image of the energy found from the z-velocities in the scanned area of
the probe surface. The highest amount of energy lies at the “heel” of the probe in the area
having the shortest propagation distance through the wedge. A reduced area within the
perspex oval, also oval shaped, shows the shape effects of the energy content.

Xy - section

Fig. 4.4. Velocities measured on the probe contact surface at 7 = 7.5 s

Fig. 4.5 shows grey-scale images of the entire scanned probe surface area at 4 time
points, £=7.5, 10, 12.5 and 15 ps. Dark areas indicate large positive velocity and light
areas indicate large negative velocities with grey scales falling in between. A pulsed wave
clearly moves in the negative x-direction across the face of the angled probe in time.

The amplitude of the pulse as it is incident on the probe surface varies with x-position.
The frequency content of the incident pulse remains relatively constant. Fig. 4.6 shows
the amplitude and peak frequency of the pulse at the y-centerline of the probe as well as
the arrival time of the pulse. To minimize noise in the pulse profile, Fig. 4.6 shows the
velocity and peak frequency averaged over a y = 10 mm strip of the probe, centered about
the y = 15 mm axis of the scan area. Normalized maximum velocities show the increase
and decrease of the pulse amplitude such that the peak velocity on the surface has a value
of 1.0. All three profiles show a 45 mm x-range corresponding to the 45 mm length of the
perspex oval on the contact surface.
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Fig. 4.6¢c shows that the arrival time of the pulse decreases linearly with x position. This
linear relationship along the surface results from the travel time of the P-wave through
the wedge. In Fig. 4.6a the pulse amplitude decreases with propagation distance through
the wedge. This results from scattering attenuation of the pulse as it travels through
longer distances in the wedge. The peak amplitude occurs at approximately x = 37 mm, or
at the area of the probe having the shortest propagation distance through the wedge.

(b)

©

@

Fig. 4.5. B-scan images of velocity measurements (a) at =8 s, (b) t=11ps, (c) t=14 s,
(d) measured energy on probe contact surface.

50



-
o

x .
e g °
10 mn g Zos @
mm — =
- \Q s E
g 3
g
0.0
0 25 50
x [mm)]
50 20
) e
® =2 E 10 ©
ES =
% 2
(5] j
00 g 00
0 25 50 0 25 50
x [mm] x [mm)]

Fig. 4.6. Pulse characteristics on the 70° probe contact surface averaged over a 10 mm strip of the
surface (a) normalized maximum amplitude profile (b) peak frequency profile (c) arrival
time.

4.2 Model of through-transmission testing

Modeling through-transmission offers an opportunity to test components of the model.
Without the presence of a defect, the through-transmission model can help to characterize
and analyze the behavior of each component. Comparison of the modeled response to
plate measurements also helps assess the use of optical measurements in developing the
source function.

Laser interferometry measurements in the previous section confirm that the source func-
tion of the probe has both temporal and spatial dependence. The time function identified
earlier as #(x) varies linearly over the contact surface and results from the shape of the
wedge in the probe. The spatial amplitude function A(x) is influenced by both the propa-
gation distance through the wedge and the projected shape of the circular transducer onto
the wedge contact surface. The time-varying load f(x,7) maintains a relatively constant
peak frequency on the contact surface and is hereafter taken to be constant in space for
the calculations, thus f,(1).

Combination of these source profiles provides the probe model required. The Green's
function of the plate, which describes the transfer of stresses from one point in the plate to
another, is found with ray theory. The Green’s function provides the plate model. All cal-
culations of plate Green's functions in this chapter use either the computer program
GPLATE (Hsu 1985), provided by the National Institute of Standards and Technology
(NIST), USA, or the program PLATE (Pao 1977), provided by Cornell University. Both
programs find the Green's function in terms of displacements resulting from a unit step

51



function. Ref. (Proctor et al. 1983) provides a validation of PLATE for glass plates with
known source functions. GPLATE has been validated with the examples in (Proctor et al.
1983).

Although surface normal point sources generate P, S and R-waves as in Fig. 4.2a, only §
and R-waves propagate coherently from a 70° probe (see section 4.1). Using ray theory to
model the plate response offers the advantage of selecting only those rays important to
the Green's function. Modeling 70° through-transmission testing, therefore requires the
inclusion of only S and R-waves in the Green's function. The Green's function, using ray
theory is

G(x,1) = Y G(x,1) 4.1

i=1

where G,(x,1) is the response due to ray i. For the model, we consider ray i as either S or R
rays that arrive within the time period under consideration.

