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In this study, round-robin experiments were carried out to evaluate the effectiveness of inter-pass peening as an
in-process residual stress (RS) mitigation technique for Wire Arc Additive Manufacturing (WAAM) of Ti-6A1-4V
components. A newly developed method, Phased Array Ultrasonics for Residual Stress Measurement (PAURS),
was evaluated for its capability to accurately characterise residual stress distributions. To validate PAURS, two
established techniques, X-ray Diffraction (XRD), a non-destructive method, and the Contour Method (CM), a
destructive technique, were employed. PAURS, particularly when implemented with Full Matrix Capture (FMC),
demonstrated enhanced accuracy through improved data redundancy and outlier rejection. Results from PAURS
and XRD showed good qualitative agreement with finite element (FE) models derived from CM data, despite
some quantitative differences. Inter-pass peening was found to significantly reduce tensile RS in the heat-affected
zone, with performance comparable to post-process peening. These findings support the use of inter-pass peening
as an effective in-process RS mitigation strategy and highlight the potential of PAURS as a reliable, non-
destructive RS measurement method for WAAM Ti-6Al-4V components.

viability of WAAM components [3]. One promising approach is peening,
which can be implemented either after the WAAM is ended, called post-

1. Introduction

Additive manufacturing (AM) has gained significant popularity in
high-performance industries such as aerospace and automotive, partic-
ularly for producing complex, large-scale metallic components. Among
AM techniques, Wire Arc Additive Manufacturing (WAAM) has become
a practical method for producing large titanium components due to its
high build rates and efficient material usage [1]. Specifically, titanium
alloy Ti-6Al-4V is a common material choice for WAAM because of its
high strength-to-density ratio and corrosion resistance [2].

However, repeated thermal cycling during the layered construction
generates significant tensile residual stresses (RS) that can lead to
distortion, cracking, and reduced fatigue performance. Therefore, reli-
able measurement and in-process mitigation of RS are crucial for the
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peening, or during the WAAM process, called inter-pass peening. This
technique aims to redistribute and reduce harmful tensile RS by
inducing beneficial compressive stresses [4].

While inter-pass peening has shown potential in improving me-
chanical properties [5], its specific impact on RS distribution in WAAM
Ti-6Al-4V components remains underexplored. Accurate RS measure-
ment is essential to validate the effectiveness of such mitigation
methods. Traditional techniques like the Contour Method (CM) [6] and
X-ray Diffraction (XRD) [7] are well-established for RS evaluation, of-
fering destructive and non-destructive measurements, respectively.

However, there is growing interest in developing non-destructive, in-
process-capable approaches that can provide reliable RS measurements
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with minimal disruption to the manufacturing workflow [8]. This study
evaluates a newly developed technique: Phased Array Ultrasonics for
Residual Stress Measurement (PAURS). Javadi et al [9] carried out an
initial feasibility study to measure RS in WAAM samples; however, final
RS measurements were not achieved until the setup was further
expanded on by Walker et al [10]. PAURS was then introduced by Mills
etal [11] in welding components. PAURS utilises Longitudinal Critically
Refracted (LCR) waves and Full Matrix Capture (FMC) to enhance
measurement accuracy and spatial resolution.

The main aim of this study is to build upon the studies carried out by
Javadi et al [9], Walker et al [10], and Mills et al [11], and to assess the
feasibility and reliability of PAURS for RS measurement in WAAM Ti-
6Al-4V components. To validate PAURS, its results are compared
against those obtained from CM and XRD. Three samples were
measured: an as-deposited sample, an inter-pass peened sample, and a
post-peened sample. This allows for both the evaluation of inter-pass
peening as a RS mitigation method and the validation of PAURS as a
RS measurement technique. The findings contribute to the goal of
enabling in-process RS inspection in metal additive manufacturing.

2. Principles and concepts
2.1. Machine hammer peening (MHP) and inter-pass peening

Machine Hammer Peening (MHP) is a surface treatment that uses a
pneumatically or electrically driven oscillating tool to deliver
controlled, high-frequency impacts on the material surface. Unlike shot
peening, which relies on random media impacts and is unsuitable for in-
process WAAM applications, MHP provides precise and repeatable
strikes, making it ideal for robotic integration and inter-pass application
during additive manufacturing [12]. The process induces beneficial
compressive RS, improves surface finish, and promotes microstructural
refinement by transforming coarse columnar p grains into finer equiaxed
structures [13]. These changes reduce anisotropy and enhance fatigue
performance in Ti-6Al-4V components [14]. Studies have shown that
MHP applied during WAAM significantly decreases RS and improves
mechanical properties [15]. Its ability to be applied in-process without
removing the part from the build setup makes MHP a practical and
effective RS mitigation strategy for large-scale WAAM components
[12,15].

Inter-pass peening is a variation of this technique applied during
additive manufacturing, specifically between deposition layers. Unlike
conventional post-process peening, inter-pass peening is integrated into
the build process, offering the potential to mitigate RS accumulation in
real time. The process is particularly relevant for WAAM, where high
thermal gradients and repeated heating cycles lead to significant tensile
RS [16].

2.2. Residual stress in additive manufacturing

RS is the internal stress retained in a material when external forces or
thermal gradients are no longer present [17]. In additive manufacturing,
RS arises primarily due to non-uniform thermal expansion and
contraction during layer-by-layer deposition [18].

RS spans macroscopic fields that equilibrate over structural
length-scales (Type I), micro-scale fields associated with grain-scale
heterogeneity (Type II) and crystallographic defects (Type III) [19]. In
WAAM, Type I RS is of primary concern due to their macroscopic scale
and their ability to distort components, as well as causing cracking and
degradation of fatigue performance [20]. While Type II and Type III RS
occur at smaller length scales, they remain relevant, particularly in
influencing phase stability and producing microcracks.

While Tensile RS is particularly detrimental, compressive RS is often
beneficial and intentionally introduced through processes like peening
[21].
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2.3. Contour method (CM)

CM is a destructive technique for measuring RS by cutting a
component and measuring the resulting deformation of the cut surfaces.
The deformation profile is then used to reconstruct the original RS dis-
tribution via finite element (FE) analysis [22]. This method is based on
Bueckner’s superposition principle, which relates the stress released by a
cut to the original stress field [23].

CM is particularly effective for mapping RS across large cross-
sections and has been widely used in AM research [24]. However, due
to it being a destructive method, its applicability in manufacturing is
limited.

2.4. X-ray diffraction (XRD)

XRD is a non-destructive technique that measures RS by detecting
changes in the spacing of crystal lattice planes due to elastic strain [25].
It is most effective for surface and near-surface stress analysis, with
penetration depths typically limited to tens of microns. The method
relies on Bragg’s law to relate diffraction angle shifts to strain, which is
then converted to stress using elastic constants.

XRD is widely used for validating other RS measurement methods
and is suitable for materials with fine, crystalline microstructures [26].

2.5. Phased array ultrasonics for residual stress measurement (PAURS)

PAURS is a non-destructive ultrasonic technique based on the
acoustoelastic effect, where stress influences the velocity and time-of-
flight (ToF) of LCR waves [11]. RS is measured by relating ToF varia-
tions to stress through the acoustoelastic constant, which incorporates
second and third-order elastic constants. The full theoretical framework,
including derivations and equations for direct and FMC approaches, was
previously discussed by Walker et al [10].

The theoretical framework links wave velocity to strain using Lamé
constants (A, p) and higher-order terms, leading to the core stress ToF.
The acoustoelastic constant (Li;) is determined via tensile testing
combined with ultrasonic measurements, where incremental loading
allows mapping of ToF changes to applied stress. PAURS can then
calculate RS using either a direct approach, considering only straight
transmitter-receiver paths, or an FMC approach, which accounts for all
possible acoustic paths to improve data accuracy.

3. Sample manufacturing

Three Ti-6Al-4V samples were manufactured using the WAAM pro-
cess to investigate the effects of inter-pass peening on RS distribution.
All samples were fabricated with identical geometries of 250 mm x 60
mm x 73 mm and consisted of 10 deposited layers.

