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Abstract

In this paper, acoustic emission (AE) signals are detected and preliminarily analyzed in order to investigate the possibility of
applying the AE technique for the in-process monitoring of an entire friction-stir-welding (FSW) process. Experimental tests are
carried out using a high-speed rotating tool traversing on two, butted 6061 aluminum alloy plates with three equally spaced gaps
made of two notches aligned along the butting joint of the parts. The wavelet transform (WT) is used to decompose the AE signal
into various discrete series of sequences over different frequency bands. There are significant sudden changes in the band energy
at the moment when the probe penetrates into and pulls out of the weld joint, as well as when the shoulder makes contact with or
detaches from the plates. The band energy variation during the traversing of the tool over the defected region reflects the existence,
location, and size of the weld defects. A three-dimensional representation of band energy vs time and scale gives valuable infor-
mation on the potential weld defects during friction stir welding. Coupled with a contour mapping, the representation can be

effectively utilized for monitoring the transient welding state and quickly identifying gap defects.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Friction-stir-welding (FSW) is a solid-state material
joining method resulting in a low-level of deformation
in the workpieces. As this novel jointing method rapidly
expands its application in joining aluminum alloys, steel,
and titanium [1,2], the monitoring of joining the weld
quality and welding process has become more important.
In unattended manufacturing processes, the tool con-
dition and material quality are evaluated based on stat-
istical data. Such a procedure sometimes may not be
efficient since an accidental tool breakage and/or sudden
change of processing parameters can decrease the system
productivity and deteriorate the material performance.
An in-process sensing technique allows for real-time
monitoring of the tool condition and product quality,
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which provides for a more flexible automation in manu-
facturing [3].

AFE monitoring is one of the most sensitive techniques
that is useful for real-time detection of crack mode and
kinetics in various materials [4]. The AE technique has
been used for monitoring the cutting tool wear [5], the
wear rate of materials [6], and for an estimation of the
workpiece quality [7]. There is no available published
data on using the AE technique to monitor the FSW pro-
cess. The big problem in using AE to monitor FSW is
that a large amount of components involved in the
acquired AE signals are generated from the friction
between the shoulder and the workpiece, which makes
for a very difficult extraction of valuable features from
AE signals.

The signals acquired during FSW are found to be
time-variant, and a time-frequency analysis with fast
Fourier transform (FFT) is not appropriate for this case.
In theory, the time-variant AE signals generated in the
FSW should contain many of the informative features
related to the material quality and welding state;
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Nomenclature

t time (s)
x(1) AE signal function of time
W=,  wavelet transform of signal x(z)

yA(t) basis function

BE? band energy corresponding to scale a
Al-A6 approximation levels (low-pass filters)
D1-D6 detail levels (high-pass filters)

o normalization factor
a translation parameter in scale (each scale represents a frequency band)
b translation parameter in time

although, there is no straightforward method to correlate
the frequency of the signal to specific defects of
materials. This research will focus on the investigation
of the time-frequency properties of AE signals using a
wavelet transform and the recognition of features related
to the tool movement states and weld quality.

2. Imntroduction of wavelet transform

WT utilizes its basis, known as wavelets, and per-
forms a decomposition of the signal x(z) into a weighted
set of scaled wavelet functions yAz). In general, for a
function of x(¢) in L(IR), the wavelet transform energy
can be defined by [8]:

WE, = loi™ I“J x(r)u/( ) (1)

in which, ¢ is a normalization factor, y{?) is the mother
wavelet with the scale parameter a (a, corresponds to a
frequency band, A,), and the shift parameter b that pro-
vides a set of localized functions both in frequency
and time.

Unlike the Fourier transform that gives the precise fre-
quency information, the wavelet transform provides
band frequency information in the time domain. The
band energy at the scale a can be computed by:

_—_
BEZ = J lw? ,I2dz. 2)
Unlike bandpass filtering where the bandwidth is con-
stant, in WT, the band energy at each scale represents a
different bandwidth. Wavelets at a high frequency are
of short duration, and wavelets at low frequency are of
relatively good frequency resolution. The varying ‘win-
dow’ structure of the WT is related to the resolution
presented by rectangles on the time-frequency plane, as

shown in Fig. 1. The characteristics of WT makes this
method more appropriate for the analysis of complex
signals such as transient and abrupt changes that are gen-
erally the symptoms of defects or sudden changes of the
processing state.