Convolution of G(f)with the time-varying load f{r) gives the displacement response by the
equation:

ux,t) = G(x, 1) - f(1) 4.2)

The time-varying load f{z) represents the source function. Inclusion of the probe function
into f{z) uses all three components found in the previous section or

F() = fAW), 1 (x), fo(1) (4.3)

The measurement system records a response corresponding to the particle velocity of the
surface. For comparison to measurements, the model must calculate the modeled velocity
response. Velocity calculations follow from eqn. (4.2) according to

v(x, 1) =G(x,1) - (1) (4.4)

Commutative properties of derivatives in convolution (McGillem, Cooper 1974) allow
eqn. (4.4) to be written

v(x, 1) = G(x, 1) - f (1) 4.5)

for a linear, time-invariant system.

4.2.1 Multiple point source modeling

Laser interferometry measurements described earlier provide a picture of the probe sur-
face at discrete points. Because discrete rays are used in the calculation of the Green’s
function, a discrete, multiple source model is easily applied to the ray theory model of the
plate.
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Fig. 4.7 shows a model of the 70° send probe using multiple point sources spaced over
45 mm surface length. The sending probe model has three components. Each point source
applies the time-varying load fi(#) found from the laser measurements. Application of
each point source occurs in sequence according to the linear time delay #(x) shown in
Fig. 4.6¢c. The maximum amplitude of f(7) at position x varies according to A(x) as shown
in Fig. 4.6a.

45 mm

A(x)

Z(2)
St )

Jo(®)

S0/

Fig. 4.7. Multiple source — point receiver model of through-transmission testing.

Summation of the rays according to eqn. (4.1) yields the complete Green's function of the
plate. Multiple sources require the summation of the responses from each source. Fig. 4.8
gives the ray responses at different steps in the summation. Fig. 4.8a shows the velocity
response due to fi(z) for a series of 10 point sources configured as shown with 8 = 60° at
the center of the series. The responses only include the effects of the f(z) component of
the source, the functions A(x) and #(x) are constant and have no spatial variation in this
plot.

Including the linear delay #(x) in f{1) gives the B-scan set shown in Fig. 4.8b. Summation
of the 10 separate responses and inclusion of A(x) to f{z) gives the velocity trace in
Fig. 4.8c. The profile of peaks in the summation of Fig. 4.8¢ follow the profile of A(x).
Directional effects of the probe result from diffraction of the field at the probe-plate inter-
face. Interference of the diffraction effects causes the directional behavior of the probe.
Simulation of these diffraction effects requires that the same interference phenomenon
occurs in the model. The spacing of the point sources along the surface is critical to simu-
lating these interference effects. The probe model must be sufficiently discretized to
simulate interference. When the point sources are placed too far apart, not enough inter-
ference occurs between the fields of the point sources to create the correct directional
effects.

Fig. 4.9 shows the effect of discretization on the source model for 1, 10, 40, 60 and
100 point sources. All three components A(x), #(x) and f(t) are included in these summa-
tions. Spacing of the source points shown in Fig. 4.9a varies from 0.5 A to 56 A for 100 to
1 source point respectively.
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Fig. 4.8. Modeled velocity response using a 10 point source (a) B-scan response (b) response
including #(x) and A(x) (c) summed 10 point source response.

Summed traces from each of the sources are shown in Fig. 4.9b. The single source (n = 1)
response has the same shape as f, , (1) and does not include any interference effects. The
10 and 40 point sources also resemble fo (¢) indicating that source spacing larger than
1.4 A does not provide sufficient interference in the resultant wave field. Only when the
source contains 60 or 100 points, i.e. with spacing of A or smaller, do interference effects
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begin to smooth out the traces. The response from the n = 60 and n = 100 point sources
appear closer to a measured surface wave than the input load f; () . A multiple point
source therefore requires spacing of at most A to correctly model interference effects.

d

n-point source

VWM =100 N~ n=100
= ———J\NW\/NM 40 N~ 40
-
—— o~ 10 0
~il 1 — T — 1
T 1 1 T T 1
36 40 44 48 0 3 10 15
time [us] frequency [MHz]
b (©)

Fig. 4.9. Discretization effects of an n-point source at 60° (a) point source spacing (b) velocity
response for each n-point source type (c) frequency response for each n-point source
type.

Fig. 4.9c presents the effects of source discretization on the frequency content of the
velocity response. The frequency spectra indicate that by changing from a single source
to a multiple point source, the peak frequency changes from 4 to 1.7 MHz. This peak fre-
quency shift results from the effective convolution of the combined time delay function
#(x) and the amplitude function A(x) with the single source velocity response G- fo(2) .
Combining eqns. (4.3) and (4.4) gives

v =G (At fy)

Using associative laws of convolution (McGillem, Cooper 1974), we rewrite this equa-
tion as

v =At- G-fo (4.6)
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or

v(t) = H(t) - F(1) 4.7)

where H(t) = A(x)i(x) and F(1) = G - f, (1) .