The three samples are as follows:

e As-deposited (no peening),
e Inter-pass peened (peening applied during deposition),
e Post-peened (peening applied after deposition).

Figs. 1 and 2 shows a schematic of the WAAM sample manufacturing
and the physical setup, respectively. A 1.2 mm diameter Ti-6Al-4V wire
was used as the feedstock. Deposition was performed using a Plasma
Transferred Arc (PTA) system, with a wire feed speed of 2.2 m/min and a
current of 180 A. The travel speed was varied: the first layer was
deposited at 4 mm/s, the second at 4.5 mm/s, and the remaining layers
at 5 mm/s. The average layer height was approximately 0.98 mm, and
the wall width was 9.2 mm.

The three separate samples were measured with three RS measure-
ment methods. The individual samples and the methods used for each of
them are shown in Fig. 3. All samples are shown from the bottom sur-
face, which was the primary focus for RS data collection across all
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Fig. 1. Schematic of the setup and dimensions for the manufactured experimental samples.
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Fig. 2. Physical setup for the manufacturing and peening of the WAAM samples.

methods.

A hammer peening tool (Atlas RRHO6P) was integrated into the
deposition setup for the inter-pass peened sample. The pneumatic tool
was mounted with the robot and provided an energy per blow of 6 J (7
bar air pressure). The peening head had a diameter of 10 mm, operated
at a frequency of 36 Hz, and travelled at 10 mm/s.

The substrate was clamped using six evenly spaced clamps to mini-
mise distortion during deposition. Shielding was provided by pure argon
gas, with flow rates of 0.8 L/min for the plasma gas, 8 L/min for the
shielding gas, and 68 L/min for the local shielding device. All samples
were built using a 6-axis KUKA robotic arm, which controlled the
deposition path in an alternating travel direction to ensure uniform heat
distribution.

4. Methods and procedures
4.1. Measurement methodology

The experimental workflow was divided into three main RS mea-
surement techniques: PAURS, CM, and XRD. Each method was applied
to a specific combination of samples to evaluate both the effectiveness of
inter-pass peening and the reliability of PAURS as a measurement
technique.

e PAURS was applied to the as-deposited and inter-pass peened
samples.

e CM was applied to the as-deposited and post-peened samples.

e XRD was applied only to the as-deposited sample for validation
purposes.

XRD Procedure:

The as-deposited sample was prepared by cleaning the surface to
remove oxides and debris. Measurements were performed using a
PROTO LXRD diffractometer, applying the sin?y method. Fifteen points
were measured along the bottom of the sample. Data were processed
using XRDWin 2.0 software, and stress values were calculated using
material-specific X-ray elastic constants.

CM Procedure:

Two samples (as-deposited and post-peened) were cut using wire
electro-discharge machining. The cut surfaces were scanned using a
coordinate measuring machine to obtain displacement profiles. These
were processed in MATLAB and used to generate FE models in Abaqus to
reconstruct the RS fields.

PAURS Procedure:

The PAURS method involved two stages:

1. Determination of the acoustoelastic constant via tensile testing on a
Ti-6Al-4V specimen using the same ultrasonic setup.
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Fig. 3. The RS measurement methods used for each WAAM Ti-6Al-4V sample.

2. ToF measurements along the bottom of both the as-deposited and
inter-pass peened samples.

A wedge angle study was conducted to determine the optimal angle
for LCR wave generation in Ti-6Al-4V. The final PAURS measurements
were processed using the FMC approach, with FMC used to enhance data
and allow for outlier removal.

Measurement uncertainties vary across the RS evaluation techniques
used in this study. For the CM, uncertainty primarily arises from surface
displacement measurement and FE reconstruction, with typical values
reported as + 20-30 MPa for titanium and high-strength alloys [24,27].
For XRD, using the sin?y method, errors are generally & 10-20 MPa,
influenced by peak fitting and elastic constant accuracy [28,29]. For
PAURS, uncertainty depends on ToF resolution and acoustoelastic con-
stant determination; studies on Ti-6Al-4V WAAM components report
values of approximately + 25-40 MPa after FMC averaging and outlier
removal [10,11].

4.2. Contour method

CM was used to measure RS in the as-deposited and post-peened
samples. Both samples were sectioned vertically using a Fanuc Robo-
cut a-C600i wire electro-discharge machine (EDM) with a 0.25 mm brass
wire. The cut was initiated from the top of the deposit and progressed
downward through the substrate. Both samples were clamped sym-
metrically, and low electrical power parameters were used for better
surface finish and fewer wire EDM cutting errors at the cut perimeter.

A cutting speed of approximately 0.25 mm/min was used, and
displacement profiles of the cut surfaces were measured using a Zeiss
Contura g2 coordinate measuring machine with a 3 mm drag probe.
Measurement points were spaced at 0.2 mm intervals in both directions
from the sample perimeter. The displacement data were processed in
MATLAB, including cleaning, alignment, flattening, and smoothing
using a cubic spline with 2.5 mm knot spacing in both X and Y directions.

FE models of one half of each sample were developed in Abaqus 2021
using eight-node brick elements (C3D8R).

4.3. X-ray diffraction

Fig. 4 illustrates the procedure used for collecting XRD data. As XRD
was selected to validate both CM and PAURS as RS measurement
methods, measurements were taken along the bottom of the sample for
direct comparison. Only the as-deposited sample was analysed, as the
purpose was validation rather than comparison with the inter-pass
peened condition. Fifteen measurement points were taken along the
bottom surface to provide a representative RS distribution for compar-
ison with CM and PAURS results.

Fig. 5 shows the full experimental setup for the XRD measurements
on the as-deposited Ti-6A1-4V WAAM sample. RS measurements were
performed using a PROTO LXRD diffractometer, applying the siny
method, which is widely used for stress analysis in polycrystalline ma-
terials. This technique involves tilting the sample at various y angles to
detect changes in lattice spacing, from which strain and stress are
calculated. Due to the limited penetration depth of X-rays (typically a
few tens of microns), the method is ideal for surface and near-surface

XRD Measurement Points
?entre of Sample

Fig. 4. Method for data collection using XRD.



J. Walker et al.

Materials & Design 260 (2025) 115247

Diffractometer with Cu X-ray tube
attached to X-ray source )

Colllmator‘) Detectors

The full XRD setup with the
PROTO LXRD diffractometer

4
The as-deposited Ti-6Al-4V
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Fig. 5. Full experimental setup for the XRD measurements.

stress evaluation in additively manufactured parts.

Data were processed using PROTO XRDWin 2.0 software. “Longitu-
dinal” and “transverse” refer to directions parallel and perpendicular to
the WAAM build path, respectively, to capture directional stress varia-
tions. Material-specific X-ray elastic constants (XECs) were sourced from
the instrument’s internal database. Peak positions were fitted using a 75
% Gaussian function, and peak shifts were determined using the Abso-
lute Peak method to ensure consistent and accurate stress calculations.
Table 1 summarises the scan parameters, including tilt angles, exposure
times, and the selected diffraction plane.

4.4. Phased array ultrasonic residual stress (PAURS) measurements

4.4.1. Angle/distance study

A novel approach was developed for this study to enhance RS mea-
surements compared to the conventional LCR method using single-
element transducers, as previously demonstrated by Walker et al [10].
The PAURS setup consists of two 5 MHz, 8-element ultrasonic phased
arrays placed in an acrylic wedge, one as a transmitter, the other as a
receiver. This configuration significantly increases the number of LCR
wave paths, improving measurement reliability.

Traditional LCR setups generate only two wave paths, limiting their

ability to mitigate interference from material texture and

Table 1

The scan parameters used for XRD RS measurements.
Parameter
Diffraction plane (h,k,l) 213
Crystal structure HCP
Tube Cu Ka
Wavelength, nm 1.541838
Aperture (round), mm 1
Acceleration voltage, kV 30
Current, mA 30
% 82, MPa™! 11.89 * 108
—S1, MPa—! 2.97 *10®

Bragg Angle, deg. 142.0

microstructure. The PAURS setup, by contrast, can generate at least 8
acoustic paths and up to 64 paths using FMC, increasing the number of
acoustic paths and improving measurement accuracy significantly.

