Int J Adv Manuf Technol (2013) 69:2373-2386
DOI 10.1007/s00170-013-5184-6

ORIGINAL ARTICLE

Angular distortion analysis of the multipass welding process
on combined joint types using thermo-elastic—plastic FEM

with experimental validation

Robert Ngendang Lidam - Yupiter H. P. Manurung - Esa Haruman -
M. Ridhwan Redza - M. Ridzwan Rahim - M. Shahar Sulaiman -
M. Yusof Zakaria - Ghalib Tham - Sunhaji K. Abas - Chan Yin Chau

Received: 19 March 2012 /Accepted: 4 July 2013 /Published online: 3 August 2013

© Springer-Verlag London 2013

Abstract In this research, the capability of the multipass
welding advisor (MWA) is to be evaluated in analyzing the
angular distortion that is induced by gas metal arc welding
(GMAW) process used to join a combination of butt and T-
joint with thickness of 9 mm. The MWA in SysWeld 2010 is
applied to develop and compare 2D/3D finite element anal-
ysis (FEA) based on the thermal elastic—plastic approach
with low manganese carbon steel S355J2G3 as parent and
weld material. For this simulation, the heat source of GMAW
follows the Goldak's double ellipsoid model that is available
within the FEA code. Detailed procedures of MPA are
presented throughout this study followed with a comparison
between 2D and 3D results of distortion and computational
time on the combined types. To validate the simulation
results, a series of experiments was conducted on low carbon
steel using robotic welding process, GMAW power source
with shielding gas composition of Ar (80 %)/CO, (20 %),
and both-sided clamping method. It was established that the
results of 3D simulation and experiments showed acceptable
accuracy, while 2D results offers a fast solution analysis time
in estimating distortion trend.

R. N. Lidam - Y. H. P. Manurung (><) - M. R. Redza -

M. R. Rahim * M. S. Sulaiman *+ M. Y. Zakaria + G. Tham -

S. K. Abas

Faculty of Mechanical Engineering, Universiti Teknologi MARA,
40450 Shah Alam, Selangor, Malaysia

e-mail: yupiter.manurung@salam.uitm.edu.my

E. Haruman
Bakrie University, Jakarta, Indonesia

C.Y. Chau
ESI Group, South East Asia, Selangor, Malaysia

Keywords Multipass welding - Angular distortion -
Thermo-elastic—plastic FEM - SYSWELD - Multipass
welding advisor

1 Introduction

Welding is extensively used as a principal method of fabricating
and assembling numerous metal products in shipbuilding, con-
struction, aviation, and automotive industries. One of the pop-
ular arc welding processes is gas metal arc welding (GMAW)
that has been applied in a wide range of plate thicknesses due to
its ease and relatively high productivity. Welding is considered
one of the most efficient, dependable, and economical means of
fabrication to join metals permanently. However, distortion
emerges as a result of the welding process which adversely
affects the dimensional accuracy and esthetic value, which in
turn can lead to expensive remedial work, which increases the
overall fabrication costs. Distortion in a welded part occurs due
to nonuniform expansion and contraction of the weld metal and
adjacent parent metals caused by complex temperature changes
during the welding process. In addition, the distortion resulting
from the welding process can also induce residual stress, which
may significantly influence the structural performance of the
welded structure [1].

Multipass butt and T-joints are widely used in ship panel
fabrication, such as in the hull section of the ship structure.
To minimize production cost, it is important to understand
the distortion behavior of multipass welding, which can be
predicted by using simulation approach. The computational
analysis can be used to achieve good welding quality and
effective welding design in shipbuilding fabrication.

To the author's knowledge, there have been few attempts
in the prediction of welding distortion with multipass tech-
niques. Most of the reviewed publications focused on single-
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Fig. 1 Combined butt and T-joint geometry and welding sequences

pass welding. The purpose of this study is to analyze the
angular distortion induced by multipass GMAW on com-
bined butt and T-joint using simulation and experiment.
The specimen was modeled and simulated based on thermal
elastic—plastic 2D/3D finite element method (FEM) using the
already established software SYSWELD 2010. This FEA
software is known to be widely used to simulate weld-
induced distortion, especially for single-pass process. In
addition, the step-by-step procedures of the simulation pro-
cess using multipass welding advisor in SYSWELD will be
explained and presented as well.

