% applied sciences

Article

Implementing Phased Array Ultrasonic Testing and Lean
Principles Towards Efficiency and Quality Improvement in
Manufacturing Welding Processes

Chowdhury Md. Irtiza 109, Bishal Silwal 2, Kamran Kardel !

check for

updates
Academic Editors: Mohsen Barzegar,
Bo Feng, Dario J. Pasadas, Vykintas

Samaitis and Rocco Furferi

Received: 1 September 2025
Revised: 9 October 2025
Accepted: 16 October 2025
Published: 21 October 2025

Citation: Irtiza, C.M,; Silwal, B.;
Kardel, K.; Taheri, H. Implementing
Phased Array Ultrasonic Testing and
Lean Principles Towards Efficiency
and Quality Improvement in
Manufacturing Welding Processes.
Appl. Sci. 2025, 15,11271. https://
doi.org/10.3390/app152011271

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses /by /4.0/).

and Hossein Taheri 1-*

Department of Manufacturing Engineering, Georgia Southern University, Statesboro, GA 30458, USA;
ci02271@georgiasouthern.edu (C.M.1.); kkardel@georgiasouthern.edu (K.K.)

Department of Mechanical Engineering, Georgia Southern University, Statesboro, GA 30458, USA;
bsilwal@georgiasouthern.edu

*  Correspondence: htaheri@georgiasouthern.edu; Tel.: +1-(912)-478-7463

Featured Application

The findings demonstrate the potential application of PAUT-based inspection to ensure
the structural reliability of additively manufactured components for critical infrastructure,
such as bridges, rail systems, and aerospace structures, where defect detection and quality
assurance are essential.

Abstract

Welding-based manufacturing and joining processes are extensively used in various areas of
industrial production. While welding has been used as a primary method of joining in many
applications, its capability to fabricate metal components such as the Wire Arc Additive
Manufacturing (WAAM) method should not be undermined. WAAM is a promising
method for producing large metal parts, but it is still prone to defects such as porosity
that can reduce structural reliability. To ensure these defects are found and measured in a
consistent way, inspection methods must be tied directly to code-based acceptance limits.
In this work, a three-pass WAAM joint specimen was made in a welded-joint configuration
using robotic GMAW-based deposition. This setup provided a stable surface for Phased
Array Ultrasonic Testing (PAUT) while still preserving WAAM process conditions. The
specimen, which was intentionally seeded with porosity, was divided into five zones and
inspected using the 6 dB drop method for defect length and amplitude-based classification,
with AWS D1.5 serving as the reference code. The results showed that porosity was not
uniform across the bead. Zones 1 and 3 contained the longest clusters (15 mm and 16.5 mm
in length) and exceeded AWS length thresholds, while amplitude-based classification
suggested they were less critical than other regions. This difference shows the risk of
relying on only one criterion. By embedding these results in a DMAIC (Define-Measure—
Analyze-Improve-Control) workflow, the inspection outcomes were linked to likely causes
such as unstable shielding and cooling effects. Overall, the study demonstrates a code-
referenced, dual-criteria approach that can strengthen quality control for WAAM.

Keywords: welding; Wire Arc Additive Manufacturing (WAAM); Nondestructive
Evaluation (NDE); Phased Array Ultrasonic Testing (PAUT); lean manufacturing;
infrastructures; AWS D 1.5
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1. Introduction

Additive manufacturing (AM) is one of the most innovative contributions to modern
manufacturing technology. It utilizes advanced technologies such as CAD modeling,
material processing, and process control together for the fabrication of complex products by
depositing material layer by layer. AM makes the production of complex geometries easy,
which are very hard to make with conventional manufacturing processes such as CNC
machining, casting, and forging. Furthermore, critical design features such as undercuts,
variable wall thicknesses, or deep channels which are essential for functional performance
are difficult to achieve using conventional approaches [1].

Wire Arc Additive Manufacturing (WAAM) is derived from conventional arc welding
processes, specifically Gas Metal Arc Welding (GMAW), and is adapted for additive manu-
facturing through robotic control and layer-by-layer deposition just like FDM 3D printing
process. In this process, an electric arc melts a continuously fed wire to build up material, a
principle that can also be applied for component repair or joining. Ogino et al. [2] explored
this relationship by adapting a GMAW weld pool model to simulate WAAM deposition.
Their model was successfully predicted bead geometry with an accuracy of 10% compared
to experimental measurements. Wu et al. [3] noted that WAAM carries both the advantages
and the common defect types of welding like porosity, cracks, and lack of fusion. More
recently, Israr et al. [4] classified WAAM as a Directed Energy Deposition process and re-
ported that power-controlled deposition reduced thermal distortion by ~30% and achieved
geometric accuracy with height deviations below 1 mm, further reinforcing its welding
heritage. Mohebbi et al. [5] used thermos-capillary gravity modeling to show that, unlike
conventional welding where heat spreads in multiple directions across the joint, WAAM
primarily dissipates heat in one direction into the substrate (Figure 1). This distinctive
thermal behavior allows WAAM to be used not only for repair and joining like traditional
welding but also for building entirely new geometries in a way similar to other additive
manufacturing processes, which gives it a unique versatility among arc-based techniques.