The wedge angle is critical for effective ultrasound propagation.
Based on Snell’s law, several angles were tested to determine the optimal
configuration for Ti-6Al-4V. A 22.7° wedge was found to require the
least gain for a clear LCR peak.

4.4.2. PAURS experimental setup

Fig. 6 shows the experimental setup used for PAURS ToF measure-
ments, which utilises a PEAK Micropulse 6 phased array instrument in
combination with LabVIEW. Scans were carried out along the bottom
surfaces of both the as-deposited and inter-pass peened WAAM Ti-6Al-
4V samples. To ensure consistent spacing, a ruler was used to guide
the scanning process, with measurements taken at 5 mm intervals
outside the HAZ and at 1 mm intervals within it.

The important data to collect from the collected ToF measurements is
the zero-crossing point. The zero crossing needs to be taken from every
signal for the data collected. For example, if using the direct approach, it
needs to be taken from each of the 8 signals, but with FMC, this increases
to 64, so it will need to be taken from each of the 64 signals. These zero
crossing values are then later used alongside the acoustoelastic constant
data to produce the RS measurements.

4.4.3. PAURS-TOF consistency

It is important to note that the ToF for LCR waves remains consistent
regardless of the LCR path or the number of transmitter and receiver
elements. This consistency was demonstrated by Javadi et al in their
feasibility study of the PAURS method [30].

Fig. 7 provides geometrical proof showing that ToF remains un-
changed whether Element n transmits a wave travelling distance Al in
the wedge and T + B2 in the Ti-6A1-4V sample, or Element m transmits a
wave travelling distance A2 in the wedge. This confirms that all ele-
ments in the transducer yield the same ToF, regardless of the LCR wave
path between transducers.
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/. PEAK Micropulse 6 phased
array instrument

Laptop running LABVIEW
collecting data

PAURS setup

Fig. 6. Experimental setup for PAURS ToF measurements.

V1: Sound velocity in the wedge
V2: Sound velocity in the Ti-6Al-4V sample
A1, A2, T, B1, B2 and Y: Distances shown in the Figure

Proof (Geometry): )

A2=A1+Y
Y = Sin(0) x (T + B2)

Snell's Law:

Element n

Element m

Sin(9) V1
Sin(90) V2

Claim: ToF is consistent regardless of the LCR path and material:

AZ_A1+(T+BZ)
V2 V2 V2

(T';ZBZ)J

A2 =A41+V1X

Fig. 7. Geometrical proof of ToF consistency.

4.4.4. LCR wave propagation

It is also crucial to understand that ultrasonic waves do not travel in
straight lines. LCR waves exhibit specific beam profiles upon refraction
in the sample. Fig. 8 (a) illustrates how a single element generates an
LCR wave, showing its beam profile and refraction angles. The principal
lobe, containing most of the energy, refracts at 84°, while a stronger side
lobe appears at 67° [31].

Fig. 8 (a) Single element LCR beam profile in a WAAM sample (b) 4-
element phased array LCR beam profile. (b) illustrates an example of
how a 4-element phased array transmitter generates an LCR beam pro-
file as it propagates through the sample. At first glance, the overlapping
wavefronts may suggest potential interference or signal crosstalk be-
tween elements. However, this is effectively managed in two ways:
spatially, by maintaining appropriate spacing (element pitch) between
the array elements, and temporally, through the use of delay laws that
control the timing of each transmitted signal. These measures ensure
that the main LCR waves remain well-defined and travel toward the
receiving elements without significant interference, preserving the
integrity of the received signals. It is important to note that these as-
sumptions are supported by experimental results presented in this paper.

LCR waves exhibit distinct characteristics, such as the fastest wave
arriving at the receiver confirming their near-surface propagation, as
observed by Mills et al [11] and Walker et al [10], which help distin-
guish them from other wave modes or noise caused by interference.

While Fig. 8 shows a more realistic depiction of LCR paths, capturing
the spread and shape of the ultrasonic energy lobes as they propagate
through the material, Fig. 9 simplifies this by representing each path as a
straight line. It illustrates how each of the 8 transmitter elements sends
LCR waves to all 8 receiver elements, resulting in 64 unique transmit-
receive combinations, compared to just 2 in a traditional single-
element setup.

Although the straight-line paths in Fig. 9 do not reflect the actual
wavefront shapes or energy distribution shown in Fig. 8, they help
clarify the FMC process. This schematic highlights how each receiver
element captures individual LCR waves from each transmitter, making
the inspection coverage and data acquisition strategy easier to interpret.
This simplified line representation will be used throughout this paper to
discuss the PAURS results.
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(a) (b)

Fig. 8. (a) Single element LCR beam profile in a WAAM sample (b) 4-element phased array LCR beam profile.
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Fig. 9. Schematic of LCR paths using PAURS with two 8-element transducers.
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Fig. 10. Example LCR signal showing interpolation in Ti-6Al-4V.
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4.4.5. Interpolation

A key advantage of the PAURS method is its ability to address limi-
tations in sampling rate. A key advantage of the PAURS method is its
ability to overcome the limitations imposed by conventional ultrasonic
sampling rates, which typically restrict time resolution to around 10 to
20 ns. This resolution is insufficient for accurately identifying the zero-
crossing point of LCR signals for reliable RS calculations. PAURS ad-
dresses this challenge by utilising FMC and interpolation across multiple
acoustic paths and reducing timing errors, without the need for expen-
sive high-speed analogue-to-digital converter (ADC) hardware.

Standard ultrasonic equipment typically samples at rates up to 100
MHz, which corresponds to a time resolution of 10 ns or more. However,
RS measurements often require much finer resolution, around 1 ns, to
accurately determine the zero-crossing point of the LCR signal. To
overcome this, interpolation is used to estimate values between sampled
points. Javadi et al. demonstrated this approach using synchronised 100
MHz equipment to achieve precise ToF measurements in austenitic
stainless steel. [32].

Fig. 10 shows an example of an interpolated LCR signal, where there
is a 10 ns gap (using a 100 MHz sample rate) between two sampled
points (from 8.05 ps to 8.06 ps). A 100 MHz sampling rate was selected
as a practical compromise between hardware capability, data size, and
cost. In single-element transducer setups, interpolation is based on only
two points, which can introduce significant error, up to 10 ns in this
case, when estimating the zero-crossing. While this may be acceptable
for general defect detection, it can significantly affect the accuracy of RS
measurements.

The PAURS method, using FMC, generates 64 independent LCR
signals. This allows interpolation to be performed 64 times, once for
each acoustic path, and the results can then be averaged to reduce
random error. Fig. 11 presents 8 of these 64 interpolated signals, with
zero-crossing times of 8.04, 8.03, 8.035, 8.03, 8.02, 8.01, 8.01, and 8.01
us for paths 8, 16, 24, 32, 40, 48, 56, and 64, respectively. When all 64
paths are averaged, the resulting interpolated zero-crossing time is
8.023 ps. This averaging process smooths out individual interpolation
errors and improves the precision of the ToF measurement. Since the
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theoretical ToF is identical across all paths, the averaged value provides
a more accurate and reliable estimate, something that would be difficult
to achieve with a single-element setup.

4.4.6. Scanning

To perform ultrasonic ToF RS measurements effectively, the sample
was divided into multiple scan lines, as shown in Fig. 12. The centre of
the sample wall is defined as 0 mm, with scan lines extending to + 25
mm. Because RS is expected to peak within the HAZ due to thermal
cycling, that region was scanned more extensively.

Outside the HAZ, 8 measurements were taken at 5 mm intervals:
—25, —20, —15, —10 mm on one side, and 10, 15, 20, 25 mm on the
other. Within the HAZ, 18 measurements were taken at 1 mm intervals
from —9 mm to 9 mm. This increased sampling improves RS resolution
in the HAZ.

