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• Tungsten tubes could be successfully
used for reference amplitude and gain
calibration purposes.

• CIVA as a simulation tool was found to
provide reliable predictions for the
weld inspections.

• Local inter-pass water quenching of the
weld can introduce cracks in the weld.

• Water quenching-induced cracks and
tungsten inclusions can be successfully
detected by phased array ultrasound.
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Automated in-process Non-Destructive Testing (NDT) systems are rapidly gaining traction within the
manufacturing industry as they reduce manufacturing time and costs. When considering calibration and verifi-
cation of such systems, creating defects of known geometry and nature during the deposition of a weld can:
(I) help examine the capability of the automated system to detect and characterise defects, (II) be used to
form a database of signals associated with different defect types to train intelligent defect classification algo-
rithms, and (III) act as a basis for in-process gain calibration during weld inspection at high temperatures,
where the ultrasound beam can be skewed as a result of velocity gradients. In view of this, this paper investigates
two unique methodologies for introducing: (a) lack of fusion weld defects by embedding tungsten in the weld
and (b) creating artificial weld cracks by quenching to imitate the real cracking scenarios. According to the results
of Phased Array Ultrasound Testing (PAUT) inspections, themethodologies used for embedding the artificial de-
fects were successful. The validity of inspections was also verified by extracting micrographs from the defective
sections of the welds, and model-based simulations were carried out to gain a better understanding of the wave
propagation path and interaction with the generated defects.

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Welding, as one of themainmanufacturing processes utilised across
different industries to join two pieces of metal together, is often accom-
panied by undesirable internal defects that can adversely affect the
eni).

td. This is an open access article und
integrity of the finished components, and thus reduce their expected
life span [1,2]. A broad range of defect types may occur in the weld
where the formation of some types is promoted under certain circum-
stances. As an example, Lack of Fusion (LoF) defects and cracking are
two bulk defects that can be found frequently in welded joints, where
the first one is created during manufacturing [3] and the latter can be
a delayed defect triggered by hydrogen, microstructure and residual
stresses [4]. Welded components are inspected using Non-Destructive
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Testing (NDT)methods, after the manufacturing process, to detect pos-
sible weld discontinuities and to make a further decision (i.e. accep-
tance/rejection) regarding the parts [5].

1.1. Non-destructive testing

Ultrasonic Testing (UT) has been actively used for the inspection of
welds for decades [6,7] and regulated by well-established standards
such as BS EN ISO 17640 and BS EN ISO 19285. In the concept of these
standards, the signal amplitude of a calibration feature is taken as the
reference and according to the ratio of the signal amplitude of a reflector
to the amplitude of the reference, the reflectors are categorized as
defects/non-defects. However, the NDT community has started to ac-
cept the fact that the severity of a defect cannot be judged solely
based on its signal amplitude [8]. As an example, a very long stress
crackwith a very tight opening (kissing bonds), can have a very smaller
UT signal amplitude as compared to the less critical LoF defect, particu-
larly when the loading conditions are acting to minimize crack opening.

Therefore, it is crucial to investigate the nature of indications from
common weld defects by introducing them deliberately into the weld
and gain a better understanding of their signal amplitude levels. This in-
formation could serve as an optimiser of in-process gain calibration [9].
The importance of being able to produce weld-defects that simulate re-
alistic defects can be explained through several reasons and findsmean-
ing in the context of in-process automated inspection. As previously
mentioned, such defects are beneficial to achieve a better definition of
calibration gains, and they can also be used for training purposes [10].

Moreover, an inspection of the weld region at high temperatures
while welding is in progress challenges the classic calibration strategy
and emphasizes the importance of having in-process intentional defects
for the purpose of calibration. It should be noted that there will always
be the final inspection as per the code standards when the sample
reaches room temperature. The in-process inspection aims to detect
and correct defects duringmanufacturing so that therewill be no buried
defects at the final inspection stage. A key benefit of having known re-
flectors in the weld is to assist in calibrating the compensations for the
elevated temperatures and thermal gradients. During the in-process in-
spection strategy, the acoustic path of an ultrasonic shear beam formed
to inspect the weld geometry at elevated temperatures is significantly
different from the path that the same beam would follow in a welded
plate at room temperature [11,12]. The acoustic properties, particularly
the sound velocity, of the weld region and Heat-Affected Zone (HAZ)
changes as the sound traverses these zones, causing the beam to bend
within the material, skewing its trajectory such that it does not reach
the point it is intended to – see Fig. 1. This deviation of the beam path
at high temperatures delivers indications with lower amplitudes at an
erroneous position for a certain feature in the weld [13,14]. Therefore,
an instrument gain, set according to UT inspections of a calibration
Fig. 1. Effect of temperature gradient in thewelded section causing theultrasoundbeam to
bend and deflect from its original path.
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welded piece at room temperature, cannot be the basis for conducting
inspections at high temperatures. In such a case, one scenario is to
have a duplicate of the component, with embedded reference reflectors
undergoing the same thermal process as the main component at the
same time. Intentional calibration defects of a known size can be intro-
duced into the duplicate sample at known locations as theweld is being
carried out. This approach can account for the weld temperature gradi-
ent while the gain is being calibrated however, it is a costly approach to
undertake.

Furthermore, gaining a better understanding of defect signals is es-
sential for an autonomous Non-Destructive Evaluation (NDE) system
comprised of an automated inspection unit, which is very commonly
done by robotic systems, and an intelligent algorithm for signal inter-
pretation [15,16]. The latter mainly refers to artificial intelligence sys-
tems that use machine learning techniques to recognize, categorize,
and size defects based on the results of the automated inspection
[17–19]. The performance of such systems strongly relies on the rele-
vance and completeness of the training data provided to the system
[20,21]. For instance, a system trained only with the signals of LoF de-
fects is not able to discriminate a crack indication from the one for an
LoF defect. Thus, the first step toward forming such an intelligent sys-
tem is to comprehend the amplitude relationship between these defects
and the signal pattern associated with each defect type.