Further, the simulation results were validated using a series
of experiments which was conducted by means of fully auto-
mated robotic welding process (ABB IRB 2400/16) with
digital GMAW power source (Kemppi Pro Evolution MXE)
and shielding gas composition of Ar/CO, (80/20). The spec-
imen made of low carbon material was clamped on both sides
during the experimental investigation. Figure 1 shows the
geometry, clamping position, welding sequences, and the
location (P;) where distortions are measured.

@ Springer

2 Principles of welding distortion simulation using FEM

Prediction of welding distortion using numerical methods
through computer simulation has gained popularity in recent
years. Among other classical numerical solutions, the FEM

Fig. 2 Goldak's double ellipsoidal model
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Fig. 3 Simulation procedures of multipass welding advisor in SYSWELD2010

is the most common approach used to model and analyze the FEM simulation is known as a complementary tool with
welding process, with some others use either finite different ~ respect to experimental techniques applied to determine the
method [2] or finite volume method [3]. behavior and interactions between complex physical phenomena
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Table 1 Chemical composition, mechanical, and thermal properties of low carbon steel

Elements C Si Mn S P Cr Ni
Composition in wt% S355J2G3 in SYSWELD 0.180 1.600 0.550 0.035 0.035 0 0
Low carbon steel for experiment 0.186 0.146 0.011 0.001 0.001 0.035 0.032
Properties Values
Young's modulus (GPa) 210 (at 20 °C)
Minimum yield strength (MPa) 355
Poisson's ratio, v 0.33
Solidus temperature, TS (°C) 1,404
Liquidus temperature, TL (°C) 1,505
Density [ke/mm] Thermal Conductivity [W/m"C]
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Fig. 4 Physical and mechanical properties of S355J2G3 low alloy manganese carbon steel (SYSWELD)
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Fig. 5 2D local butt joint mesh model for heat source fitting (top) and
thermal cycle extraction (below)

in the welding process. Various FEM have been rapidly devel-
oped and among most frequently used are thermo-elastic—plastic
(TEP) [4—13], linear thermo-elastic shrinkage (LTES) [14, 15],
inherent strain [16-18], and local-global approach (LGA)
[19-21].

The LTES approach is based on linear elastic finite ele-
ment modeling and does not take into account the transient
temperature and physical properties of material, while the
inherent strain method is based on plastic strain theory. Both

s,

Fig. 6 2D global mesh model for 2D multipass analysis

methods are commonly used to calculate welding deforma-
tion in large structures. On the other hand, LGA uses a local
3D approach for the precise modeling of the complex phys-
ical phenomena induced by welding and then transferred the
result into a macro element which is used in a global shell
model for calculating distortion. These methods are devel-
oped based on achieving shorter computational time. How-
ever, simulation of the welding process is not easy, since it
involves the interaction of thermal, mechanical, and metal-
lurgical phenomena [4]. The TEP approach is the most
popular method and has been applied by many researchers
in predicting the welding distortion numerically because this
method does take into account the transient temperature
history and the material properties.

For the fusion welding process, the dedicated FE software
package SYSWELD can perform (1) the thermal and metal-
lurgical calculations, which can couple temperatures and
phase proportions, and (2) the mechanical calculations,
which depend not only on temperature but also on the ele-
ment's metallurgical history.

During welding, a high nonuniform temperature field is
generated. An accurate thermal analysis with appropriate
boundary condition is of paramount importance for the de-
termination of the realistic temperature profile to simulate
the process [12]. The heat is transferred in welding mainly by
conduction and lost to surrounding by convection and radi-
ation [22]. Heat diffusion by conduction is based on Fourier's
Law [23], where heat flux (¢ in W/m?) flows from hot to
cooler regions and is linearly dependent on the temperature
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Fig. 7 3D global mesh model
for 3D multipass analysis

gradient. The governing equation for nonlinear transient heat
conduction is as follows:

or o oT 0 or
P o = ox (M”a) +5<k(T)@)

+g<k(T)%—§> +0 0

Where 7, p, ¢,, and Q are temperature (in Kelvin), density
(in kilograms per cubic meter), specific heat (in Joule per
kilogram Kelvin), and internal heat source (in Watts per
cubic meter) respectively. The product of pxc, reflects the
capacity of the material to store energy. When heat diffusion
is treated with an enthalpy-based formulation to solve the
problem in liquid and solid domains, the general heat transfer
equation becomes [24]:

Fig. 8 Clamping model of
welding simulation
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Where H is enthalpy, 7} and 75 are the initial and final
time temperatures.

