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Metal additive manufacturing is rapidly gaining popularity and interest from sectors aiming to produce larger-
scale high-value components cost-effectively. To ensure each component is leaving the fabrication cell defect-
free, it is highly desirable to inspect each layer or selected volume of the build. This is a significant challenge,
given that conventional non-destructive evaluation (NDE) is a post-manufacturing operation. The opportunity
exists in the development of novel flexible automated manufacturing systems aiming to merge deposition and
inspection. Hence, enabling defect detection at the point of the creation allows subsequent rapid repair or
reduction in scrappage. In this work, the authors present research from one such multi-robot cell, where a
directed energy deposition process called wire + arc additive manufacture is used to build components while
novel in-process ultrasound and eddy-current approaches are deployed to inspect a component with artificially
embedded reflectors. The outcome of this work demonstrates a promising ability to merge manufacturing and

NDE into a single process and hence, strengthen the overall benefits of metal additive manufacturing fields.

1. Introduction

Additive Manufacturing (AM) also called three-dimensional (3D)
printing is a process of object fabrication using a layer-upon-layer basis,
where the deposition paths are driven by digital 3D model Data [1]. As
businesses move towards Industry 4.0 [2,3], AM adoption is forecasted
to increase through the growing interest in developing smart
manufacturing systems capable of fabricating high-quality and high-
value customizable products. Sectors, where this capability is most
sought after, are aerospace and automotive. This demand can be also
expressed by a prediction of market growth in which the metal AM
sector is estimated to increase its value by up to 27.9 % annually until
2024 from the original estimated size of 2.02 billion € in 2019 [4].

This paper is associated with one such metal AM technique, called
Wire+Arc Additive Manufacturing, which is based on the Directed En-
ergy Deposition (DED) process [5]. WAAM enables the automated pro-
duction of large high-value 3D near-net-shaped structural engineering
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components [6] as demonstrated in Fig. 1. The research and develop-
ment of the WAAM process are targeted to deliver flexible
manufacturing with additional benefits of increased cost-effectiveness.
This is obtained by reduced material and energy usage as compared to
traditional manufacturing such as machining or forging. Hence, tech-
nical benefits can enable an economical superiority of WAAM against
conventional medium to large-scale manufacturing which is often sub-
tractive, or assembly-based [7].

WAAM has already attracted the attention of aerospace, naval en-
gineering and civil infrastructure due to their growing interest in
reducing the weight of products while increasing the possible geomet-
rical complexity of a single part [8]. A clear example has been demon-
strated, where WAAM was utilized to build a geometrically complex
6000 kg heavy stainless steel bridge, crossing a canal in Amsterdam
(Netherlands), with a width of 2.5 m and a span of 10 m [9]. This project
has proved that metal AM can be used as a cost-effective and technically
robust substitute for assembly-based construction practices typically
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Fig. 1. A complex titanjum WAAM component built using an oscillation
deposition strategy on a substrate plate.

found in the civil infrastructure industry.

Moreover, the lower waste associated with WAAM amplifies its
attractiveness further when energy-intensive alloys, such as titanium
[10,11], steel, and nickel-based super alloys [12] are used in a deposi-
tion. A strong potential has been demonstrated by the authors [12] who
have reported a titanium alloy savings of an estimated 220 kg to
manufacture a 24 kg aircraft landing gear assembly. The WAAM process
used a deposition rate of ~0.8 kg/h and enabled the efficient manu-
facture of features such as T-junctions and inclined walls. Traditional
subtractive machining operations would have resulted in both time and
material waste.

When considering the WAAM process for high-value component
production in safety-critical industries such as aerospace or civil infra-
structure, the quality and the absence of any flaws must be assured.
Component quality is typically assured by Non-Destructive Evaluation
(NDE) methods which allow the mechanical quality of the finished
component to be assessed before entering service. When considering
NDE of WAAM, the most common approaches have been either manual
or basic automated post-manufacturing inspection either conducted
primarily by ultrasound testing [13], often expensive and hazardous X-
Ray based imaging [14], or recently emerging Eddy-Current Testing
(ECT) [15]. The post-manufacturing deployment of NDE often creates a
bottleneck on the production floor given the necessity to pre-process the
parts by transferring them between workstations and performing milling
operations to facilitate smooth contact surfaces [14]. These disparate
processes of machining and inspecting are undertaken separately and
hence, can negatively impact the overall benefits of deploying WAAM
for high-value components. Therefore, there is a growing desire to
integrate the inspection and manufacturing processes so that defects can
be detected at the point of their creation. Such a task can be attained by
automatically deploying an in-process NDE. For example, it is common
to use robotic arms to deploy the NDE sensors enabling high positional
accuracy, good levels of repeatability, high rates of inspection, and the
ability to operate in hazardous and hostile environments [16,17].

