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Abstract: Infrared (IR) thermography is a technique used
to measure temperature distribution of heat generation in
manufacturing  processes such as welding. IR
thermography is a non-destructive and non-contact method,
which makes it favoured for the arc welding process where
interference with the welding process must be avoided. In
this study, IR thermography is used to record the
temperature history during the submerged arc welding
(SAW) process experiment; and to validate the numerical
model developed to simulate the said SAW process of a
multi-pass circumferential weld on pressure vessel steel.
The Flir Short Wave Infrared Radiometer (FSIR) is used
during SAW experiments with the ESAB welding unit. The
weld pool and the surrounding area are continuously
monitored and their temperature recorded using a thermal
camera. The recorded temperatures are plotted against time
on Temperature-Time curves to reveal the temperature
profiles of each welding cycle. Comparison of the resultant
temperature profiles with those of the numerical model
show good agreement. It is therefore concluded that
temperature measurement through thermal imaging is a
suitable method to characterize the temperature history of
the SAW multi-pass circumferential weld, as well as to
effectively validate the numerical model developed to
simulate the said welding process.

Additional keywords: Infrared thermography,

temperature distribution, submerged arc welding, welding
parameters, numerical analysis

Nomenclature

SAW Submerged Arc Welding
TIG Tungsten Inert Gas
GTAW  Gas Tungsten Arc Welding
MIG Metal Inert Gas

FR Wire Feed Rate

CA Constant Amperage

cw Constant Wire

HAZ Heat Affected Zone

IR Infrared

SWIR Short Wave Infrared

FSIR Flir Short Wave Infrared Radiometer

FEA Finite Element Analysis
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CFD Computational Fluid Dynamics
3D Three Dimensional

ANN Artificial Neural Networks
Roman

d Outside Diameter of the Pipe
S Rotational Speed

Ty Ambient Temperature

T Surface Temperature of the Weld Pool
t Time

Greek

€ Emissivity

) Stefan-Boltzmann Constant
h Convection Coefficient

1 Introduction

Infrared (IR) thermography is getting more and more popular
in arc welding applications. The ability to continuously
record welding temperatures in the weld pool and the
surrounding surface without any physical interference (i.e.
non-contact process) of the actual welding process makes IR
thermography the preferred measurement method over point
sensors such as thermocouples. IR thermography produces
continuous temperature distribution profiles of the weld area
of interest through recordings using a thermal camera.
Application of IR thermography in metal welding includes
real-time monitoring of the weld pool, weld defect
identification, weld geometry determination, auto-correction
of welding parameters (when used with soft computing), and
many more. IR thermography is also used for on-line
monitoring and control of welding parameters in automation
processes using intelligent methodologies. The utility of
online defect identification is in that it saves cost of post weld
defect identification, which inevitably leads to rejection or
rework. The basis for using thermal sensors for identification
of defects and/or monitoring of weld geometry is in that the
surface temperature distribution during welding should
ideally show a regular and repeatable pattern; and any
deviation can be identified through perturbations or
variations in temperature profiles.

The advantage of the IR thermal imaging method over
other sensors such as thermocouples is that it provides
continuous measurement over a larger area of interest. The
other advantage of IR thermography is its ability to monitor
several parameters simultaneously, thereby eliminating the
need for multisensory systems. Thermal imaging is also
capable of handling rapid welding speeds and short thermal
response times associated with arc welding. The thermal
imaging technique is not without shortcomings. One of the
well-known drawbacks of thermal imaging is that the
accuracy of the IR thermal camera is a function of material
emissivity, which in turn is affected by the surface condition
of the material.
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This paper presents the temperature history of the welding
cycle in the nozzle-to-shell circumferential weld of the
pressure vessel using IR thermography. The objective of the
study is to show the effectiveness of IR imaging in accurately
mapping out temperature histories of the Submerged Arc
Welding (SAW) process, as well as using IR thermography
as means of validating the numerical model. The next section
presents the literature survey of similar studies; section three
discusses the numerical model, whereas the fourth section
presents the experimental work. Results are discussed in
section five, and the conclusion is given in the last section.