Fig. 4.8b shows () from eqn. (4.6) including the time delay function #(x) and the
amplitude function A(x) at 60°. Applying the time delay #(x) causes the pulse to occur
within a time span of Az ~1.2 s as in Fig 4.10a. Summing these traces to obtain the com-
plete probe wave field constitutes a convolution. In the frequency domain the convolution
represents a multiplication of the Fourier transform of H(#) with the Fourier transform of
F(t). Assigning H(®w) and F() to the Fourier transforms of H(z) and F(1) , respectively,
we write the Fourier transform of the summation as

F[Zv(1)] = F(0)H (o) (4.8)
"§ 180 T—1At=12pus
(a) g 140
2
[s]
100 - . .
30 50 70
time [us]

(b)

v(t)

I
30

time [us]
Fig. 4.10. Summation of the point source responses (a) pulse responses fall within the time period
A t (b) the summation of responses approaches a square pulse of width Ar.

The time shift A¢ determines the extent of shift in the peak frequency when moving from
a single to a multiple point source. A 70° probe has a directionality such that |At| is mini-
mized for 70° wave propagation. An off-axis nominal wave angle of 6= 60" propagating
from a 70° probe results in a time shift of Ar = 1.2 us. As the propagation angle from the
source approaches 70°, the pulse width |Az7 becomes smaller. The broadened frequency
spectra of H(®) results in less shift in the peak frequency. This frequency analysis offers
more insight into the mechanism behind the directionality of the angled probe. Subse-
quent sections discuss directionality of the probe resulting from the pulse width Ar.

Modeling through-transmission testing using 70° source and receiving probes would
require at least a fully discretized source and receiver as in Fig. 4.11. In addition, the sur-
face response z(t) would need further convolution with the probe functions 7,.;,.(x) and
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A ceive(X), TEpTESENting the reverse propagation through the wedge to the receiving trans-
ducer. To avoid excessive computation time, the following section develops a simplified
model that uses the mechanisms found in this and the previous section.

()
send probe receive probe
45 mm 45 mm
—
{ : A(x) : ! Areceive(X)
A_ t(x) \ treceive(X)
Jo® vo(9)
()

Fig. 4.11. Measurement and modeling of through-transmission testing using angled probes. (a)
measurement configuration (b) multiple point source and receiver model.

4.2.2 Modeling probe directionality

The duration of the response, At, using the multiple point source model determines the
shift in peak frequency at off-axis positions. From conservation of energy, the amplitude
of the off-axis pulse response also depends on the duration Ar. Towards developing a
simplified model for the probe, this section examines the relation between the pulse
duration At and the directionality of the probe.

Ignoring both the spatial variation component of the probe, A(x), and the phase informa-
tion given by the time-varying load f;(), the pulse duration, Af, can singly describe most
of the directionality aspects of the response. The rectangular pulse in Fig. 4.10b repre-
sents the summation of impulse responses from a continuum of point loads at the source.
To generate the rectangular pulse for v(z), m — oo in Fig. 4.11b and only G () in eqn.
(4.4) is required if we assume that f(¢) is a Dirac 6 function.

The difference in arrival times of the point sources, less the wedge delay #(x), determines
the duration of the square pulse. Fig. 4.12 shows a model of the probe using only the lin-
ear delay function and the plate ray propagation time. Contained in a continuum of
sources that simulate a probe with contact surface length D and time delay function #(x),
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point source M lies in the middle of the contact area at offset position x,, from the edge of
the source. To reach the receiver point P on a plate of thickness & the 1-reflection S-wave
must propagate at an angle 6, and cover a surface offset distance of r,, arriving at time

Iy = t(Xy)-

Fig. 4.12. Linear delay model of an angled probe.

Using a multiple source — point receiver model, calculation of the pulse duration based
strictly on

Y G (1)

follows the equation:

At = max (t5 (0) — g (x) — £ (x)) —min (£ (0) — s (x) —1(x)) (4.9)

for the range x = 0 to x = D. For a fixed receiver point, the angle of propagation is related
to offset or x(6).

Because the receiving transducer has a constant size, we can assume a constant value of
or the area under the rectangular pulse as in Fig. 4.13. The duration of the pulse therefore
has an inverse relation to its height and the peak amplitude of the velocity V(6) can be
described by

1
V(0) = A(0) (4.10)

(1) F—Ar(6)—
T

V(o) /////jv(t) dt = constant
= V(0)A1(60)
| ///

t
Fig. 4.13. Square pulse with duration A#(6).