Phased Array Ultrasonic Technology (PAUT) has been the preferred
method of inspecting the thick weld sections in joints, tubes, and pres-
sure vessels since the time of its emergence [22]. The superiority of
PAUT over other conventionally used NDT methods is readily recog-
nized inmany industrial sectors such as chemical, petrochemical, trans-
portation, and nuclear. When compared with radiography, another
long-standingweld inspection method, PAUT has the advantage of pro-
viding signal response data,which is critical for thenewNDTacceptance
criteria concepts such as fitness-for-purpose life estimation approaches
[22–24]. As a second advantage, when compared to radiography, the UT
operator is not subjected to hazardous radiation during the test opera-
tion [25,26]. Furthermore, PAUT provides a better detectability for
cracks and defectswith tight openingswhere the competency of radiog-
raphy falls short [26]. Other NDT methods that have recently been
adopted for weld inspection, such as surface eddy current arrays, are
still incapable of providing adequate penetration depth when used on
ferromagnetic weld sections thicker than a few millimeters [27]. PAUT
is very flexible, on account of the time delays that can be applied to
the excitation of multiple elements, ordered in rows and columns, to
steer and/or focus the beam. It is also possible to use a subset of ele-
ments, so-called sub-apertures, to sweep a beam across the entire aper-
ture of the array [28]. Beam steering using linear arrays enables the user
to keep the array at a stationary position while sweeping the beam to
reach inaccessible regions of a part through an angle range. This
makes the beam steering suitable for weld inspection where probes
cannot usually be placed on theweld crown directly; and hence, the in-
spections are done from the sides [26].

The results of the sweep are normally plotted as a Sectorial Scan
(S-scan) image, where the A-scans associated with different sweep an-
gles are stacked beside each other. It should be noted that the beam
angle variation in an S-scan allows the user to get a better signal re-
sponse from defects of different orientationswithin the weld. However,
implementing such a technique is not without challenges. For example,
each beam in the angle sweep can be focused at one point to generate a
focused S-scan image. Consequently, the S-scan can provide partially
better inspection results for those points at which the beam is focused,
whereas the indications from other parts of the weld are captured
with lower quality. The problem is normally addressed by the use of dy-
namic focusing or the newer alternative Full Matrix Capture (FMC), for
which full matrix data for all the transmit-receive combinations of the
array elements is recorded and the data is post-processed to form an
image of the inspected area [29]. One of the post-processing
approaches, known as Total Focusing Method (TFM), produces a fully



Fig. 2. Flowchart showing the procedure that was followed in the presented research.
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focused image of the weld section which is expected to be superior to
the S-scan image as long as the inspected area falls within the nearfield
of the array. The FMC data streaming and the TFM image processing are
deemed to be time-consuming for real-time visualization of the inspec-
tion results, however, the speed can be enhanced significantly (i.e. very
close to the speed of the S-scan) by gating the time data to capture only
for the weld section and truncating the TFM window size to fit the
dimensions of the welded area.

The fast-growing computational power provided by advanced elec-
tronics makes it possible to have a supporting numerical model and to
simulate the experimental observations for a better insight into the
problem. Owing to these advances, the phased-array technique and all
its different inspectionmethodologies can be simulated usingnumerical
tools for various test scenarios to verify the inspection results. As one of
the tools that is frequently used for ultrasound wave propagation
modelling, CIVA is proven to be an efficient software for investigating
(I) different inspection scenarios, (II) various sensor designs through
parametric studies, and (III) the validity of experimental test results.
The semi-analytical solver within CIVA, as compared to the time-
consuming finite element solvers, allows to perform quicker modelling
and to study the behavior of ultrasound beams as they interact with
discontinuities in material [30,31].

1.2. In-process weld inspection and verification

Accordingly, this research, as part of a larger project concerning in-
process automated multi-pass weld inspection [14,32], aims to imple-
ment novel approaches to generate deliberate weld defects, such as
cracks and LoF, within a multi-pass welding process. Therefore, roboti-
cally enabled automated multi-pass welding was carried out to manu-
facture a series of butt-welded steel plates. For each of these welded
samples, a different methodology was examined to deliberately create
realistic weld defects. After manufacturing the samples with intentional
weld-defects, UT inspections were carried out on the samples at room
temperature. PAUT S-scans and Timeof Flight Diffraction (TOFD) results
were analyzed to study the indications amplitude levels and signatures
obtained for different intentional defects. Some of the welded samples
were sectioned to prepare macrographs from the positions where the
intentional defects are embedded. Themacrographswere used to verify
whether the defect generationmethodology had been successful. Semi-
analytical models were also prepared in CIVA, according to the
macrographic sections, to gain a better insight into the experimental re-
sults obtained by PAUT and to clarify any ambiguity concerning inspec-
tion indications. Accordingly, the simulation results were compared to
the inspection results. The actions undertaken are depicted in Fig. 2,
where the research is categorized into three main sections of
(I) manufacturing, (II) inspection, and (III) verification.

Section 2 of this manuscript covers the welding procedure, and ul-
trasound calibrations and inspections. The methods used for introduc-
ing intentional defect of known size through embedding tungsten
inside the weld, the inspection results for these welded samples, and
themodelling results verifying the validity of such defects are presented
in Section 3. Then, Section 4 is dedicated to the creation of cracks as in-
tentional weld defects, the inspection results, and the simulations
supporting the observations. The conclusions of the study are provided
in Section 0 of the manuscript.

2. In-process inspection experimental configuration

2.1. Automated welding configuration

The autonomous welding was performed using an integrated sys-
tem comprised of a number of components. A 6-axis KUKA robot, as
the welder robot, carried a tungsten inert gas (TIG) torch which was
connected to a welder, a wire feeder, a high dynamic range camera,
and a laser profiler as depicted in Fig. 3(a). The sensors' communication
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with the robot was made possible by a Compact RIO 9038 (cRIO) from
National Instruments (NI) and a NI LabVIEW code. The integration of
the sensors and the welder robot was achieved through ITRA toolbox
which enabled the welder robot to correct its path and to follow the
weld groove, as it was welding, by receiving the laser measurements
in real-time [33,34]. Plates of structural steel grade (S275) with dimen-
sions of 300mm× 200mm× 15mm and chemical composition as pre-
sented in Table 1, were used as the parent material for the weld. Each
plate was beveled along one side by 45 degrees, and two of these plates
were placed beside each other along their beveled corners to form a 90
degrees V-groove (see Fig. 3(b)). Six clamps were used to tightly fix the
plates onto the table. The deposition was carried out using the auto-
mated integrated welding system in 21 passes.

A mixture of SUPRAMIG welding wire and hard-facing steel wire
was used to fill the groove in different samples. The artificial cracks
tended to nucleate and to form easier in the weld when the hard-
facing wire with a very high hardness of 54–60 HRC was used. A
polished cross-sectional weld macrograph, which was partially filled
with the hard-facing wire, is demonstrated in Fig. 3(c). The chemical
composition of the wires, used as fillers in the welding process, are
listed in Table 1. These material properties were reported according to
the datasheets provided by the plate and wire manufacturer. A total
number of 6 samples were welded using this system. These samples
will be discussed in more detail in Sections 3 and 4.