2 Literature Review

Wikle et al. [1] develop a rugged, low cost, point infrared
sensor that is used to monitor and control the welding
process. Heat transfer analysis is performed to study the
effects of the plate surface temperatures to the weld
geometry, occurring during the welding process. This is
correlated to actual measurements from the IR sensor
monitoring changes in the plate surface temperature during
the welding process. The weld bead penetration depth is
measured and compared to the prediction of the heat
transfer analysis. Infrared thermography is used to monitor
and control weld geometry during the Tungsten Inert Gas
(TIG) welding process of stainless steel 316LN plates [2].
The produced thermal images are analysed to determine
temperature distribution patterns that give effect to weld
geometry and that give indication of the nature of weld
defects in the weld pool. The developed technique can be
used as a basis for the adaptive/intelligent weld methodology.

A study by [3] highlights the application of thermal
imaging sensors for detection of defects such as lack of
penetration and estimation of depth of penetration during
TIG welding. Results show that IR imaging technique can
adequately detect lack of penetration and depth of
penetration online. Thermal imaging and visual band
camera are the main vision sensors used during on-line
monitoring. A system based on the application of one
thermal vision camera and two charged-coupled device
(CCD) cameras for assessment of a welding process and
welded joints is presented in [4]. Literature [5] proposes a
method for calibration, tracing and accreditation of
thermal imagers through the implementation of best
international measurement practices. The study by [6] uses
thermography to determine weld bead geometry and weld
defects in real-time during the Gas Tungsten Arc Welding
(GTAW) process of stainless steel. The weld bead geometry
results obtained using line-scan analysis of the IR thermal
profiles is successfully correlated to the values obtained
through experimentation, with the correlation coefficient of
0.8. The defects identified through thermal images are
verified using X-Ray radiography.

In their study to identify weld defects of the TIG welding
process through thermal imaging, [7] show that the weld
defects identified through thermography compares well with
those discovered through X-Ray method. One of the main
challenges experienced through this study is the difficulty in
tracking the correct thermal history of the weld region, given
that the IR camera targeted a moving region of interest. One
way of mitigating the impact of such limitation is to increase
the area of interest to include more than just the weld pool.

IR thermography is used to perform seam tracking,
penetration control, bead width control, and cooling rate
control to ensure acceptable weld quality [8]. Artificial
Neural Networks (ANNs) are used in conjunction with
thermal imaging to predict weld bead geometry. The ANN
model is validated using experimentally measured values and
the correlation coefficient of 0.99 is attained. Bai et al. [9]
introduce a new approach of calibrating welding parameters
in the weld-based additive manufacturing process using IR
imaging and inverse analysis. In-depth analysis of thermal
images vis-a-vis the simulation results produces comparable
parameters such as mean layer temperature and cooling rate,
which are used in cost functions. Comparison of predicted
and measured values show an error in temperature history
less than 30°C. The study concludes that temperature
measurements using IR imaging is far better than
thermocouples for weld-based additive manufacturing
applications.

IR thermography is used to experimentally validate the
finite element analysis (FEA) model for a Submerged Arc
Welding (SAW) joint on a steel plate [10]. The authors
observe that the insulating granular flux present in the SAW
process makes thermal imaging difficult. Some researchers
have suggested the use of flux removal methods such as
vacuuming immediately behind the weld-pool. The authors
in [10] manufactured a special U-shaped piece to keep the
flux away from the region of interest so that temperature
measurements, which took place away from the fusion zone,
could be done efficiently. The temperature values predicted
using numerical methods are found to be in reasonable
agreement with the experimental results. The accuracy of the
finite element model is found to be acceptable for the
identified parameters, with R-square values ranging between
0.96 and 0.99. Numerical methods are used to model the
metal surfacing process using the metal inert gas (MIG)
welding technique. Thermography is used to validate the
numerical results [11]. The thermal camera is used to
determine temperature distribution through recording
temperature at various points of the surface. The images from
numerical analysis are compared with those produced
through thermal imaging, and they appear to be very similar.
An application of infrared imaging technique in a High-
Power Fibre Laser welding process of stainless steel 304L to
monitor the weld pool width to automatically control the
welding process can be seen in [12]. Comparison of predicted
and measured values show good correlation with a maximum
error of 0.0994. A proposed remote welding process based on
a methodology that combines image processing with soft
computing to estimate bead geometry is presented by [13].
The real-time bead geometry monitoring allows for on-line
parametric adjustments during the Tungsten Inert Gas (TIG)
welding process of stainless steel.

