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Abstract. A rotational pulse-echo ultrasonic propagation imager that can inspect cylindrical specimens for material
nondestructive evaluations is proposed herein. In this system, a laser-generated ultrasonic bulk wave is used for inspection,
which enables a clear visualization of subsurface defects with a precise reproduction of the damage shape and size. The
ultrasonic waves are generated by a Q-switched laser that impinges on the outer surface of the specimen walls. The generated
waves travel through the walls and their echo is detected by a Laser Doppler Vibrometer (LDV) at the same point. To obtain the
optimal Signal-to-Noise Ratio (SNR) of the measured signal, the LDV requires the sensed surface to be at a right angle to the
laser beam and at a predefined constant standoff distance from the laser head. For flat specimens, these constraints can be easily
satisfied by performing a raster scan using a dual-axis linear stage. However, this arrangement cannot be used for cylindrical
specimens owing to their curved nature. To inspect the cylindrical specimens, a circular scan technology is newly proposed for
pulse-echo laser ultrasound. A rotational stage is coupled with a single-axis linear stage to inspect the desired area of the
specimen. This system arrangement ensures that the standoff distance and beam incidence angle are maintained while the
cylindrical specimen is being inspected. This enables the inspection of a curved specimen while maintaining the optimal SNR.
The measurement result is displayed in parallel with the on-going inspection. The inspection data used in scanning are mapped
from rotational coordinates to linear coordinates for visualization and post-processing of results. A graphical user interface
software is implemented in C++ using a QT framework and controls all the individual blocks of the system and implements the
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necessary image processing, scan calculations, data acquisition, signal processing and result visualization.
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1. Introduction

Nondestructive Evaluation (NDE) is a vast field that has
received significant attention in recent years. Various NDE
methods have been developed hitherto, ranging from simple
visual inspection to more advanced methods using
microwave, x-ray and ultrasonic waves (Panwar and Lee
2018, Schrapp et al. 2013). Ultrasonic Testing (UT) offers
an effective evaluation of subsurface defects for both
conventional and composite materials without the risk of
radiation exposure. Conventional UT is based on a contact
probe used in conjunction with a couplant that maximizes
the energy transfer from a probe to a specimen surface
(Schmerr Jr 2016). Over the years this technique has been
employed for inspection of various structures including
curved rotators of circular shape (Zhang et al. 2018).
However it requires the submersion of specimen in a water
tank which may affect the performance of certain materials
due to humidity absorption. Some noncontact UT methods
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using air-coupled transducers have also been proposed;
however, these methods require the probe to be in close
proximity to the evaluated specimen (Hillger et al. 2014).
Recently, laser-based UT has gained significant attention
owing its ability to generate broadband ultrasounds of
diverse modes in media in a noncontact manner (Scruby
and Drain 1990). Laser-based UT is a noncontact method
that does not require a couplant, thereby enabling the probe
to operate at a distance from the specimen (Sohn and
Krishnaswamy 2004, White 1963).

The evolution of laser UT in recent years has resulted in
several different system arrangements, each with its own
advantages. These systems can be broadly classified into
guided wave and bulk wave systems, based on the nature of
the ultrasonic waves used for the inspection. Systems based
on in-plane guided waves (Abbas and Shafiee 2018, Petcher
and Dixon 2017) require an analysis of multimode Lamb
waves by complex post-processing algorithms (Flynn et al.
2013). This has been utilized by researchers for evaluation
of circular shapes like pipes (Lee and Park 2015, Lee et al.
2011) but the exact evaluation of the shape and size of
damages is difficult owing to the dispersive nature of Lamb
waves (Rose 2014). By contrast, systems utilizing through-
the-thickness bulk waves are better suited for the evaluation
of thickness-related damages owing to the nondispersive
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Fig. 1 R-PE UPI system setup and block diagram

nature of these longitudinal waves in their short travel
times. This yields superior visualization and evaluation of
defects with simple post-processing algorithms (Lee et al.
2018). To fully utilize laser UT, both the generation and
sensing of ultrasonic signals should be laser based. Pulse-
echo ultrasonic propagation imaging utilizes excitation and
a sensing laser to generate and detect through-the-thickness
ultrasounds in specimens. The system functions by
combining the beams of excitation and sensing lasers such
that the specimen is impinged by two beams simultaneously
at the same spot. A Q-switched pulsed laser is used as an
excitation laser and a Laser Doppler Vibrometer (LDV) as a
sensing laser. The specimen under test can then be inspected
by scanning its surface with the combined beam. This
scanning can be performed either by using multiaxis
mechanical manipulators (Zhang et al. 2019) or by optically
steering the laser beam through a laser mirror scanner
(Abbas and Lee 2018).

