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Abstract

Friction stir welding (FSW) is an innovative process that has been successfully used in joining aluminum alloys,
normally difficult to weld. Important advantages over fusion welding are better retention of baseline material
properties, lower residual stresses and excellent mechanical properties. Defects that occur in FSW joints are due
to improper tooling or setup. Non-destructive techniques used to inspect FSW joints are X-rays, eddy current,
conventional ultrasonic testing and dye penetrant proper only for surface breaking defects. Currently there is no
non-destructive technique that can guarantee absence of flaws in friction welds during manufacturing. In this
work, non-destructive remote testing of friction welds, based on laser ultrasonic technique, was investigated to
detect and quantify defects in the joint. The laser ultrasonic system generates ultrasonic acoustic waves by
thermal expansion and detects the surface vibration by an interferometric receiver. Several specific FSW samples
were inspected; some, manufactured with optimum parameters, used as calibration samples, and others,
manufactured with modified settings, with defects. The results of the tests conducted on the FSW samples show
that the system is able to detect the defect. A quantitative analysis of the defects was extrapolated from the
ultrasonic signals acquired across the weld. Since the defect evaluation can be done in-line, during the friction
weld manufacturing process, the laser ultrasonic technique plays an important role in containing the FSW
production cost.
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1. Introduction

Friction stir welding (FSW) is an innovative process that has been successfully used in joining
aluminum alloys, normally difficult to weld. The FSW process uses a cylindrical tool with a
specially profiled pin. The rotating tool is pressed into the joint of the pieces clamped to a
backing plate. As friction softens the material, the pin is pushed in to its full depth and then
moved along the weld direction. Welding takes place in the solid phase below the melting
point of the material, offering several advantages over fusion welding such as better retention
of baseline material properties, lower residual stresses, and excellent mechanical properties.
Disadvantages of FSW include necessity for rigid clamping, a hole remaining when the pin is
removed and need for run-on and run-off plates. An introduction to the basic principles of
friction stir welding as well as a survey of the latest research and applications in the field and
methods of evaluating weld quality is presented in [1].

FSW is used in major industries, such as aerospace, maritime and automotive. Although it
allows to achieve excellent results in joining nonferrous metals, defects cannot be completely
avoided if improper welding parameters are used. The parameters that influence mostly the
welding quality are rotation speed, travel speed and vertical force. Insufficient weld
temperature, due to low rotation speed, may cause long tunnel defects running along the weld.
Low temperatures may also reduce the continuity of the bond between the material from each
side of the weld, causing kissing bond [2]. The definition of the optimum FSW conditions and
the mechanism of defect creation during FSW have been investigated by many authors for
several alloys [3-5].
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Since FSW is an automated process, defects should not occur if correctly designed. However,
if the process is incorrectly controlled, the quality of weld can be affected. For this reason, a
reliable non-destructive technique is required in order to aid the quality control.

Typical destructive test of FSW is done by bending test and macrographs. The welded
samples are cut and the insight is given only at the section where the macrograph is taken.
Evaluation of weld quality is currently done post-weld by conventional non-destructive
testing methods, such as X-rays, ultrasonic testing, eddy current and dye penetrant that is
limited to surface breaking defects [6]. Obviously the size, shape and orientation of a defect
affect the detectability depending on the specific method used.

An inspection technique to monitor the weld quality in-line and in real time is needed. A
process force model and a discontinuity force model are used in [7] to predict the FSW forces
and size of discontinuities formed in the weld. This technique for in-process evaluation, as a
complementary to non-destructive evaluation (NDE) methods, shows promise. A new
approach, based on laser-ultrasonic technique, is used in [8] for the inspection of thick welds,
during the weld process. To apply the in-process testing to thick target, synthesis aperture
focusing technique has been adopted.

In this work a remote ultrasonic technique is used to inspect FSW Al joints. A pulsed laser
and an interferometric receiver are used to generate and to receive, respectively, ultrasonic
waves in the material. Several FSW samples were manufactured using different process
parameters to create defects in the weld. The work was focused on collecting data to evaluate
the quality of the friction welds.

2. Laser ultrasonic inspection technique
FSW butt joints of aluminium alloy 6056-T6 with 4 mm thickness were produced. The plates

were friction welded at the travel speed of 600 mm/min, with different rotational speed, as
shown in Table 1, in order to have welds with different characteristics and defects.

Sample no. 1B | 1A | 2B | 3A

Rotational speed (rpm) | 240 | 360 | 480 | 900
Table 1. Rotational speed for FSW production of samples.