3 Experimental Procedures

The experimental setup consists of the ESAB SAW machine
and the Short-Wave Infrared (SWIR) camera as shown in
figure 1. The SAW machine has two major components, viz.
the wire feeder and the turntable. The turntable is a
requirement for conducting circumferential welds, wherein
the turntable speed is converted to linear welding speed. The
consumable welding electrode is fed into the weld-pool
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through the wire feeder during the welding process. The wire
feed rate (FR) is controlled by the ESAB controller as can be
seen in figures 1 and 2.

Esab Controller

WFR Control Signal

L]

PC

Feedback Signal

Contral

/,' apoJpay

| \ ) j'""\--fuml’able
Turn Table Speed Contral "~ /

==

SWIR Camera

5AW Machine Wald-Piace

Figure 1: Setup with a SAW Machine and SWIR camera for
continuous temperature measurement

The controller used is commissioned with the SAW
machine and operates in one of two modes; the user can either
select a constant amperage (CA) mode or a constant wire
(CW) feed rate mode. In CA mode, the operator selects the
required current, and the FR is automatically chosen by the
controller, such that the operator has no control of the latter.
In CW mode, the similar setup occurs, but this time the
operator selects the FR and the current is automatically set by
the controller. In the present study all the test specimens were
prepared in CA mode. Figure 2(a) illustrates the setup for
experiments as was prepared in the mechanical workshop.
Figure 2(b) is a magnification of the turntable from figure
2(a).

Esab Controller

Wire Feed

Turn Table

Turn Table
Controller

Figure 2a: SAW Machine setup in the workshop

The experimental design focuses on capturing the
temperature history and distribution across the overall
structure of the weld sample. The advantage of the IR thermal
imaging process over pointed sensor-based methods such as
thermo-couples is that the former can record the entire area
of interest at a single instance, given its broad coverage. This
effectively means that data are recorded for an infinite
number of points of interest; and during data analysis such
data can be retrieved from the image file for each point
chosen. On the other hand, pointed sensors can only record
data for one point at a time, and data analysis is limited to
such a point only. The weld-piece consists of a 5 mm wall

thickness steel pipe of 80 mm bore welded onto a 10 mm steel
plate using a full penetration multi-pass weld as shown in
figure 3. The illustration shown in figure 3 is typically the
weld joint used for joining nozzles onto a cylindrical pressure
vessel shell as prescribed in the appropriate design codes.

Figure 2b: SAW Machine turn table with a weld sample

It was discussed above that the granular flux in SAW can
present a challenge during IR thermography temperature
measurements given its tendency to insulate the surface. In
the present study, the Metal Inert Gas (MIG) welding process
was used with the same heat input and welding parameters
for the reference test specimen. This allowed the researchers
to establish the temperature of the weld pool without the
effect of insulation. It should be noted, however that, as long
as the measurements are taken away from the weld-pool, and
in the area with no granular flux insulation, then the above is
not necessary; and that is why the latter approach was adopted
for the purposes of validating the numerical model as
discussed in section 4 below

- ¢ —

Figure 3: Weld-Piece Preparation

The pipe material is ASTM A106 and the plate is ASTM
A516, chosen for practical purposes since these materials are
typically used for pressurized system applications. A hole of
the same size as the internal diameter of the pipe was drilled
through the plate to position the pipe in the same way that the
nozzle would be positioned on the pressure vessel. Low
hydrogen high strength Spool Arc 18-F7A6-EM12K
electrodes were used. A three-pass full penetration weld was
then performed using the SAW process.