4.4.7. Correction of couplant thickness effects in ToF measurements

To further improve the reliability of the results, the thickness of the
couplant and its effect on the RS measurements had to be considered.
Since the ToF measurements were taken along scan lines across the
bottom surfaces of both samples, variations in couplant thickness along
these lines could impact measurement accuracy. This is illustrated in
Fig. 13(a), which shows measurements taken on both the parent mate-
rial and a WAAM sample. Each of these measurements may be influ-
enced by differing couplant thicknesses, potentially affecting the
comparability of results between the two regions. To address this, five
separate formulae are presented to demonstrate the process used to
eliminate the influence of couplant thickness.

The ToF measured in the parent material (ToF;) differs from that in
the WAAM sample (ToF2). This difference can be used to measure RS,
under the assumption that the only contributing factor to the variation is
stress-induced changes in acoustic velocity. However, the total ToF
comprises two components:

e ToFc: Time-of-flight through the couplant layer
e ToF);: Time-of-flight through the material

Example Signals of Ti-6Al-4V Parent Material Sample Showing Interpolation
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Fig. 11. 8 example interpolated signals from Ti-6Al-4V.
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Fig. 12. (a) Schematic of WAAM Ti-6Al1-4V scanning; (b) Top-down view of scan lines.
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Fig. 13. (a) Couplant thickness variation; (b) Schematic of mitigation using receiver differences.

This relationship is expressed as:

ToF = ToF; + ToFy, (€D)]

Equation 1 Formula to show how the true ToF can be attained by removing
the ToF of the couplant

While ToFy may reflect RS and possibly material texture, which is
not addressed in this section, ToF¢ can vary due to inconsistencies in
couplant thickness, particularly in manual measurements. Therefore,
part of the observed difference between ToF5; and ToF; may be attrib-
uted to couplant variation rather than material properties.

A traditional approach to mitigate this issue in traditional single-
element transducer setups involves using two receivers. Instead of
measuring ToF between a transmitter and a single receiver, the

difference in ToF between two receivers is calculated (e.g., ToF;;-
ToF15). Since both paths include the same couplant layer and the wedge
remains stationary, the couplant contribution cancels out. The resulting
differential measurement isolates ToFy;, which can then be used to
calculate the difference between ToF, and ToF; without the effects of
the couplant.

This methodology is further enhanced through the use of the PAURS
system. In this configuration, an array of 8 transmitters and 8 receivers
enables 64 unique acoustic paths. By applying the same differential
approach across multiple transmitter-receiver combinations, the cou-
plant effect can be removed with significantly greater certainty. The
redundancy and spatial resolution provided by the array improve the
reliability of the correction and improves the RS measurements.
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To illustrate this process, Fig. 13 presents a specific example using
transmitter element 1 and receiver elements 7 and 8. As shown in
Equation 2, the ToF measured in the parent material between trans-
mitter 1 and receiver 8 (ToF;C;g) is equal to that between transmitter 1
and receiver 7 (ToF;Cy7), assuming uniform couplant conditions.

TOFl C13 = TOF1C17 (2)
Equation 2 Formula to represent how the ToF between different receivers is
equal in the same material

However, when the same measurement is performed in the WAAM
sample (Equation 3), the ToF differs due to changes in material prop-
erties and potentially couplant thickness.

ToF,Cig # ToF,Cy7 3
Equation 3 Formula to represent how the ToF is altered at differing scan lines
due to the couplant thickness effect

By subtracting the two receiver measurements (Equation 4), the
couplant effect is eliminated, isolating the material ToF (ToF1y). This
logic is extended across the full array to systematically remove couplant
effects from all measurements.

(ToF,,,) — (ToF,,,) = ToF1M 4
Equation 4 Formula to show how the difference between receiver 7 and 8 with
transmitter 1 can be used to remove the couplant thickness effect

4.4.8. Acoustoelastic constant

To obtain the acoustoelastic constant required for interpreting the
ToF data from the WAAM Ti-6Al-4V samples, tensile testing was per-
formed on a separate Ti-6Al-4V sample.

The acoustoelastic constant is essential for calculating RS, as it de-
fines how ultrasonic wave velocity changes with applied stress, which
effectively calibrates PAURS for accurate RS measurement on WAAM
samples. Since this relationship is material-specific, testing must be
conducted on the same material being evaluated, in this case Ti-6Al-4V,
to match the Ti-6Al-4V samples.

Fig. 14 presents a close-up of the acoustoelastic testing setup, which
mirrors the configuration used for the ToF measurements. The PAURS
system, previously shown in Fig. 8, is used identically here and clamped
directly onto the sample to collect measurements at each loading

a

Ti-6Al-4V
- Sample

_—.\.

o o Clamps
S

/) Holding Grip

Fig. 14. Close-up of the acoustoelastic constant testing setup.
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interval.

Similar to the ToF measurements, a PEAK MP6 system connected to a
laptop running LabVIEW was used to collect the data. Initial testing was
conducted to verify system functionality, applying load increments of
10 kN up to 240 kN, followed by unloading back to 0O kN. Once
confirmed, the main test was performed using smaller 2 kN increments
up to 250 kN, then unloaded to 0 kN. This procedure enabled analysis of
how ultrasonic wave propagation through the material varied with
applied stress.

Although a maximum stress of 578.7 MPa could be achieved with
250 kN, a maximum load of 200 kN was ultimately selected. This de-
cision was based on the slotted section of the sample being only 7 mm
thick, and because 200 kN was sufficient to gather the necessary data for
determining the acoustoelastic constant. During tensile testing, the
machine paused at each load interval for 10 s to allow the PEAK MP6 to
collect A-scan data.

Two eight-element phased array transducers were used, resulting in
16 data points per load step for both loading and unloading. Each data
point was acquired using FMC, producing 64 acoustic paths from the 8
x 8 transducer matrix. Due to the large volume of data generated, the
results were averaged to obtain a reliable value for the acoustoelastic
constant.

5. Results and discussion
5.1. Microstructure study

5.1.1. Material preparation

Although the focus of this paper is RS rather than microstructure
engineering, ultrasonic interpretation is influenced by grain
morphology, texture, and a/p distribution. Extensive literature has
shown that elongated or textured microstructures increase ultrasonic
scattering and attenuation, while equiaxed regions exhibit weaker
backscatter and lower frequency-dependent loss [33-37]. To confirm
that the WAAM-built Ti-6Al-4V wall used in this study exhibits a
representative microstructure, a cross-section was prepared and exam-
ined under an optical microscope. A transverse section of the WAAM-
built Ti-6Al-4V wall and substrate was prepared for optical micro-
scopy. The sample was cut perpendicular to the build direction using
EDM to avoid introducing cutting damage, as shown in Fig. 15 a) and
Fig. 15 b) presents montaged optical macrographs of the deposited wall
and the substrate.

The mounted specimen was ground sequentially with P240, P400,
P800, P1200, and P2500 SiC papers, followed by final polishing on a
microcloth using 0.02 um colloidal silica to achieve a scratch-free finish.
The polished surface was etched in Kroll’s reagent (ASTM E407 No. 187)
by immersion for 10-20 s, rinsed, and dried to reveal the microstructure
features.

No apparent macroscopic porosity was observed in the etched sec-
tion. At the substrate-wall interface, the prior-p grains were largely
equiaxed, sizing approximately 0.5 + 0.3 mm at the base and increasing
to roughly 3 + 1 mm within the first few millimetres of build height,
reflecting the accumulation of thermal energy during deposition.
Further up the wall, the structure transitioned to columnar prior-f grains
oriented along the build direction, extending across several layers and
frequently exceeding 3 mm in length until the point where deposition
was interrupted. In the HAZ, close to the fusion boundary, a slight in-
crease in grain size relative to the bulk substrate was visible, suggesting
local exposure to temperatures near or above the f-transus during
deposition. This observation is in line with prior reports for WAAM-
processed Ti-6Al-4V [38,39].

It is also worth highlighting that the LCR ultrasonic technique used
here penetrates approximately 1-1.2 mm from the bottom surface of the
substrate, as indicated by the dashed line in Fig. 15 b). This depth lies
well below the heat-affected zone and therefore remains unaffected by
the thermal cycles associated with WAAM deposition. As a result, the
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Fig. 15. a) The cut section of the WAAM Ti-6A1-4V wall used for optical microscopy and b) Montaged optical macrographs of the deposited wall and the substrate.

region interrogated during LCR measurements retains a uniform
microstructure across the width of the examined section.