Fig. 4.14 shows the inverse of the pulse duration, 1/At, for a 1-reflection S-wave propa-
gating from a continuous source to a receiver modeled with 15 points. The source has
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time delay #(x) corresponding to a 70° angled probe. For comparison the figure also
includes the measured amplitude curve from Fig. 2.16 that uses 70° probes in through-
transmission to both send and receive.

The linear delay model using a point receiver shows a highly directional amplitude
profile, much like that expected from a focused probe. When integrated over a finite
receiver area, the inverse pulse duration shows excellent agreement with measured
velocity amplitudes.

— 1/At model

----- measured

gain [dB]

50° 55° 60° 65" 70° 75°
angle of propagation, 6

x) A n=15

linear delay model

Fig. 4.14. Through-transmission testing, measured and modeled with the linear delay model
containing a continuous source and a 15 point receiver.

Good agreement between the linear delay model and measurements in through-trans-
mission testing indicate that the linear time delay function introduced by the probe, Az,
constitutes the primary mechanism behind angled probe directionality. The function #(x)
describes the projection of the P-wave in the wedge onto the wedge-steel interface.

The delay function is critical to modeling relative changes in the amplitude of the
response between offset positions. Other spatial and time-varying components of the
probe function, derived here from optical measurements, affect modeling of the absolute
amplitude and frequency of the response. Simulations of single measurements with ray
theory must use a fully discretized source and receiver model that includes the spatial,
time-varying load and the time delay components of the probe.

4.3 Model of defect testing

Measurements described in Chapter 2 show that both pitch-catch and pulse-echo testing
can successfully detect fatigue cracks from long distances. Limited to experiments with
normally-oriented surface cracks, pitch-catch testing is more sensitive to growth of the
cracks. Modeling the test system provides a reference for measurements and also pro-
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vides insight into the detection process. This section uses information from measurements
to develop a simplified model of long-distance ultrasonic testing.

4.3.1 Ray path energy

In the pulse-echo testing configuration shown in Fig. 2.25 a 40 mm thick plate containing
a normally-oriented, surface-breaking fatigue crack has a 70° probe moving from 165—
900 mm. As stated in section 3.4.1 the response measured from fatigue cracks of this type
consist mainly of reflected energy. The small amount of diffraction energy from the crack
tip is not visible in the presence of reflection energy from the normal crack face.

Four unique reflection ray paths arise when considering measurements with the probe
positioned between 300-500 mm. Fig. 4.15 shows the 1-2, 1-4, 2-3, and 3-4 paths
possible from these positions. Again, a 1-2 reflection path has 1 plate surface reflection
on the path to the defect and 2 surface reflections on the return path. Because a 1-2
reflection path has a travel time equal to a 2—1 reflection path the 1-2 reflection path here
refers to both the 1-2 and the 2—1 paths. Given the smooth surfaces of the plate used in
measurement, all paths to and from the crack assume specular reflection at the surface as
in Fig. 2.24a, without scattering of rays. At a given offset position x, each of the paths
must follow various propagation angles in order to satisfy specular reflection conditions
at the plate surface.

0dB x -17dB

NI EX
12 1-4 2-3
-5dB —— path to defect
-— — path from defect
3-4

Fig. 4.15. Relative energy of pulse-echo 1-2, 1-4, 2-3 and 34 ray paths at offset position x.

Different amounts of energy return to the probe along each ray path reflected by the
crack. Section 4.2 describes the use of a SAFT image to estimate the energy reflected by
a crack. Generated from a single path, the SAFT image energy, Eg,., provides a good
estimate of the relative energy in each ray path. Fig. 4.15 also shows the different energy
levels of the four paths relative to the 1-2 path in dB. The crack configuration makes it
impossible to distinguish between the 1-4 and 2-3 ray paths because they have approxi-
mately the same travel time. The largest amount of energy returned to the probe comes
from the 1-2 path. The 3-4 path has only 5 dB less energy than the 1-2 path. Despite
having shorter path lengths than the 3-4 path, the 1-4 and 2-3 paths surprisingly have
less energy with a 17 dB decrease.
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4.3.2 Ray theory modeling of the reflected path

Specular ray paths from fatigue cracks deliver the highest reflection response and there-
fore are of most interest in long-distance testing. Normally-oriented fatigue cracks
present a specific case wherein ray theory can easily model specular reflection ray paths.
Fig. 4.16a presents a simplified model for pulse-echo testing of a surface-breaking,
normally-oriented crack with a 1-2 ray path. At the crack surface 6, ... = 6,q10eeq fOT the
specular reflection ray path. A 3-reflection through-transmission path can model the 1-2
specular reflection path for this particular crack orientation. The plate model for a probe
at pulse-echo offset distance x from the crack consists of a 3-reflection through-trans-
mission path with source-receive distance 2x. Modeling the response of the 1-2 pulse-
echo path entails calculating the 3-reflection ray theory response.