Temperature measurements were carried out using the
Flir Ultra-High Resolution Thermal Camera (FLIR
X6550SC) with the frame rate of 125Hz (at 640x512 IR
resolution pixels) and +/-1°C accuracy. During measurement,
the FSIR radiometer was placed at a focus range of 3m as
shown in figure 1. Power to the FSIR was supplied via the
standard 220 V, 50 Hz, single phase municipal supply and the
FSIR was connected to the controller (PC) using the original
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equipment manufacturer (OEM) supplied camera link cable.
The FSIR was left for five minutes to cool down before
operation. This was done so that the camera could acclimatise
to the ambient temperature of the laboratory. The Flir
RerearchIR version 3.3 software was accessed on the
controller and the configuration setup which matched the
temperature of the scene was selected. This included the
sensitivity parameters i.e. integration time and the neutral
density filter. Before measurement could begin, a non-
uniformity correction was performed to compensate for the
variations in camera operating conditions and to improve
image quality. The measurements were conducted in a closed
environment and within a short time in order to minimize the
impact of path radiance and atmospheric effects, which were
consequently considered negligible. In addition, the SAW
welding process is insulated by a layer of granular fusible flux
which protects it from atmospheric attenuation.

The SAW parameters chosen for the present study have
been shown to demonstrate consistent and significant effect
on the weld geometry, heat affected zone (HAZ) size,
mechanical properties and residual stress [14]. Chosen
parameters include welding current (1), arc voltage (V), travel
speed (S) and wire-feed rate (FR). Each parameter has upper
(+) and lower (-) limit chosen according to their safe
operational ranges (see table 1). The range of values was
chosen using guidelines from SAW machine operator’s
manual and practical welding experience. When choosing the
operational range for SAW parameters, care should be taken
to only include parametric combinations that will not result
in burn-through or lack of penetration.

The recording points for the temperatures of interest given
in table 3 are shown graphically in figure 4. It must be noted
that P1 and P2 are measured from the inside of the pipe (weld
root), whereas P3 and P4 are measured from the outside at
weld-toe of the plate side.

P1

X 7 r

Pa/

Figure 4: Graphical Representation of the Temperature of
Interest on the Weld Piece

4  Numerical Model

A three-dimensional (3D) model was created in MSC Marc
to perform a coupled thermal-structural analysis. The
computational model, shown figure 5, consists of 28121
eight-nodded hexagonal (hex) elements with an average mesh
resolution of approximately 2mm. The mesh is more refined
in the area of the weld, as shown in figure 5. The properties
of the mesh are summarised in table 4. The plate, weld
deposit and pipe were modelled as three separate bodies with

Table 1. Settings for ESAB SAW Machine contact specified between the bodies on the relevant surfaces
Parameter Units Lower () Upper (+) to prevent penetration. The welding finite element analysis
I Amps 360 280 was performed as a coupled thermal-structural analysis.
v Volts 25 30
S Mm/s 8 10
FR Mm/s 16.7 18.3 1.2 mm

Seven weld specimens were prepared using the welding
parameters mentioned in table 2. Each specimen was given a
unique number (sample #) in order to easily track it as it
underwent various evaluation processes.

2 mm mesh

size
N

ft el
L | B

/0.575 mm

2.5 mm L

Detail of the mesh in

Table 2: Welding Parameters for 7 Specimens
Experiment Sample # I v 5 FR
1 2 380(+) 25(-) 8(-) NA
2 3 380(+) 30(+) 8(-) NA
3 4 380(+) 30(4) 10(+) NA
4 6 360(-) 30(1) 8(-) NA
5 7 360(-) 25(-) 10(+) NA
6 8 360(-) 30(-) 10(+) NA
7 9 380(+) 25(-) 10(+) NA

Table 3-gives the location of the respective recording
points of the temperatures of interest on the sample, which
were later used to plot the temperature profiles for the welded

samples.

