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AddiƟve Manufacturing (AM) is increasingly used to produce complex components, with Wire Arc 
AddiƟve Manufacturing (WAAM) playing a crucial role in industries such as aerospace, parƟcularly for 
Ɵtanium alloys like Ti-6Al-4V. 

However, WAAM introduces significant Residual Stress (RS) due to the high heat input, which can lead 
to component failure. Therefore, understanding how to evaluate RS in Ti-6Al-4V WAAM-manufactured 
components and minimizing its effects is essenƟal. 

Peening can miƟgate tensile RS by introducing compressive stress, making it important to assess its 
impact on WAAM samples. In this study, RS measurements were conducted using both the newly 
developed Phased Array Ultrasonics for Residual Stress Measurement (PAURS) and the well-
established Contour Method. 

While various RS measurement techniques exist, there is a gap in understanding how PAURS can be 
effecƟvely applied. To address this, The Contour Method was used to validate PAURS results on WAAM 
Ti-6Al-4V samples. RS was evaluated in both peened and unpeened samples, enabling a comparaƟve 
analysis. 

Results showed that (I) PAURS and The Contour Method exhibited good qualitaƟve agreement in as-
built samples, and (II) peening effecƟvely introduced up to 800 MPa compressive stress on the top 
surface of WAAM components.  
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Additive Manufactured Ti-6Al-4V Using Contour Method 

and Phased Array Ultrasonics

X
T

H
E

 P
L

A
C

E
 O

F
 U

S
E

F
U

L
 L

E
A

R
N

IN
G

Joseph Walker1

Postgraduate Researcher

Co-authors: Brandon Mills1, Yashar Javadi1,2, Charles MacLeod1, Yongle Sun3, Pradeeptta
Taraphdar3, Bilal Ahmad4, Sundar Gurumurthy3, Jialuo Ding3

1Centre for Ultrasonic Engineering (CUE), Department of Electronic & Electrical Engineering (EEE), University of Strathclyde, Glasgow G1 1XQ, UK

2Department of Design, Manufacturing & Engineering Management (DMEM), University of Strathclyde, Glasgow G1 1XQ, UK
3Welding and Additive Manufacturing Centre, Cranfield University, Milton Keynes MK43 0AL, UK

4Centre for Manufacturing and Materials, College of Engineering, Environment and Science, Coventry University, Coventry CV1 5FB, UK



X
T

H
E

 U
N

IV
E

R
S

IT
Y

 O
F

 S
T

R
A

T
H

C
L

Y
D

E

Abstract
1. Residual stress was evaluated in WAAM Ti-6Al-4V samples using Phased Array 

Ultrasonics for Residual Stress (PAURS) and the contour method.

2. The study aimed to validate PAURS against the well-established contour method and 
explore its feasibility for residual stress measurement in additive manufacturing.

3. Samples were tested in both peened and unpeened (as-deposited) conditions to also
assess the effect of peening on residual stress distribution.

4. Results showed good qualitative agreement between PAURS and the contour method
in as-deposited samples, supporting the reliability of PAURS.

5. Peening introduced compressive stress, demonstrating its effectiveness in mitigating 
tensile residual stress.

6. The findings highlight PAURS as a promising technique for future robotic and 
automated residual stress evaluation in complex WAAM components.
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Wire-arc additive manufacturing 
(WAAM)
• Uses an electric arc as the 

heat source to melt and 
deposit metal layer by layer

• Becoming prevalent in 
aerospace

• Repeated heating and 
cooling causes tensile
residual stress

Illustration of the WAAM process used to produce Ti-6Al-4V 
samples 



X
T

H
E

 U
N

IV
E

R
S

IT
Y

 O
F

 S
T

R
A

T
H

C
L

Y
D

E

Longitudinal Critically Refracted 
(LCR) Ultrasonic Waves

(a) Principles of the ultrasonic stress measurement, (b) tensile test for measurement of the acoustoelastic coefficient

Images courtesy: [Yashar Javadi et al. “Sub-surface stress measurement of cross welds in a dissimilar welded pressure vessel”, Materials & Design 85, 2015]

• LCR waves sensitive to stress
• Comparing time-of-flight in stress-free material (T1) with material with stress (T2)
• Tensile testing of sample used to calibrate and find acoustoelastic coefficient for 

chosen material

(a) (b)
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Phased Array Ultrasonic Residual 
Stress (PAURS)
• Built on the traditional LCR stress 

measurement method (single-
element)

PAURS

• Two 5MHz 8-element ultrasonic
phased arrays

• One as a transmitter, other as 
receiver

(b)

(a) Traditional ultrasonic LCR stress measurement and (b) PAURS 
measurement approach developed in this paper

Image (a) courtesy: [Yashar Javadi et al. “Using finite element and ultrasonic method to evaluate welding longitudinal residual stress through the thickness in austenitic  stainless
steel plates ”, Materials & Design 45, 2013]
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PAURS: Full Matrix Capture (FMC)