2.2. Ultrasound inspection

A 5 MHz 64 element linear array of pitch 0.5 mm from Olympus
along with a LTPA PAUT controller (by PEAK NDT, UK) was used to per-
form shear sectorial scans of the welds. A 37.6° wedge was attached to
the array and the focal laws were generated to form an S-scan in steel
covering a range of angles from 40° to 75°. The wedge was 78 mm in
length, 47 mm in height and 40 mm in width. All the inspections were
carried out when the samples reach room temperature. An in-house
LabVIEW-based software was developed to visualize the S-scan images
with superimposed weld overlays.

2.3. Ultrasound inspection calibration

A series of calibrationswere carried out prior to the inspection of the
welded samples. The procedures provided by BS EN ISO 1764 were
closely followed during all the inspections. A preliminary gain calibra-
tion step was necessary to perform a quick scan on welds in order to



Fig. 3. (a) Integrated system of the autonomous TIGwelding unit, (b) A schematic of the weld procedure showing the groove, layers, and passes, and (c) A weld section filled with normal
wire and hard-facing wire.
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find an almost defect-free section of theweld. Then, such a section could
be cut out of theweld and be used to fabricate a calibration sample with
Side Drilled Holes (SDHs). To this end, an SDH of Ø 1.5 mmwas initially
drilled in the middle of the thickness of a 15 mm thick steel plate as
shown in Fig. 4(a), and the holewas used to calibrate the gain in the sec-
torial scans. A transmit voltage of 80 V with a pulse width of 100 ns and
a repetition frequency of 20 kHz, and a fixed gain of 30 dB were used in
the tests. Subsequently, the signal of the SDH received at an angle of 55°
was set to 80% of the screen height. The 55° beam was the central
refracted shear beam inside the steel for the selected assembly of the
array and the wedge.

Once the preliminary gain calibration was done, all the 6 weld sam-
ples were scanned and a defect-free section in one of the samples was
marked to be cut. This section was drilled in two places to build the
main reference block. Two SDHs of Ø 2 mmwere drilled in the weld of
this section at the positions depicted in Fig. 4(b). It was essential to
carry out the gain calibration on this reference piece from the same
spot that the inspections were to be performed on all other samples
Table 1
Chemical composition of the parent plates, normal filler wire, and the hard-facing filler
wire.

Element wt. (%)

Cr Mn Si C Fe

S275 – <1.5 <0.55 <0.18 Balance
Normal wire (SUPRAMIG) 9.5 0.5 3 0.08 Balance
Hard-facing filler wire – 1.4 0.85 0.5 Balance
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since the acoustic properties of the heat-affected zone (HAZ) and weld
were dissimilar to those of the parent plate. Thiswas particularly impor-
tant in the case of the samples built in this study,where the composition
of the wires used for welding was different from the composition of the
substrate. Therefore, the horizontal position of thewedge relative to the
weld centerline was verified using CIVA simulations and it was set as
close as possible to the weld without the wedge going on the weld
toes, as shown in Fig. 4(c). The simulation also demonstrated that
there was at least one angle at which the formed beam was normal in-
cident to the closest weld flank. This was required to check the confor-
mity of inspections with PAUT standards. Inspections were repeated
from the opposite side of the weld to get the specular reflection from
the opposite weld flank.

After positioning the wedge on the calibration sample, the gain was
set to 50 dB in order to set the signal amplitudes of the two SDH indica-
tions to 100% of the scale bar as shown in Fig. 5(a). Evidently, the signal
amplitudes of these two calibration SDHs were not identical since their
location in the weld geometry was slightly different; and hence, the
beam impinged these holes by different angles. Moreover, the acoustic
waves traveled along different paths with different lengths to reach
the two holes at a fixed position of the wedge. This problem is normally
rectified through implementing time gain compensation (TCG) curves,
which can be obtained via incremental change of the probe distance rel-
ative to one of the SDHs and recording the gain difference needed to
keep the signal amplitude steady. In the present study, a scan window
was selected on the S-scan images to only cover the weld geometry by
full-skip and 3rd half-skip beams. Then, the signal amplitude variations
for one of the SDHs were simulated, as the SDH was moved to the ex-
tremities of the inspection window. The amplitude variations were



Fig. 4. Setup including the side-drilled holes for (a) primary, and (b) secondary
calibrations, and (c) CIVA ray tracing verifying the coverage of the weld with the
selected sweep angles.

Fig. 5. (a) the gain calibration based on the signal of the two ϕ2 mm side-drilled holes
received in the S-scan image, (b) the adjustment of the horizontal position of the weld
overlays with respect to the reflections received from the weld flanks in the S-scan
image, and (c) the TOFD assembly of the transducers and wedges generating 70°
compression waves within the weld.

Fig. 6. Diffracted waves from the extremities of a defect in the weld and the expected
phase of echoes in a TOFD A-scan.
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measured to be negligible (less than ±1 dB) as compared to the signal
amplitude of defects within the selected window; and thus, the TCG
concept was not employed. To clarify these, the S-scan of the calibration
holes and the scan window of interest marked by red is shown in Fig. 5
(a). A graphic representing the weld geometry was superimposed on
the S-scan images. As depicted in Fig. 5(b), the position of these weld
overlays was adjusted for each sample to fall over the reflections of
theweld flankwhichwere recorded at the unfilledweld groove present
at the start and end of each sample.

All the samples were inspected along the weld-line, followed by the
calibration procedure, and individual A-scans forming the S-scan image
together were recorded at each position. The S-scan images presented
in the next sections were normalized to the maximum amplitude of
the indications obtained for calibration SDHs.

Moreover, TOFD inspections were also conducted to verify the ob-
servations of the sectorial scans. The instructions provided within BS
EN ISO 10863 were followed to prepare the TOFD setup. Accordingly,
two 10 MHz single element transducers were used for the purpose of
transmitting and receiving. Each of themwasmounted on awedge gen-
erating 70° longitudinal waves inside the steel. The distance of the two
wedges was adjusted to have the virtual focus of the two transducers at
a depth equivalent to the two thirds of the parent plate thickness. This
assembly is illustrated in Fig. 5(c).

The peak-to-peak amplitude for the lateral wave obtained by the
TOFD system from each sample was set to the range of 40 to 80% of
the screen height. An encoder was connected to the TOFD system to re-
cord the position data. The scan steps were chosen to be smaller than
0.5 mm to comply with standards. The TOFD assembly was scanned
5

along the weld length; and consequently, a B-scan was formed using
the encoded inspection data for each sample.

In TOFD images, the signals from a defect's upper and lower extrem-
ities are expected to appear as out of phase complementarywavemarks
on the A-scan as shown in Fig. 6. However, the upper tip of the defect in
the TOFD scan of some samples may not be easily identifiable. This can
be explained by the fact that the center of the weld body (i.e. the virtual
focal point of the two TOFD transducers) is resolved better as compared
to a zone closer to the weld crown because of the geometrical spread of



Table 2
Description of the welded samples containing tungsten defects and their locations.