The total heat input or internal heat source (Q in Watts per
cubic meter) in arc welding is the product of arc power (V7 in
Watts) and process efficiency ().

Q=i (4)
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Fig. 9 Heat source profile for
butt and T-joint from SYSWELD
and macrograph example

For GMAW, the heat source efficiency varies between 65
and 85 % [22]. For many arc welds, a good approximation of
heat input (Q) is achieved by using the double ellipsoidal
shape as proposed by Goldak and Akhlaghi [25] using the
following equation:

6V3f,, 0 =2 32 SkniP
olrnznt) = e e S (5)

In this model, frand f, are the fractions of the heat depos-
ited in the front and rear quadrant, respectively, where fi+-
f=2, a,b,c are the dimension parameters of the heat source, v
is welding velocity, ¢ is time, and 7 is lag factor of the heat
deposited at r=0. Figure 2 shows the proposed Goldak's
double ellipsoid model.
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Generally, the thermal boundary conditions consist of
heat flux density imposed on the side wall and imposed
coefficient of thermal change. In this present study, only
coefficient of thermal exchange which consists of convection
and radiation losses is considered. The overall thermal
boundary condition can be defined as follows:

Q_hconv(Ts_Too)_EU(TS_Too) =0 (6)

Where T, — T, is the temperature difference between the
given body temperature (7;) and its surrounding (7,). Acons O
and ¢ are the convection heat transfer coefficient, Stefan
Boltzmann's constant, and thermal emissivity, respectively.

The calculation takes into account phase transformation, and
in the case of steels, a distinction is generally made between
diffusion type phase and martensitic type transformation [26].

Table 2 Heat source parameters

Parameter Butt joint T-joint
Maximal front source intensity, Qf (W/mm3) 21.46 20.77
Maximal rear source intensity, Qr (W/mm3) 32.19 27.63
Gaussian parameter af (mm) 3 3

ar (mm) 7 7

b (mm) 2 2

¢ (mm) 3 3
Initial location of source center X0 (mm) 0 6

yo (mm) 0 0

70 (mm) 6 2
Angle of torch, Ay (deg) 0 45
Source displacement velocity, Vy(mm/s) 4 4
Power, P (Watts) 3,000 3,200
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The diffusion type transformation is described by the general-
ized Leblond model (Johnson—-Mehl-Avrami) for a transforma-
tion between two phases (1—2) and can be formed as follow:

n—n(7)-1

Y D2(T)—py " P2(T) e
£y =m-a(T) T1-2(T) 1 <F2(T)—Pz>

(7)

Where p represents the phase proportion obtained after an
infinite time at temperature 7, 7 is a delay time, and # is an

Fig. 11 Welding set-up and
robotic welding apparatus: (/)
ABB IRB 2400/16, (2)
KEMMPI ProMIG 540 MXE,
and (3) shielding gas (80 %
Ar and 20 % CO,)

@ Springer

exponent associated with the reaction speed. For this trans-
formation law, the required parameters are obtained from the
continuous cooling transformation diagram [27].

The martensitic transformation depends on temperature
alone and is described by the Koistinen—Marburger law as

follows:-
p(T) =p.(1-exp(-b.(Ms-T))) with T<Ms (8)

In this case, p represents the proportion obtained at an
infinitely low temperature which is frequently assimilated to
1. Ms and b characterize initial transformation temperature




Int J] Adv Manuf Technol (2013) 69:2373-2386

2381

Table 3 Welding parameters used in experiments

Current (A)  Voltage (V)  Travel speed
(mm/s)
Butt joint 1% pass  115-157 20 6
2" pass  115-155 4
3 pass  115-162 2
T-joint 1% pass 115-152 6
2" pass  115-151 5
3 pass 115155 4

and evolution of the transformation process according to
temperature, respectively.

