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Abstract 13 

Non-Destructive Evaluation (NDE) of metal Additively Manufactured (AM) components is crucial for 14 
the identification of any potential defects. Ultrasonic testing is recognised for its volumetric imaging capability in 15 
metallic components and high defect sensitivity. However, conventional ultrasonic techniques suffer from chal-16 
lenges when deployed on components with curved and non-planar geometries, such as those often encountered in 17 
AM builds.  18 

The body of work introduces the concept of inspection of Wire+Arc Additive Manufacture 19 
(WAAM) components from their non-planar as-built surface, eliminating the requirement for post-manufacturing 20 
machining. In-situ or post-manufacturing inspection is enabled via an autonomously deployed conformable phased 21 
array roller-probe deploying Synthetic Aperture Focusing Technique (SAFT)-surface finding and multi-layer 22 
adaptive Total Focusing Method (TFM) algorithms, for fully focussed imaging of the as-built WAAM component. 23 

The concept of the imaging approach is demonstrated by inspection, through the as-built surface, of two 24 
titanium WAAM components, one containing reference bottom-drilled holes, and the other with intentionally in-25 
troduced Lack of Fusion (LoF) defects. 26 

 The TFM images of the WAAM components feature sufficient Signal-to-Noise Ratio to enable defect 27 
detection along with strong agreement against reference X-Ray CT data, confirming the competency of the ap-28 
proach for volumetric or layer-specific inspection of as-built WAAM components.  29 
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1. Introduction 43 

1.1: Additive Manufacturing 44 

Additive Manufacturing (AM) is a process of joining materials layer upon layer to produce components 45 
from 3D model data [1]. AM is a substitute for traditional manufacturing methods, in which, the components are 46 
commonly subtracted by milling processes or formed in molds [2]. In AM of metals, a powder or wire feedstock 47 
is melted by an energy source. Powder bed fusion processes such as laser beam melting, or electron beam melting 48 
are used to build components in closed chambers by fusing the powder to create a layer of the final structure. The 49 
bed on which the layer is deposited is then lowered and the process is repeated until the full component is com-50 
pleted. The key advantage of such a process is the high geometric accuracy of the final component however, the 51 
process is traditionally slow; hence, the components produced are typically small [3]. Large scale application of 52 
additive manufacturing is commonly associated with directed energy deposition processes, such as laser metal 53 
deposition or Wire+Arc Additive Manufacturing (WAAM), where a wire or powder is fed into the melt pool 54 
created by laser, electron beam or an electric arc. The dimensional accuracy of these processes is commonly traded 55 
against the increased size of the final component and the deposition speed [2].   56 

1.2: Wire + Arc Additive Manufacturing (WAAM)  57 
Industrial sectors such as aerospace, defence and energy have shown a growing interest in the capability of 58 

WAAM, as the process offers the potential for manufacturing cost-effectiveness owing to reduced material waste, 59 
decreased production time and increased design flexibility when producing large and complex components as 60 
shown on Figure 1 (a) [4]. For instance, the authors have reported material savings of approximately 220 kg in 61 
manufacturing of a 24 kg titanium Ti-6AL-4V (Ti-64) landing gear assembly with a deposition rate of 0.8kg/hour. 62 
[4]. In this example, the component consisted of complex features such as tiled walls and T-junctions, proving the 63 
process as a suitable replacement for traditional subtractive techniques where machining and waste make the 64 
process inefficient. [5]. The titanium alloy utilized is extensively used in aerospace and chemical engineering 65 
because of its good fracture toughness, high strength and corrosion resistance. [6]. 66 

WAAM components are typically deposited robotically using an electric arc, acting as a heat source, along 67 
with wire feedstock in a similar fashion to welding, as illustrated in Figure 1(b) [4, 7]. The component geometry 68 
is commonly a series of deposited walls with parallel or single oscillating beads. [8]. When depositing materials 69 
that could suffer from oxidation and subsequently have induced defects during deposition, additional shielding is 70 
required. In [8], WAAM deposition of large titanium components was enabled through the deployment of a local 71 
shielding device (Fig 1 (b)) which supplies the build area with shielding gas, such as argon or helium and reducing 72 
the potential for contamination. Additional methods of shielding WAAM deposition utilize tent-like structures, 73 
fully enclosing the deposition apparatus and filled with shielding gas to reduce the components contact with oxy-74 
gen to a minimum. [9].  75 

Although the shielding system protects the molten pool from oxidation, reducing the potential for porosity 76 
and inclusions, similar to many welding or manufacturing processes, Lack of Fusion (LoF) and keyholes defects 77 
may occur in the components affecting their structural integrity and fitness for service. [10]. These undesired 78 
deposition defects in safety-critical WAAM components predominantly originate from the poor quality of the 79 
wire, incorrect definition of the process parameters and contamination introduced by the environment. [4]. There-80 
fore, it is essential to assess the quality and integrity of manufactured components through Non-Destructive Eval-81 
uation (NDE) before they can be certified and enter their intended service application. 82 

 83 
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 84 

Figure 1 (a) WAAM landing gear rib component, and (b) WAAM robotic deposition setup [4] 85 

1.3: Inspection of Additive Manufactured Components 86 

NDE is a process for evaluating the structural integrity and characteristics of a component without affecting 87 
the useful serviceability of the part.  88 

X-ray imaging techniques such as radiography have already been successfully utilized and evaluated on AM 89 
components, detecting porosity, inclusions and lack of fusion defects in fully-built WAAM components [11]. In 90 
X-ray testing, radiation energy is sent through the component and captured by an analog or digital photosensitive 91 
reception medium to form an image showing inconsistencies of the penetrated energy caused by volumetric dis-92 
continuities. However, the application of this technique is generally time taking, hazardous and expensive [12].  93 

More advanced techniques such as X-ray Computed Tomography (XCT), have also been utilized on AM 94 
components. In XCT, normally a series of X-ray images are taken from different angles surrounding an object, 95 
and then, the 3D model of the component is constructed via computing the amount of X-ray exposure of constit-96 
uent cubic elements of the 3D volume [13]. The technique shows sensitivity to detect and characterize defects 97 
deep within AM components, without the need for surface preparation and has been demonstrated of detecting 98 
defects as small as 600μm in titanium components produced using electron beam techniques [14]. The downside 99 
of this technique is, however, the costs associated with the equipment and analysis station, and the impracticality 100 
of in-situ inspection of large components [15].  101 

Regarding the application of electromagnetic-based inspection techniques, Eddy Current Testing (ECT) is a 102 
technique where circular currents are generated in a conductive material by a coil connected to a current generator 103 
and where a defect is highlighted by perturbations in the current [16]. ECT with customized spatially design coils, 104 
with a shape matched to the as-built curved surface of a WAAM component, were shown to be capable of detect-105 
ing side-drilled holes of 0.35 mm at depths of 2 mm in aluminum samples [17]. Even though ECT offers very 106 
high surface/near-surface sensitivity and detectability, the penetration depth is traditionally limited to a few mil-107 
limeters below the surface depending on the coil design, test frequency, and material properties [16]. Therefore, 108 
while it offers the potential for on-line screening of newly deposited upper layers during the manufacturing process 109 
[11], it is not best-suited for deeper volumetric inspection of WAAM components and multi-layers, or the in-110 
process inspection of preceding layers for defects such as delayed cracking [18, 19]. 111 