Plate WAAM

Power input | Power input
—
Heat dissipated into bulk metal Heat flow into substrate

(a) (b)

Figure 1. Schematic of heat transfer in (a) conventional joint welding, (b) WAAM.
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WAAM has progressed from path-planning research to full-scale structures. Early
work optimized deposition patterns for complex junctions (e.g., T-crossing features), show-
ing that a toolpath strategy governs material distribution and geometric fidelity in WAAM
builds [6]. Parameter studies then linked process settings to outcomes: Liberini et al. re-
ported arc-based deposition rates on the order of 50-130 g/min and documented vertical
microstructural gradients with limited variation in bulk mechanical properties under the
tested conditions [7]. Beyond laboratory walls, WAAM has been evaluated for large naval
components, confirming feasibility at meter-scale dimensions [8]. Its scalability was further
demonstrated by the MX3D stainless-steel bridge, where material characterization and
structural tests supported initial verification of a 3D-printed bridge fabricated by WAAM [9].
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In addition, WAAM has been applied to Al-alloy systems; for Al-Si, Al-Mg-Si, and Al-
Mg-Mn, studies report porosity of ~0.29-3.88% (pore size ~50-220 pum), near-uniform
microhardness (HV0.1 ~ 62-92), and longitudinal anisotropy (UTS +15-17%; yield-strength
differences ~39/32/14%), underscoring WAAM's versatility beyond steels [10]. Moreover,
WAAM can be used to join components, similar to conventional arc-welding processes.
Josten et al. reinforced 0.7 mm zinc-coated automotive body panels using a WAAM process
and evaluated bending stiffness by three-point bending; the tests showed a 50-90% increase
in bending stiffness relative to the base metal [11].

Because WAAM inherits the physics of arc welding, its defect population is charac-
teristically weld-like [3]. Metallurgical defects include gas/oxide porosity (often spherical
or interlayer) and solidification cracking (hot cracking) along bead interfaces and fusion
boundaries, together with microstructural banding, columnar grain growth, and HAZ
coarsening that underpin directional properties [3,12,13]. Fusion-related defects comprise
inter-pass/sidewall lack of fusion and lack of penetration at starts, stops, and overlaps [3,14].
Geometry- and flow-driven surface defects such as undercut, overlap/overfill, spatter,
and pronounced layer waviness/height variability are also routinely observed under arc
and travel-speed extremes [3,13,15]. Residual-stress-induced distortion and anisotropic
strength/ductility complete the defect set [13,16], reflecting the combined effects of heat in-
put, travel speed, interpass temperature, shielding conditions, wire feed, and path strategy
intrinsic to WAAM [3,13,15,17].

Defective parts can create life safety risks and property damage. In WAAM Ti 6Al
4V, internal gas pores sharply reduce fatigue life, and the largest pores, especially when
they are near the surface, tend to control failure, consistent with a notch fatigue factor
of about 1.5 and a notch sensitivity of about 0.5 [18]. For WAAM Alloy 718 with crack-
like planar defects, the apparent fracture toughness becomes directional, where a notch
perpendicular to the defect planes is comparable to wrought material whereas a notch
parallel to the planes drops to roughly one half of the wrought value [19]. In practical terms,
the size, position, and orientation of the defects can lower fatigue and fracture margins to
levels that threaten structural integrity and safety. Therefore, ensuring in-process quality
and investigating the root cause of defects should be primary requirements for WAAM
parts, with quality controls applied during production, quantitative inspection of any
indications, and corrective actions to ensure the final product meets requirements. DMAIC
(Define, Measure, Analyze, Improve, and Control) is a suitable method to ensure defect-free
production of WAAM manufactured parts. In a case study, Nallusamy et al. showed
that DMAIC can turn NDE (non-destructive evaluation) data into process improvement
by organizing ultrasonic and radiographic findings into severity and frequency charts to
prioritize issues, as shown in Figure 2. Detailed process mapping then identified the source
of the defects, after which the problematic part was replaced with a redesigned component.
Finally, continued NDE verified that production remained free of defects [20].
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Figure 2. Pareto chart of defects based on historical data [21].
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In order to monitor the process parameters and detect anomalies, NDE is considered
the most suitable and economically viable method. Nallusamy et al. described how NDE
testing like ultrasound and radiographic testing can be utilized to gather data to define the
severity of the defects and act based on that so that proper measures can be taken to repair
the parts [20]. Conventional Ultrasonic testing can be used to monitor the process to flag
process inconsistencies and conduct root cause analysis. Hossain et al. demonstrated an
ultrasonic system that collects feedback during the WAAM process to assess how changes in
process parameters affect build quality [21]. Compared to Conventional Ultrasonic testing,
Phased Array Ultrasonic Testing (PAUT) is superior to detecting and characterizing flaws
because of its higher number of elements. Taheri et al. conducted a comparison analysis
between single-element UT (Ultrasonic testing) and PAUT across different thickness and
defect sizes and showed that PAUT results were more consistent in detecting defects at lower
electrical gain levels and also offered nearly double the signal-to-noise ratio when detecting
small flaws at 0.8 mm [22]. Williams et al. conducted PAUT on structural steel welds and
showed that PAUT-detected flaws were consistent with mechanical property degradation
as tensile testing revealed up to 12% reduction in strength in flawed regions, which proves
the PAUT’s reliability of detecting process-created anomalies [23]. Not only is the proper
detection of defects important but following proper codes of manufacturing and characterizing
defects is also important. The American Welding Society (AWS) has proper guidelines of the
welding processes, defect characterization, classification of the defects based on the severity,
and acceptance rejection criteria. Since WAAM is an automated version of the conventional
welding process and the main principle of WAAM is mainly identical to GMAW [24], AWS
D 1.5 welding protocols [25] offer a suitable basis for interpreting indications and making
acceptance decisions. Irtiza et al. showed the effectiveness of PAUT for detecting and sizing
volumetric defects in GMAW such as clustered porosity in the 1 to 3 mm range and classifying
the indications as accepted or rejected under AWS D1.5 [26].

