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Abstract. Peak amplitudes of mode converted shear wave signals back scattered from macro-texture regions (MTRs)
in an aerospace grade titanium alloy material are measured to be about the same level as corner trapped shear wave
signals. In addition to the abnormally high shear wave responses, the time of flight data indicates that the MTR
signals are back scattered from a location deep in the sample so that the round trip travel time is close to that of corner
trapped signals. In this work, these two ultrasonic properties of an MTR in a test specimen cut from a titanium jet
engine disk are closely studied to understand the root cause of abnormally high shear wave responses. Based on the
amplitude and time of flight data collected in a laboratory condition, a decision has been made to investigate further
experimentally and computationally how surface irregularity of an acoustically reflective surface affects incoming shear
waves upon reflection. Attempts are made to correlate the localized back scattered signal response of the MTR in the
test specimen to the beam focusing effect of a non-planar surface of an acoustically impedance mismatched boundary
layer such as a fatigue crack face. From the current experimental and computational results on the reflection of corner
trapped shear waves from a concave shaped section of a non-planar crack face and the time of flight data, it is speculated
that the root cause of the abnormally high peak amplitude MTR signal is possibly due to the beam focusing effect
caused by the shape of the MTR.

INTRODUCTION

The original development of key relationships defining scattering regimes in relation to the wavelength of
ultrasonic waves propagating and scattering in polycrystalline materials was led by Mason [1,2], Papadakis [3-5], and
Stanke-Kino [6]. These key relationships have been used as a means for estimating material properties such as
statistical mean grain size under simplified materials assumptions such as single phased materials, equiaxed grains,
randomly oriented crystallites, and weakly scattering heterogeneity [3-6]. For modern titanium alloys, however, the
frequency-dependent, mean-field response simply breaks down because of regions of microstructure in which
crystallites oriented in a common crystallographic direction over an extended length scale [7-11], often known as
macro-texture regions (MTRs).

In this work, a combination of experimental measurements and forward computational models were used to study
the scattering of elastic waves within a polycrystalline titanium alloy material containing MTRs. An emphasis is
placed on investigating mode converted shear wave interactions with a macro-texture feature in a titanium test
specimen cut from a jet engine disk material. A series of experimental measurements were made to correlate
abnormally high level of amplitude signals scattered from the MTR to a geometrical focusing effect of a non-planar
reflective surface. A preliminary two-dimensional forward model result showed direct insight into the possibility of
focusing effect due to concave shaped surface irregularities of an acoustically impedance mismatched boundary. As
a future work, the necessity of developing a three-dimensional forward model is emphasized.
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DETECTION OF BACK SCATTERED SHEAR WAVE SIGNALS

An immersion technique was used in a laboratory condition to detect back scattered shear wave signals from an
aerospace grade titanium test specimen containing an MTR. This specific test specimen, with physical dimensions of
6 mm x 8§ mm x 38 mm, had previously shown a localized enhanced backscatter return signal for a mode-converted
shear wave inspection process. In this work, a series of experiments and forward models were conducted to help
understand and determine the root-cause of the backscatter response. To achieve this, an immersion test system was
set up as shown in Figure 1(a). In this set up, the probe was set to have a 16° of launch angle and it was scanned with
a high resolution 2-axis stage while the test sample was kept stationary. The probe shown in Figure 1(a) is a custom
designed 10 MHz focused immersion transducer with a beam focal size between 1-2 mm in diameter at a focal point
30 mm. The peak amplitude image shown in Figure 1(b) depicts the focal zone characteristics of the immersion beam,
where -6dB levels are highlighted.

1 mm Focal Size at -6dB

8 mm

Focused — - {
Probe B e o R Water Tank ‘

8mm |
(a) Immersion set up (b) Ultrasonic beam pattern at focal point

FIGURE 1. An immersion tank with a custom designed 10 MHz focused ultrasonic probe used for the current mode converted
shear wave detection and the beam pattern of the immersion focused probe at the focal point of 30 mm.