Among other NDE methods deployed for the AM inspection, thermography has also shown promise when 112 
used within the deposition cell and with a safe distance from the heat source to monitor the defect formation 113 
during the process allowing for possible in-situ repair [14]. During the thermography tests, the variations of the 114 
thermal gradient indicating the flaws were monitored in the AM components. The downside of this technique is, 115 
however, the lower sensitivity in-depth and due to surface roughness alongside the time required to induce the 116 
required heat in the sample [20].  117 

Conventional Ultrasound Testing (UT) or modern phased array technology is often the preferred inspection 118 
technique for volumetric examination of metallic welded components [21]. This inspection method offers high 119 
sensitivity to small defects and is capable of pinpointing, characterizing and sizing different shapes and 120 
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orientations [22]. Additionally, considering the advances in phased array technology, signal processing and ro-121 
botics, the technique is feasible to integrate within automated robotic systems for the inspection of welds and AM 122 
components efficiently and safely [23, 24]. Typically, in weld inspection, angled wedges mounted alongside the 123 
joint on the parent material, are normally required to guide the wave towards the weld at a certain defined angle 124 
or the emerging use of novel conformable liquid-filled delay lines allow inspection directly on top of the fully 125 
filled weld cap [24].   126 

Laser ultrasound, as another mechanical method of generating ultrasonic waves, is a non-contact method 127 
capable of detecting defects as small as 0.2mm in diameter in AM components and has shown potential for on-128 
line monitoring [25]. The method has been deployed to detect subsurface defects of AM components produced 129 
using laser powder bed fusion [25] and on WAAM components detecting surface cracks, flat bottom holes and 130 
through holes [26]. However, laser ultrasonic setups have historically featured very high initial costs, slow gener-131 
ation, acquisition and data processing times, while also being sensitive to surface finish [27] and safety consider-132 
ations.  133 

Lastly, the deployment of gas or air-coupled UT is inherently limited by the large acoustic impedance mis-134 
match between the air and solid inspection medium, resulting in a large loss of energy (< 140 dB) and hence 135 
sensitivity, therefore not endearing this method for the inspection of AM components [28].  136 

  Considering the capabilities of NDE techniques previously trialed on AM components and summarized 137 
above, ultrasonic techniques offer strong potential for in-situ as-built WAAM volumetric inspection. However, 138 
challenges remain related to suitable coupling between the ultrasound probe and the as-built WAAM surface, 139 
along with imaging of the component through the irregular as-built surface. 140 

1.4: In-Situ Inspection of As-Built WAAM Components 141 

Traditionally, WAAM component manufacturing and NDE tend to be conducted separately and sequentially 142 
within the build process. Merging both these processes by incorporating the NDE within the manufacturing cell 143 
aims to save time and costs associated with part relocation and transfer between the cells [24]. In current ultrasonic 144 
inspection practices, completed AM components are either: (a) scanned inside immersion tanks using gantry sys-145 
tems, or (b) manually tested after their surface is machined flat for contact ultrasonic inspection [29-32] [33, 34]. 146 
However, immersion testing of large-scale WAAM components is very challenging and sometimes impractical, 147 
and even in such a configuration, a flat machined surface is preferred to avoid the ultrasonic wave refracting and 148 
scattering at the surface/couplant interface. Moreover, to conduct the immersion test, the component is often 149 
transferred to another cell prolonging the full build process significantly. 150 

For conventional ultrasonic testing to be performed on a WAAM component, often a milling operation must 151 
be introduced into the production cycle [35], again to avoid wave refraction and scattering at the surface/couplant 152 
interface.  Such surface machining increases the component processing time and cost, while delaying the inspec-153 
tion and lowering the throughput. In [29], the components were inspected by a UT probe from below the bottom 154 
base plate [29] and although this method eliminates the need for top surface machining, it is not a viable option 155 
for the increasingly common components which utilize double-sided deposition strategies to minimize residual 156 
stresses and prevent component distortion [36]. Furthermore, a manual ultrasonic inspection of large scale WAAM 157 
components is very time-consuming creating further bottlenecks in production. Additionally, traditional ultrason-158 
ics probes are typically only functional up to 60 ℃, and with the WAAM as-built surface potentially being at 159 
hundreds of degrees Celsius just after the deposition [37] further cooling times and delays are required to be 160 
introduced into the inspection process.  161 

The acoustic coupling in ultrasonic inspections is usually established through an acoustic liquid gel, where 162 
a thin layer removes any air gaps between the transducer and the surface due to material roughness or geometrical 163 
unevenness; thus, allowing transmission of the ultrasound wave into the component. Such a liquid gel is however 164 
not ideally suitable for in-situ inspection of WAAM components since it would require a constant supply delivered 165 
to the probe and WAAM surface, likely contaminating the build if a further deposition is required. Despite emerg-166 
ing water wedges [38] that are capable of conforming to the rough upper surface of WAAM components, still 167 
require an acoustic gel to ensure coupling and allow movement and reduce wear of the probe surface. 168 

Non-contact ultrasound inspection techniques such as Laser Induced Phased Arrays (LIPA) [6] and air-cou-169 
pled UT could bypass these surface coupling challenges, and while LIPA has shown great potential for detecting 170 
small defects in AM components, among its main shortcomings is the need for smooth polished surfaces [39] 171 
inconsistent with the as-built WAAM surface.  172 
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Contact techniques, that allow transmission of ultrasonic energy into a specimen without the use of liquid 173 
couplants, offer the potential for dry-coupling and reduced surface contamination. Such dry-coupling can be pro-174 
vided by acoustically matched polymers, which feature low attenuation and wave velocities similar to water [40] 175 
and [41]. When placed between the transducer and the sample and suitable force is applied, the air between the 176 
two mating surfaces is expelled and the acoustic energy is transferred. However, when considering automated 177 
deployment and surface scanning, excessive and damaging shear forces can be introduced from dragging these 178 
polymers across the surface resulting in increased wear and reduced life. A dry-coupled phased array probe, spe-179 
cifically designed for automated in-process inspection of welds was introduced in [42], which can resist elevated 180 
temperatures and enable rolling motion across surfaces.   181 

 This body of work presents for the first time an ultrasonic phased array volumetric imaging concept that can 182 
be deployed on the as-built surfaces of WAAM components. Firstly, a dry-coupled contact-based, high-tempera-183 
ture compliant phased array ultrasound roller-probe for WAAM inspection is introduced.  Furthermore, the con-184 
cept and development behind a three-layer adaptive TFM imaging algorithm is introduced and explained. Finally, 185 
the resultant non-destructive imaging of two titanium WAAM components, with artificial and process defects was 186 
explored and characterized against XCT with a successful correlation between both techniques.   187 