Until now, no prior study has integrated both PAUT and AWS D 1.5 within a DMAIC
workflow specially for WAAM to produce code-based, decision-ready outputs. This work
addresses the gap by embedding PAUT in a DMAIC process so that measured indication
lengths and depths are translated into clear accept or repair decisions under AWS D 1.5,
thereby strengthening quality control and improving the reliability of WAAM parts.

In this article, WAAM joint denotes a welded-joint geometry produced by robotic
WAAM using GMAW-based deposition; this configuration is adopted to enable stable PAUT
coupling while preserving WAAM process conditions and defect mechanisms relevant
to WAAM.

2. Materials and Methods
2.1. DMAIC Integration (Overview)

In order to ensure defect-free production and to connect inspection with quality inspec-
tions, this study embeds PAUT NDE testing within a lean DMAIC workflow for WAAM:-life
defects. The define stage sets the critical to quality (CTQ) limits of defect acceptance based
on sensitivity and size by utilizing AWS D 1.5 codes as the basis. During the WAAM joint,
representative discontinuities were intentionally introduced by safely deviating from the
AWS good-practice parameters. In the measure stage, calibrated sectorial PAUT scans were
conducted, indications were detected, and data was stored. In the analyze stage, the results
were compared with limits to produce pass/repair calls and related to process settings. In
improve and control, corrective actions such as local repair or parameter adjustments was
identified for any out of tolerance zone and a control plan was defined with sampling thresh-
olds, decision triggers, and procedures for ongoing monitoring. The process flowchart of the
DMAIC integration is summarized in Figure 3.
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Figure 3. DMAIC process flow integrating PAUT inspection for WAAM defect detection and control.

2.2. Testing Specimen Fabrication and Intentional Defect Seeding

To fabricate an intentionally defective specimen, a three-pass (root, hot, cap) WAAM
bead was deposited in a welded-joint configuration using a robotic GMAW-based WAAM
system to join two 6.36 mm-thick mild steel plates. This configuration was selected because
it provides a practical PAUT scan path, allowing stable probe coupling on either plate.
Although the geometry resembles a conventional weld, the fabrication was carried out
under WAAM process conditions [24]. To deliberately seed discontinuities, several AWS-
recommended practices for defect-free GMAW—including shielding gas protection, base
metal surface preparation, preheating (e.g., for A-36 at ~6 mm with solid wire, >100 °F is
typical), and controlled travel speed—were intentionally omitted [25].

Welding without shielding gas exposed the molten pool to oxygen, nitrogen, and
water vapor, leading to pore formation during solidification. In addition, the plates were
left uncleaned and interpass cooling was accelerated, which promoted gas entrapment
and interdendritic porosity. A KUKA robotic WAAM system was used to carry out the
three passes. The completed specimen therefore represents a WAAM-fabricated joint
intentionally flawed for PAUT inspection and AWS D1.5-based evaluation.

Table 1 summarizes the input parameters (voltage, current, wire feed speed, and travel
speed) for each pass, and Table 2 lists the overall conditions applied in producing the
intentionally flawed specimen.

Table 1. Process parameters (voltage, current, wire feed speed, and travel speed) for each pass in
WAAM joint, fabrication, documented for reproducibility.

P Volts Current WFS Travel Speed
ass ) (A) (m/min) (mm/min)

Root 19.0 110 200 150

Hot 20.5 125 240 140

Cap 20 120 215 145

Table 2. Overall printing conditions applied to intentionally seed defects in the WAAM specimen.

Parameters Description
Base metal grade Mild Steel, A-36
Base metal thickness 6.36 mm
Root face length 3.43 mm
Distance between two plates 3.40 mm
Angle of hot pass 53.78 degree
WAAM type GMAW
Weld material ER-70S
Shielding gas usage No

Base plate condition Contaminated with moisture, grease and mild rust
Interpass cooling time Accelerated by using fan
Preheat base plate before printing No
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Figure 4 shows the 2D sketch of the offset V groove joint and the prepared plates
for joining.

(a) (b)

Figure 4. Joint geometry used for WAAM specimen fabrication: (a) offset V-groove design and
(b) prepared A36 plates. This welded-joint configuration enabled stable PAUT scanning while
maintaining WAAM process conditions.

2.3. PAUT Inspection Plan Setup

To accurately scan and characterize porosity defects using PAUT, a 2.25L-32-A-32
probe was selected. This probe is commonly used for GMAW /GTAW weld inspection and
is therefore well suited for GMAW-based WAAM joints [27]. It is effective for detecting
volumetric flaws such as porosity and slag inclusions. The probe was paired with an
SA-32-N60L wedge, which generates a nominal 60° shear wave, enhancing sensitivity to
clustered porosity. Sectorial scanning was performed from 3° to 89° with a focal depth of
14 mm. Although the specimen thickness was 6.36 mm, a deeper focal depth was required
because, in the pulse-echo configuration, the sound path exceeds twice the thickness. The
full probe characteristics, wave velocity input, angle range, and number of active elements
are summarized below Table 3.

