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The current study investigates the infuence of different welding sequences and external constraints on devel-
opment of welding- induced angular distortion and residual stresses in the short Fllet welds made of the high
strength steel (HSS), S700, using the Fnite element (FE) method. Three-dimensional thermo-elastic-plastic FE
modeling was performed in the ABAQUS FE software based on the double-ellipsoidal heat source model,
temperature-dependent material properties, and considering geometrical non-linearity. The accuracy of the FE
models were verifed by comparing the simulation results and experimentally measured data. Both the numerical
method and measurements show that external constraint has relatively larger infuence than welding sequence
on the development of angular distortion and the peak magnitude of residual stresses. To determine the sig-
nifcance of short fllet welds in terms of induced distortion and residual stress Felds, the results captured by
simulation and validated by measurements were compared to those of continuous Fllet welds. From a numerical
point of view, the results of this study are meaningful to understand the reasonable accuracy required to capture
the necessary details of the welding process. From an engineering prospect, the results of this study can be
important as they indicate that transverse residual stress felds due to short Fllet welds are localized with
considerably larger peak magnitudes compared to continuous Fllet welds. With respect to the angular distortion,
the results of this study show that stiffness of external constraint has a greater impact on prevention of angular
distortion in continuous Fllet welds than in short Fllet welds. In the case of Fllet welds with small lengths, beside
proper clamping, other deformation control techniques such as pre-alignment of the welded members need to be
considered.

1. Introduction gas industries, offshore construction, automotive and shipbuilding in-

dustries [2].

In the world of construction and manufacturing, steel is one of the
main construction materials. Steel production is claimed to be the
largest energy consumer among the industrial sectors. The process is
highly energy intensive with consequential environmental impacts [1].
It is of paramount importance to make balance between the environ-
mental impacts from one side and huge demands for such materials from
the other side. In this respect, one environmental energy solution is to
increase the strength level of steels, which has contributed to the advent
of lightweight and high-performance materials. This insight has trig-
gered the development of high and ultra-high strength steels (HSS/
UHSS). Remarkable features of these materials such as high strength to
weight ratio, desirable weldability and toughness, makes them highly
applicable in a wide variety of industrial applications, such as the oil and
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Due to its advantages over mechanical joining methods, the fusion
welding process has been widely used in the construction and
manufacturing industries to fabricate large structures and assemblies.
Weight reduction, enhanced structural performance and fexibility in
design, and cost-effectiveness can be named among the advantages
attributed to the fusion welding technology [3]. Arc welding processes
and among them gas metal arc welding (GMAW), which is categorized
as a fusion welding technique, has been extensively utilized to perma-
nently join structural members and components made from HSSs [2].
Fusion welding, however, is a complex thermal process, which trans-
ports highly concentrated and tremendous heat input to the welded
joint. This uneven temperature feld followed by a non-linear cooling in
the weld zone, can cause serious strength problems such as heat-affected

Received 7 December 2021; Received in revised form 15 March 2022; Accepted 10 April 2022

$YDLODEOH RQOLQH $SULO

< 7KH $XWKRUV 3XEOLVKHG E\ (OVHYLHU /WG 7KLV LV DQ RSHEDRFHV Y DHIWLEOHPRPERO W RH & & %K


mailto:mehran.ghafouri@lut.fi
www.sciencedirect.com/science/journal/01410296
https://www.elsevier.com/locate/engstruct
https://doi.org/10.1016/j.engstruct.2022.114269
https://doi.org/10.1016/j.engstruct.2022.114269
https://doi.org/10.1016/j.engstruct.2022.114269
http://crossmark.crossref.org/dialog/?doi=10.1016/j.engstruct.2022.114269&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Ghafouri et al.

(QILQHHULQJ BWUXFWXUHV

Table 1
The chemical compositions of S7T00MC PLUS and ESAB OK AristoRod 13.29 (wt. %).
Material C Si Mn P S Al Ti Cr Ni Mo Nb \
S700 MC 0.12 0.25 2.10 0.02 0.01 0.015 0.15 0.09 0.2
AristoRod 13.29 0.089 0.53 1.54 - - - - 0.26 1.23 0.24 - -
zone (HAZ) softening [4] and rise of residual stresses and distortions [5]. Table 2
able

Welding residual stresses can be detrimental or benefcial depending on
magnitude, distribution or sign of stresses [6]. Tensile residual stresses
are harmful and directly affect fatigue performance and service life of
welded connections [7-9]. Stress corrosion cracking [10], which con-
tributes to degradation of the structural integrity of welded joints, and
decreased buckling strength [11] are attributed to the presence of tensile
residual stresses. Welding deformation is a technical challenge resulting
in dimensional inaccuracy and leads to decrease the quality of the
welded joint. By imposing correction work, welding deformation can
cause fabrication delays, incur fnancial cost, and decrease productivity.
Excessive deformation might seriously impair fabrication, and, in
extreme cases, lead to failure [12].

Reliable design of steel structures and ensuring safety to their ap-
plications necessitates evaluation of welding residual stresses and dis-
tortions. Measurement of residual stress in the literature has been
reported by means of different destructive and non-destructive tech-
niques such as hole-drilling [13,14], crack compliance [15], XRD [6,16],
and Neutron diffraction techniques [17-20]. Assessment of residual
stresses by means of experimental methods post welding is available,
However, those methods in general have their own challenges.
Destructive methods, such as the hole drilling technique, are inappli-
cable and non-destructive methods have their own limitations in terms
of accessibility, such as the X-ray diffraction (XRD) method.