Sample
ID

The process undertaken to create intentional defects Defect
location

T1 Tungsten rod ϕ 2.4 mm and length of 20 mm after pass 2
(layer 2)

Fig. 7(a)

T2 Tungsten tube with an inner diameter of 2 mm, an outer
diameter of 3 mm, and a length of 30 mm embedded in
weld after pass 9

Fig. 7(b)

T3 A vertical hole ϕ 3 mm and length of 9 mm is drilled in the
weld after pass 11 (Layer 5)
The hole is blocked by a ϕ 3 mm tungsten ball

Fig. 7(c)

Fig. 8. (a) A shallow slot was ground in the weld after pass 2 and the tungsten rod was
planted in the slot, and (b) a hole was drilled in the weld and a tungsten ball was placed
on the mouth of the hole to block the flow of melt pool into the hole.
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the beam. Consequently, the signal from the upper tip of the discontinu-
ity, if not already connected to the surface, mergeswith the lateral wave
mark of the surface, and this results in the lateral wave to lookweaker in
amplitude. This was the case for some of the TOFD inspection results of
the study.

3. Manufacturing welded samples with known-size embedded
tungsten features

For the first series of samples, tungsten rod, ball, and tubeswere em-
bedded in specific passes during the welding (Table 2). The unique idea
of using tungsten rods in the weld brings about the possibility of using
them as known size calibration references. Therefore, sample T1 was
manufactured with a rod placed in the weld after finishing the second
layer. The tungsten rodwas cut to a lengthof 20mmand the extremities
of it were ground flat. Afterward, a shallow slot was ground in the last
layer to restrict its sideways movements as the arc pressure passed
over it – see Fig. 7(a) and Fig. 8(a). The tungsten rod was then covered
by subsequent weld passes. Using this methodology, it was possible to
discover the extent that such a reflector could imitate the sound
reflecting behavior of a linear-type weld defect such as an LoF. The
Fig. 7. The location and types of tungsten products embedded into th
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signal amplitude of a tungsten rod is expected to be smaller than that
of an SDH due to the lower impedance mismatch of steel/tungsten as
compared to steel/air. The percentage of ultrasound energy reflected
at these interfaces were calculated according to Eq. (1), and using the
wave velocity and density values that were either measured or adopted
from the literature [35]. In this equation, Z1 and Z2 are the acoustic im-
pedance of the first and second media, respectively. Almost 100% of a
longitudinal ultrasound wave travelling in the steel will be reflected
e weld during the process for samples (a) T1, (b) T2, and (c) T3.
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from the steel/air interface, where the steel is thefirstmedium and air is
the second,whereas this value is reduced to only ~13% at the interface of
steel/tungsten.

R ¼ Z2−Z1

Z2 þ Z1

� �2
ð1Þ

Bearing this inmind, a tungsten tubewas embedded inside theweld
of sample T2 to test the idea of generating a cylindrical air gap, as the
possibility of incorporating such a defect during the welding process
was very advantageous – see Fig. 7(b). The tube had a 2mm inner diam-
eter and a 3 mm outer diameter, and it was unlikely that the melt pool,
which had a very high surface tension and low capillarity, could enter
and fill the hole of the tungsten tube. The enclosed air gap within the
tungsten tube was a better representation of an SDH.

Sample T3 was drilled after pass 11 to generate a vertical 3 mm di-
ameter hole, as depicted in Fig. 7(c) and shown in Fig. 8(b). The opening
of the holewas covered using a tungsten ball of the same size and it was
expected that the cylindrical hole beneath the tungsten ball remained
unfilled as the subsequent weld passes were deposited. The ball was
used as a cap for the hole to stop the melt pool from entering the hole
and result in an intended air gap forming below.

3.1. Ultrasonic inspections of manufactured welded samples with known-
size embedded tungsten features

Fig. 9 summarizes the inspection results of the welded samples T1,
T2, and T3 containing tungsten rod, tube, and ball, respectively. As dem-
onstrated in the figure, the inspection results were provided in form of
S-scan images for both sides of the weld. These S-scans were trimmed
according to the size of the window shown in Fig. 9(a) where only the
full skip and third-half skip results of the S-scan over the weld region
were demonstrated. The color scale is the same for all the experimental
sectorial scans across this manuscript where the 0 dB stands for the
Sample 

No. and 

position
TOFD

T1 

T2

Side 1 

Inspection

Side 2 

Inspection

T3

10 mm

10 mm

10 mm

-3

-6

-30

0

S-Scan 

Region of 

Interest

Full skip

Third half 

skip

Second skip

Half skip(a)

(b)

dB

Fig. 9. (a) an example of the sectorial scan image, skip regions, and the region of interest
extracted for the weld and, (b) the sectorial scan from sides 1 and 2 of the weld sections
of T1, T2, and T3 samples alongside their TOFD scan results.
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amplitude of the reference SDH hole. On the far-right side of Fig. 9(b),
TOFD results were presented for the positions where an indication
was observed. The TOFD image presented in the figure was cropped
from the TOFD B-scan to only incorporate the lateral wave, defect
indication, and backwall reflection.

The S-scans for the T1 sample showed that there were at least two
very strong indications captured from each side of the weld. For in-
stance, the inspection from side 1 had two indications received at the
same horizontal position in the weld, with respect to the wedge posi-
tion, but in two different skip regions. Hence, the indications were
formed by two different beam angles that were reflected from the
same feature in the weld. The feature was expected to be the tungsten
rod. The scan from side 2 mainly had one strong signal captured in the
full-skip region, and the signal presented in the 3rd half-skip region
was significantly weaker from this side.

An explicit side view of the tungsten rod could be observed in the
TOFD scan. The image contained the paired signals denoting the upper
and lower tips of the defect in the weld. However, the signal from the
lower side of the defect seemed to be slightly thicker (i.e. extended
over time in the A-scans).

The S-scan and TOFD results for the inspection of sample T2 are illus-
trated in Fig. 9(b), where the inspections from both sides showed satu-
rated signals captured by the full-skip beams. The TOFD image also
showed the wave markings of the lower surface of the tube, however,
there was no distinct indication received for the upper surface since it
was placed in the weld after the final weld passes. It should be noted
that the 3rd half-skip signals were approximately 5 dB lower in the am-
plitude, with reference to the calibration signal, and when the inspec-
tion was performed from side 2, the signal extended over a range of
different angles (~10°).