2. Dry-Coupled in-situ Ultrasonic Inspection of as-built WAAM Compo-188 

nents 189 

2.1: Automated As-Built WAAM Component Inspection 190 

When considering the design and the implementation of an ultrasound probe for in-situ deployment on 191 
as-built WAAM components, two main challenges emerge: (1) Acoustic coupling of the sound into the component 192 
through the as-built surface, and (2) Withstanding the elevated surface temperatures of the as-built component.  193 
 These challenges can be overcome by using a dry-coupled ultrasonic roller-probe. Conventionally, a 194 
roller-probe is a device with either a single element or a phased array transducer mounted within an acoustically 195 
friendly rubber wheel allowing for faster manual inspection of larger components [41, 43]. Subsequently, the 196 
roller-probe technology has been adapted to the needs for automated inspection of large structures [44, 45]. The 197 
recent development has also shown a deployment of the high-temperature liquid-filled roller-probe on in-process 198 
inspection of multi-pass welds [42]. In this work, a roller-probe is designed for the dry-coupled inspection of large 199 
scale WAAM components in order of centimetres/meters [46] but has the potential to be adapted to a variety of 200 
large scale additive manufacturing techniques or large structures. The WAAM roller-probe, illustrated in Figure 201 
2, is equipped with a watertight rotary rubber tire and a delay-line, through which the ultrasonic wave generated 202 
by the ultrasonic array can propagate.  A solid delay line enables conformance of the rubber to the surface of 203 
WAAM by a sufficient amount of force. The ultrasonic array is mounted in the center of the roller-probe on the 204 
delay line. A key advantage of this design can be realized in automated inspection setups, where the rotary design 205 
directly facilitates automated delivery and smooth manipulation over varying profile surfaces at speed. Addition-206 
ally, the roller-probe is designed to withstand surface temperatures of up to 350℃, meaning it can be deployed 207 
on the WAAM surface just after deposition when the sample is still at elevated temperatures, either in-situ or after 208 
the full built is completed. 209 

The WAAM roller-probe is designed to accommodate the mismatch between the flat surface of the delay-210 
line, inside the roller-probe, and the as-built WAAM surface profile and curvature using the high-temperature 211 
compliant flexible rubber tire. Accordingly, the ultrasound waves generated by the array propagates through three 212 
mediums: 1) the delay line medium, 2) the rubber tire and 3) the WAAM component, as depicted in Figure 2. The 213 
ultrasonic beam refracts at two interfaces namely the delay line/tire and tire/WAAM boundaries with the latter 214 
being a curved interface. Refraction due to any acoustic velocity mismatch between the materials changes the 215 
direction of the beam as it propagates through the layers [47, 48]. Therefore, to compute the precise volumetric 216 
image of the WAAM component, the challenge of ultrasound wave propagation and refraction through three layers 217 
must be addressed.   218 

 219 
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 220 

Figure 2 A schematic of the high-temperature roller-probe in contact with a WAAM sample  221 

2.2: Automated As-Built WAAM Component Imaging 222 

Ultrasonic imaging and beam tracing through three refractive layers with arbitrary interfaces is difficult to 223 
overcome using conventional ultrasonic methods such as electronic beamforming [49]. In beamforming imaging, 224 
the phased array delay laws are calculated prior to the scan to focus the beam at a specific depth through knowledge 225 
of the material interfaces and then the array is excited using the focal laws to form a B-scan image with fixed 226 
limited resolution. However, as soon as the curvature of the interface changes during the scan, in this case, the 227 
WAAM as-built surface, the focal laws require to be recalculated for an optimal beam focus and Signal-to-Noise 228 
Ratio (SNR). This process requires the continuous online acquisition of the surface profile to constantly update 229 
the focal laws, greatly affecting scan speed and rendering such methods inefficient for automated applications 230 
where high scanning speeds are desired. In view of these, alternative fully focused imaging processes that can 231 
accommodate high scan speeds should be sought for automated inspection applications.  232 

Such an objective can be attained through a combination of real-time data acquisition and processing. Full 233 
Matrix Capture (FMC) is a process where the signal from a full combination of all transmitting and receiving 234 
combinations are acquired is proposed for future automated inspections. The complete set of time-domain data 235 
acquired through FMC allows for the implementation of a wide range of post-processing algorithms that seek to 236 
address all the challenges presented [48].  237 

The collected FMC data can then be used to form images using post-processing algorithms, such as the Total 238 
Focusing Method (TFM), based on Delay-And-Sum (DAS) computational logic, and enabling superior resolution 239 
and sensitivity to smaller defects when compared to conventional beamforming inspections [50]. The technique 240 
calculates the Time of Flights (ToF), also called the delays, between each array element and every pixel of the 241 
image. Based on these delays, the signal amplitudes from the individual A-scans are summed in the final image. 242 
[50]. 243 

When considering multiple media inspection, current TFM inspection methods, however, have been mainly 244 
developed for the two-media inspection of components from either ultrasonic delay-lines placed on the flat sur-245 
faces, or wedges on weld plates [51]. When it comes to ultrasonic imaging of components with complex geome-246 
tries, the main research focus has been placed on two-media adaptive TFM imaging for immersion (water/sample) 247 
setups or water-filled conformable delay lines used in contact with complex surfaces [52]. Such two-media algo-248 
rithms are application-specific and are not fit for the purpose when considering the three-media inspection of as-249 
built WAAM components using the roller-probe introduced above.  250 

Therefore, a modified adaptive TFM algorithm is proposed herein to account for the three mediums (delay-251 
line, tire and WAAM component) and the two interfaces with compensation for the as-built WAAM surface cur-252 
vature. The performance of the algorithm is then assessed through imaging and inspection of as-built Ti-64 253 
WAAM components with both Bottom-drilled Holes (BH) and intentional LoF defects. The LoF defects were 254 
also scanned using micro-focus XCT to verify and compare the results of the adaptive TFM algorithm.  255 

2.3: Ultrasonic Imaging through Arbitrary Unknown Surfaces  256 

To be able to form TFM images of the WAAM components after FMC acquisition, the geometry of the 257 
unknown interfaces should be identified. Given the known and flat delay-line/tire interface, it is only necessary to 258 
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include a stage to reconstruct the tire/WAAM interface surface profile.  The surface finding algorithm developed 259 
for this work is based on a dual-medium Synthetic Aperture Focusing Technique (SAFT) imaging.  260 

Utilizing SAFT instead of TFM for the surface imaging was studied in [53], where TFM was not able to 261 
present a full contour of the tested specimen due to the high-intensity side lobes, while SAFT presented a clean 262 
contour without disruption by false signals.  263 