The in-process inspection of arc-based manufacturing processes and
WAAM have been pioneered by [18] and authors' previous work
[19-21]. The development of these multi-robot cells demonstrated the
possibility of robotic welding and WAAM in combination with auto-
mated NDE. Full automation was accomplished by a novel sensor-
enabled robotic system based around a real-time embedded controller
which enabled: 1) real-time communication, 2) data acquisition and 3)
control of the process. Moreover, a UDP (User Datagram Protocol)
communication protocol established through the KUKA Robot System
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Interface (RSI) [22], was used for the robotic motion correction that
could influence the pre-programmed robot's path through the sensor
feedback. The motion corrections were executed based on innovative
robot kinematics software operating in real-time intervals (4-milli-
second intervals for KUKA Robot Controller (KRC) 4) [23].

In the context of the in-process inspection of WAAM, a suitable NDE
process for robotic deployment capable of withstanding hostile tem-
peratures must be selected. Suitable NDE processes for in-process in-
spection are well documented in the literature [14,24-26], and it was
found that ultrasound and ECT were the best-suited NDE processes for
the in-process inspection of WAAM components, due to enhanced
sensitivity to a wide range of defects along with a low cost of equipment
and simple integration into existing manufacturing environments.

When considering electromagnetic-based inspection techniques, a
multiturn coil is excited by alternating voltage to generate alternating
currents and a magnetic field around the coil. When the coil is placed in
proximity to a conducting sample, The coil's magnetic field interacts
with the sample and eddy currents are created within the target. Once
the coil is positioned over a surface/subsurface flaw, within the range of
eddy currents penetration depth, the current density changes in the
sample and that causes a change in the net magnetic flux passing
through the inspection coil, which is detected as a change in the coil's
impedance [16].

When considering the eddy-current for automated NDE deployment,
the opportunity for rapid inspection of either ferromagnetic or non-
ferromagnetic and electrically conductive test pieces is enabled [27].
It was demonstrated in the literature that robotic ECT can be deployed
for the detection of a matrix of stress corrosion cracks in nuclear can-
isters [28], where force-torque measuring capabilities enabled sustained
contact force for the probe on the specimen along an angular path.
Bespoke eddy current probes specifically designed for WAAM cold in-
spection have also been reported [29]. The coil geometry facilitated the
contact to an as-built undulating surface of an aluminium WAAM
component and detected 0.35 mm side-drilled holes at depths of 2 mm.
Despite the ECT featuring a very high surface/near-surface sensitivity
and detectability, the penetration depth depends on the electrical con-
ductivity and magnetic permeability of the test piece and the selected
test frequency and is often limited to a few millimeters below the sur-
face. Therefore, in the context of the in-process NDE of WAAM, ECT
arrays offer the potential for the online screening of newly deposited
upper layers during the manufacturing process [28]. This is due to
possible increased surface coverage, conformity to the undulating ge-
ometries, enhanced control over the probe's lift-off and tilt as well as
possible decreased screening times.

The use of elastic waves emitted by Phased Array Ultrasound
Transducers (PAUT) to detect flaws within the volume of metallic
components is often among the preferred NDE techniques [30-33].
Moreover, the research has also already presented the possibility of
inspecting welds in-process and at elevated temperatures owing to novel
dry-coupled PAUT roller-probes [34]. A variant of this roller-probe has
also been developed to inspect WAAM layer-by-layer, volumetrically
(after every N layer) or in live-arc mode through an as-built surface
without the use of liquid coupling [35]. This latter capability enables the
inspection of multi-layers simultaneously reducing any time and sunk
cost associated with the inspection of high-confidence processes. The
WAAM roller-probe, was based on a 0° delay line, the PAUT, and the
tire. The design assured full compliance of the roller-probes tire to the
non-flat and varying (in both the scanning and the transversal direction)
as-built surface of a WAAM component at high force. Hence, the
maximum transmission of ultrasound energy into the component was
facilitated without minimizing the signal losses caused by low contact
quality. From this development, the possibility of detecting a Lack of
Fusion (LoF) defects as small as 5 x 0.5 x 0.5 mm (width, length &
height), through an as-built surface of the WAAM wall [26] was
demonstrated. Moreover, a first in-process NDE of hot and as-built
WAAM components with artificial reflectors was conducted as well [18].
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In this paper, novel research and developments from the field of in-
process inspection of WAAM are presented. First, the authors describe
the bespoke cell integrating both WAAM and in-process NDE. For the
first time, a hybrid NDE featuring a high-temperature flexible eddy-
current array probe and high-temperature dry-coupled ultrasound
roller-probe were integrated and deployed on as-built titanium WAAM
straight component at elevated temperatures. Both methods were
deployed during a dwell time, set for inter-layer cooling, while sufficient
coupling force between NDE sensors and the as-built surface of WAAM
during the inspection was assured by a 6-axis robotic arm with force
torque feedback. To assess the inspection capabilities of the two ap-
proaches, a Ti-6Al-4 V WAAM straight component (wall) with various
embedded tungsten reflectors was deposited. The use of tungsten tubes
as artificial reflectors for both ultrasonic calibration and defect detection
has been documented for in-process weld inspection [19,20]. The
embedding of tungsten tubes or balls allows the controlled creation of
inclusions with known sizes and shapes at the predetermined location
within the part. This is particularly true for tungsten balls application in
eddy-current experiments where the contrast in electrical conductivity
between titanium and tungsten is ~6.9 MS/m while between air and
titanium, it is 2 MS/m [36,37].

