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Abstract

In this work, temperature profiles and residual stresses were measured experimentally for validating the predicted temperature
gradients and thermal stresses developed in dissimilar gas tungsten arc weldments of AA 6082 and AA 7075. The temperature
dependent thermo-mechanical properties were considered along with convective and radiation boundary conditions during
analysis. SOLID 90 and SOLID 185 elements are chosen for analysis in this research. The predicted thermal fields and stresses
were validated experimentally using Infra-Red (IR) Thermography and X-Ray diffraction techniques. The peak temperature
is recorded in pass-3 when compared to remaining passes and the lower temperature was recorded near the AA7075 heat
affected zone. The predicted thermal fields from finite element analysis are in accordance with measured thermal fields using

IR thermography with the deviation of 7.5% only.

Keywords Mg-based Al-alloy - Zn-based Al-alloy - Finite element analysis - Temperature fields-IRT - Residual stress-XRD

1 Introduction

Weld joints developed with fusion welding process are
mostly known to have thermal distortions leading to poor
dimensional accuracies and inferior mechanical properties.
Further, residual stresses are induced with in the joints result-
ing in fatigue fracture and Stress Corrosion Cracking (SCC)
near the welding roots [1, 2]. Weld root defects require special
attention in the structures of pressure vessels, petrochemical
equipment’s, offshore structures which are produced using
Gas Tungsten Arc Welding (GATW) process [3, 4]. GTAW
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has also been a commonly used fusion welding technique
for joining high strength materials because of quality welded
structures which it produces in all welding positions [5, 6].
During joining of dissimilar metals, suitable welding and
filler play a vital role for producing sound welded structures.
Dissimilar weldments have always been under discussion
because of difficulty in joining them to achieve suitable weld
properties than similar weldments because of following dif-
ferences such as chemical compositions, phase structures and
properties of dissimilar metals and filler metals [7-10].

The heat flow during heating and cooling cycles provides
the essential characteristics in the welded structures. Thus, to
achieve a welded structure of desired specifications to per-
form satisfactorily in service, it is important to know the
peak values of temperatures and their distribution in ther-
mal cycles along longitudinal and transverse directions [11].
Infra-Red Thermography (IRT) is one of the most accurate
methods among the Non Destructive Testing (NDT) meth-
ods to record surface thermal gradients on base metals during
welding process [12]. Karunakaran [13] reported the effect of
pulse and Constant Current (CCGTAW) process parameters
on temperature maps across weldments of Mg alloys. The
temperature measurement was made across the weld line at
5 mm, 15 mm and 30 mm for a duration of 250 s. CCGTAW
process has recorded a higher peak temperature of 359 °C as
compared to 397 °C in Pulsed Current (PCGTAW) process
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due to higher cooling rates. Vasudevan et al. [14] used the
IRT system in-situ camera for monitoring of the weld pool
temperatures in GTAW process. The IR results indicated that
the developed 316LN stainless steel weldments have defects
such as inclusions, lack of fusion and penetration. Balram
et al. [15] adopted IR Thermography for recording the tem-
perature distribution. Higher peak temperatures are recorded
in CCGTAW process due to continuous heat input when com-
pared with pulsed current GTAW temperatures. Harinadh
et al. [16] used IRT for measuring thermal cycles during
and after welding process for the development of dissimilar
welds of Inconel and steel 316L. Higher temperature gradi-
ents were identified in steel 316L side than the Inconel due
to its thermal conductance.

Residual Stresses (RS) are defined as the internal stresses
which remains in a material when the loads are removed.
The developed stresses must be stationary and self-balanced
within the material. Due to these residual stress’s weldments,
the performance of a welded structures may get reduced dur-
ing service. Fatigue and crack fractures near weld regions
caused by tensile nature of residual stresses while compres-
sive natured residual stresses withstand stress corrosion and
vanishing of cracks [17-20]. Javadi et al. [21] focused at
sub-surface regions to measure the residual stress developed
in AISI 316LN and P91 Ferrite steel along with surface
measurement. Although deviations and uncertainties with
possible errors were found in all of the above techniques,
the same techniques have been suggested to be suitable for
surface and sub-surface characterization. Zhou et al. [22]
joined the similar welds of high strength steel EH47 using
multiple-pass welding. The experimental results have shown
that compressive residual stresses (CRS) along the fusion line
and its nature changed from CRS to tensile residual stresses
(TRS) in the HAZ of EH47 steels. The developed RS were
observed experimentally and through FEA. Xia et al. [23]
discussed on the effect of weld geometry and base metal
thickness on formation of RS.