 Like TFM, the SAFT imaging is a DAS post-processing algorithm that employs a sub-aperture of elements 264 
for constructing an image. In the SAFT algorithm, the contribution of elements to the image pixels is predeter-265 
mined by the angle intervals. Once the image is computed, a surface profile is extracted autonomously by isolating 266 
the pixels with the signal intensity above a threshold and fitting a curve. Achieving a high precision surface profile 267 
is an important step in this work as even minor profile errors could result in loss of image quality due to loss of 268 
focus coherence in the final TFM imaging stage [54].  269 

In this paper, for the first time, a novel hybrid SAFT and TFM algorithm was developed to identify the 270 
unknown as-built WAAM surface and compute a TFM image of the cross-sectional WAAM wall while inspecting 271 
through 3-layers. Contact ultrasound inspection and FMC data collection were made possible owing to the inno-272 
vative high-temperature phased array roller-probe design that is conformable to the as-built surface of the WAAM 273 
components. The hybrid SAFT + TFM algorithm together with the roller-probe were combined to form a unified 274 
inspection methodology for automated high-speed inspection and imaging of WAAM components. 275 

 276 
3. Ultrasonic Imaging through Three-layers and Arbitrary Complex Sur-277 

faces 278 

3.1 The Full Matrix Capture (FMC) and Total Focusing Method (TFM) 279 
Ultrasonic arrays were used for the data acquisition process, where time-domain signals from every pair 280 

of the transmit (Tx) -receive (Rx) elements were collected to form the FMC dataset. For a linear array with N 281 
elements, a total number 𝑁2 A-scans were recorded. The illustrations of Figure 3(a) show the sequence of trans-282 
mit-receive elements activated in an FMC acquisition mode where a single transmit element was stepped by 1 283 
between 1 to N, and for each transmission, all the N elements were used in the reception.  284 

 285 

 286 
Figure 3 Diagram explaining (a) full matrix capture data collection, and (b) total focusing method 287 

The FMC dataset served as the input to the TFM images that were subsequently processed using a DAS 288 
algorithm. In the TFM algorithm presented here, the full aperture of the array was used to synthesize a focus on 289 
every pixel of the image at both the transmission and the reception stages, as shown in Figure 3(b), allowing 290 
higher resolution across the whole image, and therefore, a higher sensitivity to smaller defects. For every image 291 
pixel P within the inspection medium, the image pixel intensity I(P) for each transmit-receive (k, l) combination 292 
was calculated through:  293 

𝐼(𝑃) =  ∑ ∑ 𝑆𝑘,𝑙  (𝑇𝑇𝑥(𝑘) + 𝑇𝑅𝑥(𝑙))

𝑁

𝑙=1

𝑁

𝑘=1

 (1) 

where,  𝑆𝑘,𝑙 is the time-trace associated with the A-scan of every Tx-Rx combination, 𝑇𝑇𝑥(𝑘) represents a 294 
ToF from the transmitted element to the pixel P, and 𝑇𝑅𝑥(𝑙) stands for the return journey from the pixel P to the 295 
element. A TFM image frame (𝐼(𝑖,𝑗)), with grid point indexes (i, j), was computed using the elementary A-scans 296 
within the FMC dataset, while a secondary one (𝐼′(𝑖,𝑗)) was also obtained through a Hilbert transform of the A-297 

Multi-layer ultrasonic imaging of as-built Wire + Arc additive manufactured components

https://www.thefreedictionary.com/Disturbation


8 
 

scans with the application of the same delays. Consequently, the TFM envelope (𝐼𝑒𝑛𝑣𝑒𝑙𝑜𝑝𝑒) was calculated using 298 
the following formula:  299 

|𝐼𝑒𝑛𝑣𝑒𝑙𝑜𝑝𝑒| =  √(𝐼(𝑖,𝑗))2 + (𝐼′(𝑖,𝑗))2 (2) 

Therefore, the resulting image was composed of two TFM images: (I) one produced from the real component 300 
of the elementary A-scans, and (II) the other from the imaginary component of the elementary A-scans. The main 301 
advantage of the enveloped image lies in the possibility of increasing the grid pixel size, and hence, curtailing the 302 
computation time needed to compute the image without losing the intensity of the signal [55]. Finally, to present 303 
the pixels in a dB scale with the reference to the maximum amplitude of the image, the pixel amplitude 𝐼𝑎𝑚𝑝 304 
values were normalized by the maximum amplitude 𝐼𝑎𝑚𝑝_𝑚𝑎𝑥 present in the image as shown in Equation 3.  305 

𝐼𝑎𝑚𝑝_𝑛𝑜𝑟𝑚 = 20 × 𝑙𝑜𝑔10(
𝐼𝑎𝑚𝑝

𝐼𝑎𝑚𝑝_𝑚𝑎𝑥

) (3) 

 306 

3.2. Focusing Through Multiple Media  307 
This body of work aims to implement TFM imaging of WAAM components through three mediums and 308 

across two interfaces. These are the fixed planar delay-line/tire interface inside the PAUT probe and the non-309 
planar tire/WAAM arbitrary contour interface on the as-built WAAM surface. The delay calculations were carried 310 
out according to the minimum ToF principle, which is also known as Fermat’s principle [56]. In the case of 311 
homogeneous media, a straight line connecting an element and an image pixel best describes the path along which 312 
an ultrasonic wave generated by the element traverses to reach a specific image pixel. However, when a media 313 
constituted of multi-materials with different acoustic properties is considered, the ultrasonic waves generated by 314 
the elements refract across the interfaces before reaching the image pixel in the target medium; hence, the orien-315 
tation of the wave travelling path varies in each medium. To this end, the ToF’s should be calculated individually 316 
in each medium as illustrated in Figure 4. In the cartesian coordinates, the algorithm for ToF 𝑇(𝑇𝑥,𝑅𝑥) for both Tx 317 
and Rx array elements to pixel P (x, y) in the WAAM component can be formulated as: 318 

𝑇(𝑇𝑥,𝑅𝑥) =  
√(𝑥𝑖1 − 𝑥𝑡)2 + (𝑦𝑖1 − 𝑦𝑡)2

𝑣1

+
√(𝑥𝑖2 − 𝑥𝑖1)2 + (𝑦𝑖2 − 𝑦𝑖1)2

𝑣2

+  
√(𝑥𝑝 − 𝑥𝑖2)

2
+ (𝑦𝑝 − 𝑦𝑖2)

2

𝑣3

 
(4) 

 319 

where the (𝑥𝑡 , 𝑦𝑡), the (𝑥𝑖1 , 𝑦𝑖1), the (𝑥𝑖2 , 𝑦𝑖2), and (𝑥𝑝 , 𝑦𝑝) are respectively, the coordinates of the 320 
array elements, the incidence point of the ultrasound ray to the first interface, the incidence point of the ultrasound 321 
ray to the second interface, and the targeted pixel. The (𝑣1), (𝑣2)  and (𝑣3)  are the velocities in the first, second 322 
and third medium. 323 