However, regardless of the scanning technique, using
LDVs for sensing poses two constraints in terms of the
position and orientation of the specimen. First, the distance
between the LDV laser head and the sensed surface should
be set to the pre-advised constant value for the lens used in
the LDV. Next, the laser beam should be aligned to the
normal of the surface when impinging on the measurement
point. Both conditions must be satisfied to achieve an
optimal Signal-to-Noise Ratio (SNR) of the measured
signal. Because an inspection comprises multiple
measurement points, both constraints should be satisfied
throughout the scan. Owing to these constraints, an optical
steering system (Abbas and Lee 2018) that yields faster
inspection times is limited in terms of its scan area size
when inspecting the planar specimen. Whereas a dual-axis
linear stage system such as that in (Hong et al. 2016) does
not have any limitations regarding the scan area size other
than the physical limits of the platform. However, it is only
suitable for the inspection of flat specimens as it cannot

adjust the angle or distance of the laser head owing to the
limited freedom of movement. Nonetheless, demand for the
NDE of cylinders composed of either alloys or composites
is strong.

This paper details the development and operation of a
Rotational scan Pulse-Echo Ultrasonic Propagation Imager
(R-PE_UPI) that enables the scan of cylindrical specimens
while satisfying the constraints posed by the sensing LDV.
In this system, a rotational stage is coupled with a single-
axis linear stage to enable the inspection of the desired area
on the specimen. This system arrangement ensures that the
standoff distance and beam angle are maintained at optimal
values, while the cylindrical specimen is being inspected.
Moreover, the rotational scan in the system, as opposed to
the raster scan (Hong et al. 2016), enables a continuous
scanning of the inspection area without any stoppages,
thereby ensuring the minimum possible inspection time for
the given speed of the rotational stage and the scan
resolution. The rotational scan measurements are mapped to
linear coordinates for result visualization and further post-
processing.

The remainder of this paper is organized into four
sections. Section 2 explains the developed system and its
operations. Important aspects of system operation, such as
synchronization and measurement organization, are detailed
in this section. Section 3 includes results that demonstrate
the system operation and its ability in displaying subsurface
defects. Finally, concluding remarks are provided in Section
4,

2. Rotational pulse-echo ultrasonic propagation
imager
2.1 System overview

The R-PE_UPI system comprises an excitation and a
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sensing laser to generate and detect through-the-thickness
ultrasounds in a noncontact manner. The system is
configured in a pulse-echo arrangement, whereby both the
generation and sensing of ultrasound are performed at the
same side of the specimen. Fig. 1 illustrates the different
blocks of the system and their connections. To generate the
ultrasounds, a 1053 nm solid-state Q-switched laser was
used, and ultrasonic signal sensing was performed by a
continuous wave LDV. The LDV employs a helium neon
laser of 633 nm wavelength. A combined laser head
comprising both the laser heads along with an optical mirror
arrangement for beam merging was used.

The specimen to be inspected was mounted on a
rotational stage, which was then mounted on a vertical stage
to enable the scanning of the desired specimen height. The
laser head was placed in front of the specimen such that the
combined laser beam could impinge on its surface. The
distance between the laser head and the specimen was
adjusted to produce an optimal SNR for the signal measured
by the LDV. The angle of incidence of the laser beam was
adjusted such that the beam was always normal to the point
of impact on the surface of the cylinder. The Graphical User
Interface (GUI) software executing in a standard PC
configures all the blocks of the system. The setting tab of
the software interface is shown in Fig. 2. The power of the
excitation laser was configured according to the
characteristics of the specimen such that a sufficiently
strong ultrasound could be generated without ablation. The
filtering range for the measured signal was selected
according to the characteristics and specifications of the
specimen. The stages were controlled from the PC through
their respective controllers, and the navigator in the GUI
enabled the user to move the specimen for setting the start
position of the inspection.
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Fig. 3 Scan path and measurement pattern

2.2 Scan mechanism

The R-PE_UPI system uses the rotational and vertical
stages simultaneously to scan the specimen and creates a
grid of equidistant ultrasonic measurements encompassing
the inspected area. Fig. 3 shows the overall scan path and
the measurements. Multiple rotational scan lines over the
height of the inspected area constituted a full scan, and the
movement of each stage was in the opposite direction of the
scan path. The scan parameters, such as resolution, height,
and speed were selected a priori by the user, and each stage
controller was programmed based on these selected
parameters. The rotational stage controller generated 5 V
transistor—transistor level trigger signals based on the
distance encompassed by the stage. The Trigger-Per-
Revolution (TPR) parameter, as the name suggests,
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specifies the number of triggers to be generated in a single
revolution. The rotational stage controller, in a single
revolution of scan, generates a number of trigger signals
according to the TPR.

