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ABSTRACT ARTICLE HISTORY

This work is a study of the thermal behaviour of aluminium alloy 5754- Received 8 September 2015
H111 sheets welded with the friction stir welding (FSW) process. In Accepted 9 November 2015
particular, the feasibility of infrared thermography for monitoring of KEYWORDS

the FSW process is presented. This process has different advantages Thermography; process
compared to those of traditional welding, such as very low welding control; monitoring;
temperature and low mechanical distortion. Usually in the literature, friction stir welding (FSW);
destructive tests are carried out to evaluate the quality of joints, but aluminium alloy

this approach is time-consuming and off-line. Results have shown that

the thermal behaviour of joints is correlated to process parameters

and that thermography can be used to perform the online monitoring

of the FSW process.

1. Introduction

Friction stir welding (FSW) is an innovative joining process, based on the frictional and
stirring phenomena, patented at The Welding Institute in 1991.[1] FSW uses a rotating
(non-consumable) cylindrical tool that consists of a shoulder and a probe (Figure 1).
Welding heat, therefore, is produced by the tool: the shoulder is pressed against the sur-
face of the materials being welded, while the probe is forced between the two components
by a downward force; the rotation of the tool generates a frictional heat that decreases the
resistance to plastic deformation of the material.[2,3]

The FSW process offers significant advantages when compared with fusion joining pro-
cesses for aluminium due to a very low welding temperature; mechanical distortion is practi-
cally eliminated, with minimal heat affected zone, and there is an excellent surface finish.[2]

For all these reasons, the FSW process is used in the transport industry, in particular
in the shipbuilding industry which employs very high corrosion strength alloys such as
non-heat-treatable aluminium-magnesium (Al-Mg) alloys (5xxx series). However, in the
literature, this process has been less explored as regards aluminium-magnesium (Al-Mg)
alloys. In particular, the strong influence of process parameters on the quality of joints has
been demonstrated in terms of tensile strength, fatigue behaviour and residual stress.
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Figure 1. Schematic illustration of FSW butt joint.

Senkara and Zhang [4] and by Miles et al. [5] have documented in detail the behaviour
of the AA 5xxx alloys welded with the FSW process and found that the mechanical prop-
erties of the joints depend mainly on the grain size and the dislocation density due to the
phenomena of plastic deformation and recrystallisation.

Peel et al. [6] analysed the microstructure, the mechanical properties and the residual
stresses of friction stir welds of aluminium alloy AA5083 while Kwon et al. [7] studied the
application of the friction stir welding to 5052 aluminium alloy plates.

Jin etal. [8] studied the friction stir welding of Al 5754 alloys using constant FSW param-
eters, and they also have examined the microstructural development and micro hardness
distribution in the welds. Attallah et al. [9] conducted a study on the FSW of 2XXX and
5XXX series sheet materials in various tempers at different FSW parameters. These analyses
have highlighted the relationship between the banding of constituent particles and “onion
rings” formation in the Al 5754 joint.

In the work of Kulekci et al. [10], the effects of the tool pin diameter and tool rotation
speed at a constant weld speed were investigated on fatigue properties of friction stir overlap
welded alloy Al 5754. Two other works [11,12] provide information on the influence of
process parameters, on the tensile and the fatigue behaviour of a friction stir welded joint
under a single FSW parameter in a tailor-welded blank of alloy Al 5754. However, the
welding parameters were not disclosed by the authors.

In the above-mentioned works, mechanical tests and destructive tests are used to eval-
uate the quality of joints such as micrographs and macrographs or X-ray diffraction used
to measure residual stress.[6-13] These techniques cannot provide information about the
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performance of process during welding and require high test times, making them unfeasible
for the industrial field.

In this work, the thermographic technique is proposed, directly in production line, to
control the FSW process used to weld 6-mm-thick sheets of 5754 H111 aluminium alloy.