Gaussian model can be used for plotting temperature gra-
dients and residual stresses within AISI 304L joints [24].
The Gaussian heat source model has given accurate predic-
tions, closer to experiment results, of the thermal gradients
and residual stresses for thin plates [25]. Vemanaboina et al.
[26] developed Gaussian model for simulating laser welding
for plotting temperature gradient curves and residual stress
distribution. ANSYS APDL module was used for obtain-
ing simulation results. The combined Gaussian surface heat
source and volumetric heat flux together as a heat source
along the weld line for predicting the temperature gradi-
ents and thermal stresses in welds developed with an arc
welding process. The experimentally measured values and
large displacement theory predicted distortions were mutu-
ally agreeable [27].
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For predicting more accurate results, 3-D Goldak mov-
ing heat source model is used by writing the codes in APDL
(ANSYS Module), which would give simulation results of
dissimilar sheets combinations, for laser welding process.
The results of FE analysis and experimental data of thermal
cycles and induced stresses are in good accord [28, 29]. Chen
et al. [5]. Investigated on temperature distribution, residual
stresses, and weld distortion are experimentally and numeri-
cally and concluded that longitudinal RS distribution induced
in the lower region of the plates has a major effect in the
weld induced thermal distortion. Yegaie et al. [30] devel-
oped a thermo-mechanical analysis of the GTAW process
for Monel 400 plates with a heat sink. The obtained results
show that due to the heat sink, thermal concentration zones
were constrained to the vicinity of the heat source model
[16]. Yaohui et al. [31] obtained theoretical values of resid-
ual stresses developed in joints of Aluminum alloy sheets.
The numerical and experimentation results of thermal stress
at the center of fusion zone are very close for validation.
Jingwei et al. [32] compared the numerically estimated RS
with experimental values of Ni-based super alloy weld joints
obtained from GTAW. The compressive natured hoop and
radial RS were predicted in weld region [33].

From the literature review, it was identified that many
researchers have developed various welding simulation mod-
els using ANSYS® software but less studies were reported
using APDL codes in ANSYS® workbench. The dissim-
ilar combination of AA6082 and AA7075 weldments have
wide range of application in automobile industries, aerospace
industries, etc. Development of sound welded structures in
aluminum joints using fusion welding process is difficulty
challenge [34]. In this investigation, the numeral and exper-
imental analyses are carried out to predict and measure the
temperature fields and RS established in dissimilar joint
between aforementioned base metals. In order to predict peak
temperatures, thermal histories and residual stress distribu-
tion in these joints, ANSYS® 19.0 is used. For validating
these results obtained from FE analysis, IRT and XRD meth-
ods are used to measure the thermal cycles and stresses,
respectively.

2 Numerical simulation

The numerical simulation of dissimilar weldments between
AAG6082 and AA7075 is carried out to observe the tempera-
ture distribution. For 3 passes such as root pass, filling pass
and capping pass the temperature distribution of each pass at
time intervals 10 s, 25 s and 44 s is predicated and followed
with structural analysis to predict the RS of the specimens.
The consider heat source is double ellipsoidal model in the
present analysis. The numerical simulation work followed in
this research is shown in Fig. 1.
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Table 1 Thermo-mechanical

properties of AA6082

Table 2 Thermo-mechanical

properties of AA7075

Temperature Mass Density Thermal Young’s Thermal Specific heat
°C) (kg/m3) expansion modulus conductivity (J/Kg-°C)
(W/m-°C) (Pa) (W/m-°C)