The privilege of the numerical methods over the experimental
methods is the ability of computational techniques in prediction of re-
sidual stress state and welding deformation patterns before the real
welds are applied. Although development of welding residual stresses
and distortions can hardly be avoided, accurate prediction makes it
possible to adopt engineering measures to reduce welding deformations
and stresses. This matter, especially in terms of HSSs where rapid
heating and cooling inherent to welding can seriously degenerate their
high load bearing capacity, is of particular importance.

During the past decades, a number of studies have been done con-
cerning elaboration of the computational methods to predict welding
residual stresses and deformations. As a numerical approach, the FE
method has proven its ability to solve a broad spectrum of engineering
and scientifc problems and is frequently used in the feld of welding
simulation. FE simulation of different welding processes
[6,16,17,21-23] for a wide range of materials [13,15,24-28] have been
accomplished.

Fillet weld is known to be one of the most prevalent weld types used
in the fabrication of a broad range of steel structures such as plate
girders and stiffened panels. Fillet welded joints either single or double
sided, may suffer from different welding deformation types, such as
transverse and longitudinal shrinkages, and angular distortion [29].
Depending on the design and applied load, in order to reduce the labor
cost and weight of the stiffened panels, an alternative method of
attaching the stiffener to the base plate is non-continuous welding,
which is also known as intermittent welding [30]. During the fabrication
of steel structures in the assembly stage, making temporary connections
between the structural members is performed through tack welds, which
can also be considered as short welds. From the tack welding viewpoints,
it is also important to understand the formation of welding distortions
under different tack welding sequences and boundary conditions, as
they might be considered in manufacturing, for example, by pre-
alignments or changing the welding sequence. Although there has
been several research on welding simulation of T-fllet welded steel
joints [29,31-34], till present there is lack of data regarding the welding

The nominal mechanical properties of ST00MC PLUS and ESAB OK AristoRod
13.29.

Material Yield strength Ultimate tensile strength Elongation
oy[MPa] 0,[MPa] %

S700 MCPLUS 700 750-950 13

AristoRod 700 800 19

13.29

distortions and residual stresses developed due to short fllet welds in
HSSs under the infuence of different external restraints and welding
sequences.

The aim of this research is prediction and evaluation of welding
stresses and angular distortion developed in the T-joints made of HSS
S700MC PLUS due to short Fllet welds under different external con-
straints and welding sequences. The matter is accomplished by devel-
oping three-dimensional sequentially coupled thermal-structural FE
models in ABAQUS code [35]. The temperature feld is simulated by
considering a moving heat source based on the model proposed by
Goldak et al. [36] being implemented in the user-subroutine DFLUX. The
combined effects of convection and radiation are considered in model-
ling the heat loss. Subsequent to capturing the temperature distribution
in thermal analysis, the predicted nodal temperatures are transferred
into a mechanical model to calculate the welding stresses and angular
distortion. The distributions of residual stresses, sequential and fnal
angular distortions due to the external constraints and welding se-
guences are verifed with the experimental measurements, and com-
parisons are made between the results of the short and continuous Fllet
welds in terms of thermal and mechanical felds.

2. Experimental setup
2.1. Materials

HSS S700MC PLUS, which is a high strength low carbon and low
alloy steel with a minimum yield strength of 700 MPa was used in this
study. This material is manufactured by modern hot strip rolling and
direct quenching, which differs from the conventional quenching pro-
cedures [37]. The Fller material for joining the stiffeners to the base
plates in this study was ESAB OK AristoRod 13.29 solid wire with 1 mm
diameter. This Fller material falls in the matching strength level with the
base material. Table 1 presents the chemical compositions of the base
and Fller materials based on the material certifcates of the manufac-
turers. The nominal mechanical properties of the base and fller mate-
rials are shown in Table 2.

2.2. Specimens and welding procedure

To investigate the effect of welding sequence and mechanical
boundary conditions on deformation characteristics and residual
stresses in T-joints connected by short Fllet welds, four identical T-joint
specimens were fabricated. The dimensions of the base plates and
stiffeners being cut from 6 mm hot rolled strips of S700, were 460 x 130
mm and 130 x 25 mm, respectively. Laser cutting of the material was
accomplished in such a way that the welding direction was perpendic-
ular to the rolling direction of the base plate. The convention for the
welding direction was assumed along the +Y-axis, while Z-axis was
normal to the top surface of the base plate. A GMAW robotized arm was
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used for welding, as shown in Fig. 1. The torch angle was considered 45°
for all the welding cases. Selecting the welding parameters presented in
Table 3, the welding leg size of 6 mm was achieved. The net heat input
value transported to the joint, amounts to 0.79 kJ/mm by applying a
welding effciency coeffcient of 0.85 for GMAW process [38].

The Fllet welding procedure included deposition of four weld layers
with an approximate length of 20 mm each, on both sides of the speci-
mens. Two different welding sequences were considered to investigate
the effect of the welding sequence on the residual stress and deformation
patterns, as shown schematically in Fig. 2. The effect of external con-
straints on welding stresses and deformations were investigated by
applying two different clamping set-ups. One confguration was per-
formed so that the specimens were rigidly clamped at both ends (see
Fig. 1), while the other clamping restrained the specimens only at one
end. Considering the two different welding sequences and external re-
straints, in total four experimental welding cases were fabricated.

In order to facilitate the discussion and drawing comparisons be-
tween the welding cases, to each welding case a label was assigned. In
the labelling of specimens, the frst letter shows the applied mechanical
boundary conditions. That is, F indicates the welding cases being
clamped at one end, while C is used for the cases clamped at both ends.
S1 and S2 are used to show the welding sequences 1 and 2, respectively.
The labels assigned to the welding cases are summarized in Table 4.