Thermography is a full-field contactless technique used for non-destructive evaluation
of defects in a wide range of materials and for process monitoring.[14-17] In this work,
a passive infrared thermography set-up [13,14] is used to study the thermal behaviour of
joints. This approach has been used in the literature for other types of welding.

In the work of Palumbo and Galietti 18], thermal methods were used to study the fatigue
behaviour of steel welded joints. In particular, a new procedure has been proposed for mon-
itoring the welded structure during the service condition and to estimate the fatigue limit
of material. Sreedhar et al. [19] proposed an automatic online defect detection monitoring
aluminium alloy 2219 plates TIG welded in a rotating fixture in order to reduce the time
needed for post-weld inspection with X-ray technique.

With regard to FSW process, there are only few studies about the thermal monitoring
of FSW process.

Hwang et al. [20] carried out an experimental study of temperature distributions within
the work piece during friction stir welding of aluminium alloys while Zhu and Chao [21]
performed a numerical simulation of transient temperature and residual stresses in FSW
process of 304L stainless steel; Chao et al. [22] assessed the heat transfer in friction stir
welding both experimentally and numerically, and Schmidt et al. [23] developed an ana-
lytical model for heat generation in FSW.

All these works show applications based only on the measurement of absolute tempera-
ture of welded joints during the process with infrared cameras or thermocouples. However,
the absolute temperature is affected by environmental conditions and is influenced by exper-
imental set-up adopted for the tests, and subsequently, it cannot be used as a representative
parameter of the FSW process.[13]

Therefore, in this work, a more sensitive thermal parameter is proposed for the monitor-
ing of the FSW process. This parameter is representative of the heat generated during the
process and, moreover, of the heat rate which is strictly correlated to process parameters.

2, Experimental procedure

The welded specimens for this study were produced by FSW with 5754 Al alloy sheets in the
H111 condition. The plates have the following dimensions: L x W x H =200 x 100 x 6 mm
and they were butt welded for a length of 170 mm longitudinally to the rolling direction.

The chemical compositions and main mechanical properties of the AA 5754 H111 alloy
are, respectively, presented in Tables 1 and 2.

The behaviour of the welds was studied in two combinations of the process parameters.
The considered values of the tool rotation speed and the welding speed were, respectively,
500, 700 RPM and 20, 30 cm/min. These parameters were used to construct a 22 full factorial
experimental plan (Figure 2) with n. 2 replications for each combination.

Each test was denominated in accordance with the parameter combination of tool rota-
tion speed (n) and welding speed (v). For example, the indication “R1T1” refers to the
replication ». 1 and test n. 1.
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Table 1. Chemical composition of the alloy AA 5754 H111.

Si Fe Cu Mn Mg Cr Ni Zn Ti Other elements
AA5754-H111 0.40 0.40 0.10 0.50 2.60-3.60 0.30 0.05 0.20 0.15 0.05

Table 2. Mechanical properties of AA 5754 H111 perpendicular to the rolling direction.

Thermal Specific
Rp (0.2) Density [g/  conductivi- heat [Cal/
Rm (MPa) (MPa) HB E [MPa] cm?] ty [W/m°C] kg°C]
AA5754-H111 190 80 52 70.000 2.65atroom 138 at room 0.213 at
temperature  temperature room tem-
perature

700 ITest T2 .Test T3
=
(=
==
o
9]
9]
Q
n
.9
®
+-J
o]
o« Test T1 Test T4
500.’_T
20 30

Travel Speed [cm/min]

Figure 2. Full factorial plane 22 used for experimental tests.

All single-pass friction stir butt welds were made using an FSW tool made of high-
strength steel. The tool has a shoulder with a diameter of 22 mm, on which groves were
milled to improve the extrusion action on the surface material of the joints, while the tool
probe is threaded and truncated. The tool was inclined at 1°, 2° compared to the normal
inclination of the workpiece to facilitate mixing of the material.

All welds were carried out in control position using ESAB LEGIO which was equipped
with the FSW welding head.

The workpiece was fixed on a rigid backing-plate, and clamped along the welding direc-
tion on both sides to avoid lateral movement during welding. The end part of the workpiece
was positioned on the worktables as shown in Figure 3.