Table 3. PAUT inspection setup summary to scan WAAM printed specimen.

Parameters PAUT Setup
Probe Model 2.251-32-A32
Active elements used 32
Probe frequency 2.25 MHZ
Wedge Model SA32-N60L
Wedge built in Angle 60 degrees
Material velocity used Shear: 3240 m/s
UT Mode Pulse echo
Scan Type Sectorial
Start Angle 3 degrees
Stop Angle 89 degrees
Focus depth 14 mm
Type of Focus used True depth

Prior to inspecting the WAAM specimen, the repeatability of the PAUT system
was verified using a calibration block (Figure 5) which was fabricated by following
AWS D 1.5 guidelines. The block contained side-drilled holes of 1.5 mm in diameter at
multiple depths from the scan surface. Each hole was scanned and sized three times to
collect the required mean dB gain so that standard deviation analysis could be calculated to
verify the system’s reliability and repeatability for defect inspection. The technical details
of the calibration block are demonstrated in Table 4 below.
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Figure 5. Calibration block fabricated to AWS D1.5 specifications with side-drilled holes at multiple
depths, used to establish sensitivity levels and verify PAUT repeatability.

Table 4. Technical details of the calibration block fabricated by following AWS D 1.5 protocols.

Parameters Description
Dimensions Length-460 mm, Width-52 mm, Thickness-25 mm.
Side-drilled hole dimensions 1.5 mm diameter
Number of holes 5
Depth H1-10 mm, H2-15 mm, H3-20 mm, H4-5 mm, H5-48 mm.
Material Mild Steel (A-36)

2.4. Defect Evaluation and Acceptance Criteria by Following AWS D 1.5

The evaluation of discontinuities in the WAAM-fabricated parts was carried out using
the ultrasonic testing provisions of AWS D1.5:2020 Bridge Welding Code. Under this
framework, discontinuities were sized using the amplitude-drop method, and acceptance
thresholds were applied for both volumetric and planar flaws to determine compliance.

e  Defect sizing by amplitude-drop methods

For evaluating defect length across the weld, AWS D1.5 specifies the 6 dB drop
method as the primary sizing technique [25]. In this approach, the maximum signal
amplitude is first located and set as the reference; the defect boundaries are defined at
probe positions where the amplitude falls by 6 dB (approximately half the reference). For
depth measurement, the same principle is applied along the sound path, with the —6 dB
points marking the vertical extent of the defect [25].

e  Acceptance criteria for porosity

According to AWS D1.5 Clause 8.26, surface porosity should not exceed one pore per
100 mm of weld length or six pores in any 1200 mm segment, and the maximum pore
diameter should not exceed 2.4 mm. For subsurface porosity, the cumulative pore diameter
must not exceed 10 mm within any 25 mm segment. If pores are clustered, they are counted
as a single indication and evaluated accordingly [25].

In addition to dimensional limits, AWS also evaluates the severity of volumetric
discontinuities using an amplitude comparison method. Signal amplitudes are classified
relative to three reference levels: the Standard Sensitivity Level (SSL), the Automatic
Rejection Level (ARL), and the Disregard Level (DRL). The SSL is established during
calibration using side-drilled holes in the reference block, recorded at an 80% amplitude
threshold. Discontinuities below SSL (requiring up to +6 dB additional gain) are classified
as DRL and considered non-critical, while responses above SSL (equivalent to a —5 dB
reduction) are classified as ARL and treated as Class A rejectable flaws. Table 5 summarizes
this classification scheme [25].

For detecting and characterizing flaws in the test specimen, the process began by
inspecting the SDHs of the calibration block. These were used to establish a reference for
amplitude percentage and dB gain at which the SDHs reached the 80% amplitude threshold.
On top of that, the calibration block was used to calibrate the machine for proper time of
flight (TOF), wedge delay, and signal consistency.
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Table 5. AWS amplitude-based classification of discontinuities to categorize PAUT indications [26].

Classification Description
A Greater than or equal to ARL (Automatic Rejection level)
B Greater than SSL (Standard Sensitivity Level), but less than ARL
C Greater than DRL (Disregard level), but less than SSL
D Less than or equal to DRL

The WAAM specimen measured 180 mm in the build direction and was divided
into five zones of 36 mm each to ensure complete coverage during inspection. Zone-wise
division was adopted because porosity in WAAM is often spatially non-uniform due
to arc start—stop effects and local thermal gradients and because AWS D1.5 acceptance
rules are applied over contiguous 25 mm segments. Within each zone, porosity length was
measured using the 6 dB drop method: the probe was positioned at the maximum reflection
(midpoint), then moved left and right to locate the —6 dB points, which defined the defect
boundaries. The total porosity length in that zone was obtained from the distance between
these boundaries.

