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ABSTRACT

Residual stress measurement using the ultrasonic method is based on the acoustoelasticity law, which
states that the Time-of-Flight (ToF) of an ultrasonic wave is affected by the stress field. Traditionally,
single-element ultrasonic transducers are used for residual stress measurement. In this paper, a Phased
Array Ultrasonic Testing (PAUT) system is used and the single element transducers are replaced by 5
MHz and 10 MHz arrays with 8 and 16 elements, respectively. The 10 MHz transmitter array can
generate 16 ultrasonic waves and each of them can be received by any of the 16 elements of the 10 MHz
receiver array. Therefore, a matrix of 16 X 16 acoustic paths can potentially be generated. Each of these
256 LCR paths is different from the others (i.e., different distance or different position of the travel path
in the material) whereby 256 ToFs can be generated. This is anticipated to increase the measurement
accuracy in comparison with the traditional setup in which only two acoustic paths can be generated by
using three single element transducers. In this paper, a feasibility study is conducted to investigate the
requirements of a residual stress measurement system using the PAUT method. An advanced processing
algorithm is also developed to analyse Full Matrix Capture (FMC). Based on the preliminary results,
some variations between different acoustic paths are measured which prove that the effect of the residual
stress on the ultrasonic wave is detectable using the PAUT system. Furthermore, the potential of this
system for robotic residual stress measurement is discussed.

Keywords: Residual Stress; Phased Array Ultrasonic Testing (PAUT); Robotics; Waves; Welding; Wire Arc
Additive Manufacturing (WAAM).

1. Introduction

Residual Stresses (RS) can be produced in a variety of manufacturing processes, from
welding [1] and additive manufacturing [2] to forming [3] and machining [4]. They, along with
the presence of undetected defects, can dangerously lower the applied stress threshold at which
unexpected structural failure will occur [5]. The RS could also trigger the formation of other
defects, for example, Javadi et al [6] showed that an excessive amount of 78 MPa in the RS can
result in a considerable increase in the size of a hydrogen-induced crack from 2 mm to 13 mm.
This can be even more concerning in Wire + Arc Additive Manufacturing (WAAM) process in
which a near-yield tensile RS for aluminium and Inconel (around 1000 MPa) was reported by
Honnige et al [7]. Therefore, the mitigation of RS is a critical procedure, especially in safety-
critical components [8], however, they first need to be measured.
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The measurement of welding and WAAM residual stresses can be achieved through non-
destructive methods (e.g., ultrasonic techniques [9], which is the method used in this paper),
semi-destructive methods (e.g., hole-drilling [7], which is the only standardised method by
ASTM E837 [10]) or destructive methods (e.g., the contour method [11]). In this paper, the
ultrasonic method is used, and improved through the Phased Array Ultrasonic Testing (PAUT)
approach, to investigate the requirements for a RS measurement system developed for welding
and WAAM components.

2. RS measurement using the ultrasonic method

The ultrasonic method for residual stress measurement works based on the acoustoelasticity
law, which states that the material stress can affect the Time-of-Flight (ToF) of the ultrasonic
wave. Egle and Bray [12] showed that the Longitudinal Critically Refracted (LCR) waves have
a higher sensitivity to the stress in comparison with other types of ultrasonic wave. Based on
the LCR method, Fig. la, the material stress (o) can be calculated if the acoustoelastic
coefficient (L), the ultrasonic wave ToF in both the stress-free material (T1) and material with
the applied or residual stress (T2), are measured. It is also possible to penetrate various
thicknesses of the material using different ultrasonic frequencies (Fig. 1b) to measure the
through-thickness residual stress [9, 13]. The ultrasonic transducers (transmitter and receiver)
are placed in a specially-designed wedge that can be freely moved over the component surface
to extend the measurement coverage throughout the component. The acoustoelastic coefficient
(L) 1s a material property that is required to be measured during a controlled loading/unloading
procedure, like the standard tensile test [9], as shown in Fig. 1c.
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Fig. 1. (a) Principles of the ultrasonic stress measurement [13], (b) the possibility of through-thickness stress
measurement [13] and (c) tensile test for measurement of the acoustoelastic coefficient [9]