The S-scan and the TOFD results related to sample T3 were also
shown in Fig. 9(b) for the weld section where a tungsten ball was ap-
plied as a lid to a vertical hole to form an air gap. The S-scan image
from side 1 shows two strong reflections happening at the same hori-
zontal position in both full-skip and 3rd half-skip regions implying
that the ball/hole was detected by 2 different S-scan angles. The reflec-
tion of the ball/hole was also visible in the full-skip region of the side 2
inspection images; however, the results suggested that the hole was
very poorly captured by the 3rd half-skip beam. The maximum signal
amplitude of these reflectionswas 5 dB lower than the calibration refer-
ence,whichwas comparable to the signal of the tungsten rod. The lower
signal of such a hole, as compared to the calibration SDH, was certainly
related to hole orientation relative to the incident beam direction since
none of the swept angles in the S-scan was perpendicular to the hole's
axis. Accordingly, the wave was majorly reflected from the hole conic
corner and extremities. It was worth noting that the TOFD signal of
the T3 sample, shown in Fig. 9(b), was very weak since the hole was
drilled vertically and was only 3 mm in diameter. On a separate note,
the orientation of the holemade the inspection very sensitive to the po-
sition of the wedge along theweld and the co-planarity of the array and
the hole.

3.2. Destructive tests on manufactured welded samples with known-size
embedded tungsten features

To verify the source of indications received in the inspection results
of samples T1 to T3, a section from each welded sample was extracted
using a waterjet as shown in Fig. 10. The cut surface passed through
the position where the defect signal was observed. Then, the surface
was polished and etched using a mixture of nitric acid and deionized
water as the etchant solution.

A macrograph of the inspected section of sample T1 is presented in
Fig. 10 to gain a better understanding of the inspection results. The
tungsten rod had a very tight fusion boundary with the weld material
(i.e. there was no visible separation between the tungsten rod and the
steel substrate at the macrograph section). However, there was a lack



Fig. 10. Themacrograph sections of welded samples (a)T1 with a ϕ 2.4 mm tungsten rod,
(b) T2 containing a tungsten tube with an inner diameter of 2 mm, and (c)T3 with a
vertically drilled ϕ 3 mm hole.
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of fusion defect just beneath the rod, positioned a fewmillimeters apart
from the rod's surface. The LoF at this location was associated with the
slot that was machined in the weld to place the rod inside. The fabri-
cated slot might have been slightly deeper than desired since the ma-
chining was carried out manually, and there was a lack of control on
the size. Due to this fact, an air gap remained underneath the tungsten
rod. Thus, when the next weld bead was deposited, the lack of mobility
of the melt pool and its high viscosity could have inhibited the melt
from filling the air gap beneath the tungsten completely. This LoF defect
which was occurred beneath the tungsten rod explained the stronger
signal of the lower surface of the rod received in the TOFD image – see
Fig. 9(b).

The inspected section of the T2weldwas also cut open and the tung-
sten tube embedded in the weld was revealed in Fig. 10(b). The figure
showed that the tungsten tube had good peripheral bonding with the
substrate however, there was a semi-elliptical LoF defect located just
below the tungsten tubewith its major axis equal to the outer diameter
of the tube (3mm). This LoF defectwas situatedwhere the slot was fab-
ricated to place the tube in the weld.

Following the same rationale used for explaining the LoF defect
under the tungsten rod, this large defect could also be correlated to
the melt pool was not able to penetrate fully into the slot. The position
of this large LoF defect also explained the saturated echoes received in
the full-skip inspection since the beamfirstly hit the LoF before reaching
the tube. The 3 mm LoF closely emulated a 3 mm SDH with a stronger
signal than the calibration reference of 2mmSDH, leading to a saturated
indication. On the other hand, the 3rd half-skip signal of the T2 sample
inspected from side 1 had a 3 dB lower amplitude relative to the calibra-
tion SDH. This was related to the beam reaching the tube from the top
where the LoFwas not present. Accordingly, the amplitude of this signal
could be associated with a Ø 2 mm hole within a tungsten rod of Ø
3 mm, assuming that no melt has entered the tube. This was testimony
to the effectiveness of the tungsten tube as an intentional defect since it
could be used in-process to build a calibration reference very similar to
the SDHs that could be drilled only in the finished welds.
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T3 weld was also cut open from the position where the inspection
was performed. It was found that the drilled hole was properly blocked
by the tungsten ball in a way that the drilled hole remained intact in the
weld. Therefore, the strong reflections in the S-scan of sample T3 could
be linked to this vertical hole.

3.3. Ultrasonic simulation of manufactured welded samples with known-
size embedded tungsten features

Tobetter understand the indicationsprovided in Fig. 9(b), a PAUT in-
spection model of the weld was prepared in CIVA. The CIVA workspace
only allows for 3-dimensional (3-D) models to be generated however,
these models can be computed using 2-dimensional (2-D) approxima-
tion to minimize the solver time if the geometry of the transducer and
the sample, including the defects, are invariant in the 3rd dimension.
This is the case for the samples T1 and T2, where a tungsten rod/tube
is extended along the weld length and their length exceeds the array's
elevation. Noteworthy that due to the semi-analytical formulations of
the CIVA solver, the software only allows for limited predefined flawge-
ometry to bemodeled. Therefore, it was not possible tomodel the flaws
in T2 and T3 samples.

The parameters related to the phased array probe and the
high-temperature ULTEM™wedge were assigned to the model assem-
bly domains. The wedge offset from the center of the groove was ad-
justed according to the distance of 20 mm measured in the inspection
setup. The wedge and the base plate velocities, which were either ex-
tracted from datasheets or measured using experiments, were assigned
to the model domains. Adhering to the experimental calibration pro-
cess, initially, the S-scan for the 2 mm SDHs of the calibration specimen
was simulated in CIVA and the maximum amplitude of the SDH signals
was taken as the calibration reference. This value was later used as a
fixed calibration across the CIVA simulations to normalize the
amplitudes.

CIVAmodel of the T1 samplewas prepared in 3-D comparable to the
macrograph of Fig. 10(a). The tungstenwasmodeled by a cylindrical in-
clusion extending for 20 mm in the weld direction. Similarly, following
the LoF profiles of Fig. 10(a), the curved profile below the tungsten in-
clusion was also sketched and extruded for the length of 20 mm into
the welded section and then, the models were run with 2-D
approximation.

3.4. Comparison of simulated and experimental inspection ofmanufactured
welded samples with known-size embedded tungsten features

The S-scan images obtained from the modelling and experiments
collected from sides 1 and 2 of theweld section of sample T1were com-
pared in Fig. 11. The S-scan modeled for the inspection from side 1
outlined the nature of the repeated indication that was observed for
the full-skip inspection of the tungsten rod. According to the full-skip
simulation results shown in Fig. 11(a), one strong echo which was a
combined echo of the LoF and the substrate/tungsten boundary ap-
peared before the tungsten. Besides, two weaker echoes were received
after the tungsten with the first one from the tungsten/substrate and
the latter was a reverberation of the first. In the full-skip results ac-
quired from side 2 and presented in Fig. 11(b), the primary echo was
2 dB weaker as compared to the side 1 signal because of the LoF defect
located on the left (far) side of the tungsten. Although the difference
was not as evident in the experimental S-scans, the overall matching
of themaximum simulated amplitude of tungsten with the experimen-
tal case was very good.