The thermal acquisitions were performed using two thermal cameras. In particular, in
order to acquire the thermal data along the weld tool direction, the cooled FLIR X6540 SC
IR camera was used. This latter has thermal sensitivity (NETD) <20 mK and is based on a
InSb photonic detector with 640 x 512 pixels. The uncooled FLIR SC640 IR camera (ther-
mal sensitivity (NETD) <30 mK, 640 x 480 pixels) was placed in perpendicular direction
compared to the first thermal camera. Sequences were recorded during each test captured
at 15 Hz.
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Figure 3. Positioning of the workpiece on the fixture table.

Both thermal cameras recorded the maps of surface temperature, across the weld, for
each combination of process parameters as in the experimental plan described and shown
in Figure 2. The thermal camera set-up is shown in Figure 4.

Before the tests, specimens were painted with matt black paint (as shown in Figure 5(b))
to provide uniformity of the emissivity of treated surfaces and to avoid reflections caused
by heat sources placed near the specimens during the tests.

Temperatures inside the workpiece were measured by twelve N-type thermocouples with
a sheath diameter of 1 mm. A digital thermometer was used to acquire the thermocouples
data with a sampling frequency of 2 Hz.

To fix the thermocouples in the workpiece, they were set on the surface of the work
plates inside twelve small holes with a diameter of about 1 mm according to the layout
shown in Figure 5(a).

Three cross sections were chosen to be monitored: Section A, in correspondence with the
welding start point, Section B, located in the central area of the weld (generally this section

(a) FLIR SC640 IR CAMERA (b) FLIR X6540 SC CAMERA %
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Figure 4. Set-up used for thermographic data acquisition. FLIR X6540 sc IR camera placed along the
welding tool direction (a) and Flir sc 640 IR camera placed perpendicular as to the welding tool direction

(b).
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Figure 5. Thermocouples layout (a) and workpiece set-up (b).

is considered to be over the transient due to the penetration of the tool into the workpiece)
and Section C, in correspondence with the end of the welding and the extraction of the tool.
For each section, four thermocouples were placed, respectively, two on the advancing side
and two on the retreating side. On each side, the thermocouples are positioned at different
distances from the centre of the welding line in order to obtain temperature information
at different distances from the weld central area (nugget).

3. Results and discussion
3.1. Thermal behaviour

Thermal acquisitions provided very important information about the FSW process. As a
rule:

o During the tests, a thermal asymmetry of the joints is evident, due to the various ori-
entations of the speed vectors which came into play during the process. This occurred
for each combination of process parameters.

o The results showed for each test that the temperatures in the retreating side of welds
are higher than on the advancing side as shown in Figure 6. In particular, the maxi-
mum temperatures measured were reported with thermocouples in correspondence

(a) o (b) o~

383,751

400 | 365323 400 +~

~ ) 341,240 344,00
350 2 316,907 350 + 305,131 311,974
207 267,757 T

300 | 300

W NUMBER OF RUNS: 2

= ADVANCING SIDE
Tmax ['C)

W NUMBER OF RUNS: 2
RETREATING SIDE
Tmax ['C)

= NUMBER OF RUNS: 1 250
ADVANCING SIDE
Tmax [°C]

® NUMBER OF RUNS: 1
RETREATING SIDE )
Tmax [C] 100 4

250

TMAX [°C]

200 f 200

T™MAX [°C]

150 150 +~

100

n:500RPM | n:700RPM | n:700RPM | n:500RPM n:500RPM | n:700RPM | n:700RPM | n:500RPM

v:20 cm/min | v: 20 cm/min | v: 30 cm/min | v: 30 cm/min v: 20 cm/min | v: 20 em/min | v: 30 cm/min | v: 30 cm/min

Figure 6. Histogram of the maximum temperatures recorded along the advancing and retreating side for
all the tests of the experimental plan. Tmax recorded during the first replication (a) and Tmax recorded

during the second replication (b).
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of Section B (distance 5 mm) for the first replication (Figure 6(a)) and the second
replication (Figure 6(b)).

