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Abstract In this study, a low-cost infrared sensing system
based on the analysis of the surface temperature distribu-
tion is proposed for monitoring the perturbations occurring
during the aluminum alloy metal inert gas (MIG) welding
process. A galvanometer scanner is employed in this real-
time infrared sensing system to continually reflect the in-
frared energy to the point infrared sensor. By controlling
the scanning mirror of the galvanometer scanner rotating
in a high speed, the infrared energy at different points of
the welding seam and the heat-affected zone on the sur-
face of the plate will be continually captured by the point
infrared sensor. Different conditions (changes in the
welding speed, welding current, and joint gap width) of
the welding process have been simulated to perturb the
welding process. Three representative geometric defects
such as undercut, humping, and lack of fusion were pro-
duced to validate our infrared sensing system.
Experimental results showed that the sensing system is
useful for monitoring perturbations that arise during the
welding process and identifying welding defects.
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1 Introduction

Nowadays, aluminum and its alloys are extensively
manufactured and employed in the aerospace, shipbuilding,
national defense, and electronic industries, both to protect
the environment and meet the growing need for light-
weight construction [1, 2]. In practice, however, a butt
weld in thin aluminum alloys is always difficult to weld
.On the one hand, the deformations during welding are
high due to the high coefficient of thermal expansion of
aluminum and aluminum alloys; on the other hand, alumi-
num alloys have a low melting point and they are difficult
to see when they melt since there is no color change.

In a real production environment, numbers of uncon-
trollable factors like contamination and environmental con-
ditions will perturb the welding process. Unexpected per-
turbations such as deviation of welding current and volt-
age, plates with improper welding groove geometry, and
insufficient gas protection of weld pool will seriously af-
fect the final result. At present, in order to ensure the
safety of their productions, companies usually perform
post-weld inspections. Many studies used non-destructive
testing (NDT) methods such as radiography, ultrasonic,
liquid penetrant, and eddy current to detect internal and
surface defects of welds [2—6]. However, non-destructive
tests mentioned above are always expensive and time con-
suming. Therefore, the real-time monitoring of the welding
process is required by manufacturing industry for reducing
the overall production costs and improving the productiv-
ity without sacrificing weld quality.

Arc welding is a process in which a very intense, mov-
ing heat source is applied to the workpiece. When struc-
tural members are joined by fusion welding, the material
of the plates has to be heated to its melting point and then
cooled again rapidly [7]. Thus, temperature of a certain
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point on the surface of the plate reaches a maximum value
and then cools with time. Except for the initial and final
transients of welding, heat flow in a workpiece of suffi-
cient length is quasi-stationary, with respect to the moving
heat source. In other words, for an observer moving with
the heat source, the surface temperature distribution does
not change with time [8].

Arc welding process as mentioned above is inherently a
thermal-processing method; thus, infrared sensing is being
considered as an effective method for monitoring the
welding process. Every object with a temperature above
the absolute zero (—273.15 °C = 0 K) emits an electro-
magnetic radiation from its surface, which is proportional
to its intrinsic temperature. A part of this so-called intrin-
sic radiation is infrared radiation, which can be used to
measure a body’s temperature. Previous investigations
have shown that various disturbances to the welding pro-
cess will change the heat flow and cause perturbations in
the surface temperature distribution which can be picked
up by the infrared camera; unique changes in the distribu-
tion of temperatures can be taken as reference signals for
a particular type of imminent weld defect [9—11].

The surface temperature distribution of the welding
pool contains plenty of welding quality information and
can reflect the welding stability. To this end, many re-
searches based on the analysis of temperature field of

Fig. 2 Experimental setup
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the welding pool and the heat-affected zone have been
made to achieve on-line monitoring and controlling of
the penetration depth and the bead width [12-17].
Infrared cameras have also been widely applied in real-
time monitoring of temperature in gas-shielded fluxcored
arc welding (FCAW-G) of steel [18], molten metal filler
welding (MMFW) of tin-lead alloy [19], pulsed metal in-
ert gas (P-MIG) welding of low carbon steel [20], and
metal inert gas (MIG) welding of steel [21].

However, for a long time, the infrared sensing systems
that were mentioned above have not been successfully ap-
plied for commercial use; the high initial cost of an area-
scan or line-scan infrared camera has been one of main
bottlenecks to limit them to be widely used in industry.
Furthermore, in some cases, additional large-sized hard-
ware is difficult to embed into manufacturing processes.