Throughout the experiment, ECT was used to inspect ‘defective’
WAAM layers after they were deposited due to its limited penetration
depths expected to reach only a few millimeters below the surface (in Ti-
6Al-V the standard depth of penetration equals ~1.3 mm according to
[38]). Subsequently, a bespoke dry-coupled ultrasonic roller-probe
enabling layer-by-layer and volumetric imaging was deployed in the
latter configuration due to the relatively low wall height of the
component, to conduct an in-process inspection. In both scenarios, the
position-encoded inspection data were acquired and presented on an
amplitude C-scan image [39]. Two different eddy current datasets (axial
and transversal) corresponding to different transmit and receive
topography were analyzed and compared. For the ultrasound inspection,
two approaches were repeated. First, the live-beamforming-inspection
with a fixed-depth focus was deployed to produce an interior image of
the WAAM component [40]. The inspection was then repeated to ac-
quire ultrasound Full Matrix Capture (FMC) data and to post-process it
later using the Synthetic Aperture Focusing Technique surface finding
and Total Focusing Method (SAFT-TFM) imaging package [26]. Finally,
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produced C-scans were plotted and cross-comparison of both ECT and
ultrasound inspection approaches was conducted.

2. WAAM & NDT cell
2.1. Plasma wire + arc additive manufacturing

In this work, the experimental specimen was manufactured in the
cell introduced in the author's previous work [18] where the automated
WAAM hardware, depicted in Fig. 2, is developed around a 6 Degrees of
Freedom (DoF) industrial robotic arm (KUKA KR90 R3100) capable of
handling the WAAM deposition activity within the cell. The components
were built on a substrate plate clamped to the horizontal rotary posi-
tioner (KUKA DKP-400 V3) also located within this cell. The specimen
was deposited by the deposition head featuring a water-cooled plasma-
arc welding torch (controlled by: EWM-TETRIX 552 AC/DC SYNERGIC
PLASMA AW welder) integrated into a deposition device with a local
shielding, and it was mounted on the end effector of the KUKA robot
[41], as seen in Fig. 2. The local shielding device (WAAM3D, UK) was an
aluminium enclosure, containing additional gas outlets, supplying the
argon shielding gas on a high-temperature WAAM and hence preventing
the atmospheric contamination that could result in oxidation of the fresh
deposit. Further, a wire-feed outlet with adjustable height was mounted
to the deposition device and set to supply feedstock directly into the melt
pool. The wire supply was provided by a wire feeder (EWM T drive 4 Rob
3 Li, EWM) that was attached directly to the deposition robot's arm as
well. Lastly, the melt pool and the deposition were monitored using a
high dynamic range welding camera (Xiris XVC-1000).

2.2. In-process inspection

An inspection robot (also Kuka KR-90-3100), seen in Fig. 3, was
located opposite the deposition robot within the same cell, however, this
robot was equipped with a Force/Torque (FT) sensor (FTN-GAMMA-
IP65 SI-130-10, ATI Industrial Automation (Apex, NC, USA)) mounted
on the end effector. The NDE was then accomplished by two approaches.
The ultrasound NDE approach was based on a high-temperature dry
coupled WAAM roller-probe (resistant to 350 °C). The roller-probe was
driven by a high-speed phased array ultrasound controller LTPA (PEAK,

Kuka KR90 Deposition Robot |

\/ Horizontal
Positioner

Fig. 2. WAAM deposition robot featuring a plasma arc process.
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a) In-process NDE ultrasound hardware
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b) In-process NDE eddy current hardware

| Ectane 2 l

Fig. 3. In-process NDT setup carrying ultrasound and ECT equipment.