2.3. Temperature measurements

Thermal cycles during welding were measured by attaching several
K-type thermocouples at different locations on the top surface of each
specimen. The positions of thermocouples were arranged so that the
Table 3 high temperature HAZ, and the lower temperature felds far from the
Welding process parameters.

Fig. 1. The experimental set-up of the T-joint specimen.

Voltage ~ Current  Travel Wire Wire Tip Shielding Table 4
) (A) speed diameter feed distance gas Labels assigned to the specimens in welding experiments.
(mm/s) (mm) rate (mm) .
Label Condition
(m/
min) FS1 One Free end, Sequence 1
25 260 7 1 125 16 Ar + 8% FS2 One Free end, Sequence 2
Co, Cs1 Both ends Clamped, Sequence 1
Cs2 Both ends Clamped, Sequence 2

Side 1 Side 2

O o)l o o

Xl 1.8 mm

S1: W14 W21 W3- WA

+ 1.7 mm 3« WL o DR L WD T
%2 0 6.5 mm §2: W1+ WS W24 'Wq

Fig. 2. lllustration of the welding sequences S1 and S2, and the positions of thermocouples. (Units in mm).



M. Ghafouri et al.

i
i

(QILQHHULQJ BWUXFWXUHV

I

\

Fig. 3. Mesh details of the fllet welded T-joint.

weld zone can be captured in order to verify the temperature histories
obtained from the corresponding FE models. The locations of thermo-
couples are shown schematically in Fig. 2. As can be seen, four weld-
ments, namely W1-W4, two on each side were produced. The distances
of thermocouples A, B, C, and D from the weld toes are shown with X1,
X2, X3, and X4, respectively. The accurate values of X1-X4 were
determined post welding based on the measurements by a Hexagon 3D
scanner in order to make comparisons with the corresponding nodal
temperatures from the FE simulations.

3. Finite element simulation

Temperature distribution and evolution of welding deformations and
stresses of T-joints due to short Fllet welds were investigated by means
of the FE method. In this context, three-dimensional thermo-elastic-
plastic FE models were developed in ABAQUS FE code. Since the me-
chanical work performed compared to the thermal energy of the welding
arc is negligible, and the structural response under the thermal load has
insignifcant infuence on the temperature feld, a sequentially coupled
formulation was adopted [39]. In this solution procedure, the heat
conduction equation is solved independently from the stress and strain
problems. The effect of a non-linear transient temperature feld on the
mechanical response is considered through the thermal expansion and
temperature-dependent mechanical properties of the material. This
formulation consists of two steps. In the frst step, temperature distri-
bution due to a moving heat source is captured by performing a thermal
analysis and solving heat conduction equation. In the next step, the
captured nodal temperatures are transferred into a mechanical model
and applied as a thermal load to fnd the mechanical response and
compute the developed residual stresses and strains.

3.1. FE model geometry and mesh

All the experimental welding specimens and the amounts of the
deposited Fller material were identical, however, with different welding
sequences and external constraints. In this regard, a 3D FE model with

the same mesh structure (see Fig. 3) was developed for all the cases.
Nevertheless, the order of element activation varied, which corresponds
to the applied welding sequence, and the mechanical boundary condi-
tions applied in accordance with the external restraints. In the thermal
analysis, a 1st order 3D 8-node linear diffusive heat transfer brick
hexahedron element (DC3D8) with temperature as the only degree of
freedom was employed. In order to facilitate the data mapping between
the thermal and mechanical models, the same FE mesh with identical
number of elements, however different element types were used. In the
structural analysis, a 1st order 3D 8-node linear hexahedron reduced
integration elements (C3D8R) was used. Shear locking is avoided, better
convergence is achieved, and less computational time is required when
the reduced integration elements are used [22]. The convergence study
on mesh density was carried out in a previous investigation [16] to
ensure that the employed mesh structure is suffciently refned to yield
accurate simulation results. Mesh convergence was completed when
further refnement of the mesh structure had inconsequential effect on
the results. A fne mesh grid with a total number of 28,988 elements was
found to be suffciently accurate to represent the stress and strain results.
The smallest element size was 0.5 x 2.5 x 1 mm (in the X, Y, and Z
directions), which was applied in the FZ and HAZ, where high tensile
residual stresses are expected to be built up. The size of elements
increased progressively as the distance from the weld toe towards the
outer edges of the specimen increased. Gradual addition of the Fller
material was simulated using the element birth and death technique,
also known as model change in ABAQUS [40]. In this method, the weld
metal is divided into several segments. All the elements representing the
Fller metal are initially inactivated. Based on the assigned step time,
when the heat approaches and the relevant segment is heated up, its
status is changed from inactive to active to which temperature-
dependent thermo-physical properties in the thermal analysis and
temperature-deponent mechanical properties in the structural analysis
are allocated.
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12 4 Density (1.0E+3 kg/m?)

10 1

—— Thermal conductivity (1.0E+1 W/m°C)
— Specific heat (1.0E+2 J/kg°C)

Thermo-physical Properties

0 T T T

0 200 400 600

800 1000 1200 1400

Temperature (°C)

Fig. 4. Temperature-dependent thermo-physical properties of S700.

Fig. 5. Schematic of Goldak’s volumetric heat source shape.