The traditional system of LCR ultrasonic stress measurement is very sensitive to the material
texture and temperature which affect the accuracy of the residual stress measurement [13]. In
this paper, the PAUT system is used for the ultrasonic residual stress measurement rather than
the single element as shown in Fig. 2. Traditionally, it is recommended to use two receivers (see
Fig. 2a) to improve the measurement accuracy of the LCR stress measurement system [9]. This
tandem-catch arrangement minimises ToF measurement errors created by transmitter triggering
uncertainty, wave speed changes in the transducers/wedge and material texture effects. The
single element transducers (Fig. 2a) are replaced by two 10 MHz arrays with 16 elements (Fig.
2b). The transmitter array can generate 16 ultrasonic waves (T1-T16) and each of them can be
received by any of the 16 elements of the receiver array (R1 -R16). Therefore, a matrix of 16 X
16 LCR Paths can potentially be generated. Each of these 256 LCR paths is different from the
others (i.e., different distance or different position of the travel path in the material) whereby
256 ToFs can be generated. This is anticipated to increase the measurement accuracy in
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comparison with the traditional setup in which only two LCR Paths (LCR Path 1&2 in Fig. 2a)
can be generated by the single element transducers.

(a) 28° i
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Fig. 2. (a) Traditional ultrasonic LCR stress measurement [9] and (b) PAUT-LCR stress measurement approach
developed in this paper

3. Experimental setup and system requirements

3.1. PAUT probes

An important challenge of the ultrasonic stress measurement method is the problem of
average data measurement, i.e., an average of the residual stress in the area affected by the wave
travel path is measured rather than point-based measurement [9, 13]. For example, the residual
stress measured by 2 MHz transducers in 3 mm depth, see Fig. 1b, can include both surface and
bulk stress data. Because the residual stress can change rapidly, especially in welded and
WAAM components, the averaging issue is considered a major disadvantage of the ultrasonic
residual stress measurement in the weld and WAAM [13]. There are some techniques to deal
with this problem such as the FELCR method (combination of finite element welding simulation
and LCR stress measurement) introduced by Javadi et al [9], increasing the number of
measurement frequencies [14] in the application of both contact and immersion ultrasonic
methods [15]. The size of the probe is also critical for the measurement of welding and WAAM
residual stress whose sharp gradient will be impossible to be evaluated, in the case of using
larger arrays, due to the averaging issue. Imasonic (France) small-footprint arrays are the
smallest commercially available arrays and are used in this paper. They cover an area of 6x6.5
mm (see Fig. 3a) and have an active length (L in Fig. 3b) of only 3.9 mm. Two different
frequencies of 5 MHz and 10 MHz are used in this work. Respectively, the S MHz and 10 MHz
arrays have 8 elements with pitch 0.5mm and 16 elements with pitch 0.25 mm (dimension p
in Fig. 3b).

IMASONIC
10MHz-16elts
200¢

27

<p>
==t ]
h
- B Li

>

| | Elementary pitch (p): 0.25 mm
Inter element spacing (e): 0.05 mm

6,5 Width of the element (h): 4 mm

Total active length (L): 3.95 mm

Dimensions are in mm

(a) (b)

Fig. 3. (a) Mechanical drawing and (b) elements layout of the Imasonic Small-footprint array [image produced
by Imasonic]
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3.2. PAUT-LCR wedge design

The LCR waves are longitudinal bulk waves that travel parallel to the surface. Based on
Snell’s law, if the incident angle in the interface between two materials is equal to the first
critical angle, the angle of refraction would be 90° and the wave will be propagated parallel to
the surface. For example, the LCR wedge made of PMMA (with sound speed of 2757 m/s),
which was used to measure the RS in stainless steel (with sound speed of 5800 m/s), had an
angle of 28° (see Fig. 2a).