1)

(a)

(b)
Fig. 4.16. Simplified through-transmission model of specular reflection paths from a normally-
oriented surface-breaking crack (a) pulse-echo testing (b) pitch-catch testing.

The simplified model for pulse-echo testing requires that reflection from the crack occur
very near to the surface of the plate. This limitation results from the requirement of
approximately equal surface offset distances of the transmit and return paths. In pulse-
echo testing this offset distance cannot exceed the contact surface length of the probe. A
similar model for pitch-catch testing does not have this limitation due to the separate
source and receiver.

Fig. 4.16b shows a simplified model for pitch-catch testing. The 1-4 specular reflection
path in pitch-catch testing of a normally-oriented crack can be modeled with a 5-reflec-
tion through-transmission ray path. A transmitter offset distance of x, and a receiver off-
set at x, results in a modeled through-transmission offset distance is x, +x,.

Scattered ray paths cannot be modeled this way. However, as shown in the previous sec-
tion, most of the energy detected from a crack of this configuration returns along the
specular reflection path. Inclusion of all specular reflection ray paths in the plate model
would account for most of the energy returned from the crack.
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Fig. 4.17a shows the measured pulse-echo response from a 10 mm deep normally-oriented,
surface-breaking fatigue crack in a 35 mm thick plate. A 350 mm offset distance separates
the crack and the probe. Fig. 4.17b shows the response using the simplified ray theory
model of the same configuration. The model includes the 1-2, 3—4 and surface R ray paths.
The additional wave arriving at ~ 226 ms in Fig. 4.17a has not been modeled in Fig. 4.17b.

= =
N N
-~ -~
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210 220 230 240 210 220 230 240
time [us] time [us]
(a) (b)

Fig. 4.17. Pulse-echo response at x = 350 mm (a) measured (b) simplified ray theory model.

The arrival times of each ray path correspond very well with the arrival times of the
experimental pulse-echo paths. However, the pulse shapes of the responses are not in
agreement due to the single point source function used.

4.4 Scanning pitch-catch testing and SAFT-processing

SAFT-imaging of scan data, carried out entirely in the time domain, uses travel time
differences in the reflected response to distinguish between possible reflector points.
Generating a SAFT image of the defect area entails focusing successively on different
points in the area under investigation. In focusing, the actual pulse shape of the received
signal is of less importance than the consistency of the pulse shape over different scan
positions.

4.4.1 Model of scanning pitch-catch testing and SAFT-processing

Absolute agreement of the pulse shapes derived using the ray theory model, developed
carlier in this chapter, and the measured response depends entirely on the probe model
used. However, arrival times of the pulses in the model agree with measured arrival times
regardless of the accuracy of the probe model. Therefore despite differences in pulse
shapes between the measured pulse-echo response and the modeled response, the sim-
plified defect testing model can still be used in SAFT-imaging. Using the same probe
function at each modeled offset position produces a consistent pulse shape within a simu-
lated scan data set.

Fig. 4.18 shows SAFT images generated using pulse-echo scan measurements between
290-490 mm and the corresponding simulated scan using the pulse-echo model in

62



Fig. 4.16a where x = 290-490 mm. A defect with 10 mm depth is imaged using actual
measured data scans in Fig 4.18a. Fig. 4.18b shows the SAFT image derived from a sim-
ulated scan of a 10 mm deep defect. Both the experimental and simulated SAFT images
show a lack of depth resolution when using pulse-echo scans. The simulated scan image
verifies the lateral offset of the defect found with measurements.

100 x 100 point
r =290 - 490 mm SAFT image area
15 mm x 40 mm

modeled data
() (b)
Fig. 4.18. SAFT images using the 3-4 pulse-echo reflection path testing from 290-490 mm (a)

from experimental testing of a 10 mm defect (b) from simulated scan data generated
using the simplified ray model.

S

measured data

SAFT images from pitch-catch testing generally show better depth resolution of cracks
than pulse-echo testing. Fig. 4.19a shows the SAFT image derived from the 1-4
reflection path using pitch-catch testing of a 10 mm crack with the transmitting probe
positioned at 165 mm and the receiving probe ranging between 290-490 mm as in
Fig. 2.25. Corresponding to this pitch-catch configuration, the simplified pitch-catch
model in Fig. 4.16b generates a scan data set where x, = 165 mm and x, increases from
290-490 mm.