NDT) mounted directly on the robot arm. The second approach included
a padded flexible EC probe which was driven by an EC controller (Eddyfi
Technologies, Canada). The padded flexible EC probe enabled coupling
with an as-built WAAM component at a temperature of 150 °C for up to
30 s. Further, the communication between all hardware was achieved by
Zyxel Gigabit ethernet enabling control of the presented system.

During the experiments, the deposition robot was controlled by a
pre-installed PC with a WAAMCtrl (WAAM3D, UK) [42] application,
streaming the deposition commands (robot paths, deposition parame-
ters) directly to the deposition robot via RSI over an ethernet connec-
tion. The tool-path plan was generated using WAAMPlanner Software
(WAAM3D, UK) [43], where the desired component was imported as a
Computer-Aided Design (CAD) file, sliced into layers according to the
pre-defined layer height, segmented into a set of individual building
blocks from which the series of tool-paths was generated.

The robotic NDE inspection was guided by a software platform
developed in the LabVIEW programming environment [44]. During both

ECT and ultrasound inspection, the inspection parameters were sent to
the controllers through the LabVIEW program as indicated in the dia-
gram in Fig. 4. The acquired data (ultrasound and eddy current) were
then paired with the robot position stamp and stored on the hard drive
for later post-processing. Positionally accurate C-scan displays were
accomplished using MATLAB for the ultrasonic data and LabVIEW for
the eddy current data.

3. Experimental specimen manufacturing
3.1. Experimental WAAM deposition

A manufactured, straight titanium (Ti-6A1-4 V) WAAM wall formed
the foundation for the experimental work intended to assess and
demonstrate the in-process inspection capacity of the ECT system and

dry-coupled ultrasound roller-probe system. The specimen's measure-
ments were fixed at 25.0 mm in width, 300.0 mm in length, and 25.0

I) In-process eddy-current NDE approach

m)E control system

Inspection .
Inspection
) parameters
parameters
Eddy current «— Ect devi - C program
probe o ctane device . (SDK)
Raw data Raw data
Inspection
1I) parameters
Roller-probe PEAK LTPA
\ Raw data

\

a) Inspection parameters/ On & Off control

b) Raw data Robot control system

|2 @ ‘ ﬁ" -
b) |* - -
a) Process control
PR N <
. LabVIEW User deskto'p (Data
9 Process feedback processing)
‘ & Data analysis
*
Robot . i | ROb.O.t 1I) In-process ultrasound NDE approach
correction position — _

Force/Torque > Robot
Contact force
sensor controller
measurement

Fig. 4. Diagram of NDE software driving the process.
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mm in height. However, given the WAAM technique's capacity to make
components with an overbuilt close to a net shape, excess material
accumulated on the edges was anticipated. [12].

The path planning designed in WAAMPlanner, seen in Fig. 5, con-
sisted of an oscillating deposition strategy [45], where a single bead,
with a square zig-zag pattern, was deposited per layer. Relevant depo-
sition parameters can be seen in Table 1 below.

Fig. 6 shows an experimental deposition setup where a Ti-6 V-4AL
specimen was deposited on a substrate plate that was 12 mm thick and
fastened to the tooling, in this case, a set of welding clamps that kept the
plate fixed to the horizontal positioner. Additionally, the welding
clamps made it easier to prevent plate distortion caused by heat-induced
residual stresses [46], which is common in arc-based manufacturing
processes like welding [47]. Fig. 6 (a) also shows the active deposition of
the first layer, while Fig. 6 (b) displays the finished pass 1. It is important
to note that the layer height was determined to be consistent at about
3.5 mm.

3.2. Artificial defect embedding for NDE experiments

To assess the effectiveness of the NDE flaw-detecting capacity, arti-
ficial reflectors were incorporated into the experimental wall. The
tungsten tubes with the specifications listed in Table 2 were initially
inserted into layer 3. A portable grinding machine was used for the
embedding, creating pockets that held the tungsten tubes in place during
the subsequent deposition. The distance between the tubes was roughly
55 mm. A longitudinally positioned tube (WT-L) was positioned in the
middle of the bead, roughly parallel to the wall. Fig. 7 depicts how the
Tube (WT-T) was inserted into the wall transversely. Following the
deposition of layer 4 covering the tungsten tubes, the additional tung-
sten balls with diameters 3 mm (WB-3) and 2 mm (WB-2) were
embedded into the WAAM using the same technique as also seen in
Fig. 7.