To evaluate the severity and depth of porosity distribution in a specific zone, the
defects were first sized using both the A-scan and S-scan windows, and the dB gain
required to reach the 80% amplitude threshold was recorded. Afterwards, these data were
compared against the reference dB gain obtained from the calibration block. A lower dB
gain requirement means that the defect produced a stronger reflection, as the 80% amplitude
threshold was reached with minimal signal adjustment. Such defects are considered critical.
On the other hand, a higher dB gain requirement means that the reflected signal was weaker
and required additional adjustment to reach the 80% threshold, which suggests that the
measured defect is less critical.

Furthermore, the actual amplitude percentage of the measured flaw was calculated
using Equation (1) [28].

Gain Increase(dB) = 20 log;, (ﬁ) (1)

where A2 = Actual amplitude percentage of the measured flaw, and Al = Amplitude
percentage threshold = 80%.

Finally, the measured porosity lengths (determined by 6 dB drop method) and the
zone-wise dB gain adjustments (required to reach the 80% amplitude threshold) were
compared with the AWS D.15 acceptance limits. For length evaluation, Clause 8.19.7
specifies that any indication exceeding the maximum allowable size, when measured by
6 dB drop method, must be rejected regardless of its amplitude response. For amplitude
evaluation, the recorded dB gain was compared against the calibration block reference.

Lower gain values meant stronger reflections and thus higher severity, while higher
gain values reflected weaker signals and lower severity. Following the AWS amplitude
comparison chart, discontinuities were classified into rejectable (Class A), intermediate
(Class B and C), or non-critical (Class D).

By combining length-based sizing with amplitude-based severity classification, this
method provided a dual-criteria framework that accounts for both physical extent and
reflectivity of the porosity. This ensured repeatable, code-compliant decisions for acceptance
or repair of WAAM components in line with AWS D 1.5. Figure 6 summarizes the defect
evaluation flowchart methodology below.
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Figure 6. Defect evaluation methodology: integration of PAUT inspection with AWS D1.5 acceptance
criteria within a DMAIC framework to produce decision-ready outcomes.

3. Results
3.1. Fabricated Specimen Visual Inspection

Pores were observed after the root pass (Figure 7), particularly near the mid-length of
the specimen. These formed due to the absence of shielding gas and surface contamination,
which promoted gas entrapment and poor pool wetting. Following the hot and cap passes,
additional surface porosity developed, with clusters concentrated at the start and end of the
cap bead. While the mid-sections appeared smoother on the surface, subsurface porosity
was still likely present in the cap region. These observations confirm that intentional
deviations from AWS-recommended parameters successfully introduced porosity and
bead irregularities.

(@) (b)

Figure 7. Visual inspection of the WAAM specimen: (a) after root pass, showing early pore formation,
and (b) after three passes, with visible porosity clusters confirming successful defect seeding.
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To study how porosity was distributed along the 180 mm WAAM specimen, the bead
was split into five zones of about 36 mm each (Z1-Z5, Figure 8). Porosity in WAAM is
rarely uniform; start-stop points of the arc and changes in heat flow can make some regions
worse than others. The five-zone approach also follows the AWS D1.5 requirement to
check 25 mm segments for acceptance. During visual inspection, pores appeared more
concentrated in certain areas of the bead, so looking at localized sections gave a clearer
picture of this variability.

Zone 1

Zone 2
4

/ Zone 3

g Zone 4

Zone 5

Figure 8. Division of the WAAM specimen into five inspection zones (Z1-Z5), enabling localized
porosity sizing consistent with AWS 25 mm segment acceptance rules.

3.2. Evaluation of Repeatability and Amplitude Consistency of PAUT and TFM Inspection Setup

The PAUT inspection setup, which was set to detect and characterize porosity, showed
excellent repeatability and system stability across different depths. The mean electrical
gain ranged from 32.5 dB to 40.2 dB for detecting holes situated across various depths
with a standard deviation of £0.16 dB (Table 6). Slightly higher gain was required for
detecting holes located deeper from the inspection surface, but this is normal behavior in
ultrasound testing.

Table 6. Mean gain and standard deviation from repeated PAUT scans of calibration block side-drilled
holes, demonstrating system stability and repeatability.

SDH Depth from Trial 1 Trial 2 Trial 3 Me‘an Star}derd
D Surface (dB) (dB) (dB) Gain Deviation

(mm) (dB) (+dB)

1 10 38.2 38.4 38.5 38.3 0.069

2 15 38.1 38.3 38.2 38.2 0.058

3 20 38.2 38.1 38.4 38.2 0.150

4 5 32.7 325 324 325 0.069

5 48 40 40.5 40.2 40.2 0.164

3.3. Zone-Wise Porosity Length Evaluation

In Zone 1 (0-36 mm) (Figure 9), the strongest porosity reflection was recorded 27.5 mm
from the corner, requiring 33 dB gain to reach the 80% amplitude threshold. From this
point, the probe was moved left and right to identify the 6 dB drop positions. At 20 mm
from the corner (Figure 9), the porosity was detected at 38 dB gain, about 5 dB higher than
the peak. No further reliable signals were observed on the left side, so this location was
taken as the start of the porosity distribution. On the right side, at 35 mm from the corner,
the porosity was detected at 40 dB gain (Figure 9). Based on these boundaries, the total
porosity length in Zone 1 was measured as 15 mm.
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Indication2 Type: Porosity Not Evaluated

Clustered Poros-
ity detected and

evaluated in A-

scan and S-scan

Comment

Clustered porosity detected at 38 dB electrical gain . Detection position:- 20 mm from the corner
(Zone 01)