By limiting reflector points to a certain, simulated crack depth, a comparison can be made
between relative energy levels of real and simulated SAFT images. The simplified model
includes only specular reflections from a defect. Unlike the pulse-echo model, the pitch-
catch model does not require reflection from the crack at a point close to the top surface.
A crack of depth ¢ has reflector points only to depth c. All points in the plate thickness
below point ¢ generate zero response in the simulated scan set. Fig. 4.19b and ¢ show the
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SAFT images derived from a simulated pitch-catch data set assuming reflector points
occur at points up to 5 mm and 10 mm from the surface, respectively.

As the simulated crack depth increases from 5 to 10 mm the SAFT image energy Eg, e
defined earlier, increases by 5 dB. Corresponding measurements of the fatigue crack
described in Chapter 2 show an 8 dB increase in E,,; when the crack depth increases
from 5 to 10 mm. (Chinn 1992) Shown experimentally in Fig. 3.14 to increase with crack
growth even at testing distances of up to 900 mm, Ej,. is also shown here in the sim-
plified model to increase with crack depth, even when considering only specular re
flections.

measured data

(@)
Esapr=0dB Esarr=+5dB
;
|
modeled data modeled data
5 mm defect 10 mm defect
(b} ()

Fig. 4.19. SAFT image using 1-4 reflection in pitch-catch testing (a) from experimental scanning
of a 10 mm crack (b) from a simplified ray model of a 5 mm crack (c) from a
simplified model of a 10 mm crack.
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4.4.2 Comparison of modeled and experimental Eg,

The simplified model of long-distance testing described in the previous sections uses ray
theory to follow the propagation of the ray path to and from a defect. Limited to
normally-oriented cracks with relatively smooth, non-scattering surfaces, the model so
far uses crack depth and location in the plate to determine Ej,.,. While this basic crack
model shows increases in Eg,; similar to those measured on a growing fatigue crack, the
model must also consider the probe field width as the crack length exceeds the probe
illumination area.

The probe used in pitch-catch measurements has a detectable (26 dB) limit of lateral
spreading at 17° as in Fig. 4.20. (Chinn 1990; Chinn 1992) The transmitting probe has a
beam width w,,. that illuminates the entire growing defect for the first few measure-
ments. During these measurements, the crack length p,_ ., as well as the crack depth d_,
increase the energy returned to the receiver. After the crack length p__, exceeds the probe
beam width w,,,, the increase in the energy from the crack becomes exclusively depend-
ent on the growing crack depth. Because of the limited probe beam width of the pitch-
catch probe, the quantity Ej, .. varies not only with d__, but p__ also.

crack

I Perack

top view of plate

crack length
' — | Pcrack
crack depth ]: NQuar g
dcrack

';\\\\\\\\\\
I - I illuminated beam

. width w,
section A-A' beam
Fig. 4.20. Beam width of 70° probe at crack.

The simplified model adapts to the probe width limitation by including crack length as a
separate, independent variable. A rectangular crack shape is assumed for the crack shape
and when p_. < w,.,, the energy increases in proportion to p__, as well as the crack
depth. When p_.. .. > w,,. the energy increases only with crack depth. The crack surface
area incorporates both d_,, and p_ . and provides a single variable with which to observe
increases in Eg,q;.
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Fig. 4.21 shows the measured Eg, ., values repeated from Fig.3.14 for pitch-catch testing.
Three different apertures, 300-500 mm, 500—700 mm and 700-900 mm in (a)-(c) show
how E,, decreases with testing distance. Within each aperture, E, ., increases as the
crack surface area increases. Fig. 4.21 also includes Ej,.; responses for corresponding
simulated configurations found using the simplified, specular reflection ray model. As
with the measured values, the modeled curve looks at relative increases in Eg, g with the
initial crack size at the 0 dB level.
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Fig. 4.21. Measured and modeled pitch-catch testing of a 40 mm plate. SAFT image energy,

Eg er» versus crack surface area (a) synthetic aperture with receiver scanning from 300
500 mm, (b) aperture at 500-700 mm, (c) aperture at 700-900 mm.

The form and magnitudes of the modeled curves show excellent agreement with meas-
ured Eg,., values. At longer testing distances (Fig. 4.21b and c) the model correctly
predicts lower increases in energy resulting from longer wave paths and directional con-
straints of the probes. Within each aperture the model also provides a very good estimate
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of the increase in energy resulting from the growing crack. The bend in the modeled
energy curve results from the probe beam width limitation. Both the measured data and
the modeled curve clearly show this phenomenon.