4. In-process inspection
4.1. Experimental work strategy

The in-process inspection capabilities in this work were demon-
strated during a dwell time that was designated for interlayer cooling.
Shortly after the torch stopped depositing layers 4 and 5, ECT was
performed. As a result, the detection of tungsten tubes (included in layer
3) and tungsten balls (incorporated in layer 4) was carried out imme-
diately following their recent titanium deposition. After pass 5's ECT
inspection was completed, layer 6 was deposited after the end-effector
was altered for the dry-coupled ultrasonic roller-probe. The experi-
mental work was completed with live ultrasound beamforming imaging,
and ultrasound in-process inspection was repeated with FMC data
collection for post-processing using the SAFT-TFM imaging approach.

Path planning layer |

Zig-zag path
pattern
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Table 1
Deposition Parameters.

Deposition parameters

Current 150 Amps
Wire-feed speed 2.5 m/min
Robot Velocity 0.005 m/s

As mentioned, the inspection was carried out within a dwell time,
which in this work was set to 9 min. As suggested by the literature [32],
this cooling period was found optimal to avoid the formation of phase
aGB grain microstructure [48] in Ti-6Al-4 V walls built using oscillation
deposition strategies.

The approach for sensor-driven robotic NDE, used in this work, was
presented by [18,28], where the Force/Torque sensor data facilitated
the robot position correction maintaining the desired contact force and
orientation between the NDE sensor and the test component. The
intelligent triggers, programmed within LabVIEW, were used to auto-
matically enable and disable features such as the sensor/path-driven
motion, inspection data acquisition and data handling.

Given the maximum operating temperature (<150°) of ECT equip-
ment, before every inspection, the surface temperature of the built
WAAM wall was monitored using a hand-held thermometer. Once the
surface temperature was within the limit (measured within 3 min), the
ECT was initiated. During the inspection, the robot speed was set to
0.015 m/s at the 30 N of force applied to the component. This force set
was found to sufficiently press the probe's padding around the top sur-
face of WAAM without damaging or tearing itself. Despite the ability of
the probe's padding to conform to the surface of the WAAM, the overall
scan length of 250 mm was targeted, avoiding the corners where
possible spatter from arc ignition and cut-off could occur and tear the
probe's padding. The total inspection time was approximately 17 s with
an additional approximately 1 min taken for the robot to approach and
retract from the specimen.

Finally, the in-process inspection was conducted by employing the
dry-coupled ultrasound roller-probe targeting the WAAM volume be-
tween a fresh layer (pass 6) and a substrate plate interface. This was
achieved after the layer 6 deposition, where at first the surface tem-
perature was measured and ranged to be between 180 and 230 °C, which
was much lower than the maximum operating temperature limit of the
roller-probe (resistant up to 350 °C). Thus, the inspection was initiated
within the first 2 min of the dwell time where the inspection pass was
repeated twice to collect both FMC and live beamforming data respec-
tively. During the inspection, the robot speed was set to 0.002 m/s at a
force of 130 N. The inspection duration was therefore 125 s to inspect a
250 mm long volume and just over 3 min to complete both inspection
passes. It is worth noting that despite repeating the inspection twice, the
overall inspection time was much lower than the minimum 9-min-long
dwelling time set for interlayer cooling in case of hypothetical

Path end

Fig. 5. Deposition path planning for layers of an experimental WAAM wall.
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a) Active deposition of the experimental WAAM
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b) Substrate plate clamping with 15t deposited layer

A

U T T—
Welding clamps
)

~~,

Fig. 6. Deposition clamping setup and a substrate plate with a deposited 1st layer (left) and deposition process with an active torch (right).

Table 2
Tungsten tube parameters.

Tungsten tube

Tube length 30 mm
Internal diameter 1 mm
Outer diameter 3 mm

subsequent deposition.

Once the manufacturing and experimental part of the work were
completed, the sample was subjected to an X-ray computer Tomography
(XCT) to validate the presence and location of embedded reflectors
along with possible process natural defects. The X-ray CT was conducted
using a Nikon XT H 225/320 LC X-ray computer tomography system
fitted with a 225 kV X-ray source. Given the distance of the sample from
the X-ray source, a maximum resolution of 100 pm was achieved.