A line on the topside plate surface which is perpendic-
ular to the weld is shown in Fig. la. It is slightly behind
the moving source and crosses isotherms. Temperatures of
these points on this line contain plenty of thermal radia-
tion information and have a close relationship with
welding quality. In this paper, a low-cost infrared sensing
system is utilized for measuring the temperature of points
on lines which are approximately perpendicular to the
weld in order to monitor the perturbations occurring dur-
ing the welding process and identify welding defects.
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Table1l The position parameters in different welding processes. d is the
distance between two adjacent points, 4 is the vertical distance between
two adjacent points, and « was the deviation angle of the scanning line
from perpendicularity

Weld v (mmy/s) a(®) h (mm) d (mm)
Sound 7 89.71 0.07 1.002
Undercut 9 89.53 0.09 1.004
Lack of fusion 10 89.42 0.10 1.005
Humping 14 88.87 0.14 1.010

2 Experimental setup

Figure 2 shows the welding experimental setup that is
implemented. The infrared sensing system that is used to
obtain the IR radiation from the surface of the plate being
welded is made up of a galvanometer scanner and a point
infrared sensor. The point infrared sensor is an Optris
CTlaser 2MH which is adjusted to a temperature range
between 385 and 1600 °C (685.15 to 1873.15 K) with
an accuracy of £1% over the entire range. The exposure
time (90%) of the sensor is 1 ms. The software was
designed to control the rotational speed and rotation direc-
tion of the galvanometer scanner. By controlling the scan-
ning mirror of the galvanometer scanner rotating in a high
speed, the infrared energy at different points of the plate
being welded will be continually reflected to the point
infrared sensor. This made it possible to obtain the tem-
perature distribution of the welding seam and its heat-
affected zone by a point infrared sensor. As shown in
Fig. 1b, the distance between two measuring points is
I mm. It costs 10 ms when the scanning mirror of the
galvanometer rotates from one position to another and it
will hold its position for 5 ms in order to get the average
temperature of one point. With the increase of the welding
speed, the position parameters will change. The position
parameters in different welding processes are listed in
Table 1.

The welding generator which is a Fronius Transpuls
Synergic 5000 adapted to the & 1.2-mm 5087 filler wire
metal was chosen. A butt joint welding of 6082-T6 alu-
minum alloy plates with a thickness of 4 mm, width of
100 mm, and length of 250 mm is tested in the experi-
ments. The plates were brushed with a steel brush to

remove oxide layers before positioned and clamped down
on the welding table. The chemical composition of the
base material and filler wire metal is presented in
Table 2. Argon shielding gas was applied with a 15-
L min~" flow to protect the weld surface from the effects
of the surrounding air. The movements of the welding
torch and the infrared sensing system are driven by two
sets of servo motors and ball screws. During the MIG
welding process, the infrared sensing system keeps a dis-
tance (two times the welding speed) with the torch and
moves behind the torch at the welding speed. The light
fire-resisting brick is set between the welding torch and
the infrared sensing system to protect the point infrared
sensor from the extensive arc light. The software in this
set of experiments is also designed to control the welding
speed, to open the arc on the MIG welding process, to
control the welding current, and to finish the process. A
10-bit, 20 KS/s multifunction data acquisition board is
used to provide integration between the infrared sensing
system and the personal computer.

The microhardness across the weld was measured by
type MH-3 microhardness tester. Welds were cut and
grinded with paper P1000 prior to the hardness measure-
ments. The impression force was set to 100 g and the
impression time was 10 s. The hardness measurements
were taken from the centerline of the weld beam and
out to both sides of the weld with 1-mm distance between
the imprints.

3 Results and discussion
3.1 Sensing system response on different welding defects

A first series of aluminum alloy plate welding trials is
carried out to obtain the surface temperature distribution
when no perturbations are intentionally introduced during
the welding process. Figure 3 shows the photograph of a
sound weld and the corresponding original temperature
signals collected from the whole welding process.
Figure 4 shows a weld joint without defects and the tem-
perature profile of a line which crosses the weld beam. It
can be seen from the figure that temperature increases
from the base material to the weld beam and the curve
is almost symmetrical along the centerline of the weld

Table 2 Chemical compositions

of base metal and filler wire metal Al alloy series Si Fe
6082 0.79 0.50
5087 0.25 0.40

Cu Mn Mg Cr Zn Ti Zr Al
0.10 0.58 0.96 0.25 0.20 0.10 0.00 96.52
0.05 0.81 4.60 0.10 0.25 0.15 0.13 93.26
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Fig. 3 A sound weld and the
corresponding original
temperature signals collected
from whole welding process
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beam. This thermal signature is taken
curve for a sound weld.

Fig. 4 A sound weld and the
temperature profile of a line
which crosses the weld beam
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Fig. 5 A weld with humping and
the temperature profile of a line
which crosses the valley area of
the humping
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corresponding to the humping defect, the temperature
rocketed at the valley area. As there was no weld metal
accumulated at this part of the humping, the infrared en-
ergy which captured by the infrared sensing system was
emitted by the ceramics backing that was set under the
plate. The big differences in the typical emissivity between
the unoxidized aluminum alloy (0.1-0.2) and the ceramic
materials (0.4) resulted in the sharp increase of tempera-
ture in this region.