3. Experimental procedure

The FSW system with a high-speed rotating tool was
used to weld butted plates as shown in Fig. 2. The tool
consisted of a shoulder with a diameter of 24 mm, and
a threaded probe with a diameter of 6 mm and a height
of 5.5 mm. An on-line emission monitoring system was
used to detect the welding state and evaluate the weld
quality during the probe penetration, welding, and probe
pullout. The two AE sensors were arranged symmetri-
cally on both sides of the butting joint of the parts with
a distance of 70 mm to the butting line, and moved along

Frequency

Time

Fig. 1. Wavelet transform—time and frequency resolution.
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Fig. 2. Diagram of the (a) experimental setup and (b) test plate with three notches made along the edge.

the welding direction with the tool. The AE couplants
between the top surface of the welded plate and the sen-
sors were silicone rubber. The sampling rate was 1 MHz.
Preliminary AE test results recorded on the butted plates
while the plates were not being welded but the machine
was in the running mode were found to contain noises
at frequencies below 20 kHz, which are attributed to the
machine vibration. In order to filter out this mechanical
noise from the AE signal, a 20-kHz high-pass filter was
applied. The AE signals data from the two sensors
(channel 1 and channel 2) were found to have the same
frequency and amplitude response by calibration. The
generated acoustic emission data during welding was
collected for the entire welding process, progressively
amplified through the preamplifier with a 40-dB gain and
20-kHz high-pass filter, and transmitted to the signal
processor.

Two, 6061-T6 aluminum alloy plates with a thickness
of 6.5 mm and a width of 100 mm were friction stir
welded along the butting joint. Each of the two butted
plates was preliminarily machined to have three notches
spaced equally along the joint edge with sizes of 15
x1.5 x 1.5, 15 x 3.0 x 1.5 and 15 x 4.5 x 1.5 mm,
respectively. Each of the three notches was arranged
symmetrically on both sides of the joint line. The tool
traversing speed and rotating speed were selected as 200
mm/min and 344 rpm, respectively. These selected para-
meters have provided good microstructure and mechan-
ical properties in our preliminary experiments.

4. Results and discussion

In this paper, Daubechies wavelets with an order of
six are used to decompose the signals, and the band ener-
gies at different scales are computed by Eq. (1).

4.1. Analysis of signals acquired during static FSW
process

In this experiment, the signals were collected by two
channels during the static FSW process that consists of:
the probe penetrates; the shoulder makes contact with
the top surface of the plate; the tool dwells for 15 s under
a down force; the shoulder detaches from the plate; and
the probe detaches from the plate.

Fig. 3 shows the band energy of the AE signal vs time
at different scales for signals collected through channels
1 and 2 during the entire static FSW process. Distinct
peak features are spotted at the beginning of the probe
penetration, at the contact of the shoulder with the work-
pieace, and at the detachment of the shoulder and probe
from the workpiece. The distinctive features in the plots
are thought to be caused mainly by the friction between
the parts in contact, and thermomechanical process of
the welded material. Song et al. [9] conducted a numeri-
cal modeling of the temperature history during probe
penetration, and found that the temperature near the tool
probe increases rapidly while the probe plunges into the
workpiece. An expanding thermoactivated deformation
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Fig. 3. Band energy vs time at different scales for AE signals collecte

is believed to occur in the proximity of the probe. An
investigation of AE during the annealing of the prelimi-
nary strained polycrystalline aluminum shows that at the
low-temperature range (20-250 °C), the AE intensity
increases to a peak value and then decreases monoton-
ically [10]. Further increasing the annealing temperature
to 600 °C leads to a gradual increase in the AE intensity
then decreases due to the decreasing rate of migration
of the grain boundaries [10]. The AE features that occur
in the low-temperature range are related to the high-
energy defects such as stacking faults and dislocations,
while those occurring at high-temperatures are related to
migration of grain boundaries [10].