With the immersion set up, three different locations of the titanium test sample were targeted as shown in Figure
2(a). Figure 2(b) shows the A-scan data for these three locations. It is noticeable that the edge signal appears at about
31 usec indicating the water path length was approximately 23 mm. Both the MTR and corner trapped signals appear
between 36 and 38 psec and the time difference between these two signals is estimated to be about 1.7 pusec. From
this travel time information, it can be assumed that the MTR signal is back scattered from a location slightly less deep
than the location from where the corner trapped signal reflects back. It should be noted that the amplitude of MTR
signal is higher than the corner trapped signal, where the oval shaped c-scanned image of the hot-spot section shown
in Figure 2(c) suggests that the reflective MTR surface is a non-planer, concave shape causing signal enhancement
through local beam focusing effects [11].
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FIGURE 2. Mode converted shear wave test results for three different locations of the rectangular shaped titanium test
specimen; top edge, MTR and corner trapped signals.
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EFFECT OF SURFACE IRREGULARITY: EXPERIMENT

Based on the results of the immersion testing described in the previous section, a series of experiments were
accomplished to investigate shear wave interactions with planar and non-planar corner-traps. The diagram in Figure
3(a) depicts a typical corner-trap condition with two perpendicular surfaces. In this case, a focused oblique incident
longitudinal wave (L-wave) in water converts into a shear wave (S-wave) and transmits into the solid test material
with a refractive angle of Or. After reflection from the bottom surface of material, the wave interacts with the vertical
surface so that the wave reflects back to the top surface at an incident angle of Or. Mode conversion occurs at the top
surface creating an L-wave that propagates back in water to the transducer. It should be noted that the lower portion
of the vertical surface of the test material, as indicated in Figure 3(a), is the surface area of interest for the current
investigation to understand how a shear wave interacts with a non-planar surface. Before testing was conducted on a
complex surface morphology, an isotropic amorphous plate glass was first tested as a reference material for the corner
trapped shear wave detection experiment. Figure 3(b) depicts photos of the 6 mm thick reference glass sample having
an aerial dimension of 30 mm x 70 mm. One of the narrow sides of the glass plate was lapped and polished to be flat
to a 3 pm finish with sharp, 90° corner edges.
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(a) Corner trapped signal detection (b) Reference glass plate
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FIGURE 3. A corner trapped signal detection condition for a shear wave in an immersion NDE method and photos of a glass
plate used as a reference test sample for the immersion corner trap experiment.

The same custom designed 10 MHz immersion probe was used for the corner trapped signal testing using the glass
plate reference sample. The beam was focused on the back corner surface using a 16° incidence angle in water relative
to the surface normal generating a mode-converted shear wave in the material. A 2-dimensional raster scan of the
transducer in the corner-trap region was then accomplished as illustrated in Figure 4(a). Figure 4(b) shows the C-scan
image result of the peak amplitude distribution for the corner trapped signals scanned over an area of 8 mm x 16 mm.
The bright horizontal band in the middle of the image is the corner-trap signal response, having a width of 1.2 mm.
This measured value is close to the size of ultrasonic beam diameter at the focal point as shown in Figure 1(a). In
addition, there are no noticeable scattering, distortion, focusing or defocusing effects. This image result demonstrates
how a corner-trapped signal behaves when a small diameter shear wave beam is focused on a sharp 90° corner for an
isotropic amorphous material having smooth planar reflective surfaces.

Sharp 3 um
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Corner Signal
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(a) Scan scheme (b) Peak amplitude C-scan image of corner trapped signal for glass plate

FIGURE 4. Corner-trapped shear wave signal detection on a 6 mm thick reference glass plate and its amplitude C-scan image.
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A similar experiment was conducted with an aluminum block containing a vertically grown surface breaking crack
induced by a three point bending fatigue test method. The physical dimensions of the test sample were 12 mm thick,
20 mm wide and 95 mm long and the location of the fatigue crack was in the midsection of the sample. To minimize
any sample geometrical and surface roughness effects for the mode converted shear wave testing, both the top and
bottom surfaces (20 mm x 96 mm) were lapped to be flat to a 3 mm finish and the final parallelism of the two finished
surfaces was measured to be less than 5 pm across the whole length of 96 mm.