In the testing range of 300-500 mm (Fig. 4.21a) smaller crack sizes give higher measured
E,gr values than expected from the model. At close range, the non-specular reflections
contribute more to the reflected energy than at longer distances. Probes at close range can
receive more non-specular response than when positioned farther away. The wave path in
the SAFT image therefore contains more non-specular energy with a small defect tested
at close range. In fact, close range SAFT-imaging relies on this non-specular field to
obtain higher depth resolution. (Lorenz 1991)

4.4.3 Discussion of scan modeling results

The model of defect testing developed in this chapter uses a simplified source. Having
finite length and continuous distribution of points along the interface, the source is
assumed to act uniformly with a Dirac 6 function. The source does not include the spatial
and temporal characteristics of an angled probe, A(x) and #(x). Assumptions of specular
reflection limit the model to testing of normally-oriented, smooth cracks. These types of
fatigue cracks, while commonly occurring in practice, enable the simplification of
modeling only the specular reflection in the wave field. Reflections from rough or
obliquely-oriented defects require the addition of a crack model.

For a smooth, oblique crack, the largest amount of energy will still result from a perfect
reflection, however the reflected wave does not return at the same angle as the angle of
incidence upon the crack. In this case, the model must separately consider paths to and
from the crack. The crack orientation determines the direction of the reflected path. For a
rough defect, the scattered ray paths may account for most of the reflected energy render-
ing the model, with its specular crack reflection assumption, inappropriate. The scattered
return paths from the crack also require separate consideration from the incident paths.
For the same reason, the specular reflection model only applies to very limited pulse-echo
testing configurations. Because of the single probe configuration, pulse-echo testing
relies on scattering at the defect to provide a return path to the same location as the send
probe. Pulse-echo testing also requires separate consideration for the paths to and from a
crack.

A more complex model requires consideration of the crack as a series of point sources.
Fig. 4.22 shows a ray model of pulse-echo testing using point sources to represent the
crack. As in SAFT-imaging, the model looks at a grid of points in the area of the defect.
Each grid point has a corresponding arrival time and amplitude. In the presence of a
reflector at the grid point, a return path registers a response at the receiver as if a point
source existed at the mesh point. A point source simulates a reflector at the grid point
with an initial travel time and amplitude based on the incident path to the grid point. The
response at the receiver results from both the incident and reflected propagation paths.
Modeling of the crack length would necessitate a three-dimensional model of the test
system. This thesis does not include calculations for this detailed crack model.
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Fig. 4.22. Separately modeled incident and reflected paths using a defect as a point source.

Normal incidence of the wave field onto a planar defect permits the simplification of the
wave field with a two-dimensional representation. This configuration has sufficient sen-
sitivity to follow crack growth only when the length of the crack is smaller than the beam
width of the illuminating probe. When the crack grows longer than the beam width there
is insufficient dynamic range in the SAFT image energy to follow increases in crack
depth from long testing distances. Sensitivity to crack growth for cracks larger than the
beam width can only be measured with three-dimensional test configurations, thus scan-
ning in the transverse direction or using multiple probes in the transverse direction.

The 2-5 MHz frequencies used in testing result in temporally discrete arrivals of the
different waves. In modeling the testing process with ray theory, we take advantage of the
discrete wave paths by finding the response exclusively from one wave path. SAFT-
imaging uses only one ray path in an image. Modeling SAFT-imaging allows the elimina-
tion of all other rays from consideration. Other rays do not contribute to the SAFT image.
This is the feature of using ray theory to model SAFT-processing results.
SAFT-processing eliminates the need for an extended probe model to verify the presence
of a defect. The most important factor in SAFT-processing of data is a consistent pulse
response from successive testing positions. An extended probe model only increases the
accuracy of a single response when modeling wave propagation in a plate. In the simula-
tion of SAFT-processing, accuracy of a single response is less important than consistency
between adjacent positions. Unless a full crack model is used, an extended probe model
does not help in modeling SAFT. SAFT can be simulated without a probe model. This is
another feature of using SAFT to verify the location of defects.

4.5 Conclusions

This chapter develops a ray theory-based calculation model for long-distance testing of
defects. A simplification of the model applies to the detection of normally-oriented,
smooth cracks in pitch-catch testing. The simplified model compares very well to meas-
urements from a real fatigue crack with normal orientation.
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Modeling a single response from long-distance through-transmission measurements, i.e.
without the presence of a defect, requires a detailed model of the source. Laser inter-
ferometry measurements enable the formulation of an accurate probe model. Measured
through-transmission response is accurately simulated with the ray theory response using
the probe model. Directionality of an angled probe is also accurately simulated with the
model. The most critical component of the model in determining directionality of a probe
is the projected speed of the incident P-wave upon the probe-steel interface.

To study the relationship between the reflected wave field and crack growth, a simplified
model is developed which considers only specular reflection from the crack. The simpli-
fied model reduces computation time at the expense of comparing relative changes in
energy rather than total energy reflected from a defect. This renders the simplified model
appropriate for applications where periodic testing is possible.