10 2781 21 x 1076 72 x 10° 162 900

80 2756 24 x 1070 68 x 10° 168 980

180 2695 25 x 1070 64 x 10° 193 1070

280 2650 26 x 1076 56 x 10° 206 1100

380 2610 275 x 10°° 40 x 10° 225 1150

480 2605 285 x 100 22 x 10° 237 1200

Temperature Density Thermal Young’s Thermal Specific heat

°O) (kg/m3) expansion modulus conductivity (J/Kg-K)
(W/m-°C) (Pa) (W/m-°C)

10 2810 22 x 107 72 x 10° 121 862

80 2780 24 x 1070 71.5 x 10° 131 913

180 2760 25.6 x 1076 70 x 10° 140 955

280 2740 27.2 x 1076 64 x 10° 148 994

380 2720 28 x 1070 52 x 10° 155 1036

480 2696 32 x 1070 38 x 10° 161 1084

l

Finite Element Mesh

Transient Thermal N
analysis i

Structural analysis
Resume mode! from the database

Element type —SOLID90

Heat Input, Convection and
Radiation

Themmal analysis of GTAW
with heat source modelling

Double Ellipsoidal Heat
Source model

Apply moving heat input,
initial boundary condifions,
Define Time steps and sub-
steps.

Physical Properties of materials

Switch from the thermal analysis.
Element type — SOLID1S5
Mechanical Properties of
materials.

Static analysis of GTA Butt
Joint Welding process

Apply Structural boundary

conditions

Temperature

Distribution

Mechanical Analysis

Solving results

Residual
Stresses

Fig. 1 Methodology of numerical simulation

2.1 FE modeling

The 3-D welding structure of dimensions 150 mm x 100 mm
x 5 mm is modelled using CAD software. The structure is
modeled with a 1 mm root face and a root gap of 1.5 mm.
To differentiate the various zones in the weldment, different
meshing zones are generated to predict better results as shown
in Fig. 2. For modeling, different type of elements used for
thermal and structural analysis (SOLID 90 & SOLID 185
shown in Fig. 3). The temperature dependent properties of
both metals are listed in Tables 1 and 2 [34].

2.2 Heat source model

Goldak double ellipsoidal model [35] is implemented as heat
source for TIG arc welding in this research. This model
has more suitable when the welding current is higher and
thick welded structures. The heat is distributed into two parts
where high heat is carried out in front quadrant of ellipsoid
whereas lower heat is carried out in rear quadrant of ellip-
soid (shown in Fig. 4). The welding path, heat input rates
and other BC’s are mentioned during simulation. For time
increments, a modified Newton—Raphson technique (Eq. 1)

is chosen (Fig. 4).
3x2 3y* 372
p(——2 2 T _2) M
a b c

(_x Z) — Mex
a5y 0= abem /T
The heat source equation of the quadrant (front) is
described as Eq. (2) which will carry the higher heat input
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The heat source equation of the quadrant (rear) is

described as Eq. (3) which will carry the higher heat input
rates.
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2.3 FE analysis
The boundary condition of thermal study has given on weld
plate area as shown in Fig. 5a. From the simulation results it

is observed that uneven thermal fields have been generated
around the weld line of GTAW process that would resultin the
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formation of RS in welded components. The data of thermal
analysis is taken at different time intervals to validate with
the recorded temperature profiles. The data predicted from
this analysis is used further for structural analysis in order
to predict the RS formation in the structures. The fixed and
set of boundary conditions are used for better results during
analysis. The elastic—plastic analysis was chosen for finding
the stresses from thermal histories. Thermal loads from the
simulation results are considered as body forces which is
equivalent of static analysis as shown in Fig. 5b. The complete

research flow of this paper is mentioned in Fig. 6 as a flow
chart.