The wave refraction angles at the interfaces were also calculated using Snell’s law which is presented in 324 
its most common form in Equation 5, where θi and θ𝑟 represent the angles of the incidence and the refraction, 325 
respectively, as illustrated in Figure 4(a). It should be noted that the refraction angle at the incidence point on the 326 
arbitrary profile was also calculated with respect to the normal of the surface at the point illustrated in Figure 4.  327 

 328 

𝑆𝑖𝑛(θ𝑖)

𝑣1

=
𝑆𝑖𝑛(θ𝑟)

𝑣2

 (5) 

In this work, a root-finding algorithm based on a bisection method was developed and used to trace the 329 
ultrasound ray path between the array elements and the image pixels to a precision defined by the user. Clearly, 330 
higher precision demands a longer algorithm runtime due to the increased number of iterations required to con-331 
verge to a solution. The ray-tracing workflow used within the algorithm is shown in Figure 5(b) and demonstrated 332 
in Figure 4(b), and can be summarized in the following steps: 333 
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1. At the first interface (delay-line/tire), evenly distanced finite number of nodes (𝑖′𝑛) are initially generated. 334 
2. The ray (Tx𝑛), with (n=Node number on the first interface), transmitted from an element is connected to 335 

each of the nodes with the straight lines and the refracted angles calculated at the first interface and at each 336 
node. 337 

3. The point coordinates at which the rays refracted from the first interface impinge the second interface are 338 
found, and the resulting refraction angles from the second interface are obtained.  339 

4. The 𝑇0,…,𝑇𝑛 points where the rays refracted from the second interface (𝑖2) approach the pixel’s y coordinate 340 
are indicated and the positional error of the rays in the x-direction with the reference to the target pixel 341 
assessed. Subsequently, the two coordinates closest to the pixel of the pixel are selected while the rest of 342 
them are discarded.   343 

5. If the error is larger than the maximum allowed distance between an incoming ray and the pixel point, a new 344 
𝑖′ is selected. Otherwise, the path with the lower error is stored and a new pixel-element pair calculated. 345 

6. To select a new 𝑖′𝑛, the error coefficient (c) is obtained as an absolute value of the division of the two errors 346 
between 𝑇0 , 𝑇1 and targeted pixel. It is necessary to make sure that 0≤c≤1, thus a larger error is always 347 
divided by a smaller value.   348 

7. The coefficients are then applied, where the distance between two previously used 𝑖′𝑛 and 𝑖′𝑛−1 are sub-349 
tracted and multiplied by the coefficient, giving a new offset. Subsequently, this offset is added or subtracted 350 
from the latest 𝑖′𝑛 depending on whether the 𝑇𝑛 is larger or smaller than a targeted pixel.  351 

8. The process is iterated until the distance measured between the 𝑇𝑛 and the pixel becomes smaller than the 352 
error indicated. This yields the ray path (Tx) and the ToF from an element to a pixel in the image. 353 

9. The process is repeated until the ToF’s for all the combinations of elements and pixels is reached. 354 

 355 
Figure 4 Schematic diagram showing a) ray tracing and time of flight calculations between an array element 356 

and a target pixel through three media with refractions on planar (delay-line/tire) and non-planar (tire/WAAM) 357 
interfaces, and b) iterative process and convergence to a target pixel using the search algorithm. 358 

 359 
Figure 5 Diagram explaining the search algorithm developed for ultrasonic ray-tracing 360 
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3.3.1 Ultrasonic Driven WAAM Surface Reconstruction 361 
 362 

The first step taken in the imaging process is to estimate the surface profile of the WAAM component. 363 
Knowing the planar interface (delay line/tire), the WAAM interface region can then be imaged directly. For this 364 
purpose, a dual-medium (i.e. propagation through the delay-line towards the bottom of the tire) DAS SAFT algo-365 
rithm with angular aperture limit was developed. The limitation is defined by 𝛼 and 𝛽 marking the angles between 366 
the outmost rays focused at each pixel and the normal of the first interface, as depicted in Figure 6. The intensity 367 
of each pixel P in the image was computed using the velocity of the first (𝑣1) and second (𝑣2) media only, and 368 
given by: 369 

𝐼𝑟𝑢𝑏𝑏𝑒𝑟(𝑃) =  ∑ ∑ 𝑆𝑘,𝑙  (𝑇𝑇𝑥(𝑘) + 𝑇𝑅𝑥(𝑙))

𝛽

𝑙=𝛼

𝑁

𝑘=1

 (6) 

Where, 𝑇(𝑇𝑥,𝑅𝑥) was calculated in coordinate system (x, y) and was given by:  370 

𝑇(𝑇𝑥,𝑅𝑥) =  
√(𝑥1 − 𝑥𝑡)2 + (𝑦𝑖1 − 𝑦𝑡)2

𝑣1

+
√(𝑥𝑖2 − 𝑥𝑖1)2 + (𝑦𝑖2 − 𝑦𝑖1)2

𝑣2

 (7) 

 371 

  372 
Figure 6 Diagram illustrating the phased array elements contribution to the pixel of the SAFT image targeting 373 

the tire/WAAM interface, and limited by the angles α and β 374 
 375 
3.3.2 Ultrasonic Driven WAAM Surface Profile Extraction   376 

Once the surface image is generated, global thresholding is used to extract the surface points. The algo-377 
rithm is designed for automated surface reconstruction sweeps of the image, column by column, to identify the 378 
pixels with the highest intensity value above the defined threshold. If two identical values coexist in the same 379 
column, the algorithm retains the pixel with the lower y coordinate in Figure 10 (c). This is introduced to prevent 380 
the occurrence of errors due to stronger signals received from the inside of the specimen or attributed to the second 381 
reflection. Knowing the characteristic surface finish of WAAM builds deposited with common deposition strate-382 
gies, which typically represent a semi-elliptical shape with waviness, the extracted pixels were sufficiently defined 383 
with a 4th order polynomial curve, smoothed by the local polynomial regression also known as moving regression. 384 
Smoothing of the curve was necessary to avoid potential distortions of the curve caused by dislocated surface 385 
points wherever a false echo is present in the surface image.  386 

4 Experimental Setup 387 

4.1 Phased Array Ultrasonic Inspection Configuration  388 
The ultrasonic roller-probe used in the experiments encompassed a 5 MHz 64 element linear array with 389 

specifications presented in Table 1.  390 

Multi-layer ultrasonic imaging of as-built Wire + Arc additive manufactured components



