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Abstract: The existing inherent strain method is improved in this paper to address the shortcomings
of the existing inherent strain method in the process of loading inherent strain. Unlike the traditional
inherent strain method, which uses one-step loading inherent strain for each weld seam for one-time
elastic calculation, the improved inherent strain method uses step-by-step loading inherent strain
for each weld seam for multiple elastic calculations to predict welding deformation. The step-by-
step loading inherent strain method (SBS-ISM) is more in line with the actual welding deformation
generation process. Firstly, the local finite element model of the T-joint was used to analyze the
welding deformation and extract the inherent strain by using the thermal elastic—plastic finite element
method (TEP-FEM). Subsequently, the one-step loading inherent strain method (OS-ISM) and the
step-by-step loading inherent strain method (SBS-ISM) were used to predict the welding deformation
for the same local finite element model, respectively. The comparative results showed that the trend
and magnitude of welding deformation calculated using SBS-ISM was much closer to those calculated
using TEP-FEM. The OS-ISM and SBS-ISM were used to predict the welding deformation of the
backward centrifugal fan impeller under different welding sequences, respectively. By comparing the
welding deformation results calculated using the two inherent strain methods with the experimental
results, it was demonstrated that the step-by-step loading inherent strain method (SBS-ISM) provides
more accurate and reliable predictions of welding deformation for large and complex thin-walled
T-shaped structural components compared to the one-step loading inherent strain method (OS-ISM).

Keywords: welding deformation; welding process optimization; numerical simulation; thermal
elastic—plastic finite element method; inherent strain method

1. Introduce

Welding as a commonly used assembly method for connecting steel plates is widely
used in shipbuilding, aerospace, steel bridges, and fan impellers that relies on welded
connections for assembly [1]. The welding process leads to inevitable welding deformation
and residual stress in structural parts due to local uneven heat input. The presence of weld-
ing deformation and residual stresses can seriously affect the accuracy of the installation of
the structure, and excessive distortion can significantly reduce the load-carrying capacity
of the structure [2].

Currently, with the rapid development of computer hardware and related professional
welding software, the traditional welding production model from “theory—experiment—
production” to the modern “theory—computer simulation—production”, this production
model greatly improves the scientific level of the welding process, saving a lot of human
and material resources required for experiments [3]. The current numerical simulation
of welding deformation is based on two main methods: the thermal elastic-plastic finite
element method (TEP-FEM) and inherent strain method (ISM) [4,5]. The TEP-FEM was
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first explored by Professor Ueda at Osaka University in Japan to solve a practical problem.
The method was applied to two-dimensional and three-dimensional models to predict
the welding stress—strain fields at each moment of the welding process [4]. Since then,
more welding researchers have conducted several studies based on the TEP-FEM theory,
all with good results. Based on ABAQUS software, Deng and Murakawa [6] applied
thermal-mechanical uncoupled three-dimensional (3D) and two-dimensional (2D) finite
element models for simulating temperature fields and welding residual stress. Experiments
were also carried out to verify the validity of the proposed numerical model. The calculated
results of the 3D and 2D models were in good agreement with the experimental measure-
ments. YE et al. [7] developed a sequentially coupled TEP-FEM based on the ABAQUS
subroutine for simulating the welding temperature field, residual stress distribution and
post-welding deformation in multi-pass butt joints of SUS304 austenitic stainless steel.
Rong et al. [8] used the TEP-FEM to analyze the welding deformation and residual stress
in the basic T-joint and verified them experimentally. A relevant composite heat source
model form was proposed to simulate the heat flux of laser and arc power in the welding
zone, and the experimental results were in good agreement with the simulation results.
Bajpei et al. [9] used the TEP-FEM to study the buckling of thin plates, considering heat
dissipation due to heat conduction, heat convection and heat radiation. Residual stress and
deformation tests on welded specimens were carried out by using X-ray diffractometry and
CMM. The results showed that the experimental results agreed well with the numerical
simulations. Meanwhile, numerous scholars have conducted extensive research on the
influence of joint geometry on heat transfer behavior and process stability. Hu and Tsai [10]
conducted a study that analyzed the dynamic process of groove filling and the resulting
weld pool fluid flow in the gas metal arc welding of thick metals with a V groove. The
research findings revealed that the presence of the groove promotes smoother flow within
the weld pool, leading to inadequate mixing between the filler metal and the base metal.
Ebrahimi et al. [11]. proposed a computational model that aims to describe the behavior
of the melt pool in root-pass gas metal arc welding (GMAW). This model allows for the
visualization of the complex heat and fluid flow fields in different groove-shaped weld
pools. Experimental validation confirmed the robustness of the computational model.
The TEP-FEM theoretically allows numerical simulations to be carried out on large
and complex structural components, but the results and time spent are often unsatisfactory
due to the limitations of computer resources. In response, the concept of inherent strain was
introduced by Ueda et al. [12,13], who stated that residual welding stress and deformation
arising during the welding process were caused by inherent strain. For large and complex
welded structures, only the inherent strain needed to be calculated and then residual stress
and welding distortion can be obtained using a one-time linear elastic calculation. Since
then, many researchers have used inherent strains to predict welding deformations and
residual stresses. Deng et al. [14] derived the inherent deformations of different typical
welded joints through the TEP-FEM. Based on the obtained inherent deformations, the
proposed elastic finite element method is used to predict the welding deformation of
large welded structures. The effect of the initial gap on the welding deformation was
studied and the experimental results verify the effectiveness of the proposed elastic finite
element method. Thereafter, Deng and Murakawa [15,16] obtained the inherent strains
for T-joints and butt joints, respectively, based on TEP-FEM, and loaded the obtained
inherent strains onto the large structure to be predicted for a one-time elastic calculation.
Comparison of the elastic finite element simulation results with the TEP-FEM prediction
results verifies that the ISM can effectively predict welding deformation. Sulaiman and
Manurung et al. [17,18] predicted the deformations caused by welding of mild steel with
butts and T-joints based on ISM for plate thicknesses of 4 mm, 6 mm and 9 mm, respectively,
and were able to estimate the deformations caused by welding within an acceptable
accuracy by comparing the simulation results with the experimental results. Shen et al. [19]
employed the inherent strain method in conjunction with an artificial immune algorithm to
optimize the double-sided welding sequence for small assemblies in ships. Experimental
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validation demonstrated the feasibility and high efficiency of the immune clonal algorithm
in double-sided welding sequence optimization. Chino et al. [20] employed the inherent
strain method for the fast and efficient prediction of welding deformation in an automotive
component with 23 resistance spot welds, demonstrating good reliability and accuracy
compared to the actual measurement.