3 Materials and experimental details

The base metals, AA6082 and AA7075, of size 150 x 100
x 5 mm are selected for developing the dissimilar welds



International Journal on Interactive Design and Manufacturing (1JIDeM)

Fig.4 Heat source model

(b) 0.000 0.100(m) IA‘
0.050 A
Fig.5 a 3-passes model and b convective boundary conditions
Table 3 Composition of alloying ]
elements of base/filler metals Base/filler metals Al Mg Zn Cr Mn Si Cu Fe
[28, 34]
AA6082 Bal 1.2 0.09 0.25 0.8 0.8 0.09 0.5
AA7075 Bal 2.8 5.9 0.19 0.02 0.06 1.91 0.14
ER4043 Bal 0.09 0.1 - 0.05 4.58 0.3 0.8
Table 4 Parameters (TIG) used
in welding process Specimen pass ~ Weld current, ~ Voltage drop, =~ Heatinput, Q  Process time,  Torch speed,
no A) M W) (s (mm/s)
Pass1—root 185 5.7 1054 46 1.5
pass
Pass2—filling 180 5.6 1008 46 2.61
pass
Pass 180 5.6 1008 45 2.66
3—capping
pass

@ Springer
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Fig.6 Flow chart of research work

with multiple passes. GTA welding process was selected for
producing root, filling and capping passes welded compo-
nents using ER4043 as filler rod of 1.6 mm diameter. In this
research, LINCOLN 375 welding machine is used. The com-
position (wt%) of parent metals and filler are listed in Table
3. The GTAW set-up with clamping is shown in Fig. 7. Multi-
passes with V-groove shape with same root gap as mentioned
in simulation (shown in Fig. 8). The welding parameters
adopted from simulation work after number of trails and
the optimum values are mentioned in Table 4 for produc-
ing the dissimilar joint. Preheating conditions (temperature
range 80 to 120 °C) were also maintained in experimental
work for capping and filling passes. The developed welded
structures and their X-ray radiography film images in three
passes as shown in Fig. 9. From, radiography test, the welded
structures were free from macro/micro defects and observed
uniform weld bead formation throughout the weld line.
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3.1 IRT-temperature recording

From the results of IR thermal imager, we analyze the data of
three samples of each pass of the weldments. Fluke Ti450 is
based on IR-Fusion technology gives an absolute temperature
profile with visual details to the infrared images having a
measurement range — 20 to 1200 °C with an accuracy of
4 0.1 °C. The Fluke thermal imager captures the images
and stores the temperature measurement data of each pass of
complete welding across the visual zone of the specimen. By
using the SMART VIEW 4.3 software we can visualize the
data, captured by the thermal imager. Begin welding, capture
of the images is carried out by the thermal imager only after
entering the emissivity values of specific material, which are
examined. From the literature survey, the emissivity values of
AA7075 and AA 6082 has been taken as ¢ = 0.34. A snapshot
of each pass visual data is shown in the below Fig. 10.

3.2 Residual stress

The XRD technique is widely used for calculating stress dis-
tribution in the welded structures including sub-surfaces of
the components [12]. Due to the uneven thermal behavior
of base plates and heating cycles, the lattice structures are
get strained internally thus resulting formation of residual
stresses. The formation of RS in any welded structures is
shown in Fig. 11. The equations used for linear and isotropic
materials are given in Egs. (4, 5 and 6).

1

x = [on = 0(oy +02)] )
1

gy = E[ay — ¥ (0, +0x)] 3)
1

& = E[GZ — ﬂ(ax + oy)] (6)

The changes between the lattice structures and unstressed
condition samples are measured using XRD techniques. The
changes in the structures are measured by using Bragg’s law
as given in Eq. 7. This equation is used to compute the reflec-
tion of X-rays from the weld surface.

nix = 2dsinf @)

In the above equation, X\ is the order of reflection. The
surface strains are measured with diffraction technique, the
RS (o) is compute from the following Eq. (8).

m E
()

where m = slope, of lattice space d against sin’y graph,
do= Inter-planar lattice space in unstressed specimen.
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Fig.7 Welding setup with clamping
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Fig. 8 Root, filling and capping passes for developing joint

4 Results and discussions
4.1 Simulation

The peaks during numerical simulation were predicted at
time intervals of 10 s, 25 s and 44 s and are shown in Fig. 12.
The peak temperatures at 10 s and 25 s was captured and were
observed that 796 °C and 925 °C respectively. The temper-
ature distribution was plotted from the data obtained after