11 
 

Table 1 phased array probe parameters 391 

Array Parameters Value 
Element Count 64 
Element Pitch 0.5 mm 

Element Elevation  10 mm 
Element Spacing 0.1 mm 
Centre Frequency 5 MHz 

 392 
The array transducer was mounted on a 26 mm high delay-line with a density of 1.27 g/cm³ and an 393 

acoustic velocity of 2480 ms-1 inside the roller-probe. A liquid gel was used as the couplant at the interfaces of 394 
the array/delay-line and the delay-line/tire. A 6 mm thick, soft silicone rubber tire, with high-temperature com-395 
pliance (350 °C) constituted the exterior layer of the roller-probe [57]. Figure 7 demonstrates the experimental 396 
setup where the roller-probe was mounted on a 7-axis KUKA LBR robotic arm that featured embedded force-397 
torque sensors in its joints. The robot provides the force-torque values of the end effector, and this feature was 398 
used to ensure a constant contact force of 50 N between the roller-probe and the WAAM component. FMC data 399 
was collected at 12-bit resolution using a Peak NDT LTPA phased array controller with 200 V excitation volt-400 
age and fixed hardware gain of 65 dB. The time-domain matrix of the signals was formed by 8000 data samples 401 
for each transmit-receive pair A-scan at a sampling frequency of 50 MHz.   402 

The SAFT surface identification and TFM imaging algorithms were integrated and implemented in 403 
MATLAB 2020a. The processing time was evaluated on an AMD Ryzen Threadripper 3960 24 core Processor 404 
with a clock speed of 3.79 GHz and 128 6Gb of Random-Access Memory. The elapsed time for the SAFT algo-405 
rithm to estimate the surface contour was 3.1 seconds, and the convergence for the ray tracing and the TFM im-406 
age creation was 30 seconds. Although in this work the speed of the algorithm was not the prime importance 407 
and was not optimized, further modifications will be investigated to leverage the computing power of Graphics 408 
Processing Units (GPU) and to minimize this computation time. Optimizing for GPU usage can offer the ad-409 
vantage of splitting the execution on a much higher number of cores compared to a low number of CPU cores. 410 

 411 
Figure 7 Robotic ultrasonic inspection set-up consisting of (a) a KUKA robotic arm, ultrasound phased array 412 

controller, and (b) an ultrasonic roller-probe placed on a titanium WAAM sample   413 
4.2 Process Flow of In-Situ Imaging of As-Built WAAM Components  414 

Figure 8 shows the imaging process flow where the images for a surface finding algorithm were built to 415 
have 10 pixels per image millimeter of the image generating a grid of 320×60 pixels. The height of the imaging 416 
window was selected as 5 mm, to enclose the entire span of the tire/WAAM interface, where the surface profile 417 
was expected to lie. The final adaptive TFM images were computed using 5 pixels per image millimeter, thus the 418 
verification sample was imaged using a grid of 160×75 pixels and the defective titanium wall imaged using 419 
100×50 pixels, optimized from coarser larger areas scans.  420 

The SAFT surface images were processed assuming constant longitudinal wave velocities of 2480 ms-1 421 
for the delay-line and 1006 ms-1 for the rubber, both measured experimentally. Once the tire/WAAM interface 422 
was identified via the SAFT algorithm, the ToF’s through the three mediums were computed to construct the 423 
adaptive TFM images with the additional longitudinal velocity of the titanium (6100 ms-1). The velocity values 424 
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were found without significant variations after the measurements in pulse-echo mode using single element trans-425 
ducers.    426 

 427 
Figure 8 Diagram illustrating the SAFT surface finding and TFM imaging processing of the collected FMC data  428 

5 Automated Dry-Coupled In-Situ Ultrasonic Inspection of As-Built Tita-429 

nium WAAM Components 430 

5.1 Titanium WAAM Verification Wall with Artificially Drilled Reflectors 431 
An initial experiment was conducted on a Ti-64 test specimen manufactured using the plasma arc 432 

WAAM process and oscillation deposition strategy. Five layers with an approximate height of 2.5 mm per layer 433 
and a width of 35 mm were deposited on a 12 mm thick base plate. Two artificial defects were fabricated in the 434 
form of Bottom-drilled Holes (BH) with diameters of 1 mm and 2 mm respectively and extending up by 14 mm 435 
into the sample, as shown in Figure 9.  436 

  437 
Figure 9 (a) Side view and (b) front view of a WAAM Ti-64 component deposited using oscillation strategy 438 

and containing fabricated calibration bottom-drilled holes of 1 mm and 2 mm in diameter 439 

5.1.2 Titanium WAAM Verification Wall Surface Reconstruction  440 
The FMC dataset corresponding to the sample with 2 mm BH was processed and analyzed for the 441 

WAAM surface profile estimation. For the SAFT processes used in this paper, the images were calculated using 442 
an angle limitation α = -7.5º and β=7.5º which was found to be the most accurate during initial trials and the image 443 
dB scale set to 0 to -30 to best visualize individual features of the image without noise disturbance.   444 

A clear representation of the contour of the WAAM surface (dashed green box) can be observed on the 445 
SAFT image in Figure 10 (a). Furthermore, a strong signal indicating the end of the coupling area between the 446 
roller-probe’s tire and the WAAM surface (i.e., decoupling points) are also visible and marked (dashed red box). 447 
Below the surface contour in the image, the repeated signal of the tire/sample interface can also be seen (dashed 448 
yellow box).  449 

Prior to deploying the WAAM surface finding, it was necessary to separate the signal of the WAAM 450 
contour from the signal received for decoupling points. The coupled width of the tire/WAAM interface was found 451 
to be 30 mm, obtained from measuring the distance between the decoupling points and used to determine the 452 
maximum width over which the curve fitting was performed.  453 

Signal amplitudes lower than -10 dB of the maximum image amplitude were then filtered to discard any 454 
noise from the image. Owing to the thresholding, the image pixels with the highest signal amplitudes were suc-455 
cessfully identified and a curve fitted through them to represent the WAAM surface, as shown in Figure 10 (b). 456 
The SAFT surface finding performance was evaluated by comparing the reconstructed surface against surface 457 
profiles obtained via a non-contact metrology laser scan with a y-axis resolution of 12 µm [58] (Figure 10 (c)). 458 
The total number of points along the x-axis for the profile acquired by the laser was 300 resulting in a spatial 459 
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sampling of 0.1 mm. To quantify the discrepancy between the two curves, the average error between the two 460 
profiles was calculated through:  461 

∆𝑎𝑣𝑒𝑟𝑎𝑔𝑒=  
1

𝑘
∑ |𝑌𝑇𝑟𝑢𝑒

𝑘 − 𝑌𝑈𝑇
𝑘 |

𝑘=𝑛

𝑘=1

  (8) 

where 𝑛 is the total number of points used in the curve fitting (𝑛 = 300), k is the point number along the 462 
x-axis of both the true surface profile and the SAFT estimated surface profile, and Y stands for the y-axis position 463 
of points. The calculation was only performed within an interval where both surfaces exist. The average error 464 
between the profiles (visualized in Figure 10 (d)) was calculated using Equation 8 as 0.06 mm. It is worth noting, 465 
that given the phased array sampling frequency of 50 MHz and the longitudinal wave velocity of Ti-64 (velocity 466 
= 6100 ms-1) results in a distance resolution of a minimum 0.12 mm within the Ti-64 medium; double the devel-467 
oped SAFT surface reconstruction algorithm resolution.   468 
 469 