For mechanical analysis, to relate the stress and strain,
Hooke's Law is used for isotropic material. The plastic flow
rule is associated with von Mises criterion. The equivalent
stress is given as follow:

g, = \/1 |:((T]_0'2)2+(O’2_03)2+(U3_O’1)2 (9)

2

Whereo, 0,, and 05 are the principal stresses coupled to
strain hardening rule, and the total strain rate (As,—j—‘”“l) can be
defined as a sum of elastic strain rate (Ag;;), plastic strain rate
(Aef), transformation plastic strain rate (Ag;?), and thermo-

metallurgical strain (Aal}h) such that [28] :

Aaﬁf’“l = Aej + Asz- + Aeg’ + Aaff" (10)

3 Simulation procedures of multipass welding advisor
in SYSWELD 2010

In general, these simulation processes involve three major
phases: modeling, analyzing, and post-processing. Material,

Fig. 12 Schematic diagram Measured displacement points
for calculating angular atend edge of flange (CME)

1
distortion i

geometry, and heat input modeling belong to the first phase.
Transient analysis was conducted to solve thermal problem to
obtain temperature history which is later used to solve me-
chanical problem. Finally, post-processing was performed to
display the result obtained from the analysis.

SYSWELD can simulate both single-pass and multipass
welding process. The standard welding simulation methods
(moving heat source) only can be applied on single-pass
welding process, but cannot be applied on multipass welding
process due to large computational files to be managed and
disk space requirement. In order to deal with such complex
simulations in an efficient manner, SYSWELD provides a
management tool called the “multipass welding advisor”
which includes automatic tools and methods to ease multipass
welding simulation. The multipass welding process involves
six steps as shown in Fig. 3.

Step 1 Defining material properties. The material used in
this present study is low alloy carbon manganese
steel (S355J2G3). SYSWELD enables users to use
the predefined material properties data or develop
the thermo-metallurgical and mechanical behavior
data for the simulation purpose, which requires
extensive research. SYSWELD provides a material
database for S355J2G3, and its chemical composi-
tion is shown in Table 1. In welding computations,
thermal material properties are highly nonlinear and
depend on the temperature and phase-dependent
physical properties of low alloyed carbon manga-
nese steel given in Fig. 4.

Developing mesh of geometry model. The custom-
ized geometry model was developed using Visual
Mesh 6.5, which is a powerful design and meshing
tool. A file (filename DATA1000.ASC) created in
Visual Mesh is imported into SYSWELD used as
input data in simulation. There are four mesh

Step 2

\ \
v '|1 \
W e L |\ e
Wit T \ = 'y
{l;; a ,L = il S 9"\.
I = = = — T — — — — I 4
| e i e |
R S
TTeeee ;\»ieasured displacement points
near butt weld line (CMC)
I
a; h

>

wy

¥

@ Springer



2382

Int J Adv Manuf Technol (2013) 69:2373-2386

Fig. 13 Final angular distortion
induced by welding process

Step 3

Step 4

models required in the multipass welding simula-
tion namely: (1) 2D local mesh for heat source
fitting, (2) 2D local mesh analysis for thermal cycle
extraction, (3) 2D global mesh for 2D multipass
analysis, and (4) 3D global mesh geometry for 3D
multipass analysis. The mesh models are shown in
Figs. 5, 6, and 7, respectively.

Defining and setting boundary condition. Two
types of boundary conditions (thermal and me-
chanical) are to be defined. While, as described
earlier, thermal boundary conditions are caused by
convection and radiation losses, the mechanical
boundary conditions are defined by the clamping
arrangement, which was modeled as being rigid,
shown in Fig. 8.