Table 3:
Piece

Location of Temperature of Interest on the Weld

Temperature Measurement Point

Location

P1 0° on pipe side

P2 60° on pipe side
P3 180° on plate side
P4 240° on plate side

the weld region

5 mm mesh

Figure 5: The MSC Marc 3D Model

This is a non-linear analysis due to the non-linearity of the
material model (i.e. elastic-plastic material). Beyond a certain
point (yielding), the constitutive relation between stress and
strain is not linear. The governing equation of the thermal
analysis is conservation of energy which is used to solve for
energy. The governing equations of the structural analysis are
the equilibrium equations, constitutive relations and the
compatibility equations to solve for the displacement, strain
and stress fields. MSC Marc uses a staggered solution
procedure in the coupled analysis; the heat transfer analysis
is first performed, then the stress analysis. The model was
created based on the MSC Marc example problem in [16].
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Theory and additional background information on the solver
is given in [17].

Table 4: Mesh Properties
Element Size (ranging
Contact Body | MNo. of Elements Element Type from smallest to largest
dimension)
Pipe 124960 Hex-8 2 mm
Weld deposit 4536 Hex-8 0.875t0 1.2 mm
Plate 10625 Hex-8 2to5 mm

4.1 Model Assumptions

The following modeling assumptions were adopted for the

thermal-structural model:

i. The pipe, plate and weld material have the same
material properties and have been modelled as an
elastic-plastic isotropic material with temperature
dependent properties. Plasticity is governed by the Von
Mises yielding function, associated flow rule and linear,
isotropic work-hardening.

ii. Viscous material behaviour at high temperatures is
neglected.

iii. Initial stresses and strains are ignored.
iv. Initial temperatures are taken as 29 °C.

v. Natural heat loss due to convection and radiation only.
Conduction heat loss (i.e. to the turn table) is negligible.
Heat loss coefficients remain constant.

vi. Welding efficiency of 85%.

vii. Simplified pipe geometry (the root gap between the pipe
and the plate and the chamfer on the pipe as illustrated
in figure 3 can be neglected).

viii. Simplified weld bead geometry.
ix. Simplified heat source model, as proposed by Goldak in
[18].
X. The effect of annealing is not considered.

A convection and radiation heat loss boundary condition
was applied to all the exposed surfaces of the sample,
including the elements of the weld as soon as they are
deposited. The heat transfer coefficient is taken as 15 W/m?K
with an ambient temperature of 29 °C and emissivity of
0.625. Solid-liquid transformation is accounted for by
specifying a latent heat of fusion of 270 kJ/kg with a solidus
temperature of 1481 °C and liquidus temperature of 1510 °C.

4.2 Material Model

The steel was modelled as an elastic-plastic material with
isotropic hardening, as proposed in [19]. The material
properties of steel were taken from [20]. The temperature-
dependent material properties are given in table 5. Young’s
modulus is taken as 210 GPa at 20°C and is varied with
temperature, and the initial yield strength is 281 MPa and is
varied with temperature. The specific loading/machining that
the material has undergone has not been accounted for; yield
strength values from [20] have been used. Specific heat
capacity, thermal conductivity and thermal expansion
coefficient and are also temperature dependent and the initial
values at 20 °C are set to 457.7 J/kgK, 25.1 W/mK and
15x10 1/°C respectively. Based on recommendations from
[21], thermal conductivity was doubled for temperatures
above the melting temperature (1400 °C). Poisson’s ratio

remains constant at 0.3. Changes in density are not specified,
however an initial density of 7780 kg/m3 is specified and
changes in density are automatically calculated by the solver
as the volume changes with temperature.

Table 5: Temperature-Dependent Material Properties
Temaestae | T | st | ZENCL | T s
IW/mK] 11/%c] [GPal
20 251 457.7 1.50 x 10° 210 281
100 25.3 488.7 1.50 x 10 200 275
200 25.6 527.4 1.50 x 10 199.7 268
250 25.62 544.7 1.52x10* 199.3 262
300 25.61 560.87 1.54 x 10° 197.4 250
350 2517 567.8 1.64 x 10° 193.3 240
400 23.3 537.3 2.00 x 10* 186.4 230
450 36.5 635 1.50 x 10 176.6 215
500 35.3 680 1.50 x 10 163.8 200
600 33 770 1.50 x 10 130.4 170
650 31.8 815 1.50 x 10 111 140
700 30.2 850 1.50x 10* 91.4 100
750 25.8 593.5 2.35x10% 72.4 70
800 26.4 608.4 2.35x10° 55.7 60
900 27.7 638 2.35x 10% 23.5 30
1000 29 668 2.35x10% 235 20
1200 316 727.6 2.35x10* 23.5 2
1600 63.2 727.6 2.35x 10° 23.5 2
5 Results