« Significant differences can be observed between the maximum temperatures measured
in the 1st and 2nd replications. These are due to the high temperature gradient (Figure
6) in the area in which thermocouples were placed. Then, a minimum error in relative
positioning between weld and thermocouple can give the measured difference of the
temperature.

Temperatures measured with thermocouples in the Section A, B and C (Figure 5(a))
show a non-uniform temperature trend along the weld. For example, Figure 8 shows the
thermal profiles registered by the thermocouples placed on advancing and retreating side
in correspondence with Sections A, B and C.

In Figure 8, three thermal profiles are shown, obtained by thermographic sequences in
correspondence with the thermocouples placed at 21 mm from the centre of weld (test n.
1, n = 500 RPM; v = 20 cm/min). Thermographic temperature data on the surface of the
aluminium plates show similar thermal trends compared with thermocouple data (Figure 7).

:;15) SECt" As At B | —RETREATING SIDE A
375 g —ADVANCING SIDE A
350 —RETREATING SIDE B

—RETREATING SIDE C
- — ADVANCING SIDE B

300
—ADVANCING SIDE C
275

250
225
200
175
150
125
100
75
50
25
0

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400

Section C

Tmax [°C]

Time [s]

Figure 7. Thermal profiles on the advancing and retreating side acquired by thermocouples placed at
21 mm from the central line of joint (test n. 1, n = 500 RPM; v = 20 cm/min) in correspondence with three
sections of the welding.
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Figure 8. (a) Image obtained at the end of the welding process, (b) thermal profiles obtained over time
by thermographic sequences in correspondence with Sections A, B and C (test 1).
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Figure 9. Thermal maps obtained during the tests in a fixed time instant: Test 1: v=20 [cm/min] —n =500
[RPM]; Test 2: v=30 [cm/min] —n =700 [RPM]; Test 3: v=20 [cm/min] —n =700 [RPM]; Test 4: v =30 [cm/
min] —n =500 [RPM].

These results were also confirmed by the thermographic maps (Figure 9) acquired for
each test and referred to a given instant time.

Thermographic data allow us to obtain a full field of information on the temperatures
reached during the tests and so could replace thermocouples generally used in the literature
to measure the temperature during an FSW process.

Despite the presence of the paint could theoretically influence the behaviour of the joint,
no evidence of increased presence of defects was found on the basis on macrography.[13]
Moreover, the aim of the work was to set a possible set-up for monitoring the process, and
in this work, authors demonstrated this possibility performing the analysis on the side of the
welding itself. The final procedure forecast no painting on the area interested by the welding.

Other thermal data can be used to monitor the FSW process with higher efficiency. For
example, the maximum temperature (Tmax), reached during the weld process, is gener-
ally linked to process parameters and then it could be correlated with the mechanical and
structural properties of welded joints.

In order to evaluate the Tmax reached during the welding process, the thermal sequences
acquired for each test were analysed with Matlab™ software. Figure 10 shows the Tmax
maps obtained analysing the sequences of second replication, recorded with the Flirsc 640
thermal camera. These maps represent the maximum temperature reached by each pixel
during the test independently of time.[15]

The results were in agreement with the thermocouple data. In fact, each test shows a
non-uniform distribution of Tmax along the welding direction. These maps confirm that
the stationary conditions of the welding process along the joints have not yet been reached.
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Figure 10. Maps of Tmax assessed for each test: Test 1: v=20 [cm/min] —n =500 [RPM]; Test 2: v =30 [cm/
min] —n = 700 [RPM]; Test 3: v = 20 [cm/min] —n = 700 [RPM]; Test 4: v = 30 [cm/min] —n = 500 [RPM].