Modeling heat input. In this simulation method, the
correct heat input selection and modeling are detri-
mental to the outcome. It is very important to un-
derstand the concept of heat input being employed.
As mentioned previously, the heat source was
modeled using Goldak's double ellipsoidal model
(see Fig. 2) to describe the heat input of welding
process. The heat source function was created using
heat input fitting tool available within SYSWELD,
which allows the user to calibrate the heat source
parameter and perform a steady-state thermal

@ Springer

analysis of welding process. The analysis result
provides the user with a temperature contour plot
showing the predicted weld fusion zone, and, it is
possible for the user to calibrate the heat source by
comparing the predicted weld fusion zone with the
actual macrograph from tested specimen. The heat
model was calibrated by adjusting the Gaussian
parameter until it generates a fusion zone that
matches the macrograph shown as example in
Fig. 9, for butt and T-joint. Table 2 shows the final
double ellipsoid parameter. However, before this
heat source can be used to simulate the multipass
welding process, the average thermal cycle must be
extracted and integrated into the function, in order to
reduce the computation load. In order to obtain the
thermal cycle for the multipass simulation, a 2D
transient analysis should be performed. After com-
pleting the 2D analysis, the following steps need to
be performed: (1) displaying the thermal curve in
the bead via post-processing, (2) removing the por-
tion where no temperature changes occur, and (3)
extracting the average thermal curve. The extracted
curve was exported and saved in the heat source
function database with name “thermal cycle.trc”.
The average thermal cycle for T-joint after modifi-
cation is shown in Fig. 10.
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Step 5 Performing the analysis. The input data is stored and
saved using the “welding wizard,” and then the
project is solved using “multipass advisor”. The
2D and 3D multipass analysis are performed sepa-
rately using a similar step. The running simulation
of 2D multipass analysis will take several minutes,
while 3D multipass analysis requires several hours
due to the massive number of elements and nodes.
Visualizing and interpreting the result. This will be
the final step of the simulation, where the result is
visualized and interpreted. This will be done using
the “post-processing” menu available in “welding
advisor”. Several methods are available to be used
to interpret data such as contour or curve plot.

Step 6

4 Experimental set-up and procedure

Experimental investigation was conducted on combined butt
and T-joints using ABB IRB 2400/16 robotic system and
Kemppi Pro Evolution MXE power source as shown in
Fig. 11. Filler wire ER70S-6 (& 1.2 mm) and shielding gas

—
am 7001
o 182825

CONTOURS
Uz

Time 15000
Deformed sha
Comput.Ref Glc

Min = -3.769
Max = 0.5571

-3.37583

= i

:
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-1.80267

.
— 1.40939
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=
— "0.622809

-0.229521
=
0163768

composition Ar (80 %)/CO, (20 %) were used throughout
this study. The process parameters used in this experiment
are shown in Table 3. Prior to the welding process, the edge
of the butt joint was prepared with a 60° included angle,
while no edge preparation was made on T-joint, where the
plates were positioned 90° to the flanges. The workpieces
were tacked together using GTAW. The welding setup with
clamping is shown in Fig. 11.

In these experimental tests, low carbon steel material has
been used to predict the welding distortion. Mild steel has
been widely used in many applications, combining good
welding properties with good strength. Table 1 shows the
chemical composition based on the international standards
and the experimental results obtained using arc spark

Table 4 Angular distortions at the final time of the simulation in 2D
analysis

Left side of Right side of
the flange the flange
Displacement, a (in mm) 1.74 1.77
Angular distortion, 6 (in deg) 0.54 0.55
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Table 5 Angular distortions at
the final time of the simulation in
3D analysis

Position relative to Y direction

Left side of the flange Right side of the flange

a; (mm) 0) (deg) a, (mm) 0: (deg)
Front P1-P2 297 0.92 P4-P3 3.07 0.95
Middle P5-P6 4.01 1.24 P8-P7 4.01 1.24
Back P9-P10 3.02 0.94 P12-P11 3.07 0.95
—_ 3.33 1.03 3.38 1.05
X
Table 6 Angular distortions at
the final time of the experiment Position relative to Y direction Left side of the flange Right side of the flange
a; (mm) 0, (deg) a, (mm) 0; (deg)
Front P1-P2 1.82 0.56 P4-P3 2.80 0.87
Middle P5-P6 3.53 1.09 P8-P7 3.25 1.01
Back P9-P10 3.16 0.98 P12-P11 2.82 0.87
— 2.84 0.88 2.96 0.92
X
emission spectrometer with pure Argon 99.9 % and its soft- 0, — sin! (% (11)
ware Spark Analyzer MX. The mechanical and thermal Lr = SIO by,

properties are also presented.