The 3rd half-skip indication was only received on side 1 inspection
where the estimated signal amplitude was 10 dB lower than that of
themeasured one. The geometries of the tungsten and the LoF were ex-
tended uniformly in the length of the weld inside the model whereas
their actual geometries in the third dimension were unknown except
at the macrograph surface. This could contribute to the amplitude



Fig. 11. CIVA simulated and experimentally recorded S-scans of the T1 welded sample
containing a tungsten rod and a lack of fusion when the weld section is inspected from
sides (a) 1 and (b) 2.

Fig. 12. (a) Simulated inspection of a 2mm SDH placed in theweld. The hole positionwas
set following the location of the tungsten tube in sample T2, (b) Experimental inspection
results for the tungsten tube in sample T2, (c) A 51° beam tracing as it hit the SDH,
indicating the start of the prolonged indication in the 3rd half-skip, and (d) A 60° beam
tracing as it hit the SDH, indicating the end of the prolonged indication.

Table 3
Description of the welded samples, their intentional defects, and the location of
intentional defects.

Sample
ID

The process undertaken to create intentional defects Defect
location

Q1 • Position 1: Localized water quenching for a length
of 30 mm on the weld after pass 7 (layer 4)

Fig. 13(a)

• Position 2: High temperature paste for a length of
30 mm on the weld after pass 7 (layer 4)

Q2 • Quenching after deposition of each layer of the weld Fig. 13(b)
• Immersed in a water tank right after finishing the
weld for 60 h

Q3 Localized quenching after pass 9 (layer 5) for a
length of 40 mm

Fig. 13(c)
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differences observed between the model and the experiment. As
depicted at the bottom of Fig. 11(b), the beams must bounce from the
weld crown to reach the tungsten in the 3rd half-skip; therefore, they
were scattered following this path, and no signal was received. This
was provided in support of the experimental S-scan observations.

To investigate the reason causing the extended indication of the T2
sample in the S-scan image which was discussed in Fig. 9(b), a 3-D
model of the weld containing a Ø 2 mm SDH was prepared in
CIVA and the weld was inspected from side 2. As demonstrated in
Fig. 12(a), the prolonged simulated signal was comparable to the exper-
imental one in Fig. 12(b). To explain the observation, the 3rd half-skip
beam bounced from the weld cap before reaching the SDH, and,
owing to the concavity of the cap, the beam impinged the SDH starting
from the angle 51° up to 60° as depicted in Fig. 12(c) and (d).
4. Manufacturing of welded samples with intentional defects –
cracks using water quenching

Three weld samples were prepared using the welding system. Dif-
ferent quenching strategies were tested for samples Q1, Q2, and Q3 to
check the feasibility of creating controlled weld cracks. Table 3 lists
the samples and summarizes the processes adopted to introduce weld
defects in each of them. A combination of factors, such as post-weld re-
sidual stresses and hydrogen concentration, could increase the chance
of forming such cracks [32]. Samples Q1 andQ3were both quenched lo-
cally (i.e. only on a part of the weld surface) by spraying water onto the
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weld surface directly after deposition of the 4th and 5th layers of the
weld, respectively.

For localized quenching, the weld was covered with a high-
temperature insulation blanket, which was also a liquid absorbent ma-
terial, and the coverwas only cut open for the area of interest. Therefore,
only a small area of the weld surface was exposed to the water spray
while the blanket conserved the sample heat. Moreover, some high-
temperature paste was embedded in the weld at position 2 of the Q1
sample to produce inclusion defects. However, theweld section of sam-
ple Q2was entirely quenched after the deposition of each layer and the
manufactured sample was completely submerged in a water tank for
60 h immediately after finishing the weld.

4.1. Ultrasonic inspections of manufactured welded samples with inten-
tional defects- cracks

Fig. 14 depicts the inspection results of sample Q1 at two scanning
positions. The first row of Fig. 14 shows that a relatively strong indica-
tion with an amplitude of −6 dB was captured by the full skip of a 70
degrees beamwhen the weld was inspected from side 1. The same fea-
ture could not be identified in the full-skip region of the imagewhen the
weld was inspected from side 2; however, an indication with an ampli-
tude of−10 dB was visible in the third half-skip from side 2. The lower
amplitude of side 2 indication originated from the higher Time of Flight
(ToF) of the 3rd half-skip beam and its different incident angle to the
reflector.

The TOFD image presenting the inspection result of the Q1 weld ge-
ometry in position 1 shows a black and white watermark signal coming
from the lower tip of the flaw whereas the signal from the upper tip of
the flawwasmergedwith the lateralwave resulting in aweaker surface
indication.

The S-scan images for the inspection position 2, as marked in Fig. 13
(a) of the Q1 sample, were presented in the second row of Fig. 14. The



Fig. 13. The location and types of defects introduced to the weld during the process for samples (a) Q1, (b) Q2, and (c) Q3.
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small indicationsmarked in this figure, when the inspectionswere con-
ducted from sides 1 and 2, was at least 9 dB lower in amplitude as com-
pared to the indication of the defect detected at position 1. Despite the
very low amplitude of around −15 dB, the indications are still above
the noise level.

Shown in Fig. 15 are the inspection results of samples Q2 and Q3.
According to the S-scans in the first row of the figure, a strong indica-
tion was captured by the full-skip beam. The indication was very close
to theweld center and it stood out in the images of sample Q2. The sig-
nal amplitudes received for this feature, when inspected from either
side of the weld, were at the same level as the amplitude obtained
for the defect of the Q1 sample at position 1. Two individual wave
mark indications could also be spotted in the TOFD image. These
wave marks were received at different depths within the weld. The
signals indicated the tip of a defect inside the weld; however, like
the previous sample, they did not appear in complementary pairs.
Sample 

No. and 

position

TOFD

Q1

Position 1

Q1

Position 2

10 mm

Side 1 

Inspection

Side 2 

Inspection

dB

-3

-6

-30

0

Weaker surface

indication

Lower tip 

of defect

Fig. 14. the sectorial scans from sides 1 and 2 of the weld section of Q1 sample at two
different positions together with the results of TOFD.
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The blurry section of the lateral wave occurring just above the crack's
signal and the missing leg of the pair for the crack's tip signals in the
TOFD image implied that the flaw was extended to the vicinity of
the top surface.

