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Abstract

The laser-ultrasonic technique is proposed for defect dwteamd residual stress measurement in friction
stir welds (FSW). When combined with the syntheticriape focusing technique (F-SAFT), very good
performances are achieved for detecting lack of per@trat butt joints, the detection limit coinciding
with the conditions of reduced mechanical propertieso,Alse detection of kissing bonds seems to be
possible in lap joints with frequencies up to 200 MHz. Ano#ipglication is the measurement of residual
stresses induced by the FSW process. The method is bassshiiaring the velocity change of the laser
generated surface skimming longitudinal wave, propagating jusiviibe surface and being found much
more sensitive to stress. The residual stress progiesored across the weld line is in good agreement
with results from a finite element model and from straingg measurements.
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1. Introduction

Friction stir welding (FSW) is a solid-state, envireamtally friendly joining process
that produces high strength and good finish welds. FSW usés#heenerated from a
friction tool to plasticize and bond metals in a highlyntcollable and repeatable
manner. During the last few years, FSW has been gaimiogptance and has found
various applications in aerospace, automotive and naval metusin the aerospace
industry, stronger and lighter friction stir welded joirstie excellent candidates for
replacing bonded and riveted joints in the manufactureafel fuselage and other
components.

However, the nondestructive inspection of FSW is nothgarly established, especially
due to specific defects and their random orientation withen weld. Typical FSW
defects are lack of penetration, wormholes and veiltisalng bonds in butt joints, and
hooking, wormholes and horizontal kissing bonds in lamptgo Kissing bonds originate
from the remnants of trapped oxide layers resulting iniorfenechanical properties in
the weld nugget [1]. They are known as the most chahgngioblem for inspection of
FSW joints. In addition to defects, distortion in tlsiection structures usually occurs
caused by buckling due to thermal residual stresses. Thisdigddtion can result in
poor dimensional control and structural integrity. Techniqueb as reduction of weld
size, design modifications and thermal tensioning camds®l to minimize residual
stresses and related buckling [2]. There is a needaiaae in a nondestructive manner
the level of residual stresses to support such techniques.

In this paper, laser ultrasonics, a non contact methog lessers for the generation and
detection of ultrasound, is proposed for both defect detecnd residual stress
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measurement, ultimately on-line during welding. For FSW dgfetata acquisition
across the weld line is made and numerical focusing i®noeed using the Fourier
domain Synthetic Aperture Focusing Technique (F-SAFT). Lap and jdints are
examined along with metallographic analysis and vabaably destructive mechanical
testing. For residual stress, the method is based onanagithe small velocity change
produced by the stress of the laser generated surface isijniongitudinal wave
(LSSLW). This wave propagates just below the surface antbund much more
sensitive to stress than Rayleigh wave (SAW) [3]. fldwdual stress profile measured
across the weld line is compared with results from migalesimulations and strain
gauge measurements.

2. FSW Defect detection
2.1 Laser-ultrasonic setup

The approach to detect different types of flaws in FS\Wuistrated in Figure 1. Using
F-SAFT, the generation and detection spots overlap asuhace of the part. The
generation of ultrasound is performed in the slight ablategime with a 35 ps duration
pulse of a Nd:YAG laser in its 3rd harmonic with a spae ©f about 50um. The
detection uses a long pulse Nd:YAG laser in conjunctioth v@i photorefractive
interferometer for demodulation. Frequencies up to 220 Btdzgenerated and detected
in the weld region. Also, mechanical scanning along twesds performed for data
acquisition with a step size of 0.1 mm. The scans arerpsd after the removal by
milling of any welding debris that could interfere withethecorded signal. For the
numerical focusing, an algorithm in the Fourier domainused for time-efficient
reconstruction [4].
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Figure 1. Laser-ultrasonic setup for inspection of deféitt F-SAFT
2.2 Inspection of lap joints

Lap joint samples using FSW for aerospace applicationsisting of a 1.5 mm thick
plate of AA7075-T6 on top of a 2.5 mm thick plate of AA2024-T&revperformed
with different pin shapes and welding parameters in omlereate different defects.
The standard tool with a scrolled shoulder (19 mm diatheted a pin (6.3 mm
diameter pin) was used. Figure 2 shows an F-SAFT imageafss-section (or B-scan)
and the corresponding metallography of a lap joint, wiipéction from the far side of
the tool. The presence of hooking in the advancing side theainterface is clearly
visible. F-SAFT reconstruction is found very useful tbe identification of hooking



defect by properly reducing the size of an indication hawdngarabolic shape. A
wormhole is also observed and occurs when the ratiogeetthe welding speed and the
tool rotation speed is too high or too low [5]. More impoatitara kissing bond present
in the weld is detected by laser-ultrasonics as a slafleiction along the interface, in
addition to that from the weld surface.
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Figure 2. Cross-section of a lap joint with many defea) F-SAFT image with inspection from the far
side of the tool and b) corresponding metallography