3.2. Thermal analysis

Transient temperature feld during welding (T) in time (t) and space
(X, y, z) was solved using a non-linear isotropic partial differential
equation derived from Fourier’s law of heat conduction and law of en-
ergy conservation, as shown in Eq. (1):

p(T)c,,(T)aa—{ = (% <k(T)3—§) +(% <k(T)‘3—§) +0% (k(T)%Z) +q @)

where p(T), ¢,(T) and k(T) are temperature-dependent density, specifc
heat, and thermal conductivity, respectively. These temperature-
dependent thermo-physical properties for S700 were obtained from
the literature [41], as shown in Fig. 4. It must be noted that the units are
arranged so that all properties can be shown in a single graph. The
parent and Fller materials share almost the same strength level and thus,
in the FE models were defned as identical materials to both the same
material properties were assigned.

In Eq. (1), q (W/m?3) is known as the volumetric heat source density
or internal heat generation rate. A volumetric heat source with double
ellipsoidal distribution proposed by Goldak et al. [36] was considered to
represent the energy transferred from the welding arc to the base and
weld materials, as shown schematically in Fig. 5. Two heat fux distri-
butions are defned by this model, one for the front half and the other for
the rear half of the heat source, as expressed by Eq. (2) and Eq. (3),

1600
respectively:
2
6V3fQ —agrplig
s ) = ———, a by E , >0 o
A abfcﬂ\/ﬁe y =2 )
6V3f,0 s bl 2
X, Y, 2,F) = ————~= o2 el 2 <0 3
q(x,y,2,1) NG oy 3)

gr and g, are the heat Fux distributions accumulated in the front half and
rear half of the heat source, respectively. Q is the power of the welding
arc, which can be calculated based on the welding current (), voltage
(V) and welding effciency coeffcient (17). The parameters a. b, by and ¢
are characteristics of the welding heat source. f; and f, are dimensionless
parameters, and account for the fractions of heat deposited in the front
and rear half of the heat source, respectively. Taking the continuity of
the heat source into consideration the following relationships are
observable:

b _ %

b @)

fr+fr=2 (5)

The welding torch in the experiments had a work angle of 45°.
Simulation of the moving heat source at a specifed angle necessitates
transformation of points from the global coordinate system into a local
coordinate system by means of rotation and translation. Considering the
defned convention for the welding direction, rotations of —45° and 45°
were performed for side 1 and side 2, respectively:

X cos45 0 sin45 X —-X,
y| = 0 1 0 Y-Y, (6)
z —sind5 0 cos45 Z—7Z
X cos45 0 —sind5 X—-X,
y| = 0 1 0 Y-Y, 7
z sind5 0 cos45 Z—27Zy

where X, y and z represent nodal coordinates in the local coordinate
system and X, Y and Z are nodal coordinates in the global coordinate
system. Mathematical equations representing the moving heat source
were implemented in the ABAQUS user-subroutine DFLUX programmed
in FORTRAN. The user-subroutine DFLUX calculated the position of the
heat source with respect to time, travel speed of the torch and nodal
coordinates. It then, calculated the non-uniform volumetric Fux distri-
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Table 5

Adjusted heat source parameters.
Parameter a (mm) bs (mm) by (mm) ¢ (mm) f; fr
Value 7 3 10 7 0.46 1.54

Fig. 6. Power distribution of the double-ellipsoidal heat source using the pa-
rameters in Table 5.

bution at each integration point as a function of time, the position of the
heat source and using the heat source power.

Temperature histories during the welding must be precisely pre-
dicted to be able to have an acceptable accuracy in prediction of residual
stresses and strains. To do so, calibration of the heat source is required,
which was accomplished by iteration of the Goldak’s characteristics of
the weld pool so that a close agreement was reached between the nodal
temperatures from the simulation and measurements. Matching the
boundaries of the FZ and HAZ captured by simulation against the
macrograph of the weld cross section was performed as the further
calibration of the heat source. Table 5 summarizes the heat source pa-
rameters and their adjusted values to calibrate the thermal model. Using
the calibrated Goldak’s heat source parameters in Table 5, power dis-
tribution of the double-ellipsoidal heat source for the front half and rare
half of the energy source on the top surface is shown in Fig. 6.

In all the simulation cases, ambient temperature was set to 20 °C. To
reach a unique solution for Eq. (1), it should be solved subject to specifc
boundary conditions. In welding simulation problems, the most widely
applied thermal boundary conditions are the heat loss due to convection
and radiation from free surfaces of the specimen to the surroundings, as
depicted schematically in Fig. 7. Heat loss by convection during welding
is generally taken into account using Newton’s law of cooling and heat
loss by radiation is modeled by applying Stefan-Boltzmann’s law. An

(QILQHHULQJ BWUXFWXUHV

alternative method to model the heat loss during welding is to account
for the combined effect of convection and radiation, which is generally
performed by defning a temperature-dependent heat transfer coeff-
cient [42,43], as is expressed by the following equation:

0.0668 x T(ZL) 0<T <500

0231 x T —82.1 <l> T > 500
m* C

where T(°C) is temperature and h denotes the temperature-dependent
heat transfer coeffcient. The mathematical expressions presented in
Eq. (8) were implemented in the user-subroutine FILM to model the
combined thermal boundary conditions. It should be noted that heat
transfer by means of conduction between the specimen and clamping are
ignored since the distance between the heat source and clamped areas
are large enough so that the temperature rise at those regions are
negligible.

The interaction between solid and liquid phases is not included in the
ABAQUS package and modeling the Fuid fow is not directly possible
when using this FE software. However, since this phenomenon has
consequential infuence on the temperature distribution of the weld
pool, it was accounted for using artifcially increased thermal conduc-
tivity at temperatures higher than the melting point, i.e., thermal con-
ductivity at temperatures higher than the liquidus temperature was
considered almost 4 times as large as that value at room temperature. To
account for the thermal effects of solidifcation in the weld pool, the
latent heat of fusion was considered with a value of 270 x 10° J/kg
between the solidus temperature of 1430 °C and liquidus temperature of
1480 °C.