5.1 Experimental Results

The temperature versus time relationship was monitored
during the welding experiments, and the presented results in
this section focus on the two parameters. The expected time
to complete a half perimeter revolution from P1 to P3 is 45x/S
seconds as shown in equation 2, using the measured welding
specimen diameter in equation 1. The time for Specimen 2 to
do half revolution from P1 to P3 is shown in equation 2,
where ‘S’ is the rotational speed indicated in table 2.

Weld piece diameter d = 90 mm 1)
t = dnl2*S = 457/S seconds 2)

The measuring error is approximated by comparing the
calculated time using equation 2 with the time measured from
the IR thermal camera. Equation 3 is then used to calculate
the error, and the results are tabulated in table 6. Note that
inter-pass temperature refers to the time between weld passes.
The IR camera records continuously and hence inter-pass
time between first and second passes can be determined by
obtaining the difference between the time at which the first
weld pass ends and the time at which the second weld pass
begins.
error = (Expected — Measured)/Expected 3)

It is observed from table 6 that the measuring error is
relatively larger in the beginning of the measurements as the
thermal footprint of the specimen is much lower in the
beginning of the welding process. The result of the low initial
thermal footprint is that the marker cannot be viewed clearly
at the beginning of the welding cycle. As the weld specimen
temperature increases, the error decreases thereby increasing
the accuracy of agreement between the calculated and the
measured temperature values. The IR camera is calibrated to
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measure temperature from 200 °C up to 1700 °C and all
values below 200 °C are therefore reflected as zero.

Table 6: Temperature History for Sample 2

State Time(s) P1°C P3°c Error
1 19.030 4229 251.9 N/A
2 35.030 381.8 470.3 0.132
3 47.470 413.7 551.9 0.12
4 63.310 A437.7 285.8 0.12
5 78.150 219.8 320.6 0.05
6 91.150 277.6 0 0.08
7 106.23 0 209.5 0.07
8 119.59 316 0 0.05
9 133.31 472 613.5 0.03
10 147.83 525.9 659 0.03
11 159.47 556 439.4 0.18
12 176.23 381.7 450.8 0.19
13 191.07 400 337.9 0.05
14 204.31 318 355.7 0.06
15 219.16 323.4 291.1 0.05
16 232.7 273 302.5 0.04
17 247.54 293.7 253.4 0.05
13 260.82 280.7 557.3 0.06
19 275.1 551.9 530.3 0.01
20 289.18 520 474.8 0.004

Figures 6 to 9 show experimental results for measuring
temperatures for a three-pass weld performed in sample 2. As
mentioned above, when starting the welding process (figure
6), marker is not clearly visible and the marker position can
be approximated by adding theoretical 45z/S seconds from
previously known marker time. Further to the times recorded
by the IR camera and those calculated using equation 2, the
stop watch was also used to manually record times from the
beginning of each weld pass until the end.

Figure 6: Sample 2 Frame at Weld Start

The frames from the IR camera clearly show the thermal
footprint of the specimen during welding. Figure 6 shows the
time immediately after the start of the welding process for the
first pass. The specimen is still cold and hence the relatively
small thermal footprint. Progress in the welding process can
be seen in figure 7, which shows the temperatures for states
1 and 2 in table 6. State 1 represents approximately half of
the first revolution of the first weld pass; whereas state 2
represents the end of the full revolution for the first weld pass.
The incremental growth of the thermal footprint from figures
7(a) to 7(b) is clearly visible in the presented frames.

a b

Figure 7: IR Camera Frames at 19.03 (a) and 35.03 (b)
seconds

Since the experiment comprises a three-pass weld, two
inter-pass temperatures are measured on two states. The first
inter-pass time occurs from state 3 to state 8. In other words,
the temperature in state 8 is the last recorded temperature
before commencement of the second pass. Figure 8 illustrates
the temperature footprint of states 9 and 10. The improvement
in the overall visibility of the thermal image is indicative of
the increased overall temperature of the specimen during the
execution of the second weld pass.