Each rising edge of the trigger signal causes the
excitation laser to emit a pulse and subsequently the Data
Acquisition (DAQ) card to record the measurement via the
LDV. Therefore, the TPR defines the inter-measurement
interval in a rotational scan line. The completion of a
revolution and hence a scan line is signaled by the rotational
stage controller via an Interrupt Service Routine (ISR). This
ISR functions as an inter-scan-line trigger and moves the
vertical stage equal by the scan interval to start the next
scan line.

Fig. 4 shows the timing and relation of these inter-
measurement and inter-scan-line triggers. The rotational
interval (Ir) and the inter-measurement trigger time (Tim)
were determined by the TPR. The vertical axis interval is
the linear interval (1.) of the scan that is calculated from the
rotational interval (Ig); hence, the scan resolution is the
same in both the rotational and vertical directions. The
inter-scan-line time (Tis) is the time consumed by the
rotational stage to complete a revolution. The following
equations show these relations based on the association
between linear and rotational motion (Connolly 2016)

360

- 22 1

lx TPR @)

I
Tim = ZR )
2m. R. I

= 3

L 360 ©)
360

Is= — (4)

where all the times are in s, the rotational speed (w) is in
°/s, and the specimen radius (R) is in mm. Because each
scan-line is mapped to linear coordinates for result analysis,
IL can be regarded as the interval of the inspection. Further
details regarding the result composition are included in the
next section. The inspection speed can be controlled by
selecting the rotational speed (w) of the scan before the

start of the inspection. Higher rotational speeds, as
permitted by the weight of the specimen, are preferred for
reducing the inspection time. The rotational stage supports a
maximum revolution speed of 80°s with a resolution of
0.001° and a maximum centered payload of 180 kg.

To ensure optimal scan times, no slowdown or stoppage
of revolutions were ensured during the scan-line transition.
In this continuous scan method, to ensure inter-scan-line
alignments, the speed (v) for the vertical stage movement
was calculated based on the current values of w and I..
The vertical stage speed was set sufficiently high to ensure
the recording of the first measurement point of the
subsequent scan-line at the correct position. Therefore, the
measurement points of all the rotational scan lines were
perfectly aligned and any side effects, such as vibrations
owing to sudden vertical movements, were minimized.

2.3 Measurement organization

During the scan, at each measurement point, the 16-bit
DAQ digitized the ultrasonic wave sensed by the LDV.
These measurements were transferred to the PC in real time
via direct memory access. A first-in first-out buffer was
maintained in the on-board memory of the DAQ to avoid
any overwrites on the measurements that were not yet
transferred to the PC. The measurements received in the PC
were stored in the physical memory for fast access and
processing. A three-dimensional data structure of size (C x
H x T) was maintained for storing these measurements,
where C denotes the circumference of the inspected
specimen, H the scan height, and T the length of each
measurement in the samples. As each measurement was
digitized at a sampling rate of 10 MHz for a duration of
51.2 us, the value of T was fixed at 512 samples.

The arrangement of measurements in the buffer can be
expressed in the array form as follows

m(t)s1 m(t)yq
M(t) = : :
m(t)1,y m(t)x,y (5)
where x < —, y < ﬁ
I, I,

where m(t)x, is the digitized signal from the x'
measurement point of the y™ rotational scan line of the
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inspection. This storage buffer is illustrated in Fig. 5, where
the dotted line in the front shows the order in which the
buffer was filled.

The measurement data can be accessed in a frame-wise
manner by specifying a value for time (t), and the resulting
frame is displayed as a two-dimensional intensity map. As
explained in the previous section, the interval between
consecutive measurements along the C or H dimension is
denoted as I This defines the spatial resolution of the
inspection data as well as that of any frame. The individual
frames when displayed along the T dimension show an
ultrasonic wave propagation through the thickness of the
specimen and can accurately display the subsurface features
of the scanned specimen. This method of measurement
visualization is called Ultrasonic Wave Propagation
Imaging (UWPI) (Lee et al. 2018), which will be used to
depict the inspection results in the next section. The
measurement data can be accessed and viewed in a point-
wise manner, whereby the m(t)x, signal can be selected to
be displayed as a one-dimensional signal.