3.3. Mechanical analysis

In each mechanical analysis, the temperature histories predicted by
the corresponding thermal analysis were transferred and applied as an
input (thermal load) in a non-linear elastic-plastic analysis to calculate
the residual stresses and distortions. In the current study, the strain rate
due creep was not taken into account in the mechanical analysis since in
the entire thermal cycle, the time period with high temperature was
limited to a few seconds and the effect of creep on the total strain was
insignifcant [21,25]. Phase transformation in solid state is one of the
phenomena which may have signifcant effect on welding-induced
stresses and strains depending on the type of material. Austenitic
stainless steels are known not to experience phase transformation [9]
while carbon steels are more prone to phase transformation. In this re-
gard, welding-induced residual stress and distortion in medium and high
carbon steels are stated to be more signifcantly affected by phase
transformation than low carbon steels [11,13]. Ferro et al. [44], how-
ever, found that including solid state phase transformation in mechan-
ical analysis in low carbon steels results in more accurate and reliable
values for residual notch stress intensity factors. In this study, due to lack

Fig. 7. lllustration of the heat loss by means of convection and radiation from the free surfaces of the T-joints.
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Fig. 8. Temperature-dependent mechanical properties of S700.

of experimental data being essential to include phase transformation,
strain rate due to phase change was not included the mechanical anal-
ysis. Nevertheless, the infuence of phase change on formation of re-
sidual stresses and strains in HSSs is of interest and a further study would
include such effect. Excluding the strain rate components due to phase
transformation and creep, the total strain rate is decomposed by its
constituents as follows:

[} ={de }+{de?} + {de"} ©

where de®®@ is the increment of total strain. de®, de® and de™ correspond
to elastic, plastic, and thermal strain increments, respectively. Elastic
strain was modeled based on the isotropic Hooke’s law using
temperature-dependent modulus of elasticity and Poisson’s ratio.
Modeling the plastic strain component was accomplished using a rate-
independent plastic model including the following features: Von Mises
yield criterion, isotropic strain hardening law and temperature-
dependent mechanical properties. A temperature-dependent thermal
expansion coeffcient was used in modeling of the thermal strain.
Temperature-dependent mechanical properties used in calculation of
the structural response were taken from the literature [41], as presented
in Fig. 8.

In the mechanical analysis, the effect of annealing on strain hard-
ening was considered by defning an annealing temperature. If the
temperature of any material point rises above the annealing tempera-
ture, strain hardening memory is lost by resetting the equivalent plastic
strain to zero at that material point. On condition that the temperature
of a material point falls below the defned annealing temperature during
cooling, material retrieves its work hardening memory at that point. In
this study, the annealing temperature was set to 900 °C [16].

In welded joints, application of welding Fxtures or clamps is one of
the major techniques to control the induced distortions. Using Fxtures in
over-restraint conditions, can reduce the welding deformation, it can,
however, negatively affect residual stress Felds where stresses can build
up and cause cracking problems. In welding of under-constrained
components, the development of distortions can increase dimensional
instability. Although in the case of short Fllet welds, smaller levels of
distortion are expected compared to the continuous welding, the re-
sidual stress Feld should be considered carefully. In this regard, correct
application of external restraints contributes to optimization of welding-
induced stresses and strains. Regarding tack welds (temporary non-
continuous welds), although by applying the main weld layer, stress
felds due to applying the tack welds are mainly annihilated, welding
deformations caused by those tack welds will remain and must thus be

thoroughly taken into consideration. This matter, in real applications
such as robotized welding is of particular importance where the accu-
racy and productivity of such technologies may decline if the previous
deformations due to tack welds are not accounted for. In the experi-
mental part of the study, two clamping conditions were tested; In one
case, the external constraints were applied in such a way that the related
specimen was restrained at one end in a specifed area. In the corre-
sponding FE model, the mechanical boundary conditions were applied
to simulate the clamping condition, and all the nodes in the specifed
area were restricted to move translationally and rotationally, as shown
in Fig. 9 (a). The other clamping confguration was considered to fx the
specimen rigidly at both ends in the two defned areas. In the related FE
model, all the nodes in those areas were prevented from rotation and
translation, as shown in Fig. 9 (b). It should be noted that the length of
the clamping in the X-direction was 100 mm. After welding and reaching
the ambient temperature, the mechanical boundary conditions were
defned in the FE models corresponding to the removal of the clamps.
That is, after the cooling stage, all the mechanical boundary conditions
were deactivated and those to prevent the rigid body motion only were
defned, as shown in Fig. 9 (c).

4. Results and discussion
4.1. Results of thermal simulation

The temperature distribution and peak temperature captured by the
FE thermal simulation of short Fllet welds in T-joints made of S700 are
shown in Fig. 10. It should be noted that due to the identical welding
parameters and heat source model for all the cases, the thermal analysis
results are presented only for one of the cases (FS1). As can be seen in
Fig. 10, the maximum temperature of the weld pool is approximately
1800 °C. In the same fgure, the FZ, i.e., the regions with peak temper-
atures higher than the liquidus temperature (1480 °C) are shown in light
gray. To achieve reasonable results for mechanical response, an accurate
prediction of temperature distribution during the welding is a
requirement.