The variation in the AE intensity during 10-20 s in
Fig. 3 can be explained by the similar evolution of
defects and boundary movement in the strained welded
parts during the heating that is derived from friction
between the tool and workpiece under a down force. Fig.
4 shows typical microstructures of a weld cross section
perpendicular to the welding direction. The nugget zone
shown in the Fig. 4(b) features large amounts of precipi-
tates mainly dispersed at the boundaries of the grains.
The precipitates are thought to be caused by a dynamic
recrystallization of the plasticized weld zone (nugget)
with a maximum temperature of 425 °C [11]. The grains
in the heat-affected zone (HAZ) are seriously coarsened
by the heat flux from the tool, which is shown in the
Fig. 4(c). Compared with the heat-unaffected zone of
6061-Al alloy shown in the Fig. 4(d), it is obvious that
the stir effect and the derived heat produce a recrystalliz-
ation of precipitates and grain growth in the actual weld
zone. Murr et al. [11] did a transmission electron
microscopy (TEM) examination of a 6061-Al weld, and
found that the dislocations of the precipitates decreased
after welding, when compared with the base material led

d during entire FSW process through (a) channel 1 and (b) channel 2.

to the softening of the weld. All these effects are
expected to account for the changes in AE signals.

The peaks appearing after 20 s in Fig. 3 correspond
to the detachment of the shoulder and probe from the
workpiece, respectively. Compared with the energy of
signals collected at channels 1 and 2, it is evident that
the energy in channel 2 (the retreating side) is larger than
that in channel 1 (the advancing side). This difference
indicates a difference in flow pattern and deformation
evolution between the advancing side and the retreating
side of the material during welding.

The results of the WT analysis can be represented as
three-dimensional profile and contour map of band
energy vs time and scale. Fig. 5 shows a wavelet profile
and contour map of the AE signals for tool penetration
and pullout. The three-dimensional wavelet profile in
Fig. 5 is a collection of band energy for a given set of
the scale (or frequency) and time, which shows distinct
features matching the beginning of penetration and pul-
lout of the tool from this prospective. This type of pres-
entation is helpful in identifying general trends of the
time-frequency characteristic.

The contour map in Fig. 5 corresponds to the wavelet
intensity of the transform at points in the scale-time
plane, displaying how the signal intensity of a different
particular band frequency changes simultaneously with
time. It is obvious that the probe begins to contact with
the samples at 6 s, and the main energy is in the fre-
quency region of scale 1-4 with a peak at scale 3.

4.2. Analysis of AE signals acquired for weld with
gap defects

The AE signals were acquired during tool traversing
in the welding direction at a speed of 200 mm/min. Fig.
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Fig. 4. Typical features of friction stir welded 6061-Al alloy; (a) weld cross section perpendicular to the welding direction; (b) equiaxed grains
in the nugget zone around the position A; (c) heat-affected zone (HAZ) around the position B; (d) unaffected 6061-Al alloy in the position C.

6(a) shows the wavelet decomposition of the AE signals
for the weld in a normal welding condition. Fig. 6(b)
shows the WT decomposition of the AE signal acquired
at the time the probe travels to the front edge of the first
gap. The result of the wavelet transformation is a series
of decomposed signals belonging to different frequency
bands. The plots in Fig. 6(a,b) shows that A6 can be
regarded as the result of passing signals x(z) through a
low-pass filter, with a resulting frequency bandwidth [0,
15.625 kHz]. D1-D6 correspond to the frequency band-
widths [15.625, 31.25 kHz], [31.25, 62.5 kHz], [62.5,
125 kHz], [125, 250 kHz], [250, 500 kHz], and [500,
1000 kHz], respectively. Comparing the plots in Fig.
6(a,b), it is seen that the intensity of D3 for welds with
a gap defect increases around 60% of that for normal
welds. The similar phenomena happened to A6, D1, D2,
D4, D5 and D6; although; the degree of variation is dif-
ferent at different scales. The band energy computed by
Eq. (1) shows in Figs. 3 and 5 that the energy is concen-
trated at scale 3 (with a bandwidth [62.5, 125 kHz]).
Both the three-dimensional representation and contour