a b

Figure 8: IR Camera Frames at 133.31 (a) and 147.83 (b)
seconds

The third and final weld pass is represented in the frame
in figure 9. The thermal image presented in this figure is the
most clear of all the images, and the accuracy is the highest
given the low error against the temperature values of states
19 and 20 in table 6. The marker is clearly visible in figure 9,
and a circle is drawn around it to indicate its location. The
reference marker is used to locate the specimen as it rotates
relative to the position of Sp1 (P1) and Sp2 (P3).

a b
Figure 9: IR Camera Frames at 133.31 (a) and 147.83 (b)
seconds
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Note that only six states from table 6 were chosen to
demonstrate the illustration of the frames, and hence not all
frames were presented in this write-up. The chosen states in
table 6 have been highlighted for ease of reference.

5.2 Numerical Results

The numerical model was validated using temperature
measurements obtained as illustrated in figure 10. The region
of interest is a 5x5 pixel grid. The measurement region is
located on the outside of the pipe, 6 mm above the weld and
180° from the arc. The average temperature of the region is
plotted. The standard deviation was also monitored and was
observed to be relatively insignificant. Four samples were
analysed in the numerical model, namely 4, 6, 7 and 9.

5x5 pixel grid

(region of
interest)

Figure 10: Temperature Measurement Location

Figure 11 presents the temperature history plot of a fixed
region on the pipe for each of the 4 samples. Temperatures
are taken from the SWIR Camera system in the location
presented in figure 10 for each specimen.

[ 600 ‘ |

[

—Sample 4

250 300 350

100 150

200
Time [s]

Sample 6 ——Sample 7 ——Sample 9

Figure 11: Temperature History Plots (Samples 4, 6, 7 & 9)

The typical simulation results for each of the three passes
are illustrated in figure 12. Figure 13 presents the comparison
in temperature history plots of Sample 6 between
experimental and numerical analysis results.

End of pass 1 (top view)

End of pass 2 (top view) End of pass 3 (top view)

Figure 12: Thermal Simulation Results for Multi-pass Weld
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Figure 13: Comparison of Simulation and Experimental
Results

6 Discussion

Figure 14 shows the temperature history plots of P1 and P3
in sample 2. The values used in generating the Temperature
vs. Time graphs were taken from table 6. A close look at P1
graph shows that at 19 seconds (which is approximately half
a revolution), the temperature is already above 400 °C, which
is evident of the fact that the welding torch has already passed
through the measuring point. This is in line with the IR image
frames presented in figure 7.

Welding Temperature vs Time of Sample 2
800 A
700
600
500
400
300
200
100

B C D E

Temperature("C)

0 50 100 150 200 250 300 350
Time(seconds)

P1(°C) P3(C)

Figure 14: Sample 2 Temperature History at P1 and P3

The point A represents the completion of the first weld
pass, i.e. one revolution. Point B represents the
commencement of the second weld pass. The segment AB
therefore is the inter-pass time between the two passes. Given
that there is no welding during the inter-pass time, it is
expected that the weld will cool slowly under room
temperature to lower temperatures. The profile of figure 14
however shows that the temperature at P1 increases slightly
before falling every time. This can be accredited to the error
between the calculated value (i.e. when the marker is not
clearly visible), and the measured value (which is recorded
by the camera). As explained above, the camera is calibrated
between 200 and 1700 °C, and hence values outside this
range are not detectable. The segment BC represents the
duration for the second weld pass. It can be seen that higher
peak temperatures are achieved during the second pass, and
this is due to the temperature differences at inter-pass
temperature (i.e. when the second pass begins) compared to
room temperature (i.e. when the first pass begins). Similarly,
the slope of the BC segment is less than that of the AB
segment, signifying the lower cooling rate due to smaller
temperature gradients of the latter.