• Two 8-element phased array 
transducers

• 64 unique transmit-receive 
combinations

• 64 acoustic paths produced 
compared to traditional 2 paths

Increased number of paths 
removes anomalies and 
produces more accurate 

measurements

Representation of PAURS FMC Acoustic Paths
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RS measurement with Phased Array 
Ultrasound
Feasibility Study by (Yashar Javadi et al., 2022) (Presented at ICRS-11 in France)
• Focused on initial traditional PAUT-LCR system for residual stress measurement in WAAM samples.
• Did not produce final residual stress measurements

Residual Stress Study in Ti-6Al-4V WAAM components (Walker et al., 2024)
• Produced final residual stress measurements
• Compared with contour method
• FMC not utilised

Residual Stress analysis of welded plates (Mills et al., 2025)
• Final residual stress measurements
• Compared with neutron diffraction and hole drilling
• FMC utilised

Round Robin Evaluation of Interpass Peening in WAAM components (Walker et al., (TBA)
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PAURS: Scanning

2

4
Scan Area

Y

X

• Setup currently only 

allows for bottom 

scans

• Future plan for other 

areas
Bottom scan line on Ti-6Al-4V samples
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PAURS: Scanning
• Multiple scan lines across the 

sample

• Centre of wall = 0mm; scan lines 

extend to ±25 mm

• Heat affected zone (HAZ) 

scanned more densely due to 

expected stress peak from thermal 

cycling

Outside HAZ:

• 8 measurements at 5 mm intervals

Within HAZ:

• 18 measurements at 1 mm 

intervals

PAURS WAAM Ti-6Al-4V Scan Lines
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Phased Array Ultrasonic Residual 
Stress (PAURS)

PAURS Experimental Setup
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Contour Method: Process

Stress measurement by contour method

• The Contour Method is a destructive
technique for measuring residual 
stress

• Involves cutting a component and 
measuring deformation of the cut 
surfaces. 

• The deformation profile is used to 
reconstruct the original residual stress 
via finite element analysis.

• Effective for mapping residual stress 
across large cross-sections

Images courtesy: [Yashar Javadi et al. “Residual stress measurement round robin on an electron beam welded joint between austenitic stainless steel 316L(N) and ferritic steel
P91”, International Journal of Pressure Vessels and Piping 154, 2017]
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Contour Method: Setup

• Two samples (as-deposited and post 
peened) were cut by wire electro-
discharge machining

• Surfaces were scanned to get 
displacement profiles

• Data processed in MATLAB

• FE models built in Abaqus to 
reconstruct residual stress fields

Post peened and as-deposited cut samples 
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Contour Method: FE Models
• Comparison between as-

deposited and post peened 
samples

• Allows for a full residual 
stress map rather than just 
the bottom of the samples

• Only bottom of sample 
considered for comparison
with PAURS

• Tensile stress can be seen 
to be redistributed to top of 
sample after peening

FE analysis models for both the as-deposited and post-peened 
samples with back-calculated RS (in MPa) using CM
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Contour Method: Results
• Stress distribution is 

asymmetrical due to sample 
distortion during manufacturing 
(seen in FE model)

• Residual stress peaks at ~410 
MPa at the center in the as-
deposited sample; post-
peening reduces this to ~130 
MPa.

• As-deposited residual stress 
fluctuations occur between 45 
and 60mm (potentially non-
uniform deformation caused by 
asymmetry)
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PAURS: Results

• Residual stress is highest near the 
center (±10 mm) in both samples

• Inter-pass peening reduces average 
central residual stress from ~600 MPa 
to ~300 MPa.

• Residual stress spikes at -10 mm, -
9 mm, and 2 mm in the peened 
sample
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Results Comparison
Contour MethodPAURS

• Contour method and PAURS show strong agreement in stress distribution, with peak residual stress at the sample centre (0 
mm).

• PAURS results are smoother and more consistent than contour method, especially in regions with contour method fluctuations.

• PAURS records higher peak stress (~680 MPa) than contour method (~410 MPa), likely due to FMC-based anomaly removal.

• Both peening methods effectively reduced tensile residual stress
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Conclusions
• Contour method and PAURS both show strong agreement in stress distribution, with 

peak stress at the sample centre.

• Contour method provides full residual stress reconstruction via finite element 
modelling but is destructive and post-process only.

• Contour method is effective for validating tensile stress reduction strategies but 
unsuitable for in-process monitoring.

• PAURS complements contour method by offering smoother results and enabling in-
situ, real-time residual stress evaluation.
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PAURS Future Work
Influence Of Microstructure on wave propagation

Optical Micrograph of Ti-6Al-4V WAAM sample

Using PAURS for Microstructure 
Characterisation (AFSD samples)
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Thanks for listening