In this paper, the wedges are manufactured using waterjet cutting and machining processes.
There is a slot designed in the centre of the wedge (see Fig. 4a) to ensure the wave produced by
the transmitter array will be propagated in the specimen, and not in the wedge, before being
received by the receiver array. Because couplant is used between the array and the wedge, it is
necessary to apply constant mechanical force to the array to maintain surface contact. This is
implemented using plastic screws as shown in Fig. 4b.
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Fig. 4. (a) Mechanical drawing of the PAUT-LCR wedge and (b) the manufactured wedge and using the plastic
screws to install the arrays

3.3. Robotic inspection

One of the main advantages of the PAUT system compared to the single element transducers,
is the possibility of robotic inspection. Although the automation of the single element
transducers is also possible, the PAUT system has been extensively used in the recent
development of robotic NDE. For example, the system developed by the Center for Ultrasonic
Engineering (CUE) at the University of Strathclyde for in-process inspection of welding and
WAAM relies on a robotic PAUT system, as described by Javadi et al /6, 16-18], Mohseni et
al [19] and Vithanage et al [20]. Therefore, the requirements of robotic residual stress
measurement using a PAUT system are also investigated in this paper.

The robotic PAUT-LCR system, shown in Fig. 5a, includes a 6-axis KUKA robot, phased
array controller (LTPA by PEAK NDT, UK) and PAUT-LCR end-effector. The end-effector is
mounted on the robot using a 3D printed holder and includes two 5 MHz arrays installed in the
wedge. The specimen is a steel plate manufactured by robotic welding (multi-pass TIG welding)
and its residual stress have been measured by the hole-drilling method as described by Javadi
et al [6]. It is then known that the specimen contains a stress-free zone in the parent material
(Fig. 5b), compressive stress in Heat Affected Zone (HAZ) (Fig. 5c) and high tensile stress in
the weld (Fig. 5d). The PAUT-LCR end-effector is then moved by the 6-axis robot to measure
the ToF in the parent material, HAZ and weld.
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Fig. 5. (a) Robotic PAUT-LCR system and ToF measurement on (b) Parent Material, (c¢) HAZ and (d) Weld

Although the LCR waves are the most sensitive ultrasonic waves to residual stress, other
types of ultrasonic waves were also investigated in residual stress applications by Egle and Bray
[12] and the second most sensitive wave was the longitudinal (normal) wave. Therefore, the
normal waves are also considered in this paper but with using the PAUT probes instead of the
single-element transducers. The experimental setup, shown in Fig. 6, includes the phased array
controller and two arrays which are installed on either side of the component, facing each other,
using a 3D printed holder. The specimen was a WAAM component made of aluminium as
described by Javadi et al [21].
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Fig. 6. PAUT system for the residual stress measurement in the WAAM sample
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4. Results and Discussions