Welding current (A)

simulation as shown in Fig. 13. For the diagrammatic com-
parison of temperature gradients along transverse direction,
combined temperature profiles were drawn. For pass-1, along
the transverse direction, the maximum temperature observed
was 738 °C. In pass-2, the peak temperature of 794 °C was
predicted along transverse direction. Also, the high tempera-
ture of 532 °C and 564 °C was predicted at the AA7075 HAZ
and AA6082 HAZ, respectively due to high thermal conduc-
tivity of base metal AA6082. Difference in temperatures was
observed in the AA6082 HAZ and the AA7075 HAZ due
differences in their thermal conductivities. The peak value
945 °C was observed pass-3 and similar kind of observation
was observed in HAZ of both the metals. In all the passes, the
higher temperature values were predicted at the 6082 HAZ.
Weld puddle cools under the influence of conduction and
convection heat transfer towards the base metal as the torch
moves to the next position at each time increment. During
welding, it has been observed that the number of improper
temperature gradients were increasing with more passes and
hence they have been restricted to three.

The thermal stresses were predicted in each pass and plots
were shown in Fig. 14. In pass-1, the peak RS of 113.8 MPa
was predicted at FZ whereas the RS value at HAZ of AA
6082 and AA7075 was predicted as 15.6 MPa (compressive)
and 53.4 MPa (tensile) respectively. In pass-2, the high RS
of 82.4 MPa was predicted at FZ whereas the stress value at
HAZ of AA 6082 and AA7075 was predicted as 23.9 MPa

@ Springer
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(compressive) and 8.6 MPa (tensile) respectively. In pass-3,
the peak RS of 93.3 MPa (compressive) was predicted at FZ
whereas the stress value at HAZ of AA 6082 and AA7075 was
predicted as 5.7 MPa (compressive) and 4.6 MPa (tensile)
respectively. From this plots, it is observed that non-uniform
stress distributions was observed in pass-1 and pass-2. In
pass-3, the stress distribution was uniform and well-balanced
within the welded structures.

4.2 Experimentation

The temperature profiles along the transverse direction was
analyzed by plotting a line in the opposite direction of weld-
ing. In thermal images as shown in Fig. 15, AA6082 is
identified above the weld line and AA7075 below the weld
line. The peak temperature at fusion zone is recorded as
847 °C, 879 °C, and 994 °C in passes-1, 2 and 3 corre-
spondingly. A temperature difference was recorded from the
image of AA6082 HAZ in comparison with AA7075 HAZ
due to the variations in conductivities. The peak temperature
of 693 °C and 604 °C was recorded at the HAZ of AA6082

CMRITDE2

Fig.9 Developed dissimilar welds of AA6082 and AA7075

AA7075

Filler roc

AA6082

Fig. 10 IR images during welding in each pass
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and AA7075 HAZ, respectively. Similar kind of observations
were observed in dissimilar welds of Inconel and AISI 316
due to the thermal differences [36]. The distribution along
welding and towards base metal directions was recorded and
plots are shown in Fig. 16. An incremental thermal cycles
were observed when number of welding passes performed
due to the transient conditions. From the temperature profiles
along transverse direction, the peak temperature of 706 °C,
856 °C and 1012 °C was recorded in all passes.

The RS are measured using XRD technique and the peaks
are shown in Fig. 17. On the weld surface of pass-1, compres-
sive nature RS with a high value of 66 MPa was perceived
(shown in Fig. 18). The RS across base metal direction in
AAG6082 was observed as 45 MPa and in AA7075 side it was
measured as and 55 MPa. On the weld surface of pass-2,
compressive natured RS with lower value of 28 MPa was
perceived. The RS in AA6082 and AA7075 was measured
as 36 MPa and 64 MPa, respectively. On the weld surface of
pass-3 compressive nature RS with a higher value of 85 MPa
was perceived. The RS in AA6082 and AA7075 is observed
as -14 MPa and 12 MPa, respectively.