2.4 Post-processing

A multi-Time Window Amplitude Map (MTWAM) (Lee
et al. 2019) algorithm was implemented to effectively
analyze the defects across multiple frames of the UWPI.
Frames containing the defects or features of interest can be

selected by the user after reviewing the UWPI freeze
frames. The algorithm uses the selected frames from the
memory buffer and combines them by performing an
absolute summation across the frames for all the points in
the frame.

The frames can be selected by selecting multiple time
ranges of interest, and all the frames from the selected
periods will be combined, as shown in Eq. (6).

; ty <tg, n=1
VeI EE Mol {FIE T ®
where V is a two-dimensional structure of size (C x H) that
yields the results of the mTWAM algorithm; ts and te are
the start and end of the i range selected, respectively; “n”
specifies the total number of ranges selected at a time.

The minimum value for n is 1 when a single time range
of interest is selected. In this case, both the start and end
frames must be distinct to yield meaningful results. For
cases when n is greater than 1, i.e., multiple ranges have
been selected, the start and end of each time range may be
the same or distinct, which results in the accumulation of
separate frames or ranges of frames, respectively. Fig. 6
shows an example of frame selection, where three different
ranges of interest are selected for accumulation. It is
noteworthy the third range comprises only a single frame.

3. Results

To illustrate the performance of the R-PE_UPI system,
the inspection results of the cylindrical specimens are
presented herein. A band-pass filter developed in-house has
been used for filtering the measurements in these
inspections. It consists of an amplifier, a 24 dB/octave
active Butterworth high-pass filter followed by an active
Sallen-Key fourth-order low-pass filter (Thai et al. 2019).

3.1 Cylinder with wall thinning

The inspection results of a steel cylinder with wall-
thinning defects are presented in this section. The steel
cylinder has a diameter of 166 mm and a normal wall
thickness of 8.8 mm. An oval-shaped wall-thinning defect
was machined on the inside walls of the cylinder to
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highlight the subsurface damage detection capabilities of
the R-PE_UPI system. In the wall-thinned area, the wall
thickness of the cylinder decreased gradually from 8.8 mm,
at the edges of the defect to 3.6 mm at its center. The defect
is placed at the center along the length of the cylinder. Fig.
7 shows the specifications of the specimen and defect. The
front view of the unrolled cylinder shows the placement and
size of the defect. It is noteworthy that the results produced
after scanning by the system were synonymous to this
unrolled view, as the rotational scan line measurements
were mapped to linear coordinates. The top view captured
at the cross section along the major axis of the defect
indicates a gradual change in wall thickness in the wall-
thinned area.

The specimen was mounted on the rotational stage using
a circular breadboard and brackets for inspection. Fig. 8
shows the system during the inspection of the specimen.
Different components of the system are also shown in this
image. The rotational stage was mounted on the vertical
stage, which was part of the scanning system as explained
in Section 2. The red laser point from the LDV was visible
on the surface of the specimen. The specimen surface was
cleaned prior to the inspection to achieve the optimum SNR
of the measurements.

Table 1 summarizes the details of this inspection; a scan
height of 100 mm and an appropriate scan start position
were selected to incorporate all defects in the inspection.
The range of the band pass filter was selected based on the

Table 1 Steel cylinder inspection details

Material Steel
. Max: 8.8
_ Thickness (mm) Min: 3.6
Specimen )
details Diameter (mm) 166
Oval shaped wall
Defect thinning inside the
cylinder wall
Scan height
(mm) 100
Interval 1. 052
Scan (mm)
Settings  Rotational speed 80
(°fs)
Filter range
(kH2) 500-750
Type Q-switched pulsed laser
Wavelength 1053
_ - (nm)
Inspection Excitation Pulse energy
i laser
settings (mJ) 35
Pulse width
(ns) 35
Type LDV
Wavelength 633
(hm)
Sensing Power 2
laser (mw)
Lens type Medium range
Stand-off distance
(mm) 438

material and wall thickness. An interval of 0.52 mm along
with a maximum rotational scan speed of 80°/s was used for
this inspection. This resulted in a scan time of 14.4 min,
which was optimal owing to no braking or deceleration
during the inspection while transitioning between the
rotational scan lines. The LDV was placed at a stand-off
distance of 438 mm from the inspected surface of the
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specimen and a medium range lens was used during this 4.6, and 4.9 ps. It is noteworthy that owing to gradual

inspection. change in wall thickness in the wall-thinning area, all the

The scan results were stored in memory and viewed in a defects were covered in multiple frames of the UWPI. The
frame-wise manner using the UWPI algorithm. The wall- mTWAM algorithm was used in post-processing to combine
thinning defect of the cylinder was visible in the UWPI defect information from different frames. All the wall-

frames. Fig. 9 shows the freeze frames of the UWPI at 3.9, thinned areas were visualized correctly in a single mMTWAM
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wall thickness are also clearly visible