The LCR wave is the first signal received by the receiver transducer, unlike other wave modes
such as the transversal wave, as it travels parallel to the surface through the shortest direct
distance between the transmitter and receiver. This is usually the main method used to
differentiate the LCR wave from other ultrasonic waves [9]. Therefore, the ToF from the
transmitter to the receiver can be calculated based on the travel distance in the wedge and
specimen if the sound velocity is known in both mediums. In the PAUT-LCR wedge, the travel
distance needs to be calculated for each of the combinations of the transmitter and receiver
elements. For example, calculating the travel distance in the wedge for TiR1; the LCR wave
sent by the first element of the transmitter and received by the first element of the receiver is
equal to 2x5.4 mm in the wedge and 24.42 mm in the specimen (see Fig. 7). The sound velocity
was measured to be 2470 m/s and 5890 m/s in the wedge and steel sample, respectively.
Therefore, the ToF for TiR1 is calculated to be 8.4 us. Accordingly, the ToF for T4R4 and TsRg
(Fig. 7) was also calculated to be 8.4 us. Therefore, the ToF for the PAUT-LCR wave is
consistent regardless of the LCR path and combination of element number of the transmitter
and receiver. This claim can be geometrically proved based on Snell’s law and assumptions
shown in Fig. 8. The ToF of the wave generated by Tg (element number 8) which travels in the
wedge by a distance of A2, is equal to A2/V1 where V1 is the velocity of sound in the wedge.
Similarly, this is equal to A1/V1 for T (element number 1). The ToF of the LCR wave
travelling in the steel sample from the incident point of T to the incident point of Tg (distance
of T + B2) is equal to (T + B2)/V2 where V2 is the velocity of sound in the steel sample. If
A2/V1 is equal to A1/V1 + (T + B2)/V2, then the ToF is consistent along all paths,
regardless of the number of elements in the transmitter array (shown in Fig. 8). The same proof
can be used to show the independence of ToF and element number in the receiver. The ToF
from the incident point of Tg to the incident point of Rg is also the same for all other
combinations of the transmitter and receiver elements. Therefore, it can be concluded that the
ToF of the PAUT-LCR is always consistent. This was experimentally observed in this work as
the phased array controller allowed monitoring of various combinations, two of 64 waves
generated are shown in Fig. 9, which all had the same ToF results.

LCR Path 1 - LCR Path 64

Fig. 7. LCR Path distance in the PAUT-LCR system

Claim: ToF is consistent regardless of the LCR path and material:
A2/V1=A1/V1 + (T+B2)/V2

Proof (Geometry):

A2=Al+Y )
Y= sin (8) x (T+82) A2=A1+V1x(T+B2)/V2

steel (V2) Snell’s Law: Sin (6)/Sin (90) = V1/V2 -

V1: Sound velocity in the wedge A2/V1=A1/V1+ (T+B2)/V2
V2: Sound velocity in the Steel sample
Al, A2, T, B1, B2 and Y: Distances shown in the figure

Fig. 8. Geometrical proof for the ToF consistency regardless of the number of element
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Fig. 9. PAUT-LCR waves generated by two combinations of the element numbers: (a) TIR8 and (b) TSRS

The PAUT-LCR system also detected ToF variations in the parent material, HAZ and weld
showing the potential of this method for residual stress measurement. However, it can be seen
in Fig. 9 that the LCR wave amplitude is weak and was even weaker in the weld. This was
expected as the same weak signals had been reported in weld inspection using the single-
element transducers method [9]. Therefore, it is important to have an alternative inspection
methodology such as the normal waves used in this work (shown in Fig. 10). ToF variations
were also detected using this PAUT normal wave approach in different positions of the WAAM
sample. Since the travel distance (WAAM component thickness) is consistent, the ToF variation
is representing the material texture and the residual stress. However, it should be noted that this
is an initial development of the system while in a fully-developed system, it is necessary to
differentiate between material texture effects and residual stress using the stress-relieving
process and acoustoelastic coefficient measurement.

- T1R1to T1R8

i

Fig. 10. PAUT normal wave results
5. Conclusions

In this paper, the feasibility of using a PAUT system for residual stress measurement was

studied and based on the results, it can be concluded that:

1) The experimental setup and requirements of the PAUT-LCR system were successfully
developed for ToF measurement in welded and WA AM components.

2) The ToF measured for the PAUT-LCR waves is consistent, regardless of the number of
the triggering element in the transmitter array and/or receiving element in the receiver
array.

3) The PAUT system can detect the ToF variations in the parent material, HAZ and weld as
well as different areas of the WAAM component. This shows the potential of the method
for residual stress measurement.

4) The PAUT-LCR waves have shown weak signals, especially in the weld. Alternative
ultrasonic waves, like the normal waves tested in this paper, are required in conjunction
with LCR waves to expand the capabilities for residual stress measurement.
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5) The robotic deployment was at the core of all experiments conducted in this paper. This
shows the potential of the PAUT system for the development of a robotic residual stress
measurement system.
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