The distortion was measured using a coordinate measur-
ing machine Mitotuyo 707. The measurement was conducted
prior to and after the welding process on 12 selected points,
as shown in Fig. 1, identified by the letter P;.

5 Results and discussion
The angular displacement of the flange of the combined butt
and T-joint perpendicular to the weld bead in the Uz direc-

tion was calculated based on the schematic diagram in
Fig. 12, using the following equation:

Table 7 Comparison of the average result of angular distortion

Where 0 is the resulting angular distortion, a is deflection
measured at the edge of the flange (CME), b is the length
from CME to the coordinate measured near center of the
flange (CMC), w is half the flange width, and the distance of
CMC to the center of the flange is fixed at 15 mm. Therefore,
b;,,=185 mm. A similar way to calculate angular distortion
can be found in [29].

The distortion from the experiment is clearly shown in
Fig. 13, with the flange were distorted in the Uz direction.
For the simulation study, Fig. 14 shows the displacement of
the combined butt and T-joint (magnified by x5), respectively,
in 2D and 3D multipass analysis, while presented in Tables 4,

Sequences Position Experiment 2D analysis 3D analysis
Angular Angular Percentage Angular Percentage
distortion distortion error (%) distortion Error (%)
Outside to inside Left side of the flange 0.88 % 2.84 mm 0.54 % 1.74 mm 38.6 1.03 % 3.33 mm 17.0
Right side of the flange 0.92 % 2.96 mm 0.55 % 1.77 mm 40.2 1.05 % 3.38 mm 14.1

@ Springer
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5, and 6 are the calculated angular distortions at the final time
of the simulation for 2D, 3D, and experimental analysis,
respectively. The comparison of the average result of angular
distortion in 2D, 3D analyses, and experiment are presented in
Table 7.

It can be seen from Tables 4, 5, and 6 that, at first, the
relative differences of angular distortion between right to left
side are approximately 1.72 % (2D), 1.50 % (3D), and
4.22 % (experiment). Although it shows that the first welded
side had more angular distortion than the later welded one, it
can be considered as not having significant difference. The
reason of having bigger distortion could be due to the heat
distribution which began and continuously overlapped at the
right side. Secondly, the middle section exhibits the biggest
angular distortion followed by the back and front section.
Third, in comparison to experiment results shown in Table 7,
the 3D simulation indicates better result agreement than 2D.

6 Conclusion and further recommendation

A study was conducted on the angular distortion in the
multipass GMAW process on combined butt and T-joint
using FE methods. FE software package SYSWELD and
its multipass welding advisor were applied to simulate the
welding process and to analyze the weld induced distortion.
The analysis is calculated based on thermo-elastic—plastic
approach which takes into account thermal, metallurgical,
and mechanical properties. 2D and 3D analysis methods
were performed, and both were validated with experimental
investigation by comparing their results. Moreover, this pa-
per also illustrates the step-by-step simulation process com-
prehensively. In general, there are six major steps to be
conducted to analyze the distortion.

Based on the results, it can be concluded that (1) 3D FEM
analysis shows better agreement compared to 2D FEM anal-
ysis; (2) computational time of 2D FEM was extremely faster
(15 to 20 min) compared to 3D FEM (24 to 30 h); (3) steps
for 2D FEM was shorter than 3D analysis; (4) both FEM
methods (2D and3D) can carry out transient analysis; and (5)
non-homogenous material, dimensional inconsistency, and
fluctuating process parameters are such factors which can
lead to the percentage error between idealized simulation and
real experiments.

It can be generally summarized that FE method via
SYSWELD is capable of simulating the multipass welding
process and can be used to predict the angular distortion on
combined butt and T-joints. From the analysis point of view,
important information can be obtained which can be used prior
to designing and as a planning tool before the actual welding
process. It is recommended that welding sequence should be
investigated further in order to know the effect of the sequence
on the angular distortion of the complex structure.
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