2.3 Ingpection of butt joints

Samples were welded using FSW in butt configuration. A fisshple was prepared
with 2-mm thick AA7075-T6 sheets with a tool composed ofoacave shoulder
(diameter of 10 mm) and a threaded cylindrical pin (diamet 3 mm). The pin length
was purposely made too short (1.2-mm long) to produce a lapkradtration (LOP).
Figure 3 shows an F-SAFT image and the corresponding owtghy of a cross-
section of the butt joint with a constant LOP. Measugnts were made on the tool side
to detect the LOP on the opposite side. The LOP isabsikrved and appears as a lack
of signal of the longitudinal wave near the bottom atef From metallography, the
LOP shown has a width of about fith and a depth of 0.6 mm. The detection of a 0.3
mm deep LOP in a similar specimen was also observewektr, the quantitative
estimation of the depth appears difficult, a situatiomlar to that found in a previous
work for crack detection [6].

A comparison between the detection limit and the mechampegormance was

investigated. For this purpose, a second butt joint was prepaiag 2.5-mm thick

AA2024-0 sheets with a tool composed of a scrolled sho(dimeter of 19 mm) and

a threaded cylindrical pin (diameter of 6.3 mm). For ¢higeriment, the pin penetration
was progressively increased from 1.2 mm to 2.5 mm during weddamg the 355-mm

in length joint. This operation introduced a variable weldtldeand, consequently, a
gradual LOP on the back-side of the weld. Metallograph&menation at several

locations revealed a LOP for a penetration of the ingtabol (shoulder and pin) lower
than 2.2 mm from the top surface. Notice that to produgpeoa weld, the pin does not
have to touch the bottom surface of the plate becdube stirring action



Figure 3. Cross-section of a butt joint with a laEkenetration. a) F-SAFT image with inspection from
the far side of the tool and b) corresponding metadipigy

The inspection of regions of dimensions 10 mm x 10 mm wesmed along the weld
at regular intervals. Figure 4 shows the F-SAFT imadesh® bottom surface at
different locations, with the pin penetration indicht®er each image. Indications of
LOP along the weld are well observed for pin penetnatiess than 2.2 mm, starting
from a continuous line and finishing with an irregulact. The irregular appearance of
a LOP implies that many cross-sectional views areimedjufor weld assessment by
metallography. Bending tests were also performed on eiftgoortions of this sample.
No failure was observed for pin penetration larger than@m. This is in good
agreement with the F-SAFT results as well as witlseHfoom metallography.
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Figure 4. F-SAFT images of the bottom surface foedfit pin penetrations along the weld as indicated.

3. Residual stress measurement
3.1 Test sample and numerical analysis

Weldments made of 2.3-mm thick AA2024-T3 sheets were performedbutt
configuration using a standard FSW tool (cylindrical threadadbp6.3-mm diameter
and a concave shoulder of 12.7-mm diameter). A tool trgpeed of 6 mm/s and a
spindle speed of 1000 RPM were used. During welding and for des@tual stress
measurements, the test coupon was clamped tightly loinkasteel plate. This portable
clamping anvil avoided the deformation of the test coupoinglland after welding.
The FSW process performed on the test coupon was $edwath a 3D finite element
model (FEM) using the LS-Dyna package. For simplicity, B8V tool was modelled
as a heat source moving along the weld seam without iaedasgirring. This is
reasonable assumption as the formation of residuakssisan FSW is mainly dominated



by the heat input. The boundary condition was the heagrggon below the tool
shoulder, with a heat flux of 11x48v/n? corresponding to the above FSW parameters.
Also, the tool shoulder and the backing anvil were treageryal contact surfaces and
the edges of the coupon were restrained to simulatedaheing fixture.