5.2. Contour method

Fig. 16 shows the CM RS results for both the as-deposited and post-
peened WAAM Ti-6Al-4V samples, alongside a schematic indicating
the expected zones within the WAAM samples, aligned with the mea-
surement results.

In the as-deposited sample, RS begins at a minimum of ~ -150 MPa at
—35 mm, and increases steadily toward the centre, peaking at ~ 410
MPa at 0 mm, which aligns with the sample wall’s centre, where RS is
typically highest. Beyond this point, RS remains relatively constant until
9 mm, after which it gradually decreases to ~ -90 MPa at —30 mm,
before slightly rising again to ~ 100 MPa after 25 mm.

In the post-peened sample, a clear reduction in the overall RS is
examined. While the general trend remains similar with lower RS values
further from the centre, there is still a noticeable increase in RS between
—10 mm and 10 mm, closely mirroring the peak observed in the as-
deposited condition. However, the magnitude of this peak is signifi-
cantly reduced, with a maximum RS of ~ 130 MPa at 3 mm. Notably, the

RS values further from the centre are higher in the post-peened sample
compared to the as-deposited one. For instance, at 25 mm, the RS is ~
-200 MPa in the as-deposited sample, whereas it is ~ 0 MPa in the post-
peened sample. Similarly, at 30 mm, the RS is about —125 MPa in the as-
deposited condition and only —10 MPa after peening. This is expected,
as peening does not eliminate RS but rather redistributes it, reducing
tensile stress and introducing beneficial compressive stresses to enhance
the structural integrity of the sample.

Several anomalies are observed in the CM RS measurements. At the
furthest end of the sample at 35 mm, there is a small spike in RS from
approximately —200 MPa to —150 MPa, which then returns to —200
MPa. A similar pattern of sharp fluctuations is seen between 17 and 20
mm, where the stress increases and decreases abruptly.

Additionally, the RS distribution is not perfectly symmetrical. This
asymmetry is expected due to slight distortions at the bottom of the
WAAM Ti-6Al-4V samples, which are not completely flat. This is more
clearly illustrated in the CM FE model shown in Fig. 17. Such distortion
is a result of stress on the samples during the manufacturing process,
which is then relieved, and can potentially influence the measured RS.
To minimise this effect, all samples were flat before deposition, and
symmetrical clamping was applied using six clamps, with three evenly

Comparison Between Residual Stress of Ti-6Al-4V As-Deposited and Post Peened

Samples Using Contour Method
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Fig. 16. CM RS measurements for as-deposited and post-peened samples.
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(As deposited)

(Post peened)

Fig. 17. FE analysis models for both the as-deposited and post-peened samples with back-calculated RS (in MPa) using CM.

spaced along each side in the longitudinal direction.

Despite the presence of distortion, it is unlikely to affect the ToF
measurements, as the deformation resembles angular shrinkage rather
than buckling, which would impact surface flatness. This phenomenon
has been discussed in previous studies, such as the work by Sattari-Far
and Javadi [32], who found that distortion in welded pipes did not
significantly affect RS measurements when comparing FE model pre-
dictions with experimental data.

The resulting CM FE models, along with the back-calculated RS
distributions, are shown in Fig. 17.

5.3. X-ray diffraction

Fig. 18 shows the XRD RS measurements of the as-deposited Ti-6Al-
4V WAAM sample. Only an as-deposited sample was chosen for this
measurement method to provide further validation of the RS measure-
ments of the PAURS measurements. The results presented only consider
the longitudinal stress measurements, as this is the main direction in

which tensile RS occurs and where it is highest, so is the area mainly
considered for RS measurements. As previously described, measure-
ments were taken at 15 different points on the bottom of the sample,
which are shown in the results.

As shown in the results, the RS distribution from the XRD measure-
ments of the as-deposited WAAM Ti-6Al-4V sample aligns well with the
expected stress zones. The RS reaches a peak of approximately 190 MPa
at the centre of the sample wall, as expected. Within the HAZ, particu-
larly between —10 and 5 mm, the RS remains relatively high, ranging
from around 80 MPa to 90 MPa.

Further from the HAZ, particularly between 15 to 25 mm, the RS
values are significantly lower, ranging from approximately ~ -60 MPa
to ~ -30 MPa, and remain below zero in these outer regions.

Overall, the RS distribution follows the expected profile and appears
relatively symmetrical. However, similar to CM results, a slight asym-
metry is present. This is attributed to the same distortion on one side of
the as-deposited WAAM sample, as previously discussed.

X-Ray Diffraction Residual of As-Deposited Ti-6Al-4V WAAM As-Deposited
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Fig. 18. XRD RS measurements of the as-deposited WAAM Ti-6Al-4V sample.
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5.4. PAURS

5.4.1. Wedge angle testing

The optimal wedge angle for ultrasonic RS measurements in Ti-6Al-
4V was determined following the Snell’s law-based approach described
in previous work by Walker et al [10]. A set of acrylic wedges with
angles near the first critical angle for LCR waves in titanium alloys,
ranging from 22.2° to 23.2°, was tested. The angle requiring the least
gain adjustment for accurate ToF measurements was selected, resulting
in an optimal wedge angle of 22.7° for the PAURS setup.

5.4.2. Full matrix capture

The improved accuracy of PAURS primarily comes from using FMC,
an advanced phased-array technique where each element transmits
while all others receive, creating a complete transmit-receive matrix.
FMC enhances data redundancy, enables outlier removal, and improves
RS accuracy by generating 64 LCR paths [40].

5.4.3. Signal-to-noise ratio (SNR)

Although the PAURS setup is capable of generating 64 LCR wave
paths, not all of these paths are usable. In WAAM samples, the strength
of LCR signals can be affected due to various factors, including noise and
interference from other ultrasonic wave modes, such as shear waves. To
assess the quality of the LCR signals and determine their reliability, it is
essential to calculate the Signal-to-Noise Ratio (SNR).

SNR was calculated for each of the 64 LCR paths in the as-deposited
Ti-6Al-4V sample across three distinct regions: the parent material, the
—25 mm scan line, and the centre of the sample wall (0 mm), as shown in
Fig. 12. To ensure consistency and repeatability in the SNR evaluation, a
standardised methodology was developed. This methodology was
applied across all sample locations and LCR paths and is shown in
Fig. 19.

As part of the methodology, an example signal from the Ti-6Al-4V
parent material is used to demonstrate how the SNR is calculated. The
time window between 7 ps and 9 us was selected for all acoustic paths
and samples, as this region consistently contains both the LCR signal and
the peak noise, allowing for a good comparison.

To calculate the SNR, the amplitude of the LCR signal was first
identified within this window. Then, the peak noise amplitude was
determined by selecting four distinct noise peaks within the same

Materials & Design 260 (2025) 115247

region. The average of these four peaks was used to reduce variability
and improve consistency in the measurement. These values were then
applied to the standard SNR formula to compute the final SNR for each
path.

It is important to consider the results across all acoustic paths and
regions to fully understand the signal quality. These results are shown in
Fig. 20.

The calculated SNR values are generally consistent across all acoustic
paths and regions, ranging from approximately 0 dB to 53 dB, with a few
significant anomalies. Among the three regions, the parent material
shows the most consistent SNR and the lowest overall noise levels. The
—25 mm scan line, located at the edge of the measurement area, shows
higher SNR values than the HAZ region, which is expected due to
reduced interference.

Across all positions, the SNR follows a repeating pattern. It tends to
remain stable or gradually increase, peaking at every eighth path before
decreasing again. This pattern is observed consistently from path 8
through to path 64 and is likely related to the way ultrasound propagates
using FMC, as shown in Fig. 9. As the acoustic paths progress from the
first transmitter through each set of eight receivers, the SNR appears to
increase across the receiver group before resetting with the next
transmitter.