In the testing of a normally-oriented crack, there is good agreement between experimental
and simulated values of SAFT image energy, Eg, ;. The simplified model correctly pre-
dicts increases in Eg, - even at testing distances up to 900 mm. A more complex model is
described that could be used to determine the response from cracks that do not fall within
the limitations of the simplified model.

5 Conclusions

The goal of this work is to develop a hybrid monitoring/inspection method whereby large
areas of a structures can be evaluated with reasonable sensitivity. The sensitivity required
is determined by the application. At this time, further development of the technique is
dependent on the potential application.

The method developed, long-distance ultrasonic testing, can be used to inspect and moni-
tor. It uses existing ultrasonic techniques together with ray theory modeling to evaluate
sections in steel up to 1.0 m away. On large civil structures with members thicknesses of
h =25 mm-40 mm, this is equivalent to a testing distance of 25h-40h. Long-distance
capabilities are of particular interest for assessment of areas difficult to access by other
testing methods. The same capabilities are also useful in economically assessing larger
areas of a structure than normally found in inspection. Processing of ultrasonic signals
from this distance permits detection and location of defects as small as 75 mm?, compara-
ble to the sensitivity of present inspection methods. When combined with analytical mod-
eling, this method provides sufficient sensitivity to follow crack initiation and growth.
The advantage of long-distance testing is that detection and location of small defects is
possible while large areas are evaluated. Crack growth can be followed using analytical
calculations instead of experimental comparisons. The technique is intended as a testing
method wherein detailed characterization is not expected; rather, the detection and/or
growth of defects is of primary importance. If long-distance testing leads to the con-
clusion that better characterization is necessary then any localized inspection method can
be used as a follow-up.

With this technique, complicated configurations and changes in cross-section are more
difficult to process and model than with close-range ultrasonic methods. While it is not
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impossible to model complex geometry’s, more time is required before processing
begins. Tests so far assume favorable orientation of defects. At this time, detection and
location with this method is limited to defects whose plane is oriented normal to the axis
of the testing probe. One limitation lies in the size of the cross-section. This method has
only been tested on members with thicknesses from 20 mm-40 mm.

The experimental and analytical work in this study have yielded contributions to the
knowledge in four areas of ultrasonic non-destructive testing of thick steel members:

— A better understanding of the mechanisms behind the components important to

long-distance ultrasonic testing is provided by this work. In Chapter 2 known
attenuation relationships are combined to model the wave propagation from an
angled probe. These attenuation models show excellent agreement with measure-
ments from a 70° probe. SAFT-imaging of measurements from 1.0 m away is
shown in Chapter 3 to correctly locate a 75 mm” defect. Neither pitch-catch nor
pulse-echo probe configurations can give depth characterization of a defect from
this distance.
Laser interferometry measurements presented in Chapter 4 provide a new method
of deriving a multiple point source model of the angled probe. These measure-
ments show that despite the lack of shear transfer from a probe to a test specimen,
an angled wave is generated in the specimen through the spatial projection of the
angled wave front and the resultant linear time delay of the wave as it transfers
across the probe-specimen interface.

— Existing ultrasonic testing techniques may be used from distances up to 1.0 m
(25h—40h) with little loss in detection and location capabilities. This is in contrast
to present ultrasonic testing where localized testing occurs up to approximately
0.3 m (7.5h—12h) away. To evaluate 1.0 m of plate distance, manual or automated
scanning near the inspection area is used. This work shows how 1.0 m of plate can
be inspected from one set of measurements taken at one location. For certain appli-
cations, this is an economical alternative to present detection methods.

— Analytical modeling can mitigate the loss in characterization which accompanies
inspection from long distances. In applications where more information than just
detection and location are required, modeling can help track defect growth. By
modeling possible defect sizes, a comparison of the model to measurement can
estimate the severity of the defect. A similar approach is used in the characteriza-
tion of defects with existing monitoring methods. Present inspection methods,
however, generally do not use analytical modeling to characterize defects. The
long-distance method developed in this work requires the use of modeling to inter-
pret the waveforms. This analysis provides a powerful tool in the characterization
of defects.
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~ A monitoring technique is proposed whereby sensitivity to small defects is much
higher than with present monitoring techniques. The testing area with this tech-
nique is considerably smaller than those of other monitoring methods such as
acoustic emission and vibration testing. When comparing present inspection and
monitoring techniques, there is a tradeoff between sensitivity and the economy of a
large testing area. This method attempts to balance the tradeoff between sensitivity
and the size of the testing area, thus the term "hybrid" in its description.
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