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Ultrasonic Tests of FSW Joints

Abstract: The article presents ultrasonic test results concerning FSW joints delib-
erately provided with welding imperfections. The research aimed to determine 
the usability of ultrasonic tests in controlling the quality of FSW joints made of 
aluminium alloy 6082. The research-related tests involved the use of an EPOCH 
600 defectoscope and a slant transducer. The testing procedure applied in the 
tests enabled the detection of welding imperfections and, consequently, the qual-
ity control of welded joints.
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Introduction 
Many recent years have seen an increasing in-
terest in the FSW technology, particularly in re-
lation to aluminium alloys. The development 
of welding-related technological conditions in-
cluding the selection of tools, the adjustment of 
technological parameters and the selection of 
fixing systems, constitutes the first, yet not the 
only element of this technology. In cases of nu-
merous applications it is necessary to perform 
non-destructive tests verifying whether a giv-
en welded joint is free from welding imper-
fections. The FSW joint is composed of several 
characteristic areas (stirring zone, thermome-
chanical strain zone, heat affected zone) char-
acterised by various plastic strains. In addition, 
welding imperfections often have very complex 
shapes. For this reason, non-destructive test-
ing methods, which for many years have been 
successfully applied in relation to arc, laser and 
electron beam welded joints, require the devel-
opment of new appropriate testing procedures. 

The classification of welding imperfections was 
presented in the previous study [1]. The quality 
of FSW joints can be assessed using visual [2-4], 
penetrant, ultrasonic [5-8], radiographic [3, 4] 
and eddy current-based methods [5, 6, 9]. Oth-
er useful (and technologically advanced) radia-
tion-based techniques include, e.g. synchrotron 
tests [10] computer tomography [11].

Both PN-EN ISO 25239-5 [12] and AWS D17.3 
[13] state that the quality of FSW joints can be 
evaluated using visual, penetrant, radiograph-
ic and ultrasonic tests. In addition, the AWS 
D17.3 standard allows the use of acoustic emis-
sion, eddy currents, neutron radiography and 
leak tests. However, the above-named tests can 
be performed by personnel licensed in accord-
ance with PN-EN ISO 9712 [14]. Taking into con-
sideration the specific structure of FSW joints, 
ultrasonic tests are regarded as useful, yet the 
unfavourable orientation of imperfections in 
relation to ultrasonic waves impedes the perfor-
mance of such tests as regards FSW joints [15, 16].  
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Ultrasonic test of FSW joints are usually per-
formed using two types of techniques, i.e.:
 – using single slant transducers and a fixed or 
variable beam insertion angle, or 

 – using mosaic transducers (known as 
phased-array or PA technique).

However, in both cases there are no specialist 
standards, on the basis of which non-destruc-
tive tests of FSW joints could be performed. 
PN-EN ISO 25239 specifies that ultrasonic tests 
should be performed in accordance with PN EN 
ISO 17640 [17]. The standard specifies methods 
of manually performed ultrasonic tests of weld-
ed joints made of metals thicker than 8 mm 
and characterised by the very low damping of 
ultrasonic waves. The above-named methods 
are primarily dedicated to welded joints char-
acterised by the complete penetration of ma-
terials having the ferritic structure. Ultrasonic 
properties of materials are based on steel char-
acterised by specific propagation rates of longi-
tudinal and transverse ultrasonic waves. There 
are four test imperfection detectability-relat-
ed levels.  

In turn, the AWS D17.3 standard refers to gen-
eral regulation concerning ultrasonic tests of 
welded joints ASTM E 164 [18]. ASTM E 164 re-
fers to tests of welded joints made of iron al-
loys and aluminium alloys having thicknesses 
restricted within the range of 6.4 to 203 mm. 
The testing method is based on the A-scan.

F. Liu et al. [19] tested FSW joints using a slant 
probe where a beam insertion angle was adjust-
able within the range of 15 to 26° and operating 
frequency of 5 MHz. The test results were ana-
lysed using A, B and C-scans. The tests revealed 
that the C-scan ensured the entire visualisation 
of imperfections in FSW joints. A. Squillace et 
al. [20] used a slant transducer in tests (2 MHz, 
70°) and demonstrated the detectability of me-
tallic discontinuities in 4 mm thick joints made 
of alloy 6056.