Table 2 Welded steel pipe inspection details

Material Steel
; 2 (top part)
Thickness (mm
Specimen (mm) 3 (bottom part)
details Diameter (mm) 85

Silt-type damages made

Defect inside the steel pipe
Scan height 150
(mm)
Interval IL
0.21
Scan (mm)
settings  Rotational speed 80
(7s)
Filter range
(kH2) 50-250
Type Q-switched pulsed laser
Wavelength
(nm) 1053
Inspection Excitation
settings ~ laser Pulse energy 2.3
(mJ)
Pulse width
(ns) 35
Type LDV
Wavelength
(nm) 633
Sensing Power 2
laser (mw)
Lens type Medium range
Stand-off distance
(mm) 438

frame, as shown in Fig. 10.
3.2 Welded pipe

A pipe comprising radial pieces of steel welded together,
was inspected using the system. As shown in Fig. 11, this
steel pipe comprises three separate pieces, namely two
radial pieces of thickness 2 mm each and a base pipe piece
of thickness 3 mm. The two radial pieces were joined
together with two vertical weld joints to form a pipe. This
welded pipe was placed on the top of the base pipe piece
and joined with another weld joint along the circumference
of the pipe. Slit type damages appeared on the inside of the
top pieces of the welded pipe, and a pipe of smaller radius
was welded onto its surface.

This specimen was mounted on the rotational stage,
which was then mounted on the vertical stage as part of the
scanning system, as explained in Section 2. Table 2
summarizes the details of this inspection; a specimen height
of 150 mm was scanned, and a scan start position was
selected to include all the damages in the inspection. The
total area scanned is shown in Fig. 11.

An interval of 0.21 mm along with the maximum
rotational scan speed of 80°/s was used for this inspection.
This resulted in a scan time of 53.3 min, which was optimal
owing to no braking or deceleration during the inspection
while transitioning between the rotational scan lines. A
smaller interval was selected in this inspection to detect the
long slit-type damage shown on the leftmost in Fig. 11. The
LDV was placed at a stand-off distance of 438 mm from the
inspected surface of the specimen and a medium range lens
was used during this inspection.

Fig. 12 shows the VTWAM result, which was generated
by accumulating UWPI frames from 18.20-18.70 ps. The
two vertical weld lines and a circumference weld line were
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visible in the results. The protruding pipe is shown as a
circular feature in the inspection results. Finally, all the slit-
type damages were visible. It is noteworthy that the bottom
half of the inspection results are shown in distinct colors
owing to the difference in thickness between the top and
bottom plates.

4. Conclusions

The development and operation of a nondestructive
inspection system for cylindrical specimens using laser-
based excitation and sensing were presented herein. The
system comprised of a 1053 nm solid-state Q-switched laser
for generation and a 633 nm helium-neon LDV for the
sensing of ultrasonic bulk waves traveling through the
specimen wall. The LDV posed constraints on the position
and orientation of the sensed specimen surface. First, the
standoff distance between the LDV head and the inspected
surface should remain constant throughout the inspection;
next, the laser beam should be aligned to the normal of the
surface during the inspection. These conditions were met
for the cylindrical specimens based on a rotation scan for
PE UPI. A rotational stage coupled with a single-axis linear
stage was used in the system to scan the cylindrical
specimen. This enabled the standoff distance and incidence
angle constraints posed by the LDV sensor to be satisfied
while obtaining the optimal SNR of the measured signals.
Furthermore, the system supported the signal acquisition,
processing, and result display in real time in parallel with
the on-going inspection. The system blocks were
synchronized to ensure no stoppage or scan speed reduction
during the scan, thereby ensuring that the inspection was
performed in a continuous scanning motion such that the
minimum possible scan time was consumed for a
predetermined scan resolution and stage speed. The
capability of this system for cylindrical structural NDE was
successfully proven with two real-world specimens.
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