Zone 01, porosity detected (highlighted region) at 38 dB gain; location: 20
mm from the corner of the plate

Indication3 Type: Porosity Not Evaluated

Clustered Poros-
ity detected and
evaluated in A-

scan and S-scan

Comment

Clustered porosity detected at 33 dB electrical gain at zone 01, Location: 27.5 mm from the corner
(Zone 01)

Zone 01, porosity detected (highlight region) at 33 dB gain (strongest ampli-
tude response); location: 27.5 mm from the corner of the plate

Indication4 Type:None Not Evaluated

Clustered Poros-
ity detected and <

evaluated in A-

scan and S-scan

Comment
porosity detected at 40 dB electrical gain, Location: 35 mm from the corner (Zone 01)

Zone 01, porosity detected (highlighted region) at 40 dB gain (weakest am-
plitude response); location: 35 mm from the corner of the plate

Figure 9. Representative PAUT responses for Zone 01: clustered porosity detected at varying gain
settings, with a total porosity distribution length of 15 mm determined using the 6 dB drop method.

The same method of PAUT scan and 6 dB drop sizing for porosity length distribution
evaluation was applied across the remaining zones (Z2-7Z5). A summary of the porosity
lengths and dB gain required to reach amplitude threshold 80% is shown in Table 7 below.
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Table 7. Zone-wise porosity length measurements using the 6 dB drop method, providing localized
defect sizing along the WAAM bead. Red highlighted regions indicate porosity clusters (porosity
evaluation marked by red box in A-scan and S-scan).

Zone Left Point Middle Point Right Point
Indication5  Type: Porosity ~Not Evaluated Indication6  Type: Porosity Not Evaluated Indication7  Type: Porosity Not Evaluated
2
Comment Comment Comment
Pl y at  Location : 50.25 mm from the ol at in: Location: 56.5 mm plate (Zone 02)
dB gain required: 38 dB dB gain required: 33 dB dB gain required: 39 dB
Detection location: 44 mm Detection location: 50.25 mm Detection location: 56.5 mm
Total length = (50.25 — 44) + (56.5 — 50.25) = 12.5 mm
Indication8  Type: Porosity  Not Evaluated Indication 10 Type: Porosity Not Evaluated Indication 11 Type: Porosity Not Evaluated
3
Ccomment C C
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)
dB gain required: 38 dB dB gain required: 33 dB dB gain required: 39 dB
Detection location: 80 mm Detection location: 88.25 mm Detection location: 96.5 mm
Total length = (88.25 — 80) + (96.5 — 88.25) = 16.5 mm
Indication 13  Type: Porosity Not Evaluated Indication12 Type: Porosity Not Evaluated Indication 14  Type: Porosity Not Evaluated
4
::““Y detected at 38 dB elecrtrical gain (Location: 121.5 mm from the comer of at Location: of: Fmsm/ detected at 38 dB electrical gain (Location: 131 mm from the comer of the plate) (Zone 04)
dB gain required: 38 dB dB gain required: 33 dB dB gain required: 38 dB
Detection location: 121.5 mm Detection location: 126 mm Detection location: 131 mm
Total length = (126 — 121.5) + (131 — 126) = 9.5 mm
Indication15 Type: Porosity Not Evaluated Indication16 Type: Porosity Not Evaluated Indication 17  Type: Porosity Not Evaluated
5
e N
PoroSty GeTecie B 38 9B Sictical gain (Location: 157 mm) (Zone 05) Porosity detected at 32 dB electrical gain ( Location: 162 mm from the corner of the plate) (Zone 05) Porosity detected dB"electrical gain (Location: 167.5 mm) (Zone 05)

dB gain required: 38 dB
Detection location: 157 mm

dB gain required: 32 dB
Detection location: 162 mm

dB gain required: 37 dB
Detection location: 167.5 mm

Total length = (162 — 157) + (167.5 — 162) = 10.5 mm
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3.4. Zone-Wise Porosity Severity Evaluation

The porosity severity in each inspection zone (Z1-Z5) was quantified based on the
dB gain required to raise the signal to the 80% amplitude threshold. For each zone, three
measurements were recorded at the left, middle, and right positions along the length of
the WAAM print. The mean value of these three measurements was then calculated to
represent the overall response of the zone.

After obtaining the mean gain values for each zone, these were compared with the
reference gain from the calibration block. Although the defects were distributed throughout
the weld, the maximum reflection point (middle point of the defect; depth wise) of each
defect was consistently measured at approximately 5 mm from the scanning surface. For
this reason, the side-drilled hole (SDH) located at 5 mm depth in the calibration block was
selected as the reference. The mean dB gain required to detect this SDH was 32.5 dB, and this
value was used as the baseline for comparison with the zone-wise porosity measurements.
The difference between the mean gain of each zone and the reference value was then
calculated. Using this gain difference and Equation (1), the actual amplitude percentage of
each porosity indication was determined. This approach provided a consistent measure of
porosity severity across the specimen.

The results are shown in Table 8 below, which demonstrates mean gain, gain difference,
and calculated amplitude percentage for each zone. These values establish baseline severity
distribution and classification in compliance with AWS D1.5 acceptance criteria.

Table 8. Zone-wise porosity severity evaluation based on amplitude response relative to calibration
reference, classified according to AWS D1.5 acceptance levels.