Regarding the S-scan of the Q3 sample in Fig. 15, a series of discrete
indications in themiddle of theweld could be observed fromeither side.
In the TOFD image of the same sample, only the lower tip of a defectwas
signified by strong positive and negative wave marks. Furthermore, the
lateral wave was faint in this section, similar to the inspection results
presented for the two samples Q1 and Q2. The wave marks of the
crack appeared to extend up to the extremity of the weld, representing
a long crack that spanned over 20 mm of the weld length. The highest
signal amplitude for this crack was recorded from the side 1 inspection
using a 3rd half-skip beam. However, the amplitude is 2 dB lower than
the maximum signal amplitudes recorded for the 2 previous cracks
found in samples Q1 and Q2.
Fig. 15. the sectorial scan from sides 1 and 2 of the weld sections of Q2 and Q3 samples
together with the TOFD results.
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Since the signal amplitude of the tungsten rod presented in Section 3
was comparable to the signal amplitude of the cracks presented here, it
could be concluded that the inclusion of a tungsten rod in the weld is
not a viable method for replicating an SDH. However, this makes it a
better reference for gain calibration and possibly sizing, when crack de-
tection is desired.

4.2. Destructive tests on manufactured welded samples with intentional
defects- cracks

The macrograph of sample Q1 at inspection positions 1 and 2, pre-
sented in the image of Fig. 16(a), revealed two cracks at this section,
where (I) a larger one, marked by number 1, propagated from the
quenched area and extended to theweld root, and (II) a second, smaller
crack, labeled by 2, started from the quenched area and extended to-
ward the fusion boundary between the weld and HAZ. The figure
proved that both cracks had been initiated from the area at which the
localized water quenching was performed (i.e. after pass 7). This stood
for the effectiveness of water quenching. It was also interesting to see
that the crack growth was stopped at the boundary of the weld and
the HAZ. This occurred since the parent material and the HAZ had
higher ductility in comparison with the brittle weld region which was
deposited using the hard-facing wire.

Amicroscopic image of this etched surfacewas superimposed on the
S-scans captured from both sides of the weld in Fig. 16(b). The acoustic
paths of the beams that provided the largest indication of the cracks
were also sketched on the figure by red dashed lines. As can be seen,
the acoustic path of the beam indicating crack 1 from side 1 was
bounced from the plate back wall and hit the lower part of the crack
(i.e. closer to the root). This part of the crackwas orientated in amanner
that the full-skip beam provided a specular reflection of the crack. It
Fig. 16. (a)Macrograph samples extracted at positions 1 and 2 from thewelded section of Q1sa
weld observed at the etched surface of Q1 at position 2. (b) Beam tracing on the S-scan image
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should be noted that the acoustic beam did not reach crack 2 as it was
masked by crack 1. However, when the inspection was done from side
2, an indication of crack 2 was received in the 3rd half-skip region. As
demonstrated in the figure, the beam bounced twice from the back
and the top surfaces and then impinged the face of the crack.

The polished and etched section of the weld at position 2 of sample
Q1, illustrated in Fig. 16(a), shows a porosity colony that originated
from the residue of the high-temperature paste. The mean size of the
pores which measured to be approximately 0.1 mm was smaller than
the UT detection limit determined by λ/2 (0.3 mm), as a rule of
thumb. However, these porosities were partly coalesced and formed a
lattice with a size of a fewmillimeters in some parts. Therefore, the sig-
nal received at this position could be either attributed to the porosity
colony or another feature that was not revealed in the polished section
and yetmight have been captured at this testingposition. Accordingly, it
was not conclusive whether the high-temperature paste could act as a
defect inducing agent.

The Q2 sample was cut at the inspection position and then polished.
The resulting surface is depicted in Fig. 17(a) after etching where an al-
most straight crack was vertically extended in the weld geometry. The
crack provided a very clear indication in the S-scan image of Fig. 15,
showing a stronger amplitude from side 2. The crack profile at the
etched surface was slightly curved with its concavity toward the side
2 inspection, which resulted in stronger signal amplitude. The nature
of this crack was believed to be different from those discussed earlier
for sample Q1 since this crack was less branched and its profile was
less curved. Furthermore, the crack of Fig. 17(a) started from themiddle
of theweld anddid not connect to any boundaries, unlike those found in
the Q1 sample. The beam tracing of the Q2 sample was plotted on the
sectorial scan image and the weld overlays as shown in Fig. 17(c).
From the TOFD results, it was expected that the crack profile extended
mple. Two visible cracks at the etched surface of Q1 at position 1 and a porous region of the
for the inspection of the two cracks of sample Q1 at position 1 from sides one and two.



Fig. 17. Amacrograph sample cut from the welded section of (a) Q2 and (b) Q3 samples including successfully induced cracks. (c) Beam tracing to the strongest indications of the S-scan
image acquired at the location of the crack for Q2 sample.

Fig. 18.A comparison between the CIVA simulations and experimentally recorded S-scans
of the Q1 welded sample at position 1 with two multi-faceted cracks. Inspections are
conducted from sides (a) 1 and (b) 2.
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very close to the weld crown, however, the etched section did not sug-
gest this. As mentioned before, this was attributed to the low resolution
of the TOFD for the top portion of the weld.

The macrograph of the weld section Q3, presented in Fig. 17(b),
helped understand the disjointed and complex indication seen in the
S-Scan image of Fig. 15. As can be seen the broken profile of the crack
propagated in small sections, vertically through the middle of the
weld geometry. The lower signal amplitude of this crack, as compared
to the other two, could be explained by the disconnected crack profile.

4.3. Ultrasonic simulation of manufactured welded samples with inten-
tional defects - cracks

The crack profiles in the macrograph of the weld section in Fig. 16
(a) were reproduced using a 2-D CAD profile within CIVA. The profiles
were extruded along the weld length for 10 mm to generate planar de-
fects. Afterward, an S-scan of 40° to 75° with an angle step of 1° was
modeled. A maximum number of 4 half-skips (2 skips) was selected
for the solver to avoid lengthy computations. The S-scan results were
normalized by the calibration amplitude. Afterward, the results were
superimposed on the weld and the crack layouts to assist the under-
standing of echoes as shown in Fig. 18.

4.4. Comparison of simulated and experimental inspection ofmanufactured
welded samples with intentional defect - cracks

The comparison between the S-scan image generated by CIVA and
the image obtained in the experiments when the scan was carried out
from side 1 on the Q1 sample is provided in Fig. 18(a). The position of
the crack signal inside the weld predicted by simulation agreed well
with the actual position of the signal. The simulation also confirmed
the beam tracing of Fig. 16(b) where the strongest reflection was cap-
tured from crack 1 via the full-skip beamswhereas, crack 2 wasmasked
by crack 1, and no indication was received for it on the S-scan. Even
though the actual crack extension in the third dimension (i.e. perpen-
dicular to the weld section) could be significantly different from the as-
sumption of a planar defect in this model, the simulated signal
amplitude supports the experimental measurements.
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Fig. 18(b) presents the simulated and experimental S-scans for the
same defects inspected from side 2 of the Q1 weld. As suggested by
the beam tracing of Fig. 16(b), the indicationwith the highest amplitude
appeared in the 3rd half-skip region when the inspection was done



Fig. 19. A comparison between the simulated and experimental S-scans of the Q2 sample form sides (a) 1 and (b) 2, and the Q3 sample form sides (c) 1 and (d) 2.