Interestingly, the SNR results are not entirely consistent with ex-
pectations. The parent material, which should exhibit minimal varia-
tion, shows more fluctuation than anticipated. Notable spikes occur at
path 30 with 51 dB and path 33 with 53 dB, followed by a return to the
previous SNR range. In contrast, the WAAM sample shows slightly more
stable SNR values than expected. This improved consistency may be due
to the WAAM measurements being retaken later using an updated
method to enhance RS accuracy, which was not carried out for the
parent material.

The SNR results in Fig. 20 indicate a clear correlation between signal
quality and measurement reliability. Paths with SNR above ~ 40 dB,
such as those observed in the parent material, consistently produced
stable RS profiles without unrealistic peaks. In contrast, paths within the
HAZ, where SNR was typically below 10 dB, were more prone to
interpolation errors and generated extreme outliers during initial
PAURS calculations. This supports the expectation that higher SNR
improves zero-crossing detection and reduces timing uncertainty.
Therefore, SNR serves as a practical criterion for identifying unreliable

5 Noise peaks are taken

at each acoustic path which

are then averaged and used to

calculate SNR with Signal

Amplitude
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Fig. 19. SNR calculation methodology and formula.
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Fig. 20. (a) SNR results across regions; (b) Sample positions.

paths and guiding outlier removal during FMC-based averaging.

5.4.4. Acoustoelastic constant

The results from this experiment were previously discussed in the
study by Walker et al. [10]. During the experiment, stress increments
were applied through both loading and unloading cycles, allowing
acoustoelastic constant measurements to be obtained separately for each
mode. Since the PAURS setup uses two eight-element arrays, results can
be presented individually for each element. This means that a total of 16

o El

t4

o El

sets of data are produced when using the direct approach, with eight sets
of data for loading and eight for unloading.

Figs. 21 and 22 show the acoustoelastic constant results for both
loading and unloading, respectively. Each set of data corresponds to a
specific array element, with data points collected using FMC. For
example, “Element 3" refers to the ToF measurement between trans-
mitter element 3 and receiver element 3.

The vertical axis of each graph represents the value of Exdt/t0, where
the slope of the graph corresponds to the acoustoelastic constant. This

t5 o El t 6 o Element 7 © Element 8 ¢ Mean

© Element 1 © Element 2 o Element 3
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Fig. 21. Acoustoelastic constant graph during loading.
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Fig. 22. Acoustoelastic constant graph during unloading.

constant is calculated by plotting the known stress applied by the tensile
testing machine against the effective Young’s modulus of the material.
The acoustoelastic constant is then extracted from the best-fit line
through the data points, which is shown in red on each graph.

As expected, the loading graph shows an upward trend, with
increasing stress resulting in higher values of Exdt/t0, while the
unloading graph displays the opposite pattern. However, a few outliers
deviate from this trend. For instance, in the loading data, Element 6
shows an unexpected spike just after 400 MPa, followed by a gradual
decrease. A similar anomaly appears in the unloading data at approxi-
mately 150 MPa for both Elements 4 and 6. Additionally, there are in-
stances where the Exdt/t0 value remains constant over a wide stress
range, despite a significant increase in applied stress.

These irregularities may be attributed to known sources of error
discussed in previous studies by Javadi et al. [9] and Walker et al. [10],
such as triggering issues or inconsistencies in the tensile testing ma-
chine. However, the impact of these errors is largely mitigated in the
PAURS setup. Unlike traditional single-element ultrasonic methods,
which rely on a single measurement and are more vulnerable to such
anomalies, PAURS collects hundreds of data points across multiple
paths. These are averaged to produce more reliable acoustoelastic con-
stant measurements, allowing for greater confidence in the results and
easier identification of outliers.

The Exdt/t0 values for each element are shown in Tables 2 and 3 for
loading and unloading, respectively.

5.4.5. Final PAURS measurements

The PAURS measurement method was applied to both the as-
deposited and inter-pass peened WAAM Ti-6Al-4V samples. This
allowed for a direct comparison between the two conditions, as well as
with the CM results, providing insight into both the effectiveness of
inter-pass peening and the suitability of phased array ultrasound for RS
evaluation in WAAM components. All RS measurements are measured
with a penetration depth of 1.2 mm, as discussed previously from the

Table 2

Loading acoustoelastic constant results.
Element Exdt/t0
1 860,961.1349
2 968,668.9634
3 953,035.7701
4 790,665.4419
5 824,008.7474
6 775,752.9144
7 849,043.335
8 643,318.9281
Mean 761,176.1715

15

Table 3
Unloading acoustoelastic constant results.

Element Exdt/t0

—754,870.0192
—784,346.7032
—703,190.1195
—619,939.1957
—607,641.9236
—464,131.9657
—803,611.4424
—584,507.1202
—591,370.9433
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macrographs. This depth is below the heat-affected zone, so it is unaf-
fected by WAAM thermal cycles and retains a uniform microstructure
across the section.

The initial results from these measurements are presented in Figs. 23
and 24 for as-deposited and inter-pass peened samples, respectively.
These were obtained using the path difference method illustrated in
Fig. 19, where adjacent ToF values are subtracted to reduce the influ-
ence of couplant thickness on the RS measurements. Therefore, 56
acoustic paths are shown due to subtracting adjacent ToF to mitigate the
effect of couplant thickness on the RS measurements.

The initial RS measurements obtained using the PAURS method
show several noticeable outliers that significantly affect the overall re-
sults for both the as-deposited and inter-pass peened WAAM Ti-6Al-4V
samples. In both datasets, the red line represents the mean RS across
all acoustic paths. However, in many cases, individual RS measurements
deviate substantially from this mean, indicating the presence of outliers.

For the as-deposited sample, several acoustic paths between 0 mm
and 5 mm show RS values as high as approximately 6000 MPa, which is
far above the expected range. Additionally, between —10 mm and 10
mm, some paths report RS values between —6000 MPa and —8000 MPa.
Outside the HAZ, path 56 shows a clear anomaly between 10 mm and 25
mm, where RS spikes to around 2000 MPa.

Similarly, the inter-pass peened sample contains outliers, with
several paths showing peak RS values between 4000 MPa and 6000 MPa.
In the same central region between —10 mm and 10 mm, some paths
report extremely low RS values, ranging from —6000 MPa to —10,000
MPa.

These outliers must be removed to ensure accurate RS measure-
ments. One advantage of the PAURS method is that it generates 56
acoustic path measurements, allowing for a mean RS to be calculated
and compared against individual paths. This makes it easier to identify
and isolate outliers.

Figs. 25 and 26 present the standard deviation results for the as-
deposited and inter-pass peened samples, respectively. Although



J. Walker et al.

Materials & Design 260 (2025) 115247

Ti-6Al-4V WAAM As-Deposited Sample All Acoustic Paths and Mean Residual Stress
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Fig. 23. As-Deposited initial RS measurements.
Ti-6Al-4V WAAM Inter-pass Peened Sample All Acoustic Paths and Mean Residual Stress
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Fig. 24. Inter-pass Peened initial RS measurements.

standard deviation was calculated for all 56 paths, a set of 8 paths from
each sample is shown to demonstrate how this method helps identify
and remove outliers.

Outliers were identified using the standard deviation method, with a
threshold of 100 MPa. This value was chosen based on two factors:

(i) Material yield strength: Ti-6Al-4V typically exhibits a yield
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strength of 850-950 MPa [41]. Even under extreme conditions, RS
exceeding ~ 120 % of the yield strength of 1100 MPa is highly unlikely.
Therefore, any calculated RS values in the range of several thousand
MPa are physically unrealistic and indicative of measurement or inter-
polation errors.

(ii) Statistical consistency and prior studies: Previous ultrasonic RS
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Fig. 25. As-deposited Standard Deviation results.
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Fig. 26. Inter-pass peened Standard Deviation results.

studies [11,42,43] have shown that outlier rejection based on statistical
dispersion, such as standard deviation, is effective for mitigating noise
and coupling inconsistencies. A 100 MPa threshold is small relative to
the material’s yield strength yet large enough to accommodate naturally
occurring variability in ultrasonic measurements, ensuring that genuine
stress variations are preserved while extreme anomalies are removed.