Amplitude Percentage Gain Difference/Increase = Actual Amplitude
Zone Mean Gain (dB) Threshold (%) Reference Gain (dB) ~ Mean Gain — Reference Percentage (%)
(A1) Gain (dB) A2=10C 57 A1
1 37 80 325 4.5 47.6
2 36.6 80 32.5 41 49.8
3 36.6 80 325 4.1 49.8
4 36.3 80 32.5 3.8 51.6
5 35.6 80 325 3.1 55.9

4. Discussion
e  Defect acceptance/rejection as per AWS D 1.5

When assessed zone by zone, porosity distribution was found to be non-uniform along
the WAAM bead, despite identical deposition parameters. The largest porosity indication
was measured in Zone 3 (16.5 mm), followed by Zone 1 (15 mm) and Zone 2 (12.5 mm),
while Zones 4 and 5 exhibited shorter distributions (9.5 mm and 10.5 mm, respectively).
This variability is consistent with WAAM thermal behavior, where arc start—stop effects and
local heatsinking promote clustering in certain regions. According to AWS D1.5, porosity
length must be determined by the 6 dB drop method, and the cumulative pore length
must not exceed 10 mm in any 25 mm gauge length of weld which is 40% of the length of
25 mm [26]. With 36 mm inspection zones in this study, porosity lengths in Zones 1 and
3 (41.6% and 45.8% of the zone length) exceeded the threshold, while Zones 2, 4, and 5
remained within limits.

However, acceptance is ultimately determined across the entire weld length, not
only individual zones. Under AWS D1.5 rules, no 25 mm segment may exceed the
allowable porosity length [25]. When considered globally, the extended porosity clus-
ters in Zones 1 and 3 become decisive, leading to classification of the full 180 mm bead
as rejectable.
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A parallel evaluation was carried out using amplitude-based classification. In this case,
Zones 4 and 5 needed the least gain adjustment to reach the 80% threshold, which gave
stronger reflections and placed them in Classes B and C. By comparison, Zones 1 and 3
needed more gain to achieve the same level which meant the responses were weaker and
closer to Class D or non-critical. This difference shows a clear mismatch: the same zones
that failed the length requirement looked less severe when only amplitude was considered.

Taken together, the results make two points. First, porosity in WAAM does not spread
evenly, even when all passes are made under identical parameters. Second, AWS acceptance
still depends on the worst local segment, not the average across the bead. What matters
from the zone-wise assessment is that Zones 1 and 3 went over the limits, which forced
the full specimen to be rejected. This makes the case for looking at both length-based and
amplitude-based criteria side by side. Table 9 lists the zone-by-zone results, and Table 10
shows the final global outcome.

Table 9. Combined zone-wise porosity assessment (length and amplitude) in the WAAM bead,
benchmarked against AWS D1.5 acceptance criteria.

Measured Porosity % of 36 mm AWS 10 mm/25 mm Rule Amplitude Gain g ae
Zone . . AWS Classification
Length (mm) Inspection Length Compliance Response
1 15 41.6% Exceeds threshold; rejected High gain required Near class D
(weak response)
2 125 34.7% Within threshold High gain required Near class D
(weak response)
3 16.5 45.8% Exceeds threshold; rejected High gain required Near Class D
(weak response)
4 95 26.4% Within threshold Stronger reflection, Class C
low gain
5 10.5 29.1% Within threshold Stronger reflection, Class B
low gain

Table 10. Global assessment of the WAAM bead porosity under AWS D 1.5 acceptance rules [25].

Basis of Assessment Outcome

Zone by zone length (6 dB drop) Zone 1 and 3 exceed allowable length; rejected
No 25 mm segment may exceed 10 mm cumulative
porosity; clusters in Zones 1 and 3 are rejected
Zone 4-5 strong reflections (Class C-B)
Zone 1-3 weak response (near class D)
Governed by most severe segment: full WAAM
bead rejectable

Full-length 180 mm assessment
Amplitude-based classification

Final global classification

The divergence observed between length-based and amplitude-based evaluations can
be explained by the scattering nature of clustered porosity. Length sizing captures the
cumulative spatial extent of multiple small pores, whereas amplitude classification depends
on signal reflectivity, which tends to remain low because individual gas-filled pores are
small and act as inefficient scatterers. As a result, extended porosity clusters (Zones 1 and 3)
were classified as rejectable by length criteria, even though their amplitude responses
were weak (Class D). This shows a cruicial limitation of amplitude-only assessments
and demonstrates the importance of AWS D1.5’s dual reliance on both dimensional and
reflective criteria. By combining these, underestimation of defect severity can be avoided.

e Improve and control the process parameters

Beyond detection and classification, the present framework also addresses the improve
and control stages of DMAIC. By identifying the start and central regions (Zone 1 and
Zone 3) where porosity exceeded AWS thresholds, the analysis points directly to process
deviations such as unstable sheilding and localized cooling at the root because of not
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following recommended AWS guidelines for better print. In the improve stage, these
findings guide tagreted actions which includes process parameter adjustment, improved
shielding gas strategies, and localized repair. In the control stage, PAUT inspections by
following the AWS D 1.5 provide an ongoing monitoring plan, where defined sampling
intervals and decision thresholds serve as triggers for preventive measures to ensure defect-
free production. This ensures that inspection is not an endpoint but an important part of a
continuous quality loop, embedding defect monitoring into WAAM process qualification
and production control.