Another solution involves the application of 
phased-array (mosaic) transducers, successful-
ly used when testing the quality of arc welded 

joints [21]. The above-named technique in-
creased the detectability, among other things, of 
incomplete penetration. The use of phased-ar-
ray transducers when assessing the quality FSW 
joints enables the insertion of ultrasonic waves 
at various angles, and, as a result, the detection 
of imperfections of various orientation in re-
lation to the beam axis [22]. The conventional 
ultrasonic testing method is characterised by 
significant limitations as regards the detection 
of “kissing bonds” [23], whereas phased-array 
transducers offer the highly efficient detectabili-
ty of such imperfections [23-25]. The usability of 
the C-scanning of imperfections in FSW joints 
was also demonstrated by C. Mandache et al. 
[26]. The authors performed tests using a mosa-
ic transducer (16 elements, 10 MHz). In relation 
to steel, the beam insertion angle amounted to 
60°. However, during the tests, the angle varied 
within the range of 45 to 70°. The authors also 
used the SAFT technique (with the Nd:YAG la-
ser-induced excitation of ultrasonic waves) to 
detect welding imperfections. The test results 
revealed that both methods enabled the detec-
tion and sizing of imperfections in the form of 
incomplete penetration. The SAFT and TOFD 
techniques also proved effective when testing 
joints made of copper alloys [27]. V. Joshi et al. 
[28] used the immersion technique (frequen-
cy 10 MHz) and the classical ultrasonic testing 
method (10, 15 and 20 MHz). The visualisation 
of results was based on A, B and C-scans. The 
control of joint quality was also performed using 
64-element mosaic transducers (5 MHz). The 
tests revealed that ultrasonic method-based de-
tectability was higher than that involving the use 
of radiographic methods. Using phased-array 
transducers, Lockheed Martin and NASA detect-
ed gas cavities, incomplete penetration and sur-
face imperfections sized between 0.2 and 0.25 
mm [29]. The tests conducted at TWI revealed 
that the above-named method enabled the de-
tection of incomplete penetration below 0.2 mm 
[30, 31]. Takahasi et al. [32] demonstrated that 
the phased-array transducer-based technique 
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enabled the detection of large spatial imperfec-
tions having the area >5 mm² and flat imperfec-
tions having the area >4 mm². D. Hopkins et al. 
[33] detected a 5 mm-long imperfection hav-
ing a diameter of 1.2 mm. Work [34] presents 
test results confirming the detectability of line-
ar discontinuities having a diameter of 0.4 mm. 
However, it should be emphasized that the de-
tection of oxide layers and imperfections re-
ferred to as “kissing bonds” continues to pose 
a significant challenge. Works [23, 24] demon-
strated that the use of high frequency (20 MHz) 
and concentrated beams enabled the detection 
of very small imperfections, i.e. below 0.5 mm, 
including “kissing bonds” and incomplete pen-
etration. In addition, NASA workers [35, 36] de-
tected 2.5 μm thick oxide layers.

Works [37-38] present the use of a phased-ar-
ray transducer (64 transducers) when testing 
FSW joints made of 3 mm thick aluminium al-
loys 5083, series 6xxx and 7xxx. The authors 
demonstrated that it was possible to detect im-
perfections (gas cavities) in the stirring area, yet 
it should be noted that the flash impedes the 
proper interpretation of test results and should 
be removed before tests.  

Structures of particularly critical importance 
and requiring additionally enhanced testing 
sensitivity, e.g. elements of space shuttle tanks, 
are examined using a 128-element mosaic trans-
ducer [39].  

The above-presented ultrasonic test tech-
niques ensure the high detectability of im-
perfections in FSW joints. However, the cost 
of equipment enabling the performance of 
C-scanning as well as the possibility of work-
ing with phased-array transducers is consider-
able. In many cases it may appear sufficient to 
use conventional techniques and defectoscopes 
enabling A-scanning-based visualisation.  

This article presents ultrasonic tests results 
concerning FSW joints made of aluminium al-
loy 6082. The tests were performed on 10 mm 
thick test plates and involved the use of a slant 
probe and an EPOCH 600 defectoscope.  

Testing Methodology
The ultrasonic tests were performed on a 10 mm 
thick aluminium alloy grade AA 6082 featuring 
deliberately made welding imperfections in the 
form of drilled openings simulating gas cavities 
as well as cuts simulating incomplete penetra-
tion. Figure 1 presents a macroscopic metallo-
graphic specimen of an FSW joint.  

The ultrasonic tests were performed using 
a test rig presented in Figure 2. The test rig in-
cluded an EPOCH 600 ultrasonic defectoscope 
(Olympus) and an AM2S -8×9-70 slant (angle) 
transducer. The couplant used in the tests was 
machine oil.  