CMRIT E3

AA7075

v
96@'
Filler rod

AA6082 AA6082
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Fig. 11 Thermal stress formation during course of welding process
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Fig. 12 Peak temperatures predicted in pass-3 at 10 s and 25 s

4.3 Validation of FE analysis

The higher temperature of 847 °C was recorded in pass-1
from IR thermography whereas, 738 °C was predicted in FE
analysis. The peak temperature of 879 °C was recorded in
pass-2 from IR thermography whereas, 794 °C was predicted
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0.000 0.100(m) A
L Se— b2 X

0.050

in FE analysis. The peak temperature of 994 °C was recorded
in pass-3 from IR thermography whereas, 945 °C was pre-
dicted in FE analysis. From the experimental and simulation
analyses, the similar kind of peak and their distributions
towards the base metals and transient thermal conditions
were observed in both the analyses. The predicted simulation
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Fig. 13 Thermal cooling cycles and temperature distribution

results are very close to the experimentally recorded values
with XRT technique. The predicted stress formation in the
structures are validated with measured XRD data as shown
in Fig. 17. The higher CRS are observed as 93.3 MPa and
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85 MPa in FE analysis and experimentation results respec-
tively. Atthe AA7075 HAZ, the TRS of 4.6 MPa and 12 MPa
was perceived in ANSYS and results obtained from testing
respectively. On surface of AA6082 HAZ, CRS of 5.7 MPa



International Journal on Interactive Design and Manufacturing (1JIDeM)

0.
1.1383e+8

7.5e+7

A
/ \

\“\\'// \\\_‘/,/’
-1.7185e+7

8.2457e+7

[Pa]

o7 /
11983+

1.447%e-8

1.2e+8

4.e+7

-9.3393e+7
0. 4e-2 8.e-2 0.12 0.16 0.2 0.24 03

[m]

Fig. 14 Thermal stress distribution in each pass (Top side: pass-1, mid-
dle side: pass-2, and bottom side- pass-3)

and 14 MPa was perceived in FE and XRD results respec-
tively. The experimentally measured data is found to be in
line with FE analysis predicted data (Fig. 18).

5 Conclusions

This research work explores the prediction of temperature,
distribution and heating and cooling cycles in AA6082 and
AA 7075 welds in each welding pass. To validate the pre-
dicted data, experimental investigation was made to record
peak temperatures and thermal distributions using IRT tech-
nique and measured residual stress formation using XRD
methods. The following conclusions are mentioned from the
numerical experimental investigations on thermal and struc-
tural fields of welded joints;

e The root, filling, and capping passes dissimilar welds of
AA6082 and AA7075 were developed successfully using
GTA welding process with ER4043 filler wire.

e The maximum temperature of 735 °C, 794 °C and 945 °C
was predicted in three passes respectively. The thermal
distribution towards the parent metal AA6082 is observed
to be more than that of parent metal AA7075 because of its
thermal properties at 550 °C. The transient thermal effects
can be seen along the welding direction in all the passes
during welding process.

e The maximum predicted residual stresses values in three
passes respectively was observed as 113 MPa, 82 MPa and
-93 MPa. The balanced thermal stresses were observed in
final pass weldments and are within the yield limit only.

e The maximum temperature of 847 °C, 879 °C and 994 °C
was observed in three passes respectively. Lower temper-
atures were captured at the AA7075 side than that of HAZ
of AA6082 side. The peak value was 14.7% lower at HAZ
of AA7075 than that of AA6082.

e The maximum observed residual stress values in three
passes respectively were obtained as 66 MPa, 58 MPa
and 45 MPa. Lower stresses at the HAZ of AA6082 are
obtained in comparison to values at AA7075 HAZ due to
accumulation of heat on AA7075 side.

o Infinal passes, weld zone has produced compressive resid-
ual stresses and the sign changed from compressive to
tensile as moved towards base metals. The stresses were
found to be self-balanced within the weld.

e The predicted thermal fields from FEA are in accordance
with measured thermal fields from IR thermography. The
deviation from the experimental results is less than 4.5%.
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