Matching the shape and size of the weld pool from the simulation and
experimental measurements is one of the indices to evaluate the cor-
rectness of temperature distribution during the welding. Fig. 11 repre-
sents the depth of penetration captured from the macrograph of the weld
cross section versus the simulation at a distance of 5 mm from the start of
the segment. As shown in Fig. 11, the depth of penetration is well-
captured by simulation and boundaries of the FZ from the simulation
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Fig. 9. Representation of the mechanical boundary conditions assigned to the FE models for: (a) clamping at one end; (b) clamping at both ends; and (c) removal of

the clamps.

reasonably match the macrograph of the weld cross section. Matching
the experimental and simulated temperature histories, which was car-
ried out by adjusting the heat source parameters and calibration of the
heat loss model, is another index of the accuracy of thermal analysis. In
this respect, the experimental time-temperature curves obtained
through the thermocouple measurements at several locations and the
simulation results for the corresponding nodes are presented in Fig. 12.
As mentioned before, the applied heat input and specimen confguration
for all the cases were identical and hence, only one of the specimens
(FS1) was chosen for the sake of comparison in terms of the experi-
mental and simulated thermal cycles.

For a better clarity regarding the features of time-temperature
curves, the entire temperature histories obtained from the simulation
and those captured by the thermocouple measurements for FS1 are
divided into four parts (a-d), as shown in Fig. 12. That is, Fig. 12 (a-d),
refers to the welding thermal cycles of segments W1-W4, respectively.
In Fig. 12, T1-T4 are the thermocouples attached on the top surface of
the specimen (specifed in Fig. 2), and X1-X4 refer to the distances of
those thermocouples from the weld toes and the corresponding nodal

distances in the FE model. X1-X4, were measured from the 3D scan
image of the specimen post welding and after detaching the thermo-
couples. It can be seen that the simulated curves are in close concurrence
with the experimental ones in terms of the heating and cooling rates, and
the peak temperatures. Such agreement implies that the heat source
parameters (Goldak’s characteristics) were adjusted reasonably, and the
heat loss model was calibrated correctly. Comparing the numerical re-
sults of T1 in Fig. 12 (a) to T2 in Fig. 12 (b), with the specifed distances
of 1.25 and 4 mm from the heat source, respectively, shows that the
regions close to the weld, experienced considerably higher peak tem-
peratures compared to the areas farther from the heat source, while
reasonably maintained the heating rates similar to those areas. Based on
the results of thermal analysis, it was assumed that the thermal FE model
validated through the transient temperature histories and the weld pool
dimensions, was accurate enough in order to transfer the nodal tem-
peratures from the thermal to the mechanical model.

It is expected that welds with shorter lengths experience faster
cooling rates. In this regard, a comparison is drawn to clarify how the
cooling rate changes for the Ffllet welds with considerably shorter
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Fig. 10. Temperature contours captured during the welding of W2 on FS1.

Fig. 11. Welding temperatures (NT11) and Boundaries of the weld pool from the simulation versus the experiment through the thickness.

lengths compared to the continuous ones. In addition to the FE simu-
lation of short Fllet welds with a specifed length of 20 mm, an FE
thermal simulation for a double-sided Fllet weld with an approximate
length of 122 mm on each side, was performed. It should be noted that
identical heat inputs for both cases were used. Fig. 13 shows the time-
temperature curves captured from the simulation for a node posi-
tioned at a distance of X = 0.5 mm from the weld toe at half-length of
the weld in each case. As can be seen, while both welds experienced
almost the same peak temperature and heating rate, a considerable
difference was obtained for the cooling rate. From Fig. 13, cooling times
(ts/s = ts00 —tsoo), for the continuous and short welds, are 11.45 and
3.86 s, respectively. The calculated cooling rates (vg/s = 300/(tgs)) are
26.2 and 77.7 °C/s, for the continuous and short welds, respectively.
This heating and very fast cooling due to the short length of the weld
can produce localized residual stress felds with large magnitudes. In

addition, tg/s is known to have a signifcant effect on the fnal micro-
structure of the HAZ in welded structures since most microstructural
changes occur at temperatures above 500 °C. As tg/5 decreases, the
tendency to form martensite increases, and, consequently, the hardness
of the HAZ rises. In direct-quenched HSSs and UHSSs, the maximum
limit of tg/5 should not be exceeded to avoid detrimental softening in the
HAZ [45,46]. Microstructural investigation is out of the scope of the
current study, it is, however, important to note that the FE thermal
simulation can contribute to conduct comparative studies on the effect
of cooling rate due to the different weld lengths or heat inputs on the
microstructure and mechanical properties of the advanced HSSs.

4.2. The simulated residual stresses and angular distortion

The effect of external constraints and welding sequence on
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Fig. 13. Comparison of the simulated thermal cycles for a short Fllet weld with
a length of 20 mm, and a continuous Fllet weld with a length of 122 mm.

development of residual stresses and angular distortion, which is
induced by non-uniform heating and cooling during the welding, was
investigated. Experimental measurements were conducted to verify the
results of the simulated residual stresses and angular distortion
regarding the distribution patterns and magnitudes due to change in the
mechanical boundary conditions and welding sequence.

Measurement of angular distortion was fulflled by using a 3D
scanner before welding (for possible small deformation), and after the
deposition of each Fllet weld and reaching the ambient temperature for
each case. Angular distortion was measured in the mid-section (half-way
along the weld line) and in the transverse direction (perpendicular to the
weld line) at the bottom side of the specimen (Path 5), as shown sche-
matically in Fig. 14.