A quantitative evaluation of Tmax maps can be performed considering thermal profiles
at different distances from Section A. In particular, Figure 11(a) reports a thermal profile
obtained along the y axis and the best fit of data obtained with a cubic equation (test R1T3).
This equation could allow us to estimate the temperature along the y direction as docu-
mented in the study of Hwang et al. [20].

However, it was not possible to use the best fit equation to assess the Tmax at the centre
of joint (y = 0) or generally in the weld area due to the complicated thermal phenomena
that occurred in this area.

Moreover, Tmax was assessed along the joint, as shown in Figure 11(b), at the distance
of 21 mm from the central line of the welded joint. It was clearly evident that the Tmax
decreased along the weld due to the non-stationary condition of the weld process.

(@ (b)
300 T T T T T T T T 360 Q_poiht 1 T
b O data 1 AN / ‘
280 — cubic I 340 . ¢ 2w
G LY [ 4 3. L 1
260! < . /
= S
~ 3 . i Weld directi ¥
g 240l E 320 bfmmt 2 eld direction
x & AN
o N\,
E 220+ L 300k
x \s "
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- 280! O e epoint 4
L O . =y I N S A S S SOV point 5
we—m—— . | . | ‘ e
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Figure 11. Thermal profile along the y axis and the best fit of data obtained with a cubic equation (a),
Tmax trend along the weld direction (b).
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The different values of Tmax are probably correlated with different structural and
mechanical properties of the joint along the weld direction. However, measurements of
absolute temperatures are affected by environmental conditions and are highly influenced
by the specific set-up used for the tests. Therefore, it is difficult to correlate the Tmax values
with the process parameters.

A likely and more sensitive thermal parameter is the heat rate, as directly correlated
with the energy and then the heat supplied during the welding process. This parameter is
proportional to the slope of heating curve obtained for a defined point considered on the
surface of joints. In this case, the slope of heating curve is evaluated in two sections of work
piece and on the retreating side and advanced side (Figure 12) in order to obtain a total of
4 values for each test.

The considered points are positioned to 120 mm (al and a2 in Figure 12) and to 20 mm
(b1 and b2) from the start of welding, which is characterised by the transience phase of the
process due to the penetration of the tool. In particular, for each thermal profile of each
point, the maximum slope of heating curve is evaluated (MSHC), (Figure 12(b)).

The values of maximum slope were evaluated through the processing of thermographic
data. In particular, the linear best fit on 70 temperature data of each profile (Figure 12(b))
was used to assess the maximum slope value (Figure 13). In Figure 13, the different heating
slope obtained at different positions from the start of welding is clearly evident, while there
seems to be no difference between retreating and advancing sides.

Table 3 shows the MSHC values assessed for each test expressed in terms of angular
measurement (degrees) compared to the horizontal axis.

3.2. Statistical analysis of thermal results

The thermal parameter MSHC can be used for the monitoring of the FSW process if it
is correlated to process parameters. Therefore, a statistical analysis (ANOVA) has been

(a)
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Figure 12. (a) Positioning of the measurement points along the welding line, used for the analysis of
MSHC, (b) thermal profile obtained for the points a1, a2, b1 and b2 (test R1T3).
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Figure 13. Evaluation of heating slope in points a1, b1 and a2, b2: comparison on (a) R.S. and (b) A.S.,
test R1T3.
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Table 3. Values of MSHC for each test.

Travel speed [cm/min]

20 30

Rotation speed 500 R1T1 R2T1 R1T4 R2T4
[RPM] al: MSHC: al: MSHC: al: MSHC: al: MSHC:
87,246° 87,587° 87,968° 87,575°
a2 MSHC: a2 MSHC: a2 MSHC: a2 MSHC:
86,800° 87,433° 87,911° 88,448°
b1: MSHC: b1: MSHC: b1: MSHC: b1: MSHC:
86,051° 86,596° 89,066° 86,883°
b2: MSHC: b2: MSHC: b2: MSHC: b2: MSHC:
85,825° 86,161° 86,846° 87,229°

700 R1T2 R2T2 R1T3 R2T3
al: MSHC: al: MSHC: al: MSHC: al: MSHC:
87,229° 87,480° 88,140° 88,530°
a2 MSHC: a2 MSHC: a2 MSHC: a2 MSHC:
87,911° 87,735° 88,146° 88,319°
b1: MSHC: b1: MSHC: b1: MSHC: b1: MSHC:
87,117° 86,528° 87,371° 87,735°
b2: MSHC: b2: MSHC: b2: MSHC: b2: MSHC:
87,921° 87,998° 87,371° 88,228°

Table 4. General linear model: heating slope vs. travel speed; rotation speed; position samples along the
welding direction and side of the welding.