A typical weld flew occurring during high-speed
welding process, examined in this experimental session
(Fig. 6), is the undercut. The formation of this kind of
weld defect is generally due to the improper high welding
speed, welding current, or power input during the MIG
welding process. Compared with a sound weld, the max-
imum value of the temperature profile is lower and the
temperature went up tardily. The curve is asymmetric, and
in particular, at the area adjacent to the undercut, the
temperature decrease rapidly. From the authors’ point of
view, the increase in the welding speed will decrease the
welding line energy on the one hand and on the other

Distance from the welding center(mm)

hand, the heat input in the welding concentrated locally
and in terms of time is, in metallic materials, propagated
rapidly into more remote areas of the component; such a
mechanical notch generated at the weld interface will per-
turb the heat propagation process.

The last welding defect (lack of fusion) examined in
this series of experimental tests is shown in Fig. 7. This
kind of defect is relatively common in the mechanical
industry and usually caused by the perturbation in the
welding current. It is clear from the figure that tempera-
ture values at the defect region remain unchanged as there
is a little accumulation of weld metal at the lack of fusion
area. This thermal signature is taken as reference thermal
curve for a welded joint with lack of fusion weld defect.

3.2 Microhardness characterization for temperature
validation

The microhardness profile of the sound weld in Fig. 4 is

shown in Fig. 8. In the heat-affected zone (HAZ), micro-
hardness drop to the lowest point that is measured in a

@ Springer



4036

Int J Adv Manuf Technol (2017) 92:4031-4038

Fig. 6 A weld with undercut and
the temperature profile of a line
which crosses the weld beam

Temperature(°C)

distance 8 mm from the axis on both sides of the weld
where corresponding temperatures are 424.1 and 421.6 °C.
Then, the microhardness increases up to 78.4 HV at a
distance of 6 mm from the axis on one side of the weld
and the maximum value of hardness on the other side is
in a distance of 5 mm from the axis of the weld
(73.1 HV). Temperatures obtained by the infrared sensing
system are 452.3 and 460.2 °C, respectively.

The cooling rates at two different locations (3 and
10 mm from the welding center) of the studied alloy are
reported varied from 65 to 20 °C/s, and it is possible to
deduce theoretically that the peak temperatures achieved
during the heating and cooling thermal cycles increase as
distance from the fusion line decreases [22, 23]. The
cooling rate at a distance of 8§ mm from the axis is
28 °C/s. It increases to 56 and 59 °C/s when the distance
varies from 6 to 5 mm.The calculated maximum tempera-
tures of the different positions on the surface of the plate
are listed in Table 3.

For the studied aluminum alloy, heating during welding
may cause overaging and the formation of precipitates
explains the substantial deterioration of HAZ microhard-
ness [22]. The decrease of microhardness is reported to

@ Springer
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be significant between 220 and 500 °C, due to the rever-
sion of [3"-precipitates that will occur to an increasing
extent in the peak temperature range from 220 to
500 °C and that is associated with a continuous decrease
in the HAZ hardness until the dissolution process is com-
pleted [23]. Thus, the maximal reached temperature of the
point with the minimal value of hardness is 500 °C This
is in good agreement with the value that obtained by the
infrared sensing system: 503.9 and 501.4 °C. Furthermore,
the maximal reached temperature of hardness in the fusion
line is 620 °C (liquidus of the 6082 Al alloy). It matches
with the measured temperature in the present study 611.9
and 628.35 °C.

4 Conclusions

A low-cost infrared sensing system based on the analysis
of the surface temperature distribution for real-time quality
monitoring of MIG welding process and identifying
welding defects has been described in this paper.
Changes in the welding speed, welding current, and joint
gap width were introduced in order to perturb the welding
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Fig.7 Aweld with lack of fusion
and the temperature profile of a
line which crosses defect area
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process. Three representative geometric defects such as
undercut, humping, and lack of fusion were successfully
detected. This sensing system is especially attractive for
the metal-fabrication industry, due to its small size and
low cost that will markedly reduce the overall production
costs. Further studies are still needed in order to optimize
the device performance in order to steadily collect the
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Fig. 8 Microhardness profile of welded joint without defects
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temperature in industrial environment. Some important
conclusions are listed as follows:

1. The temperature profiles of lines which crosses the weld
bead can be used for on-line monitoring of weld quality
during MIG welding process of 6082 T-6 aluminum alloy.

2. The formation of defects such as undercut, humping, and
lack of fusion will induce unique changes on the temper-
ature field; these changes can be used as reference thermal
signals for identifying welding defects

3. The experimental results confirm that IR technique is a
sensitive and convenient tool to monitor the presence of
weld defects during the welding process.

Table 3 The calculated maximum temperature of the different
positions

Distance from the axis of the weld ~ Calculated maximum temperatures

(mm) (°C)

5 (right) 611.90
6 (left) 628.35
8 (left) 503.90
8 (right) 501.40
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