4.2. Eddy current in-process NDE of as-built WAAM

During the inspection, the data acquisition rate was set to 500 Hz,
while the data were acquired with 40 dB of gain and a voltage excitation
of 2.5 V. The collected signals corresponding to 50 kHz were stored and
displayed on C-scan images plotted using axial and transversal elements
respectively.

4.2.2. In-process eddy-current NDE after layer 4

The resulting eddy-current C-scan images from the inspection after
pass 4 can be seen in Fig. 8. The detection of tungsten tubes was best
visible when plotting the results using an axial group of elements at 145°
phase rotation, as seen in Fig. 8 (a). Both WT-L and WT-T tubes were
detected, however, the representation of WT-L was continual while WT-
T was mainly detected at its edges. Comparing the detection to the
presented XCT image, a close agreement with the EC results in terms of
location and orientation was observed. Fig. 8 (b) displays the results

Table 3
Eddy current array configuration.

4.2.1. Eddy current experimental parameters ge“tral frequency i’g igz 250 kil

The padded probe, specified in Table 3, was directly coupled to the CZ?ZEZ;};{;“@ 32 2 z
as-built surface of WAAM. As mentioned previously, this custom-built Coil layout 2 rows of 16 coils
probe could withstand a maximum operating temperature of up to Coil type Pancake

150 °C for up to 30 s.

Tungsten balls embedded in
layer 4

Fig. 7. Tungsten reflectors embedded into the experimental WAAM.
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a) Inspection after pass 4 — Detection using axial group of elements at 145° WT-T Element Pairs

Y — axis
mm

50 X — axis 250

(mm) F s

Inspection direction

S

b) Inspection after pass 4 — Detection using transversal group of elements at 225°

ie
£
=
50 X — axis 250
() E o 1
-1V 1v
Fig. 8. Eddy-current inspection results after layer 4.
when using a transversal group of elements where the defects were best 4.2.3. In-process eddy-current NDE after layer 5
visible at 225° phase rotation. Similarly, WT-L was clearly detected in The eddy current inspection of the build volume after layer 5 was
agreement with the XCT image while WT-T produced a much weaker targeted at the possible detection of tungsten tubes as well as tungsten
signal when compared to the detection using an axial group of elements. balls embedded into layer 4. From the images in Fig. 9, it was clear that
TW-L, as well as transverse WT-T, were no longer detected, given their
depth of ~ 8 mm. It is worth noting that at a depth of ~4.5 mm in
a) Inspection after pass 5 — Detection using axial group of elements at 145°
WT-T WB-2 WB-3 Element pairs
.2
—_
=
£
>

100 X — axis 250

o®
000

Inspection direction

b) Inspection after pass 5 — Detection using transversal group of elements at 225°

WT-T WB-2 B-
4
£
>
100 X — axis 250
(mm) FE s 1

-1v Y

Fig. 9. Eddy-current inspection results after layer 5.
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titanium the eddy current density is 95 % lower than its surface value at
a frequency of 50 kHz. The exponential decay of the current density as a
function of inspection depth explains the decreased detection ability of
the tungsten tubes after the subsequent deposition. On the other hand,
the tungsten balls were strongly visible, and WB-3 had a more significant
appearance in the image when compared to its WB-2 counterpart. When
comparing Figs. 9 (a) and (b) where the images were plotted using an
axial and transversal group of elements respectively, the appearance of
tungsten balls was seen with a comparable signal level above the noise
level. Moreover, no further defects were detected by the ECT system
during the in-process NDE.

4.3. Dry-coupled ultrasound roller-probe inspection

4.3.1. Ultrasound inspection parameters

The ultrasound data was acquired using a roller-probe featuring a 26
mm high solid delay line housed in a 6 mm thick silicone rubber tire. The
PAUT, with specifications found in Table 4, was positioned to sit on the
top of the delay line.

At first, the inspection was conducted using conventional ultrasound
beamforming focusing techniques, which offered the benefit of live data
visualization. During the data acquisition, the 32-element sub aperture
with 1-element shift was focused into layer 3 to inspect the location of
the tungsten tubes at the centre of the deposited volume. During the
inspection, the sub-aperture excitation was accomplished using 200 V
and 50 dB of hardware gain. The B-scans obtained during the inspection
were saved on a local hard drive at the frequency of 6 samples/mm, post-
processed to feature WAAM interior only and displayed on an amplitude
C-scan image. The C-scan was produced from all frames by selecting the
highest amplitude value from each A-scan. The image was then
normalized to the highest value of the newly formed C-scan and dis-
played on a decibel scale from 0 to —20 dB.