The reference line, in relation to which sizes 
of imperfections were to be identified, was de-
termined using the comparative technique. The 
standard specimen (Fig. 3) was prepared and 
the comparative line was determined (Fig. 4) 
on the basis of the PN-EN ISO 11666 standard 
requirements [40] and utilising authors’ indi-
vidual experience. The making of the standard 
specimen of aluminium alloy 7035 did not affect 
the comparative line determination accuracy.

Fig. 1. Macroscopic metallographic specimen 
of the FSW joint

Fig. 2. Test rig used in the ultrasonic tests

5 mm
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The evaluation-related tests involved the use 
of the comparative line technique and assess-
ment criteria-related conditions specified in the 
PN-EN ISO 11666:
 – evaluation technique no. 1,
 – material thickness 10 mm; the range 8-15,
 – acceptance level 2,
 – assessment criteria in relation to the type of 

an imperfection: short – point-like (<t), long 
– continuous (>t),

The evaluation criteria were adopted in accord-
ance with the following levels:
1. Reference level – comparative line deter-

mined for evaluation.

2. Acceptance level – scan size is acceptable up 
to this level and unacceptable above it.

3. Recording level – scan size from this level 
upwards must be assessed and recorded in 
a related test report; below this level there is 
no need of assessment and recording.

4. Evaluation level – from this level upwards it 

is necessary to evaluate a discon-
tinuity and determine its length; 
imperfections below this level 
are not subjected to evaluation.

Figure 5 presents schemati-
cally the comparative technique 
evaluation conditions accord-
ing to PN-EN ISO 11666 in rela-
tion to technique 1, thickness 
10 mm and acceptance level 2. 
Figure 6 presents the defecto-
scope scree with automatically 
generated lines corresponding 
to the reduction of gain by 4, 8, 
10 and 14 dB. 

Fig. 3. Standard specimen made of aluminium alloy 7035 
used to determine the comparative line

Fig. 5. Comparative technique evaluation conditions according to 
PN-EN ISO 11666 in relation to technique 1, thickness 10 mm and acceptance level 
2; t – thickness, l – indication length, H – amplitude (echo height), 1 – reference 
level, 2 – acceptance level, 3 – recording level, 4 – evaluation level, n – multiplier

Fig. 4. EPOCH 600 defectoscope screen with the compar-
ative line plotted using the defectoscope software 

Fig. 6. EPOCH 600 defectoscope screen with the comparative 
line and auxiliary lines entered in accordance with the condi-

tions of the comparative technique presented in Figure 5
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Test Results
The ultrasonic tests involving the test plate were 
prepared as presented in the procedure de-
scribed in paragraph 2. Figure 7 presents the 
test plate made using the FSW method, whereas 
Figure 8 presents the schematic arrangement of 
the imperfections made in the plate on a post-
weld basis.  

The tests involved the searching of joint areas 
using an ultrasonic transducer. The transduc-
er was placed in various positions in relation 
to the weld axis. The searching was performed 
on both sides of the joint. Figure 9 presents the 
test results concerning the imperfection-free 
FSW joint, whereas Figure 10 presents the joint 
with the imperfection introduced deliberately 
prepared (no. 3, Fig. 8). 

Following the generally accepted ultrasonic 
test-related technique, the search was also per-
formed on the opposite side of the weld face. In 

Fig. 7. Test plate made using the FSW method, a) side subject-
ed to testing, b) side containing the imperfection presented in 

Figure 8

Fig. 9. Ultrasonic test results in relation to the imperfec-
tion-free FSW joint, a) area subjected to testing, b) defecto-

scope screen

Fig. 10. FSW joint ultrasonic test results in relation to the 
area of imperfection no. 3 (Fig. 8) – width 1,5 mm, length 26 
mm, depth 3 mm (imperfection centre), a) area subjected to 

testing, b) defectoscope screen

Fig. 8. Schematic arrangement of the imperfections made in 
the plate presented in Figure 7

a)

b)

a)

b)

a)

b)
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cases of some imperfections, recorded signals 
were different from those related to the previ-
ous configuration of the ultrasonic transducer. 
This fact was connected with the asymmetry of 
the FSW joint, having both the advancing and 
the retreating side. The test results are present-
ed in Table 1.

The ultrasonic test results concerning FSW 
joints revealed that an imperfection in the form 
of an opening having a diameter of 3 mm (im-
perfection no. 1) generated lower amplitude 
in relation to the standard specimen (refer-
ence line 0 dB). The obtained test results relat-
ed to ultrasonic wave amplitude-based 
measurements revealed that imperfec-
tions in FSW joints appeared smaller 
than that actually were. This phenom-
enon can be ascribed to the refraction, 
reflection and transformation of waves 
on the base material-joint boundary. It 
should also be noted that losses related 
to the passage through the welded joint 
characterised by a refined and hetero-
geneous microstructure were not taken 
into consideration. 