Before the two crack faces were scanned for their corner trapped signals, one of the side surfaces was lapped and
polished to be flat to a 3 wm finish and scanned as illustrated in Figure 5(a). The C-scan image of the test result is
shown in Figure 5(b). One can notice that this corner trapped signal image is different from the C-scan image of the
reference glass plate sample depicted in Figure 4(b). A local, higher-amplitude region can be seen in the Figure 5(b)
image (between the two dotted horizontal lines), which represents the primary corner-trapped signal region. Relative
to the glass plate case, the spatial pattern is irregular showing discrete intensified return signal regions. Additionally,
the upper area above the corner-trapped signal location shows an extended region of signal amplitudes. Considering
both the horizontal and vertical reflective surfaces are flat and have 3 um finishes, this amplitude pattern is thought to
be due to microstructure heterogeneity in the aluminum material.

Sharp 3 um
Comer finish

Scan
Direction

I/Index

Direction

95mm

- |

12 mm

(a) Scan scheme (b) Peak amplitude C-scan image of corner trapped signal for aluminum
FIGURE 5. Corner trapped shear wave signal detection on a 12 mm thick aluminum sample and its amplitude C-scan image.

After the corner-trapped signal testing for planar 90° surface conditions was completed, an investigation of
irregular crack morphology was accomplished in the middle of the sample to understand how non-planer surfaces
reflect incoming shear waves. The optical image in Figure 6 shows the crack root on the bottom surface of the
aluminum block, with the schematic diagram showing the sample dimensions and location of the crack feature. The
relatively straight section of the crack in the middle, indicated by the dotted-lined box, was scanned for the corner
trapped signal detection experiment.

Optical image of crack

FIGURE 6. An optical image of the 3-point bending fatigue crack taken from the bottom surface of the aluminum sample and a
schematic diagram of the sample to show how the crack is assumed to be vertically oriented.

The two schematic diagrams and C-scan image results shown in Figure 7 illustrate how the irregular fatigue crack
faces were scanned for their corner trapped signals. During the course of experiment, only the sample was flipped
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vertically and all the scan parameters such as probe standoff distance, scan direction, and beam incidence angle were
kept the same for both crack faces. The scan size was set to be 18 mm x 18 mm to cover the midsection of the crack
as described above, where the internal crack face surfaces were assumed to be normal to the bottom reflecting surface
creating a 90° corner-trap condition.

lScap Scan
1 Direction Direction
Face 2 l Face 1 l
w .
A - e .
Face 1 Face 2
(a) Facel (b) Face 2

FIGURE 7. Peak amplitude C-scan images of corner trapped signals for the two fatigue crack faces.

Figure 8 provides a direct comparison of the two C-scan images from Figure 7, and the optical image of the crack
root from Figure 6, where the same length scales are used. A comparison of the three images in Figure 8 shows a
concave crack morphology feature towards the left half of the optical image, which correlates reasonably well with an
intensified elongated C-scan response for crack Face 2, and a reduced signal response for the same region in the Face
1 image. Although qualitative in nature, the results suggest local beam focusing and de-focusing may be occurring
due to local irregular surface conditions in a corner-trap response.

Opposite Side C-scan Image for Face 1
of Hot Spot

C-scan Image for Face 2

FIGURE 8. Comparison of the peak amplitude C-scan images of Face 1 and Face 2 corner trapped signals reflected from non-
planar fatigue crack surfaces of the fatigued aluminum sample.

EFFECT OF SURFACE IRREGULARITY: COMPUTATIONAL MODELING

To better understand the impact of local surface morphology on reflected ultrasonic fields, a two-dimensional
forward model was developed using the commercially available PZFlex software package. The purpose was to
understand how idealized ultrasonic plane waves interact with planar and non-planer surfaces in a two-dimensional
configuration. For the non-planar case, the optical image crack morphology in Figure 6 was used to generate a
reflective surface in the forward model as depicted in Figure 9(b).