Transverse surface residual stresses on the top surface of FS1 and CS1
were measured at the mid-length of W1 (Path 1) and W4 (Path 4) to
validate the simulation results using XRD by a Stresstech X3000 G3
device with a collimator diameter of 1 mm. The developed residual
stresses for the other cases, and residual stresses along path 2 and path 3,

were studied from the results of the validated simulations.

4.2.1. Angular distortion

Contours of angular distortion for FS1 and FS2 after removal of the
clamps are shown in Fig. 15 (a) and 15 (b), respectively. Those for CS1
and CS2 after release from the external constraints are depicted in
Fig. 16 (a) and 16 (b). As can be observed, the patterns of angular
distortion (defection in the Z-direction) for all the welding cases are
similar. Through the comparison between Fig. 15 (a) and 16 (a), and
Fig. 15 (b) and 16 (b), it can be understood that the external constraints
at both ends slightly better prevented angular distortion compared to the
clamping at one end after these constraints were removed.

In order to evaluate the accuracy of the FE simulations with regard to
the effect of welding sequence and external restraints on angular
distortion quantitatively, the sequential and cumulative angular dis-
tortions for FS1 and FS2 from the simulations and measurements (See
Fig. 14 for the measurement path) are compared. For CS1 and CS2, due
to the very small sequential distortions expected after each short weld
(W1-W4), only the fnal angular distortions (after removal of the
clamps) were measured experimentally, and the sequential distortions
are discussed based on the numerical results. The results of the
sequential angular distortions for FS1 and FS2 are shown in Fig. 17 (a)
and (b), respectively. The simulated data are plotted with solid lines,
while the measurement data are shown with circular marks. The simu-
lated sequential angular distortions for CS1 and CS2, before release from
the clamps are shown in Fig. 18 (a) and (b), respectively.

As can be seen in Fig. 17 (a) and (b), the distortion predictions by FE
simulations are in reasonable agreements with the measurements. In
almost all the cases, simulation overpredicts the angular distortion when
compared to the experimental measurements. Both the simulation and
measurement demonstrate that the fnal angular distortion produced in
FS1 is slightly greater than that induced in FS2. For FS1, the experi-
mental and simulated values are 3.95 and 4.61 mm, respectively, which
makes a percent error of 16.7 %. In the same vein, the experimental and
numerical values obtained for FS2 are 3.76 and 4.34 mm with a percent
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Fig. 14. lllustration of the measurement paths for angular distortion at the bottom surface, and residual stresses on the top surface.

Fig. 15. Contours of the fnal angular distortion for: (a) FS1; and (b) FS2 (Units are in m).

error of 15.4 %. The fnal angular distortion in FS1 is approximately 6 %
(from both the simulation and measurements) greater than that of FS2.
Compared to the size of the specimen and fnal angular distortion, the
difference is minor. Nevertheless, in practice where a large number of
short Fllet welds are required (based on the design), the difference due
to a change in the welding sequence can be considerable. The same
trend, i.e., a slightly greater angular distortion due to the welding
sequence S1 compared to S2, can be seen in Fig. 18 (a) and (b). The
simulated angular distortions for CS1 and CS2 in the clamped conditions
are 0.51 and 0.48 mm, respectively. The angular distortion specifc to
each fllet weld (W1-W4) from the simulation and measurements for
FS1 and FS2 are compared in Fig. 19 (a). The simulated angular dis-
tortions due to the deposition of the Fllet welds (W1-W4) for CS1 and
CS2 are shown in Fig. 19 (b). It should be noted that the values in Fig. 19
(b) refer to the situation when CS1 and CS2 were still in clamps. It can be
seen in Fig. 19 (a), as was predicted by simulation and measurements, in
both FS1 or FS2, W2 and W3, have the largest and the smallest shares in

the fnal angular distortion, respectively. The same trend respecting the
shares of W2 and W3 in the total angular distortion, can be observed for
CS1 and CS2 in the restrained conditions in Fig. 19 (b).

The effect of external constraints on the angular distortions induced
in the studied cases, are evaluated by plotting the simulated angular
distortions after removal of the clamps, as shown in Fig. 20. As was
expected, clamping the specimen at one end permitted the development
of angular distortion freely during the welding, and, therefore, releasing
the related specimens after reaching the ambient temperature had no
effect on the magnitude of the maximum angular distortion. For a higher
degree of geometrical constraints, as experienced by CS1 and CS2,
deformation is prevented during the welding by increasing plastic
strains and reducing elastic strains. Elastic strains or locked-in stresses
are responsible for the deformations after unclamping [17]. As the
external constraints were removed, the remaining elastic strains were
released partially as the specimen started to deform. As can be seen in
Fig. 20, the smallest deformation obtained for the specimen which was
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welded using sequence S2 and was clamped at both ends, while the
largest angular distortion captured for the specimen being clamped only
at one end and was welded using sequence S1. The results of simulations
show that the angular distortion for FS1 is 9.2 % greater than that of
CS1. In the same manner, the angular distortion for FS2 is 7.1 % larger
than that for CS2. Based on the distortions due to the different welding
sequences and external restraints, it can be understood that for this
specimen confguration with a specifed number of short Fllet welds
with a length of 20 mm each, the effect of the welding sequence is
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Fig. 16. Contours of the fnal angular distortion for: (a) CS1; and (b) CS2 (Units are in m).
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Fig. 18. The simulated sequential angular distortions in the restrained condition for: (a) CS1; and (b) CS2.

slightly smaller than that of the external constraints.