e  Comparison with published works

The distribution of porosity in the printed WAAM part has similarity with previous
WAAM research studies. Wu et al. [3] and Arana et al. [13] reported similar cluster porosity
near depsotion boundaries due to unstable shielding and rapid cooling, although their
primary study were based on metallographic or X-ray/CT methods rather than code-
referenced ultrasonic inspection. Javadi et. al. [29] embedded tungsten inclusions in
WAAM steel specimens to detect and size with PAUT inspection, but their study did not
introduce any acceptance or rejection thresholds, which limits the ability to classify defects
by severity. Compared to that, current research studies beyond defect detection along with
applying AWS D 1.5 criteria, which enables standardized accept or reject thresholds.

This study applies PAUT to realistic WAAM defects and introduces a dual-criteria
approach that combines length sizing with amplitude-based classification, which helps
to avoid underestimating defect severity. When placed within the DMAIC quality frame-
work, the findings are tied directly to likely root causes and to the corrective actions that
address them, which is essential in the improve stage. In addition, using AWS-based PAUT
inspection as a regular verification step creates a practical pathway for the control stage,
making sure that corrective measures remain effective and porosity stays within code limits
in future builds.

5. Conclusions

This study demonstrated the integration of PAUT inspection with AWS D 1.5 ac-
ceptance thresholds within a DMAIC framework for evaluating volumetric defects like
porosity in WAAM joints. The fabricated defective specimen showed non-uniform dis-
tributions where Zone 1 and Zone 3 surpassed AWS acceptance criteria for length-wise
evaluation, which results in full-weld rejection under clause 8.26.2.4. However, amplitude-
based classification did not align with length-based results. Zone 1 and Zone 3 showed
weak amplitude responses and were classified as Class D. Compared to that, Zones 2, 4,
and 5 showed relatively strong reflections. The outcomes demonstrate that length-based
and amplitude-based evaluations provide different but complementary insights. When
they are used together, they offer a more comprehensive framework for assessing defects
in WAAM joints. This study also showed that length-based sizing and amplitude-based
classification do not always align. In paarticular, extended clusters of small gas pores
exceeded AWS D 1.5 length limits but produced weak amplitude responses. This confirms
that relying on amplitude alone may underestimate defect severity, while length-based
criteria remain decisive for acceptance. Therefore, AWS D 1.5’s dual-criteria framework
is validated as it ensures that both dimensional extent and reflectivity are considered for
robust defect evaluation.

The key contribution of this works are as follows:

(1) Dual-criteria assessment (length sizing + amplitude classification) which ensured
robust severity evaluation and reduced the risk of underestimating porosity.
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(2) Code reference classification by utilizing AWS D 1.5 accept/reject decisions which
solved the issue of WAAM defect detection blindly without following any established
compliance.

(3) DMAIC integration extended inspection outcomes into improve and control stages,
linking detected porosity to shielding gas absence and cooling rate deviations and
positioning PAUT as a reliable monitoring tool for sustainable quality assurance.

Compared to the previous studies which either relied on mettalography, CT or con-
ventional UT without acceptance benchmarking, the present work embeds advanced NDE
in a lean quality framework. This positions PAUT not only as a defect detection tool but as
a driver for process optimization and continuous control.

While the current research limited to only A-36 mild steel and on a simple WAAM
joint geometry, the methodology is scalable to other alloys and geometries. Future work
will focus on extending this framework on high-porus materials such as aluminum and
titanum. PAUT in WAAM joints faces limitations due to heterogeneous microstructure,
where columner grains and fusion boundaries can scatter sound and reduce sensitivity
to fine subsurface pores. Clustered porosity may also produced merged echoes, compli-
cating sizing using the 6 dB drop method. While the dual criteria approach in this study
mitigates these issues, future work should consider utilizing more advanced NDE like
Total Focusing method (TFM) or complementary methods like X-ray CT for improved
near-surface resolution and validating scalability for large WAAM structures. Finally, this
study applied PAUT as a post-process tool; however, the DMAIC framework is adaptable
to near-line or in-line monitoring, which will be explored in future studies by developing
high-temperature coupling strategies and improved probe and wedge designs to address
WAAM surface roughness challenges. This work therefore serves as a stepping stone
toward real-time, standards-based quality assurance in WAAM. In summary, this work
establishes a decision-ready, code-compliant, and quality-integrated approach for WAAM
inspection which provides a foundation for defect-tolerant and standards-based adoptation
of WAAM in safety-critical industries.
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Abbreviations

The following abbreviations are used in this manuscript:

NDT Nondestructive Testing

PAUT Phased Array Ultrasonic Testing
WAAM  Wire Arc Additive Manufacturing
AWS American Welding Society

AM Additive Manufacturing

CAD Computed Aided Design
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CNC Computer Numerical Control
GMAW  Gas Metal Arc Welding

HAZ Heat Affected Zone

NDE Non-Destructive Evaluation
uT Ultrasonic Testing

CTQ Critical To Quality

WPS Welding Procedure Specification
GTAW  Gas Tungsten Arc. Welding
SSL Standard Sensitivity Level
ARL Automatic Rejection Level
DRL Disregard Level

SDH Side Drilled Hole
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