 470 
Figure 10 (a) An image of the WAAM surface formed using the dual-medium SAFT algorithm, (b) fitted curve 471 

to the extracted high-intensity surface points of the SAFT image after filtering and denoising, (c) comparison 472 
between the laser-scanned surface profile and the SAFT reconstructed profile, and (d) measured error between 473 

the surface profile acquired by laser and through SAFT reconstruction of the Ti-64 WAAM with bottom-drilled 474 
holes 475 

5.1.3 Titanium WAAM Verification Wall TFM Image Reconstruction  476 
Figure 11 depicts the results of the TFM imaging for the two BHs in the Ti-64 WAAM sample, after 477 

incorporating the reconstructed WAAM surface profile estimated in Section 5.1.2. This figure displays the two 478 
imaged sections of the WAAM component located immediately beneath the roller-probe and the two BHs. The 479 
TFM images reconstructed from this data are shown in the green box in Figures 11 (a) and (b) for BHs of 2 mm 480 
and 1 mm, respectively. As demonstrated in the figure, both the 1 mm and 2 mm defects were successfully detected 481 
and their indications evident in the reconstructed TFM images. To facilitate the detectability, the area in the im-482 
mediate vicinity of the defect was windowed to exclude the surface signal and its trailing noise from the compu-483 
tation.  484 

In order to size the defects, a horizontal line parallel to the x-axis and passing through the pixel with the 485 
highest defect signal was selected in each of the TFM images, and the pixel values along this line were plotted in 486 
Figure 12. The analysis was carried out using the 6-dB drop technique, recognized as a conventional flaw sizing 487 
methodology in ultrasound inspections [59]. This was achieved by superimposing a horizontal line through the 488 
intensity plots at a level where the amplitude reduces by 6dB from the maximum signal amplitude of the defect 489 
and measuring the distance between the intersection points. The lengths measured were 1.3mm and 1.88 mm for 490 
1mm and 2mm defect, respectively. 491 
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 492 
Figure 11 TFM image reconstructions for bottom-drilled holes of: (a) 2 mm, and (b) 1 mm in diameter inside a 493 

Ti-64 WAAM component 494 

For the images of Figure 12, SNR was calculated to assess the overall image quality and detection capa-495 
bility of the inspection configuration. To this end, the root mean square of the noise data presented in the plots of 496 
Figure 12, excluding the signal of the defect, was calculated to indicate the noise level. Subsequently, the SNR 497 
was obtained as the ratio of the maximum defect amplitude to the average noise level. It can be observed from the 498 
results of Figures 11 and 12 that an SNR of at least 15 dB was achieved for the smallest defect.  499 

 500 

Figure 12 Pixel intensity values plotted alongside horizontal lines at -6 dB of the maximum image amplitudes 501 
passing through the maximum signals of a) 2 mm and b) 1 mm defects to size defects indications 502 

 503 
5.2.1 Titanium WAAM with Artificially Induced LoF Defects 504 

After successful verification on the above sample with artificial defects, experiments were also carried 505 
out on a Ti-64 WAAM wall (Figure 13), deposited with an oscillation strategy containing intentionally induced 506 
defects. The component (45 x 25 x 300 mm (H x W x L)) had intentional LoF defects introduced during the 507 
process at layer 6, located 30 mm above the baseplate, by decreasing the arc current from 100% to 70% and 508 
increasing the travel speed from 100% to 125%.  For the next layer, the welding current was restored to 100% 509 
again, but the travel and the wire feeding speeds were reduced from 100% to 70% to repair the morphology of the 510 
previous layer. This process was used to smoothen the discontinuities generated within the previous layer and to 511 
maintain the final shape of the component, however, despite the repair process, some LoF defects were expected 512 
to remain in the component. To verify the existence of these defects, reference XCT tests were conducted using a 513 
Nikon XT H 225/320 LC X-ray computer tomography system fitted with a 225kV X-ray source. A maximum 514 
resolution of 100 µm was achieved, given the dimensions of the Ti-64 component, its placement within the XCT 515 
chamber, and its distance from the X-ray source. The wall was then inspected using the PAUT roller-probe and 516 
FMC data collected to compare with the XCT data.   517 
 518 
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  519 
Figure 13 Ti-64 WAAM specimen deposited by oscillation strategy and containing process-induced intentional 520 

deposition lack of fusion defects spread over the marked area  521 

5.2.2 Titanium WAAM with Artificially Induced LoF Defects Surface Reconstruction  522 
The FMC dataset acquired was also analyzed using the SAFT algorithm to estimate the surface contour 523 

and the results presented in Figure 14. A strong indication of the WAAM surface, as well as reflections of the 524 
decoupling points, were clearly distinguishable (Figure 14 (a)). Following the same procedure described in Sec-525 
tion 5.1.2 for the SAFT images, the width of the contact area was determined (15 mm), the image filtered for 526 
amplitudes lower than -10 dB of the maximum and a 4th order polynomial fitted to the high-intensity surface points 527 
as depicted in Figure 14 (b).  528 

Again, the SAFT surface finding performance was evaluated by comparing the reconstructed surface 529 
against surface profiles obtained via a non-contact metrology laser scan [58] and the average surface estimation 530 
error, presented in Figure 14 (d), was calculated to be 0.04 mm. Moreover, it can be seen in Figure 14 (d) that a 531 
lower surface mismatch was observed at the center of the two profiles where the tire was fully coupled to the peak 532 
of the WAAM surface. This may suggest better performance of the algorithm for the surface points closer to the 533 
center of the array. Although the error value continued to grow towards the corners of the WAAM, reaching up 534 
to 0.09 mm, it was still smaller than the ultrasonic spatial resolution permissible at the fixed sampling frequency.  535 

 536 
Figure 14 (a) An image of the WAAM surface formed using the dual-medium SAFT algorithm, (b) fitted curve 537 

to the extracted high-intensity surface points of the SAFT image after filtering and denoising, (c) comparison 538 
between the laser-scanned surface profile and the SAFT reconstructed profile, and (d) measured error between 539 

the surface profile acquired by laser and through SAFT reconstruction of the Ti-64 WAAM with intentional de-540 
fects 541 

5.2.3 Titanium WAAM with Artificially Induced LoF Defects TFM Image Reconstruction  542 
Figure 15 (a) shows three inspection positions, correspondingly aligned to the areas with induced pro-543 

cess-driven defects and which possessed the highest signal amplitude in the acquired ultrasonic data stream. The 544 
surface profiles were calculated at these points and the TFM images were computed for a rectangular area of 10 545 
mm by 20 mm across the y and x-axes, respectively. The images were normalized by the maximum signal ampli-546 
tude and plotted on a 10 dB scale in Figure 15.  547 