From the practical point of view, when 
determining the usability of ultrasonic 

tests in assessing the quality of welded joints it 
is of great importance to be able to detect im-
perfections of “critical” dimensions. The tests 
concerned with the effect of imperfection size 
on the strength of the FSW joint revealed that 
in terms of the case under consideration the 
detectability of an opening having a dimeter of 

1.5 mm would be of significant importance [41]. 
The obtained test results revealed the detectabil-
ity of the above-named imperfection (opening 
having a dimeter of 1.5 mm) +  in the FSW joint. 
Table 2 presents the ultrasonic test results along 
with the theoretical imperfection size.

Table 1. Ultrasonic test results containing the test sheet with deliberately made imperfections (after welding)

Imperfection 
no.

Imperfection size [dB] Coordinates
z* 

[mm]Position 
1

Position 
2

Next 
position

Position x 
[mm] Position Y Length

Frome the 
transducer 

face  y’ [mm]
1 -2.0 -3.5 +1.2 17 +2.0 L 18.8 4.3
2 -13.7 -13.5 - 118 0 L 15.3 6.0
3 +4.5 3.8 - 128 0 L 15.6 5.9
4 +5.7 4.2 - 138 0 L 15.7 5.8
5 +4.2 6.0 - 148 0 L 15.5 5.9
6 -14.1 -14.6 - 158 0 L 15.4 5.9
7 -13.4 -9.8 - 195 0 P 15.1 6.1
8 -7.3 -6.9 - 213 -1.0 P 14.6 6.3
9 -12.0 -9.5 - 233 0 P 15.6 5.8

Note: z – approximate deposition depth from the tested surface, point-like indication, L – linear indication, 
imperfection-free joint: position 1 – 20,0 dB,  position 2 – 17.2 dB

Table 2. Cumulative results concerning the imperfection in the 
form of an opening having a diameter of 1.5 mm made in the 

FSW joints after welding

Testing position 1 2 3 4
Size of imperfection [dB] -13.3 -3.5 -5.2 -7.1
Theoretical size of 
imperfection [mm] 1.08 1.84 2.0 1.73

Distance from the 
transducer face [mm] 20.8 49.3 19.2 49.3

Note: the theoretical size of the imprecation was calculat-

ed using the following dependence 
30

1001
WDD ∆

⋅= , where 

W – imperfection size in dB, D₀- diameter of the reflector 

in the standard specimen =3 mm, D₁- imperfection size
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Summary
The obtained test results led to a conclusion 
that the quality of FSW joints can be assessed 
using ultrasonic tests. However, it should be 
noted that the characteristic geometry of FSW 
joints is responsible for the fact that inserted ul-
trasonic waves are subjected to reflection, re-
fraction and transformation, leading to the do 
scattering and damping of waves. The above-
named phenomena make the size of imperfec-
tions in the standard specimen vary from that 
in actual joints. The standard specimen opening 
having a diameter of 3.0 mm caused a decibel 
drop of 0 dB, whereas in the FSW, depending on 
the transducer position, -2.l0 dB, -3.5 dB and 
+1.2 dB. As can be seen, imperfections appear 
smaller than they actually are. This fact should 
be allowed for when defining the criteria of ac-
ceptance, recording and assessment of indica-
tions. However, in terms of the opening having 
a diameter of 1.5 mm, the obtained sizing of an 
imperfection was more accurate. According to 
related calculations, the opening diameter was 
restricted within the range of 1.08 to 2.0 mm. As 
can be seem, when performing ultrasonic tests, 
the above-presented issues connected with the 
characteristic propagation of ultrasonic tests in 
the FSW joints should be taken into considera-
tion. The test results confirmed the thesis con-
cerning the effect of the FSW joint structural 
heterogeneity on values of indications generat-
ed by detected discontinuities. In other words, 
the position of the transducer in relation to the 
weld axis and the position of the normal in re-
lation to the weld affect the height of discon-
tinuity echo amplitude. The asymmetry of the 
FSW joints in comparison with the structure 
of the similar welded joint, and, consequently, 
a significant difference in the joint structure on 
the advancing side and on the retreating side 
are responsible for the fact that the same im-
perfection generates various echo values de-
pending on the side of the joint where such an 
imperfection gets detected. In addition, when 
sizing an imperfection it should be noted that 

imperfections in FSW joints are spacious in na-
ture, which significantly impedes the interpre-
tation of test results.

The above-presented test results were 
obtained within the confines of Instytut 

Spawalnictwa’s statutory activity 
financed by the Ministry of Science and 

Higher Education.  
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