With this model, the temperature and stress distributianmsbe obtained at each time
step while the tool is advancing on the sheet. Figure @sshibe temperature profile
across the weld line when the maximum is reached (Fig.aSawell as the stress
profiles after welding (Fig. 5b). The z stress is alorgweld axis and the x stress is
across the weld. An important result of the simulaitnthat the stresses are almost
constant through the depth of the sheet except neawele center, which makes
residual stress measurement much easier. The phenomenobe explained by the
relative thinness of the used aluminium coupons compardtketiange size and power
of the heat source. In this case, the thermal graglaetalmost zero through the coupon
thickness, resulting in constant stresses.
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Figure 5. Calculated transverse profile across the live of a) maximum temperature and b) residual
stresses after welding from finite element simulatiofhthe FSW process

3.2 Laser-ultrasonic setup

The laser-ultrasonic setup is presented in Figure 6. The ganeration laser, detection
laser and photorefractive interferometer are used, ibtavseparation between a line
source and line detection. With this configuration, LSSUW 8AW up to 30 MHz are
generated and detected in aluminum. However, a bandpesswas applied to all
signals for velocity measurements at a center frequehtO MHz. A scanning system
with a mirror and a translation table controls therse to receiver distance from 3 to 20
mm. The selection of an adequate distance is a tratebffeen a sufficient SNR and
time resolution associated with small velocity changéso, the sample is mounted on
a translation table to get a stress profile. Neglgctime small coupling, the stress in a
given direction is obtained by propagating the ultrasomderin that direction.

For precise velocity measurement, cross-correlatiorthef signal associated to the
LSSLW or SAW arrival is performed with a referencgnsil obtained on an unstressed
similar sample. The resulting time-of-flight (TOF)riaion is related to the velocity
variation by the simple formulAV/V =-At/t, assuming no source-to-receiver distance
variation. Since the LSSLW is found much more senstvstressg, a compensation
using the SAW can be made, for changes in path lengththar effects, using the
relation:
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where the subscript denotes the wave mode (R: SAW b8 8L W). The acoustoelastic

coefficient, Kp, can be obtained experimentally as calibration. A pesivelocity
(negative TOF) variation indicates a compressive (negatesidual stress.

=Kpo (1)
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Figure 6. The laser-ultrasonic setup for residuakstmeasurement
3.3 Residual stressprofile

Laser-ultrasonic measurements have been conducte@ ¢esthspecimen clamped on a
thick steel backing anvil. The TOF variations of the L®5due to the z and x stresses
as a function of the distance from the weld centere obtained, including SAW
compensation for the other effects. For a more deewgtparison, the coefficientd< -
0.40 % / 100 MPa taken from [7] for aluminum was used. Withchlibration, Figure

7 shows the profiles for both the z stress and x stoésained from laser-ultrasonic
measurements. The agreement with the calculated grafil&igure 5b is very good,
noting that the measurement range starts at about #anmthe weld centre line. One
discrepancy however is the cross point of the zstgesg from tensile to compressive
stress at a position of 8 mm in the calculation, &ddmm from laser-ultrasonic
measurements.

Strain gauge measurements were performed on three difspecimens for the z stress
only. The transverse profiles show a fairly good agre¢emeth those from the
numerical analysis and laser ultrasonics. Howeveg, dfoss point from tensile to
compressive stress is at a different position, about 20 Aiso, the impact of heat
involved in the FSW process, that may produce some miaabstal changes and affect
the velocity measurements, was investigated. Many coupoaissence of stress were
heated at different temperatures for 3 min. and cooled @wwom temperature where
TOF measurements were performed. The TOF variationheofLSSLW are small,
within 0.03 %, when using the SAW compensation.
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Figure 7. Transverse profile across the weld lingnefz stress and x stress using laser ultrasonics

4. Conclusions

The applicability of laser ultrasonics for both defelgtection and residual stress
measurement was demonstrated. Ultimately, the approadth &idlow fast scanning for

weld assessment along the tool path. When combined v8#&FH for defect detection,

discontinuities such as wormholes, hooking and lack ofefration were clearly

detected in the lap or butt configuration. Moreover, thedm®n of kissing bonds could

be possible in lap joints with frequencies up to 200 MHzkLaf penetration in butt

joints were shown to be irregular, which means thahyncross-sectional views or
bending tests are required. Also, the detection limit feasd to coincide with the

conditions of reduced mechanical properties. Laser uttresacould also be used to
measure residual stresses induced by the FSW process. Thednme based on

monitoring the small velocity change of the LSSLW witle SAW compensation for

other effects. The residual stress profile measuredstiesveld line was in very good
agreement with results from simulations and strain gawuggsurements. However, the
cross point from tensile to compressive stress wiiereint for the different methods.
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