The general profile of the graphs in figure 14 is indicative
of the temperature distribution in a welding process observed
in similar studies [14]. It can be seen that the peak
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temperatures recorded in P3 curve are higher than those
observed in the P1 curve. This could be due to the positioning
of the respective measurement points. P3 is located at the
weld-toe on the plate side, while P1 is located at the root at
point (0,0). The thermal footprints produced by the thermal
camera images (figures 6 to 9) show that overall temperature
of the specimen increases as more weld passes are added.
This is because the accumulated heat input increases with the
increase in weld passes. The finite element results shown in
figure 12 are in agreement with the IR thermal images in that
they also clearly show an increase in thermal footprint of the
specimen as the number of weld passes increases.

The welding process is not perfectly smooth; therefore the
temperature measurements also do not produce a smooth
curve, as shown in figure 11. Chipping of the welding slag
during the experiment also caused sharp peaks in the
temperature readings (evident in figure 11). The comparison
of simulation and experimental resultant temperature
histories is shown in figure 13. The simulation results
produce a smoother curve than the IR thermal camera,
however the profile of the two curves is comparatively
similar. The correlation between the two sets of results is
therefore considered to be fair. The trends and the rate of
cooling (gradient of the slope) correspond. The minor
differences in the results can be accredited to the following
reasons:

e The simulated welding process is a perfectly idealised
process and external, uncontrollable factors are not
taken into account. This refers to reflections from
surrounding surfaces, the presence other heat sources,
oversaturation of the detector, uncertainties in the
measurements and errors in camera calibration.

e Other differences between reality and the simulated
environment, such as the actual welding efficiency,
convection heat loss coefficient, ambient temperature
and the exact volume of the weld.

o Errors/limitations in the detector

o Material properties used were taken from literature

7 Conclusion

IR thermography has been shown to have advantages over
pointed sensor techniques such as thermocouples. Such
advantages include the following [15]:

i. Itisanon-contact technology such that the devices used
are not in contact with heat source. This allows very
high temperatures within hazardous or dangerous
environments to be measured safely.

ii. The 2D measurements make it possible to compare the
regions of the area of interest.

iii. Real-time measurements allow high-speed scanning of
stationary targets, temperature recording from fast-
moving targets, and measuring from rapidly changing
thermal patterns.

iv. IR thermography has no harmful substances (such as X-
Rays) and can therefore be safely used for prolonged
periods in a vast array of environments

v. The non-invasive nature means IR thermography does
not physically affect the target in any way.

Thermal imagery characteristics of the SAW process,
including temperatures distribution, inter-pass time, and
cooling period have been clearly demonstrated in the present

study. The readings taken from P1 and P3 and plotted in
figures 6 to 9 are easily verifiable against figure 12, which
visibly illustrates the change in thermal footprint of the
specimens as more weld passes are deposited. Thermal
imaging provides continuous measurement of temperatures,
thereby allowing the Temperature-Time graphs to be plotted
incorporating the cooling periods during welding cycles.
This allows for better understanding of thermal behaviour of
the weld pool during welding cycles. Furthermore,
continuous temperature measurements also provide more
accurate means to calibrate simulation models using recorded
experimental temperatures.

The comparison between numerical results and
experimental results shows good agreement, thereby
indicating suitability of IR imaging as a technique to validate
numerical models. The spikes in the experimental results can
be accredited to the manual removal of slag through chipping.
The slopes of the two graphs (simulation and experimental)
are however comparable. The interpass temperature affects
cooling rate, as has been shown in the varying slopes of the
different weld passes. The cooling rates are affected by
temperature gradients, which in turn result from accumulated
heat input. Some of the challenges experienced during
experimentation include the proper calibration of the thermal
camera within the required temperature thresholds, the
positioning of the camera vis-a-vis the rotating weld-piece for
optimal temperature recordings, and the insulating effect of
the flux in SAW the process.

IR thermography has been successfully utilised to
characterise the SAW welding process and validate the
numerical model. The produced SAW numerical model,
having been calibrated and validated through experimental
procedures, can be used for analysis of the nozzle-shell
circumferential weld joint in cylindrical carbon steel pressure
vessels.
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