A trend was observed in both samples where paths between 42 and
56 showed significantly more deviation from the mean. This may be due
to poor contact between the transducer elements and the sample surface,
particularly at the ends of the arrays. Elements 6 to 8 may therefore
produce less reliable data. However, because PAURS averages results
across all paths, the impact of these inaccuracies can be mitigated.

A trend was observed in both samples where paths between 42 and
56 showed significantly more deviation from the mean. These paths
correspond to combinations involving the outer elements of the phased
array (particularly Elements 6 to 8), which are more affected by poor
coupling and uneven contact with the sample surface. This issue is
common in array setups because the ends of the transducer often
experience less consistent pressure compared to the elements at the
centre. While a single-element transducer can also suffer from coupling
inconsistencies, the impact is more pronounced in phased arrays due to
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the larger number of elements and the reliance on multiple trans-
mit-receive combinations. However, PAURS mitigates this by averaging
results across 56 acoustic paths, reducing the influence of any single
unreliable path on the final RS measurement.

After removing the identified outliers, the final as-deposited and
inter-pass peened RS measurements were produced and are shown in
Figs. 27 and 28, respectively. As illustrated, the individual acoustic
paths now align much more closely with the mean RS values, and the RS
measurements fall within the expected range for both the as-deposited
and inter-pass peened samples. A clear reduction in RS is observed in
the inter-pass peened sample, confirming the effectiveness of the peen-
ing process in reducing tensile stress within the WAAM Ti-6Al-4V
structure.

It is important to note that RS values up to 1300 MPa were not
considered outliers in this study. This decision was based on the yield
strength of Ti-6Al-4V, which typically ranges between 850 MPa and 950
MPa depending on processing conditions [44]. Assuming a threshold of
120 % of yield strength, values up to approximately 1140 MPa [45]
could still be considered in regions of high RS. The 1300 MPa mea-
surements, whilst much higher than the mean, were consistent with
surrounding data and did not exhibit the behaviour typical of true
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Ti-6Al-4V WAAM As-Deposited Sample All Acoustic Paths and Mean Residual Stress after
Outlier Removal
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Fig. 27. As-deposited RS measurements after outlier removal.

Ti-6Al-4V WAAM Inter-pass Peened Sample All Acoustic Paths and Mean Residual Stress

after Outlier Removal
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Fig. 28. Inter-pass peened RS measurements after outlier removal.

outliers, such as the extreme values exceeding 6000 MPa.
The comparison between the mean RS values before and after outlier
removal is shown further in Fig. 29, clearly demonstrating improved
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accuracy in both the as-deposited and inter-pass peened samples. The RS
measurements after outlier removal align more closely with the ex-
pected values for WAAM Ti-6Al-4V components. One of the most
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Ti-6Al-4V WAAM Samples Mean Residual Stress Before and After Outliers Removal
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Fig. 29. Comparison of Mean RS before and after outlier removal.

notable observations is the higher concentration of outliers within the
HAZ, particularly between —10 mm and 10 mm in both samples. Outside
the HAZ, the removal of outliers has had a lesser effect, except for the
region beyond 15 mm in the as-deposited sample. This corresponds to
previously identified errors in path 56, which showed abnormal RS
values between 10 mm and 25 mm. Removing this path led to a clear
improvement in that area.

In the as-deposited sample, the overall RS distribution remains
largely unchanged in shape after outlier removal. However, the RS
values are significantly higher, with the peak increasing from ~ 480
MPa to ~ 660 MPa. The removal of outliers also greatly reduced fluc-
tuations within the HAZ, resulting in a smoother and more natural RS
curve between —10 mm and 10 mm. The peak RS now occurs at the
centre of the sample wall (0 mm), as expected. These fluctuations were
previously caused by extremely low RS values, with some acoustic paths
measuring as low as —6000 MPa.

For the inter-pass peened sample, the overall RS shape also remains
mostly consistent, but the RS values increase across the sample after
outlier removal. This is due to similar issues as in the as-deposited
sample, where several acoustic paths showed unrealistically low RS
values between —6000 MPa and —10,000 MPa. Interestingly, the loca-
tion of the peak RS shifts. Initially, the peak RS was observed at —10 mm
with a value of ~ 450 MPa. After outlier removal, this increases slightly
to ~ 520 MPa. However, a more significant change occurs at 2 mm,
where the RS increases from ~ 280 MPa to ~ 530 MPa, indicating that
this region was heavily affected by outliers. Outside the HAZ, the RS
remains close to 0 MPa on both sides of the sample.

Fig. 30 presents the final mean RS measurements for both the as-
deposited and inter-pass peened WAAM Ti-6Al-4V samples. Alongside
the RS data, a schematic of a WAAM sample is included to illustrate the
specific regions where measurements were taken, as previously shown
in Fig. 12.

Ti-6Al-4V WAAM Comparison between Residual Stress of As-Deposited and

Interpass Peened Samples
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Fig. 30. Final Mean RS measurements for as-deposited and inter-pass peened samples.
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Fig. 30 shows that both the as-deposited and inter-pass peened
samples show the expected RS distribution, with higher RS values
concentrated near the centre of the sample, between —10 mm and 10
mm. This region corresponds to the area most affected by heat during
the WAAM process. Outside of this central zone, RS values drop signif-
icantly, with both samples measuring approximately 0 MPa, as
expected.

The overall RS profile of the inter-pass peened sample closely re-
sembles that of the as-deposited sample, but with noticeably lower RS
values in the central region. Excluding the peak RS values, the average
RS between —10 mm and 10 mm decreases from ~ 500-600 MPa in the
as-deposited sample to around 250-300 MPa in the inter-pass peened
sample. This reduction demonstrates the effectiveness of inter-pass
peening in lowering overall RS.

However, two significant RS spikes remain in the inter-pass peened
sample at —10 mm, —9 mm, and 2 mm, where RS values reach ~ 350
MPa, 520 MPa, and 530 MPa, respectively. Notably, the RS at —10 mm
and —9 mm is higher in the inter-pass peened sample than in the as-
deposited one, increasing from 0 MPa to 360 MPa at —10 mm and
from 480 MPa to 520 MPa at —9 mm. While this may suggest that
peening increased RS at these points, it is more likely that the process
redistributed stress within the HAZ. The reduction in RS across the rest
of the HAZ may have concentrated stress at these specific locations.
Additionally, inter-pass peening may have replaced harmful tensile
stress with beneficial compressive stress, improving the overall struc-
tural integrity of the sample.

Overall, the comparison between both samples and their respective
scan areas confirms that PAURS provides accurate RS measurements for
WAAM Ti-6Al-4V. For example, the peak RS of approximately 680 MPa
occurs precisely at 0 mm, aligning with the centre of the sample wall
where the highest thermal input is expected. The similarity in RS dis-
tribution between the two samples, along with the clear reduction in RS
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in the inter-pass peened sample, further supports the reliability of the
PAURS method.

5.5. Comparison of PAURS, CM, and XRD results

Fig. 31 shows a comparison of RS results across multiple measure-
ment methods and sample conditions. It includes CM results for both the
as-deposited and post-peened samples, PAURS results for the as-
deposited and inter-pass peened samples, and XRD results for the as-
deposited sample.

Despite differences in measurement principles and data acquisition
techniques, all three methods show strong qualitative agreement in RS
distribution. In each case, the peak RS occurs at the centre of the sample
wall (0 mm), where thermal input during WAAM is most concentrated in
the HAZ, and RS decreases as it is measured further from the HAZ.

The PAURS results are notably smoother than those obtained using
CM and show significantly less fluctuation, particularly in regions such
as 0-5 mm and 45-60 mm, where CM shows notable instability. XRD
results are similarly smooth, and PAURS further improves consistency
using FMC, which enables anomaly detection and removal.

For the as-deposited Ti-6A1-4V samples, the PAURS method recorded
the highest peak at ~ 680 MPa, followed by CM at around 410 MPa. XRD
measured the lowest peak RS, with ~ 190 MPa.