map of the wavelet transform for a weld with the gap
defects are shown in Fig. 7. It is obvious that the general
trend of the band energy peaks reflects the location and
the size of the gap. The three relatively higher peaks
located at 12, 27 and 42 s, respectively, match the
moments when the probe traverses to the front-edge pos-
itions of the three gaps, correspondingly. The end edges
of the three gaps correspond to relatively lower energy
levels compared to the corresponding front edges. The
plots in Fig. 7 also reveal an increase trend in energy
with the increase of the gap size.

More detailed information is revealed in Fig. § which
depicts the relation of band energy vs time at different
scales. In-depth examination of the plots shows that the
positions (a) and (e) shown in the Fig. 8 correspond to the
moments when the front edge and the end edge of the
shoulder pass over the front edge of the first gap, respect-
ively. Peak (c) corresponds to the probe movement to the
front edge of the first gap. The shoulders shown beside the
main peak (c) are thought to be caused by the interaction
between the edges of the probe and the first gap.
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Fig. 5. The three-dimensional profile (a) and contour map of band energy vs time and scale
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The variation of the AE intensity in Fig. 8 can be
explained as follows. As it is well known, the main heat
source of FSW is the friction between the shoulder and
top surface of the workpiece, and between the probe and
materials around it. The AE signals are derived mainly
from the friction between the tool and material, and ther-
moactivated deformation in the materials. At the begin-

Voltage (mV)

10
Time (ms)

5
Scale

8 s)

ning stage of welding after a full penetration of the probe
into the material is completed, high friction between the
cold material and the shoulder yields a large amount of
heat to activate high energy defects and migrate grain
boundaries, which consequently causes a large increase
in AE intensity indicated by the first peak in Fig. 8.
Afterwards, the degradation in the AE signal reflects cer-
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Fig. 7. Three-dimensional profile (a) and contour map of wavelet transform (b) for the weld with gap defects.
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Fig.8. Plots of band energy vs time at different scales for weld with gap defects. (a) channel 1, (b) channel 2.

tain features of the recrystallization in the expanding
heat-affected zone. The AE intensity begins to increase
while the periphery of the shoulder travels to the front
edge of the first gap (indicated in Fig. 8a); at which
point, the deformation and stress relief are believed to
increase until the probe traverses to the front edge of the
first gap. The AE intensity reaches the maximum value
at (c) indicated in Fig. 8, then decreases due to the
smaller friction zone between the tool and the gap-

defected material until the front edge of the shoulder
traverses to the end edge of the first gap. A similar
phenomenon also happens to other main peaks at each
scale; although little differences are present, and the
above explanations also apply.

To provide for a comparison with AE features for the
gap-defected weld, WT transforms of the AE for the
welding of the butted plates without gaps are presented
in Fig. 9. It is seen from Fig. 9 that the absolute values
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Fig.9. Three-dimensional profile (a) and contour map of wavelet transform (b) for the weld with normal plate condition.

and the variations of the band energy for the plates with-
out gaps are smaller compared with those for the welding
of the gap-defected plates. From the discussion above,
it is concluded that the existence of a fairly consistent
AE band energy variation at every scale suggests that it
is possible to predict the welding state and gap defect
formation in FSW by monitoring the AE signal.

5. Conclusions

The fast response and high signal-noise-ratio of the
AE signals can play an important role in the on-line
monitoring of the FSW process. A wavelet transform of
AE signals provides plots of frequency spectra vs time.
The plots are very useful in the recognition of the AE
features through a two-dimensional contour map and a
three-directional profile of band energy. As different
types of defects may yield different AE features in a
specific range of frequencies, band energy variation dur-
ing welding would provide a more detailed indication
of the gap-induced defects compared to the total energy
variation, and can also be useful in detecting the welding
state transition during friction stir welding.
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