The ultrasonic inspection system consists of an infrared Nd:YAG pulsed laser at 100 mJ and
20 Hz, used as source of acoustic waves, and a laser receiver, which combines a continuous-
wave laser and an interferometric unit, to record the surface displacement. Wideband
ultrasonic waves are generated with the nanosecond laser pulse. The laser receiver produces a
time-varying analog signal that is proportional to the instantaneous nanometric surface
displacement. The inspection method uses high frequencies, up to 15 MHz. The output signals
from the laser receiver are digitized by an analog-to-digital board converter, triggered by the
pulsed laser, and transferred to a PC for further signal processing and display. Figure 1(a)
shows the scheme of the experimental setup where the inspection head is formed by two
optical heads (laser transmitter (T) and laser receiver (R)), placed at 300 mm from the FSW
plate, and connected to the laser system controller station with optical fibers and cables. The
laser source was separated from the laser receiver by a fixed distance of 8 mm.

In the absence of defect, many waves would be detected (i.e. direct longitudinal (L), shear (S)
and Rayleigh (R) waves, longitudinal (LL) and shear (SS) back-wall echoes, etc.). In this
work, the time window was selected to monitor only the direct longitudinal wave L, that



travels just below the surface, and the longitudinal back-wall echo LL. Figure 1(b) shows the
A-scan acquired in a FSW calibration sample with a single laser shot.

For thick welds, more ultrasonic waves can be monitored in addition to the L and LL waves
(for example Rayleigh wave and LS/SL back-wall echoes) as they have distinct arrival times.
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Figure 1. Scheme of the laser UT setup (a) and waveform acquired in a FSW calibration sample (b).

3. Results

The mechanical scanning of the FSW plates was performed with a step of 0.1 mm across the
weld. The individual A-scans are combined to produce a B-scan. B-scan images were taken at
regular intervals along the weld. The scans were performed on the tool side of the plates,
without removal of any welding debris, to simulate the in-line inspection. After inspection,
FSW specimens were cut at certain sections, perpendicularly to the weld direction.
Macrographs were taken to visualize the defects, after polishing and etching the samples with
the Keller reagent. Figures from 2 to 5 show the B-scan image and the cross-section of the
FSW joint where the B-scan was acquired. Based on the results, a quantitative analysis of the
defects was extrapolated.

No defects was observed in sample no. 3A (Figure 2(b)), used as reference sample, as the
uniform image of the B-scan shows (Figure 2(a)).
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Figure 2. B-scan image for sample no. 3A (a) and corresponding cross-section of the FSW joint (b).



With the configuration used, internal defects are indicated by the attenuation of the LL wave
and by the diffracted waves, that arrive after the direct longitudinal (L) wave and precede the
longitudinal back-wall echo (LL), as Figure 3 shows for the defect observed in sample no. 1B.
A surface breaking defect causes also the attenuation of the surface-skimming L wave, as also
observed in Figure 3(a). The attenuation of the LL wave indicates a defect 2 mm wide, against
the 1.85 mm measured from the cross-section of the joint (Figure 3(b)).

The defect observed in sample no. 1A (Figure 4(b)) causes diffracted waves (Figure 4(a)).
The time of flight of these waves indicates a depth of 3.7 mm. The attenuation of the LL
waves shows a width of the defect of 0.65 mm. From the macrograph, depth and width are
3.85 mm and 0.5 mm, respectively.

The B-scan shows a slight interference of waves, due to the weld irregular surface. If the weld
surface has a clear imprint left by the tool, signals will show interference that might cover any
indication of defect. In this case, the inspection should be made from the far side of the tool.
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Figure 3. B-scan image for sample no. 1B (a) and corresponding cross-section of the FSW joint (b).
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Figure 4. B-scan image for sample no. 1A (a) and corresponding cross-section of the FSW joint (b).
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Figure 5. B-scan image for sample no. 2B (a) and corresponding cross-section of the FSW joint (b).

The defect observed in sample no. 2B (Figure 5(b)) causes diffracted waves (Figure 5(a)). The
attenuation of the LL waves does not allow to determine accurately the width of the defect
from the B-scan image, being the defect too small (0.1 mm from the macrograph). By using
the time of flight measurement, the depth is measured at 3.1 mm against 3.3 mm from the
macrograph.

4. Conclusion

In this work, a laser-based ultrasonic technique was used to inspect FSW Al joints. The scans
were performed on the tool side of the plates, without removal of any welding debris, to
simulate the in-line inspection. The ultrasonic laser system was proven to be efficient for
evaluating defects down to 0.1 mm.

Volumetric and surface breaking defects with any location and orientation within the weld can
be detected with this configuration. The inspection technique can be modified for different
weld geometries and thicknesses.

The laser ultrasonic system is believed to be suitable for FSW industrial application as it can
operate regardless the weld material temperature and therefore it can potentially inspect in-
line during manufacturing at the weld speed, integrating the laser head into the FSW unit.

The laser ultrasonic technique represents the leading solution as the high cost of the
equipment is compatible with the industrial application to which is intended. The in-line real
time inspection of FSW, integrated in the production line, plays an important role in
containing FSW production cost, in particular post-weld NDE costs and scraps reduction.
Furthermore, a feedback control system could eventually stop or adjust the welding
parameters if any anomaly is detected.

Although the system has shown considerable potential, it will be necessary to carry out
further developments to enable it to be used in a FSW manufacturing process, with automated
data processing and evaluation of defects.
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