The quantitative differences in peak RS values can be attributed to
the inherent characteristics of each technique. PAURS measures near-
surface stress over a depth of approximately 1-1.2 mm and uses ultra-
sonic velocity changes, which are highly sensitive to local stress varia-
tions [10]. The use of FMC and interpolation enhances resolution,
allowing detection of sharper stress gradients and higher peak values
[11]. In contrast, CM provides an averaged stress distribution across the
entire cross-section after material removal, which tends to smooth out
localised peaks [24]. XRD measures only the top few microns of the

Ti-6Al-4V WAAM Samples RS Comparison Between PAURS, XRD and CM
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Fig. 31. (a) Final PAURS RS measurements, (b) XRD as-deposited RS, (c) CM RS for as-deposited and post-peened samples.
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surface, where stress relaxation and microstructural effects can reduce
tensile stress compared to subsurface regions [28]. Additionally, dif-
ferences in spatial resolution, penetration depth, and data processing,
such as FE reconstruction using CM against LCR path averaging using
PAURS, contribute to these discrepancies [7]. These variations are
consistent with prior comparative studies of RS measurement techniques
and highlight the importance of considering method-specific sensitiv-
ities when interpreting RS data [3].

The very small penetration depth of XRD means that it is not the best
to study the effect of peening on the peened surface directly. However,
this was out of the scope of this paper, in which the bottom surface was
studied, but the potential of using PAURS and XRD for RS measurement
on the WAAM wall is in the vision of the work.

Both inter-pass peening (measured using PAURS) and post-peening
(measured using CM) demonstrate clear effectiveness in reducing RS.
PAURS shows a reduction of approximately 200-250 MPa in peak RS in
the inter-pass peened sample compared to the as-deposited sample.
Similarly, CM shows a reduction of around 300 MPa in the post-peened
sample. Although the inter-pass peened sample shows a higher peak RS
(~500 MPa) than the post-peened sample (~130 MPa), this difference is
likely due to the measurement method rather than the peening process
itself. The elevated values in PAURS may result from FMC-based
anomaly removal, which enhances peak detection, and from the na-
ture of inter-pass peening, which may redistribute stress and replace
tensile RS with beneficial compressive RS.

Importantly, PAURS is the only method among the three with the
potential for in-process RS measurement. As discussed by Javadi et al
[9], this ability enables real-time evaluation of inter-pass peening
effectiveness. Manufacturers can use PAURS to assess RS immediately
after each deposition pass and determine whether additional peening is
necessary, without waiting for post-process inspection. Moreover,
PAURS can be used in-situ, meaning the sample does not need to be
unclamped or transferred to another measurement setup. This is
particularly advantageous for both inter-pass and post-process evalua-
tion, as it avoids stress redistribution that may occur during handling. In
contrast, while XRD is also non-destructive, it requires specialised fa-
cilities and is not suitable for in-process or in-situ applications. CM,
although capable of providing full FE RS modelling, is destructive and
requires the sample to be cut, making it unsuitable for iterative or real-
time evaluation.

Based on these findings, PAURS demonstrates strong potential as a
method for RS measurements in WAAM components. Although each
investigated method offers unique advantages and limitations, PAURS
stands out as the only method capable of in-process and in-situ RS
measurement, making it particularly valuable for evaluating the effec-
tiveness of inter-pass peening. Both PAURS and XRD are non-
destructive, while CM is destructive but provides comprehensive RS
measurements and modelling. The ability of PAURS to support real-time
decision-making during manufacturing, combined with its adaptability
and depth of measurement, makes it a highly effective tool for RS
evaluation in WAAM Ti-6Al-4V components.

5.6. Limitations and extensions

While this study has demonstrated the capability of PAURS for RS
evaluation, it also has several limitations, which highlight directions for
future work. First, PAURS measurements were limited to the bottom
surface of the WAAM samples. Due to the use of 5 MHz arrays with
limited penetration depth, the current setup cannot directly access RS
within the WAAM wall. This constraint will be addressed in future de-
velopments by integrating phased array probes into a roller-probe
configuration developed for in-process defect-detection of the wall
[46]. Such an approach represents a key justification for PAURS, as it is
the only current method with the potential to evolve into a practical in-
process RS measurement tool [11].

A second limitation arises from coupling effects. Although
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techniques such as path-difference analysis and FMC averaging were
used to mitigate couplant thickness variation and edge-element in-
consistencies (see Section 4.4.7), these factors remain sources of error
and point to the need for further refinement in transducer design and
coupling methods.

The influence of microstructure on both RS evaluation and ultrasonic
propagation was also not directly characterised in this work. Variations
in grain morphology, such as columnar-equiaxed transitions, and
anisotropy effects could affect CM accuracy and ultrasonic velocity
[17,31]. Prior work has shown that ultrasonics can detect gross changes
in anisotropy and grain aspect ratio [9,11], suggesting that combining
PAURS with complementary microstructural characterisation would
provide a more comprehensive framework for process control and
structural integrity in WAAM components.

Finally, while both inter-pass and post-peening strategies demon-
strated measurable reductions in RS, a direct comparison of their
effectiveness is restricted by the use of different measurement tech-
niques, with PAURS for inter-pass peening and CM for post-peening.
This introduces variability due to differences in penetration depth and
spatial resolution [10]. Nevertheless, qualitative trends remain consis-
tent, and both methods significantly reduce tensile RS in the heat-
affected zone compared to the as-deposited condition [8].

From a practical standpoint, inter-pass peening offers the advantage
of being integrated into the WAAM process, enabling real-time mitiga-
tion of stress accumulation without removing the component from the
setup. This reduces the risk of distortion during handling and opens the
possibility for in-process monitoring when combined with PAURS [11].
However, its effectiveness may be influenced by process parameters
such as peening frequency and energy per blow, and it requires careful
synchronisation with deposition to avoid surface defects [12].

Conversely, post-peening provides greater flexibility in applying
higher-intensity treatments after the component has cooled, which can
lead to more uniform stress redistribution [12]. It is less constrained by
deposition timing but introduces additional manufacturing steps and
handling, which may allow partial stress relaxation before treatment
[47]. Furthermore, post-peening cannot prevent distortion during the
build, whereas inter-pass peening can mitigate these effects progres-
sively [48].

In summary, inter-pass peening is advantageous for large, complex
WAAM components where in-process stress control is critical, while
post-peening remains valuable for achieving deeper and more uniform
stress redistribution when process integration is less feasible [48].
Future work should include applying the same measurement method to
both conditions or combining PAURS and CM on identical samples to
enable a fully quantitative comparison [10].

6. Conclusions

This study investigated the use of PAURS measurements on WAAM
Ti-6Al-4V samples in both as-deposited and inter-pass peened condi-
tions. The results were compared with CM and XRD measurements to
evaluate the feasibility of PAURS and the effectiveness of inter-pass
peening as a RS mitigation strategy. The following conclusions were
drawn:

PAURS proved to be a viable method for RS measurement in WAAM
Ti-6Al-4V, demonstrating improved accuracy using FMC and 64 acoustic
paths, which enabled outlier removal and enhanced result reliability.

PAURS and XRD as-deposited results displayed more stable results
with significantly less fluctuations than the CM results. While PAURS
and CM differed quantitatively, with PAURS showing RS peaks of ~
500-650 MPa and CM showing ~ 400-450 MPa, they remained within a
comparable range. XRD showed lower peak RS (~190 MPa) but fol-
lowed a similar distribution.

Qualitatively, all three methods agreed, with PAURS offering the
most stable results and significantly reduced fluctuation compared to
CM, especially outside the HAZ.
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Error-reduction techniques in PAURS, such as couplant thickness
correction and FMC-based data averaging, contributed to more accurate
and consistent RS measurements.

Inter-pass peening effectively reduced RS in WAAM Ti-6Al-4V. When
comparing the PAURS-measured inter-pass peened sample with the CM-
measured post-peened sample, both showed RS reductions in the
HAZ—~250 MPa for inter-pass peening and ~ 300 MPa for post-
peening. The differences in peak RS are likely due to the measurement
methods rather than the peening processes themselves.

Based on the findings, PAURS is strongly recommended as a reliable
RS measurement method for WAAM Ti-6Al-4V components. Addition-
ally, inter-pass peening is validated as an effective RS mitigation tech-
nique, offering practical benefits during the manufacturing process.
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