Table 4
Measured and modeled amplitudes of the artificial defects embedded in the welds. All the presented amplitude values are relative to the calibration amplitude.

Max Amplitude (dB) Model-Based Estimation (dB) Max Amplitude (dB) Model-Based Estimation (dB)

Rod (T1) −6 −6 Crack (Q1) −6 −6
Tube (T2) 0 – Crack (Q2) −6 −6
Ball (T3) −5 – Crack (Q3) −8 −9
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from side 2. A closer look at the simulated S-scan of Fig. 18(b), and the
beam tracing in Fig. 16(b), implies that the indication corresponded to
crack 2where the 3rd half skip beam impinged the crack profile perpen-
dicularly. The simulated S-scan was following the experimental one in
terms of the angle, ToF, and the amplitude of the indication.

The CIVA simulation results for the scan of sample Q2 from side 1
and2 are comparedwith the S-scan images in Fig. 19(a) and (b), respec-
tively. Simulations showed a stronger reflection from side 2 of the crack
in the full-skip image. The simulated defect amplitudes were compara-
ble to those acquired for the crack in the experiment, while the location
of the strongest simulated indications matched the notable indications
in the experimental S-scan images.

Sample Q3 and its ridged crack with discrete sections were also
modeled, and the simulated andmeasured inspection resultswere com-
pared in Fig. 19(c) and (d). A series of indications were observed from
either side of the rough crack profile in both simulations and experi-
ments, with a high degree of agreement between them. The crack pro-
file of sample Q3 is very difficult to mimic within the software; hence,
in these figures, it can be seen the simulated indications are slightly
displaced as compared to those in the S-Scan images of sides 1 and 2.
However, the amplitudes were found to be in good agreement.

5. Conclusions

Calibration and verification of automated In-Process NDT systems
are critical to ensuring optimum product and process integrity. This
paper presented the results of a study investigating the simulation,
manufacture, experimental inspection, and verification of calibration
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techniques and procedures for intentional weld defects that form the
basis of a quantitative approach to in-process weld inspection.

A number of components were welded using an integrated system
comprised of a robot and different sensors carrying outmulti-pass auto-
mated deposition. Two different intentional defect inducing strategies
were tested during the manufacturing of the weld, notably known size
tungsten features and induced cracking. PAUT shear wave S-scans and
TOFD inspections were conducted on the manufactured weld sections
containing deliberate defects and the inspection results were presented
in form of S-scan and TOFD B-scans images. The experimental observa-
tionswere also verified throughmacrographic destructive tests, and the
CIVA ultrasonic simulations were carried out for a better understanding
ofwave propagation, inspection skips, andUTwave interactionwith the
generated defects. The measured and model-based estimation of the
maximum S-scan signal amplitudes are summarized in Table 4, where
a close agreement between the simulated and measured amplitude
values was yielded.

The following was concluded from the study:

1. A technique to introduce artificial lack of fusion weld defects by the
inclusion of three different types of tungsten inclusions was pro-
posed. It is observed that:

- Embedding a tungsten rod in theweldwas not deemed successful in
simulating the signal of a reference SDH for calibration purposes
since it had a repeated signal in the S-scan image, where the first sig-
nal was related to the reflection from substrate/tungsten and the
second one was attributed to the tungsten/substrate. The other dif-
ference was the amplitude of the signal of the tungsten being 6 dB
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lower than the reference SDH. Provided the scale of the signal ampli-
tudes of the crackswitnessed in this study, the tungsten rod could be
considered as a reference for gain calibration for detecting realistic
cracks.

- The tungsten tube planted in the weld with an inner diameter of
2 mm produced signals 3 dB lower in amplitude when compared
to the signal of a 2 mm SDH. The tube was extended over a section
of the weld enabling the repeatability of the in-process inspection
and it produced an amplitude level which was 3 dB higher than
the signal amplitude of the cracks inspected here. Other sizes of
tubes with different internal diameters could be used to tailor the
reference amplitude to fit the sizing application and the acceptance
criteria. Further studies are needed to tackle the challenge of plant-
ing the tube in the weld, so the surrounding of the tube is properly
filled with the molten material.

- The tungsten ball covering a vertically drilled hole also produces the
same signal amplitude that was received for the rod. This defect was
very localized, and accordingly, the signal amplitudewas very sensi-
tive to small changes in the placement of the wedge with respect to
the defect. Therefore, the nature of the defect could result in repeat-
ability challenges when used for calibration.

2. A technique was proposed for creating artificial cracks using water
quenching into theweld geometry to simulate the real cracking sce-
narios and the following were observed:

- Ultrasonic inspection and simulation of weld sample Q1 with two
large cracks showed that one of the cracks could mask the other
and adversely affect the detectability of theweld cracks if the inspec-
tion was performed from one side. Therefore, if a robotic in-process
inspectionwas to be carried out, which is the topic of a larger project
supporting this work, it is strongly recommended to use a tandem
array configuration on both sides of the weld or to conduct a re-
peated inspection from both sides, which is common practice in
manual phased array inspections.

- Localized quenching of the weld, which was performed during the
manufacturing of samples Q1 and Q3, was successful in creating
cracks starting from the layer on which the quenching was carried
out. The amplitude of these cracks was 6 dB lower than the calibra-
tion amplitude and these observations were successfully supported
by CIVA simulations.

- The second quenching strategy used in sample Q2was also success-
ful in generating the crack in the weld section, however, the control
on the location of the crack was very low since all the layers were
subjected to quenching. Also, it was observed that the crack was
slightly different from the other samples having fewer facets and
branches. Further investigations could be conducted to classify
these cracks. The amplitude level of the signal obtained for this
crack was on the scale of the two others.

A range of methodologies was introduced in this research for em-
bedding tungsten in the weld and quenching the weld to generate arti-
ficial cracks. These approaches are instrumental in understanding:
a) the effect of defect morphology and orientation on signal amplitude,
b) the phased array instrument gain levels required for detection of
weld cracks in the present case, c) how to substitute SDHswith embed-
ded tungsten defects to tackle high-temperature in-process calibration
of instrument gain for PAUT inspection, d) how to create quenching-
induced cracks that can be used to train practitioners, and to study the
signal amplitudes and indication locations of common weld defects.
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