In order to compare the effect of clamping on angular distortion
when short Fllet weld changes to continuous Fllet weld, for a similar
specimen, a thermal simulation was performed. The simulation included
deposition of the weld metal on both sides of the T-joint specimen in the
same direction and with the same heat input being applied to the other
cases in this study. The weld length on each side was approximately 122
mm. In the subsequent mechanical analyses, the two boundary condi-
tions, which were previously used for the other welding cases, were
applied. The results of the angular distortion after reaching the ambient

temperature, before and after unclamping for the continuous and short
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Fig. 20. The Fnal angular distortions after unclamping of the specimens.

welds are shown in Fig. 21.

As can be seen in Fig. 21, in the case of continuous Fllet welds, using
higher degree external constraints could considerably reduce the fnal
distortion by increasing plastic strain and reducing the remaining elastic
strains. In the case of short Fllet welds, however, adding more restraints,
only slightly improved the distortion prevention. It can be understood
that in the case of short Fllet welds, adding more rigidity does not
considerably reduce the angular distortion, and other distortion control
techniques, such as applying pre-deformation can thus be considered.

4.2.2. Transverse residual stress

In the current study, transverse residual stresses for FS1 and CS1
along the specifed paths (see Fig. 14) were measured to validate the
corresponding simulation results. The rest of the comparisons are drawn
based on the validated FE models. The stress measurement paths on the
top surface start at approximately 1 mm from the weld toe and are
extended in the X-direction (almost 25 mm in length). It should be noted
that in comparisons of residual stresses, path 1 and path 2 are considered
in the negative direction of the X-axis, while path 3 and path 4 are shown
in the positive direction of the X-axis. Fig. 22 shows the measured and
simulated transverse stresses for FS1 after cooling down to ambient
temperature. As can be seen in Fig. 22, the simulation results are in a
relatively good agreement with the measurement data. It should be
noted that XRD measurement data always fall within an error band
which can be considerable in the FZ and HAZ and hence, the issue should
be taken into account when comparing with simulation results. As
moving from the weld toe in the X-direction, there exist regions of
maximum tensile residual stress in the HAZ at 3-4 mm from the weld
toes predicted by experimental measurements and simulation. Passing
through the HAZ, the tensile residual stresses fall in magnitude rapidly.
As clearly shown in Fig. 22, based on both the simulation and mea-
surements, the peak tensile transverse stress due to the welding of W4 is
considerably greater than that of W1. The measurement data demon-
strate that the maximum tensile transverse stress due to W4 almost
reaches the yield strength of the base material, while the peak residual
stress predicted by simulation exceeds the yield strength of the base

X-direction (mm)

200

0 100
0.0
-1.0 |
E 20
H
= -3.0 1
S
B 4.0 -
=
B -5.0 -
[=|
<
6.0 -
7.0 4
8.0

Short weld (FS1) (Clamped at one end)

Continuous weld (Clamped at one end)

Short weld (CS1) (Clamped at both ends)
Continuous weld (Clamped at both ends)

Fig. 21. The simulated fnal angular distortions for the cases with continuous welds and short fllet welds (FS1 and CS1).
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Fig. 22. Comparison of the measured and simulated transverse residual stresses for FS1 along path 1 and path 4.
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Fig. 23. Comparison of the measured and simulated transverse residual stresses for CS1 along path 1 and path 4, before and after unclamping.

plate slightly. For W1, the maximum tensile residual stress from both the
simulation and measurement is approximately 480 MPa, which is almost
65 % of the yield strength of the base material.

In order to validate the results of the simulation regarding the effect
of external constraints on the residual stress felds, the transverse re-
sidual stresses before and after removal of the external restraints for CS1
were measured and compared with those of the corresponding simula-
tion, as shown in Fig. 23. As is observable in Fig. 23, the simulation
results are in a relatively good agreement with the experimental data in
terms of both the trend and peak magnitudes, before and after removal
of the constraints. Along both paths, after removal of the constraints,
tensile transverse stress fell in value. That is, the approximate peak
tensile stress of 560 MPa in the clamped condition decreased to 480 MPa
after unclamping for path 1. Along path 4, before removal of the con-
straints, the maximum tensile transverse stress can exceed 1000 MPa,
which is considerably greater than the yield strength of the material.
This matter is very important in practice such as intermittently fllet
welded connections, where the joint must be welded in strict restraints
and perform its service in the permanent external constraints. After
removal of the clamps, however, the peak value decreased to yield

strength of the material. In this case, similar to FS1, the peak stress along
path 4 is considerably greater than that of path 1, both before and after
removal of the clamps.

The simulated transverse residual stresses along paths 1-4 for FS1
and FS2 are plotted in Fig. 24 to evaluate the residual stresses induced in
the specimens due to each of the Fllet welds W1-W4. The simulated
transverse stresses for CS1 and CS2 in the clamped and unclamped
conditions are shown in Fig. 25 (a) and Fig. 25 (b), respectively. As can
be observed in Fig. 24, the residual stress Feld developed due to W1, has
the lowest peak magnitude amongst the others, while the stress feld
resulting from the deposition of W4 experienced the greatest peak stress
for both FS1 and FS2. In FS2, where W3 was deposited on side 2 before
W2 on side 1, the peak magnitude in the stress feld due to W3 is almost
55 MPa smaller than that in FS1. The peak value in the stress feld due to
W2 is approximately 75 MPa larger than that in FS1. The maximum
tensile transverse stresses in FS2 along path 2 and path 3 are 529 and
680 MPa, respectively.

As can be seen in Fig. 25 (a) and (b), unclamping lowered the levels
of transverse stress in an approximate range of 100-120 MPa for both
CS1 and CS2, while it retained the distribution patterns similar to the
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