The inspection was also repeated acquiring the FMC data using ul-
trasound parameters of 200 V, 100 ns pulse excitation voltage and a
fixed hardware gain of 60 dB. The time-domain matrix of the signals was
formed by 3000 data samples for each transmit-receive pair at a sam-
pling frequency of 50 MHz. During the inspection 150 FMC frames were
acquired, giving a density of 1.7 samples/mm. The data was processed
using the following acoustic velocities for longitudinal ultrasound
waves: 1) Delay line = 2480 m/s, 2) Rubber = 1006 m/s and 3) Tita-
nium = 6100 m/s [18].

After the completion of the FMC data acquisition, the ultrasound
data collected during the inspection was processed using the SAFT-TFM
algorithm described in the author's previous work [26]. In this work,
signals corresponding to the centre 32 elements of transmitters and re-
ceivers forming FMC data were deployed to form final images. This was
due to the size of the array being much larger than the width of the
sample (~25 mm). Hence, the contribution of the corner elements to-
wards the imaging of the WAAM interior would mainly consist of noise
and false echoes. The TFM frames were computed for a 25 mm x 19 mm
region at 6 pixels/mm resolution, which was compatible with the 2 dB
Amplitude Fidelity criterion of ASME V [49]. This window represented
an internal volume of the desired component between the baseplate and
beneath the surface just above the interface of layers 5 and 6.

To achieve a full C-scan, the computation was initiated by the ul-
trasound surface reconstruction using an SAFT surface imaging and

Table 4
PAUT parameters.
Array parameters Value
Element count 64
Element pitch 0.5 mm
Element elevation 10 mm (unfocused)
Element spacing 0.1 mm
Centre frequency 5 MHz
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surface finding algorithm [26]. Afterwards, the curves representing the
WAAM surface contours were augmented into the 3-layer adaptive TFM
algorithm to produce the TFM frames before their normalization, using
the centre 48 elements of the PAUT probe. The corner 8 elements of the
phased array were excluded from the computation given their location
outside of the component's surface which would result in higher noise
and false signal contribution negatively affecting the SNR. The final C-
scan image was then created using 150 x 200 pixels (Number of pixels in
the horizontal axis of the TFM frame x the number of frames) normal-
ized and plotted on a dB scale ranging from the peak amplitude value to
the average noise level (0 to —20 dB).

4.3.2. Results of dry-coupled ultrasound roller-probe in-process inspection
of WAAM volume

In this section, the results of dry-coupled in-process ultrasound NDE
of a WAAM wall interior volume are presented and discussed. At first
inspection results featuring live beamforming focusing and SAFT-TFM
applied for volumetric imaging of the WAAM interior were displayed
in Fig. 10 (a, b). Successful detection of WT-L and TW-T was achieved
along with a strong presence of signals retrieved from the location of the
tungsten balls WB-2 and WB-3. It is noteworthy, that the tungsten balls
were not suitable reflectors for ultrasound given the lack of air/material
interface. However, as soon as these balls were embedded, a range of
natural defects such as porosity and Lack of Fusion (LoF), explaining
these retrieved signals, were produced.

Therefore, to validate the ultrasound indications from inspection,
Fig. 10 (c) was generated to depict the interior of WAAM at the location
of the tungsten balls using XCT. From the figure, the presence of porosity
and lack of fusion defects around tungsten balls were observed. A sig-
nificant porosity cluster (P) depicted in Fig. 10 (c) was located just on
the left-hand side of the WB-3. Closer analysis of this location revealed
the presence of pores with the most significant defect as big as 0.5 mm in
diameter and 0.6 mm in length and with additional pores with a size of
around 0.2 mm in diameter. Further, when reviewing the detected sig-
nals directly from the location around WB-2 and WB-3, the presence of
natural defects (air pockets) was observed. These LoF cavities were
created during tungsten embedding where the unmelted tungsten did
not fuse to the titanium due to its much larger melting point (~ 3400 °C)
as compared to titanium alloy (~1600 °C). It is worth noting that the
detection of defects in very close proximity to the tungsten was
extremely challenging for the XCT due to the large density of tungsten
(19.3 Mg/m3), which acted as a radiation shield during the scan.

To quantify the results, an SNR of up to 20 dB and 18 dB was ach-
ieved from the WT-L when using both SAFT-TFM and conventional
electronic beamforming respectively. Further, a similar SNR was
retrieved from WT-T during the electronic beamforming scan, while a
10 dB SNR was achieved by the SAFT-TFM during the inspection.
Despite the tungsten balls not being planted as an ultrasound-friendly
reflector, the signals from LoF and porosity defects, created during
tungsten embedding, were detected with a range between 5 and 10 dB
using both ultrasound imaging techniques.