The models included an ideal lossless medium (aluminum) with the reflecting surfaces being air. A 1-cycle,
sinusoidal pressure loading condition was applied normal to the right surface of the model, with outer surfaces having
free boundary conditions as indicated in Figure 9. The ultrasound wavelength was chosen to be the approximate size
of the local morphology features (1 mm).
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FIGURE 9. Two dimensional models used to investigate ultrasonic beam reflection from a planar and non-planar surface.

Computational model results of both planar and non-planar cases are shown in Figure 10. From these results, one
can notice that the incident wave gets 180° phase shift upon reflection as indicated in the time domain amplitude
variation graphs. These time domain graphs represent the dotted line drawn along the centerline of each corresponding
2-D amplitude distribution image shown above each graph. For the non-planar case, Figure 10(b), the reflected wave
has a slightly lower peak-to-peak amplitude value than the planar case and it is due to scattering of energy from the
non-planar reflective surface condition. This wave scattering phenomenon is more pronounced when the two peak
amplitude field images shown on the right hand side are compared. For the non-planar case, there are several local
regions showing beam focusing effects from the concave sections of the reflective surface. The zoomed-in image in
Figure 10(b) shows at least four concave sections inducing beam focusing effects.
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(b) Non-planar Reflector Case

FIGURE 10. Computational modeling results for planar and non-planar reflective surface conditions.

DISCUSSION

Figure 11 shows a schematic diagram of the original titanium test sample that motivated the current research. The
figure depicts the titanium sample, its dimensions, and corresponding electron backscatter diffraction (EBSD) image
overlaid on its side. The microstructure feature near the middle of the side-profile image is thought to be responsible
for the high peak amplitude shear wave response in the C-scan image shown below the EBSD image. The local
morphology of the microstructure feature suggests a local corner-trap condition may be present. Shear wave round
trip times for the corner-trap on the left, and the microstructure feature in the center of the sample were estimated to
be 6.38 psec and 4.58 usec, respectively, where the time difference of 1.8 psec between these two signals is close to
the time difference of 1.7 psec that was provided in the A-scan results in Figure 2(b). The signal strengths of the
corner-trap and microstructure response were similar, however, which requires a strong impedance boundary
mismatch in both cases. The local morphology reflection studies conducted in this paper provide one possible
explanation for the strong microstructure response relative to the corner trap response, where beam focusing and de-
focusing may be occurring. Additional models and experiments are being conducted to answer these questions.
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FIGURE 11. A schematic drawing showing an EBSD image taken from the side of titanium test sample and its corresponding
ultrasonic peak amplitude C-scan image of back scattered shear waves.

CONCLUSION AND FUTURE WORK

A titanium test specimen with complex morphology microstructure features showed strong backscatter signal
levels which were similar to corner trapped signals. Based on EBSD image analysis and time-of-flight measurements,
the location of a reflective microstructure surface was estimated to be slightly above the bottom surface of the test
sample. The peak amplitude C-scan image suggests that the reflective surface within the material may have a three
dimensional non-planar concave-shaped, impedance-mismatched boundaries, generating potential beam focusing
effects.

The influence of surface morphology on beam focusing effects was investigated experimentally by an immersion
corner trapped shear wave detection method on a vertically grown fatigue crack having a complex surface irregularity.
The results showed that a local concave-convex section of a crack face did indeed induce a localized beam focusing
effect upon reflection. The beam focusing effect was simulated computationally with an idealized 2-dimensional
forward model using a plane wave interacting with a complex surface irregularity. The experimental and forward
model results support the hypothesis that local microstructure morphology may produce enhanced signal levels due
to beam focusing effects.

Future planned work includes a layer by layer sectioning of the titanium sample, and 3-dimensional EBSD
microstructure characterization to understand microstructure morphology effects on ultrasound response for improved
NDE microstructure characterization.
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