Figures 15 (b), (c), and (d) show that the ultrasonic indications of the three LoF defects, located at dif-548 
ferent positions in the Ti-64 WAAM were readily detectable in the resultant TFM images. For the reference XCT 549 
images, a full 3D model of the WAAM component was reconstructed, the model sliced at the corresponding TFM 550 
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image location along the z-axis, and a 2D grayscale representation of the defect was processed. The TFM results 551 
were then compared with those obtained from the XCT analysis in the same location. To aid readability, the TFM 552 
images corresponding to each of the defects on the XCT frames are presented in a green rectangular window 553 
beside their XCT counterpart. The dimensions of the targeted defects were measured from the XCT images to be 554 
approximately 0.5 x 6 x 0.5 mm (H x W x L). It is The SNR of the images was measured to be a minimum of 10 555 
dB which is deemed acceptable, given the coupling method, surface waviness and attenuation within the roller-556 
probe’s tire. Moreover, it is worth mentioning that the defects themselves are not pure cavities but fragmented, 557 
varying in shape and thus, signal retrieved must therefore be considered adequate. In terms of defect locations, 558 
good agreement was found between the depth and the horizontal position of the defects measured from the TFM 559 
images and those from the XCT images.  560 

 561 
Figure 15 (a) Roller-probe Ti-64 WAAM inspection positions where FMC data sets were collected, and a com-562 
parison between the results of adaptive TFM imaging and those obtained by XCT tests for the defects at posi-563 

tions (b) 1, (c) 2, and (d) 3 564 

5.2.4 Automated As-Built WAAM Component Ultrasonic Volumetric Coverage Considerations 565 
One further advantage of the DAS TFM algorithm proposed in this study can be summarised by referring 566 

to the raytracing diagram presented for the last element of the array in Figure 16. As the Figure suggests, even the 567 
waves generated by the array elements located at the extremities of the active aperture have significant contribu-568 
tions to the final TFM image. This is particularly interesting when tracing the ray from element 64 to the lateral 569 
pixels (Figure 16(a)) and bottom pixels located 40 mm inside the sample (Figure 16 (b)), showing that the refrac-570 
tion angles across the interfaces allow for the rays to reach these image points. This observation emphasizes that 571 
despite the very small contact area between the rubber tire and WAAM surface, the natural as-built component 572 
surface convexity works in the favour of the raytracing approach allowing for the WAAM internal structure to be 573 
accessible by the ultrasound energy, even if it is generated by the corner elements. One distinct advantage of this 574 
technique is in that it allows imaging a wider area than the coupled surface without the need to reduce the number 575 
of contributing 𝑛2 elements and therefore utilizing the whole FMC dataset. The high acoustic mismatch between 576 
the tire rubber (1.12 MRayls) and Ti-64 WAAM (27.49 MRayls) components leads to high refraction angles; 577 
therefore, redirecting the sound wave towards the corners of the test piece. However, it should be noted that the 578 
large acoustic mismatch also negatively impacts the signal amplitude transmitted into the component by increas-579 
ing the reflected wave energy at the interface of the rubber tire and WAAM surface.   580 
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 581 
Figure 16 Ray tracing from corner element number 64 to the TFM image (a) lateral pixels extending from 3 582 

mm to 40 mm below the WAAM surface, and (b) bottom pixels at the depth of 40 mm spread across the width 583 
of the Ti-64 WAAM component  584 

6 Conclusions 585 

6.1 Conclusion 586 
This work presented, for the first time, the concept of a three-layer adaptive ultrasound TFM imaging 587 

algorithm for the inspection of WAAM components from their non-planar as-built surface, eliminating the neces-588 
sity for a post-manufacturing surface milling. An integrated SAFT-based approach reconstructs the as-built surface 589 
and interface when deploying a customized ultrasound roller-probe. The functionality and performance of the 590 
concept approach were demonstrated on two different Ti-64 WAAM components, one with bottom drilled holes 591 
of 2 mm and 1 mm in the diameter and the other containing intentionally induced LoF defects as small as 0.5 x 5 592 
x 0.5 mm (H x W x L).  The following summarizes the findings and the conclusions of this manuscript: 593 

• Using acquired FMC data, the as-built non-planar tire/WAAM interface was reconstructed using the 594 
SAFT algorithm. Distinctive surface profiles emerging on the SAFT images allowed for the integra-595 
tion of an automated surface finding algorithm, based on curve fitting, allowing suitable reconstruction 596 
of the WAAM surface curvature.  597 

• The SAFT reconstruction of the as-built WAAM component was evaluated against a reference scan 598 
obtained via a non-contact metrology laser scan and the average relative error calculated as 0.04 mm.  599 

• The ultrasonic measurement of the non-planar as-built surface geometry of the WAAM components 600 
and the time of flights of the ultrasonic rays traversing between the array and every pixel of the image 601 
was computed accommodating refractions at the two interfaces of the delay-line/rubber tire and rubber 602 
tire /WAAM sample.  603 

• Despite the restricted contact area of only 15 mm between the rubber tire and the WAAM surface, the 604 
ray-tracing algorithm demonstrated that when using the roller-probe on WAAM walls provides thor-605 
ough coverage of the interior volume, even when the wave is generated by corner elements.  606 

• A fully focused image of Ti-64 WAAM components was computed and formed using the adaptive 607 
TFM algorithm with BHs and LoF defects induced at selected locations inside the WAAM compo-608 
nents detected and imaged with SNR greater than 10dB. 609 

• The formed TFM images of the induced LoF defects were compared to reference XCT results where 610 
strong agreement between the results was observed in terms of the defect location and extension, 611 
confirming the competency of the novel imaging approach.   612 

The proposed new inspection concept and the methodology provides a new inspection alternative to im-613 
aging of as-built WAAM components, removing the need for costly surface machining operations. The proposed 614 
methodology easily conforms to the complexities of the non-planar as-built WAAM surface and accommodates 615 
surface profile curvature in image calculations with a high degree of accuracy. The approach unlocks the potential 616 
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for ultrasonic phased array volumetric, or in-process multi-layer-specific, an inspection of WAAM components 617 
without the need for subsequent post-processing or machining.    618 

6.2 Future Work 619 
 Future activities are to be centered around improving PAUT transduction, automated probe deployment 620 

during the WAAM build process, taking advantage of a dwell time between layers, that can allow up to minutes 621 
for inspection to be performed [60]. Alternatively, further, utilize the advantage of the high-temperature roller-622 
probe and investigate the deployment while the torch is depositing elsewhere.  623 

 For the in-situ deployment, the key aim is to investigate the effect of the temperature gradients within 624 
the deposited component on ultrasonic wave propagation (velocity, refraction, and attenuation) along with the 625 
subsequent development of adaptive compensation algorithms. The velocity calibration and compensation for the 626 
anisotropic materials is to be developed, allowing for precise ray tracing within the components.  627 

Lastly, the authors aim to investigate a comprehensive Probability of Detection (PoD) study focused on 628 
defect detectability and sizing in deposited WAAM components. Additionally, realizing the importance of deploy-629 
ment within the actual WAAM build process, the PAUT probe and imaging algorithms will be further optimized 630 
for automated deployment and acquisition during the WAAM deposition process at speed. 631 
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