In both inspection scenarios, the fluctuation of the SNR along the
signal corresponding to WT-L was notably visible, where the SNR was
seen to drop by up to 10 dB. This reduction in signal amplitude is
associated with a highly undulating surface of the as-built. Furthermore,
the authors associate the additional signal losses due to non-uniform
wave velocity within the component due to thermal gradient [19].

4.4. Comparison of in-process NDE approaches

In this section, the key findings from the inspection results were
summarized and compared. First, it must be noticed that ECT offers
great potential for the short, up to 30-s inspection with a maximum
operating temperature of 150 °C) of fresh layers due to surface and near-
surface sensitivity. However, as soon as the inspection delivery becomes
a constraint and a volumetric inspection is required (every n layer), the
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Fig. 10. Shows (a) a C-scan using conventional beamforming imaging, (b) a C-scan built from FMC-based SAFT-FTM imaging and (c) a verification XCT image of

WAAM Interior.

dry-coupled ultrasound roller-probe approach provides a potential for
layer-by-layer or volumetric and bulk inspection of as-deposited com-
ponents owing to its temperature resistance up to 350 °C without the
need for a cool-down period due to optional active cooling hardware.

When considering the ECT and dry-coupled ultrasound for industrial
applications, the size and the speed of data processing must be consid-
ered. As discussed in the author's previous work [18,26,50], ultrasound
data acquisition methods such as FMC with the following 3-layer
adaptive TFM post-processing demand large data storage capacity and
computational power which will require higher initial equipment cost.
In this paper, the ultrasound data post-processing was accomplished
using AMD Ryzen Threadripper 3960 24-core Processor with a clock
speed of 3.79 GHz and 128 GB of Random-Access Memory. A full set of
ultrasound FMC data was around 1 gigabyte in size and the time elapsed
to compute a single SAFT-TFM frame was measured at 75 s. In the case of
eddy-current data processing a C-scan plotting, the data size was found
to be around 16 megabytes, while the display of the results was live and
required manual phase rotation adjustments to optimize the data
visualization.

5. Conclusions and future work

In this paper, the authors presented the work from the dedicated
WAAM & in-process NDE with integrated ECT and ultrasound ap-
proaches. At first, the architecture of this manufacturing system was
explained, where the plasma arc deposition was mounted on the KUKA
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robot to deposit near-net-shape components. On the other side, the in-
process NDE was facilitated by the deployment of a custom-designed
flexible ECT-padded probe and novel high-temperature dry-coupled
ultrasound roller-probe. The in-process inspection experiments were
delivered on a deposited Ti-6Al-4 V WAAM wall with embedded tung-
sten tube reflectors (into layer 3) in two directions (longitudinal and
transversal) and tungsten balls embedded in layer 4. At first, the ECT
was deployed to inspect the built volume after pass 4, targeting the
tungsten tube reflectors. The in-process inspection was repeated after
layer 5 targeting the detection of additional tungsten balls. Once layer 6
was deposited, the in-process NDE was conducted using an ultrasound
phased-array probe targeting not just the freshest layer but the whole
WAAM volume using live beamforming imaging and FMC-based SAFT-
TFM.

The results of this work showed the successful detection of artificial
tungsten reflectors by the ECT when located as deep as the second up-
permost layer (up to 4.5 mm deep) but natural defects detected by
verification XCT (porosity) remained undetected. On the other hand, full
volumetric inspection using the bespoke ultrasound roller-probe
demonstrated successful detection of artificial reflectors along with
additional detection of both natural lack of fusion defects and porosity
clusters with pores ranging from 0.1 to 0.6 mm in diameter.

From the results, it can be concluded that the eddy-current equip-
ment is best suited for the rapid inspection conducted between every
layer if it is required, while the dry-coupled ultrasound roller-probe can
be also deployed volumetrically or to follow a live-arc deposition torch
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due to its long operational cycles.

In future work, authors seek to further develop inspection calibration
and in-process NDE strategies for the inspection of complex WAAM
shapes and features e.g. joints, curves and varying thickness shapes. In
addition, process optimization and evaluation for materials such as
aluminium, and steel alloys will be conducted. Further, the authors
intend to investigate combined ECT and ultrasound NDE to leverage the
strengths of both approaches e.g. surface defects sensitivity of ECT and
the volumetric range of ultrasound.
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