Term Effect Coef SE Coef T P-value
Constant 87.4808 0.08715 1003.78 0.000
v 0.7592 0.3796 0.08715 4.36 0.000
n 0.5084 0.2542 0.08715 2.92 0.010
p 0.5957 0.2979 0.08715 3.42 0.004
Side 0.0737 0.0369 0.08715 0.42 0.678
vxn —0.2691 —0.1346 0.08715 -1.54 0.142
VXp —0.0572 —0.0286 0.08715 -0.33 0.747
v X side —0.1700 —0.0850 0.08715 —0.98 0.344
nxp —0.1931 —0.0966 0.08715 -1.1 0.284
n x side 0.3636 0.1818 0.08715 2.09 0.053
P x side 0.0447 0.0224 0.08715 0.26 0.801
vXnxp 0.2621 0.1311 0.08715 1.50 0.152
v X n X side —0.1954 —0.0977 0.08715 -1.12 0.279
VX p X side 0.2042 0.1021 0.08715 1.17 0.258
nxp X side —0.2991 —0.1496 0.08715 -1.72 0.105
vXnxpxside —0.1244 —0.0622 0.08715 -0.71 0.486

Significance level: 0.05.
$=0.493004. R-Sq = 78.01%. R-Sq(ad]) = 57.40%.
The bold values represent the main results of the ANOVA.

carried out in order to verify the statistical significance of the effect produced by process
parameters on MSHC.

A 2* full factorial experimental plan has been carried out, considering the maximum
heating slope value - MSHC (Table 3) as response variable and the rotation speed, the
travel speed, the position of specimen along the welds and the side of the welding as factors.

Statistical analysis, performed with the MINITAB™ software, showed that the maximum
heating slope is influenced by the rotation speed, the position of the specimens along the
welding and the travel speed. The main results of this analysis are summarised in Table 4.

An empirical model can be obtained in order to correlate all the significant parameters.
Performing a regression analysis, the following model is obtained:

MSHC = 83,558 + 0.0722v + 0.002668n + 0.00688p (1)
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The analysis of ANOVA showed that the parameter MSHC is influenced both on tool
rotation speed (1) and welding speed (v). The dependence on position p is due to the
non-stationary condition of process. Therefore, thermography could be used for online
monitoring of the FSW process by means of a thermal parameter (MSHC) correlated with
the process parameters.

4. Conclusions

This work studies the thermal behaviour of 5754-H111 plates joined by friction stir welding.
In particular, a new thermographic procedure is proposed for online monitoring of process.
The main considerations could be summarised as follows:

Thermal data acquired with both thermocouples and thermal cameras show an evident
non-symmetrical FSW process in terms of temperatures measured during the tests.
Moreover, the higher temperatures were measured along the retreating side for each
parameter combination.

Thermal data analysis shows a non-stationary welding process. In particular, the max-
imum temperature was evaluated for each test and a non-uniform trend of Tmax was
obtained along the welding direction.

Thermographic technique can be a powerful tool for monitoring of the FSW process
through the measurement of surface temperatures on welded joints. In particular,
through very easy analysis, the stationary quality of the FSW process could be assessed
in terms of the maximum temperatures reached during the process.

The feasibility of infrared thermography for monitoring of the FSW process is shown.
In particular, in non-stationary conditions, the maximum heating slope of thermal pro-
files evaluated on surface of joints can be used for monitoring the process parameters.
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