The ISM requires less computer resources and requires less computational time than
the TEP-FEM because it neglects heat conduction as well as radiative and convective heat
dissipation. Therefore, the ISM is a more practical and efficient option for predicting
large and complex welded structural components. When using ISM to predict welding
deformation in large structural component, the inherent strain of each joint should be
predetermined based on the type of joint, plate thickness and welding process parameters
of the large structural component [21]. Currently, inherent strains are often obtained using
experimental measurements and based on the established inherent deformation database as
well as by calculating the inherent strain of a typical welded joint using the TEP-FEM [22,23].
In this study, the TEP-FEM was chosen to obtain the inherent strain.

The existing ISM is a one-step elastic calculation of the inherent strain loaded into
the entire weld seam to obtain the welding deformation, which is referred to in this paper
as the one-step loaded inherent strain method or simply OS-ISM [15,16]. According to
inherent strain theory, inherent strain can be equated to residual plastic strain. However, in
the actual welding process, the welding heat source moves forward at a certain speed and
the molten pool at the end of the heat source is subjected to thermal convection and thermal
radiation and gradually solidifies and shrinks along the entire weld, i.e., the residual plastic
strain is generated gradually. As a result, the existing inherent strain methods do not take
into account the motion of the heat source during the prediction of the welding deformation,
which is the gradual generation of the inherent strain, resulting in large errors between
the predicted welding deformation and the actual welding deformation generated. The
existing inherent strain method is improved in this paper to address the shortcomings of
the existing inherent strain method in the process of loading inherent strain. Unlike the
OS-ISM of loading inherent strain, the improved inherent strain method uses step-by-step
loading inherent strain on each weld seam to perform the calculation, which is referred to
in this study as the step-by-step loading inherent strain method or SBS-ISM for short.

To verify the accuracy and reliability of the SBS-ISM, the method was used to predict
the post-welding deformation of the backward centrifugal fan impeller. The backward cen-
trifugal fan impeller is assembled and welded from Q345D steel plates and its components
include a wheel disc, eight blades and a wheel cap, with the dimensions shown in Figure 1.
The plate thickness is 6 mm for the wheel disc and cap, and 3 mm for the blades. The joints
are all welded in a single pass on both sides in the form of a T-joint without grooves, with a
total of 32 weld seams and a foot size of 3 mm x 3 mm, and the welding method is MAG.
Backward centrifugal fan impellers are formed from several thin-walled parts by welding,
with thin sheets and a large number of weld seams, which leads to welding deformation
that is not clearly located before manufacture. Therefore, when performing welding, it
would help to improve the structural design and welding process if its post-welding resid-
ual deformation could be accurately predicted. According to relevant research results,
for multi-pass welded structural parts, optimizing the welding sequence in the welding
manufacturing process can effectively reduce welding distortion [24]. Thus, in the welding
process, not only we should choose suitable welding parameters to ensure the welding
quality of each weld seam, but also the welding sequence and welding direction of each
weld seam should be strictly controlled, so as to minimize the welding deformation and
improve product quality.



Metals 2023, 13,1312 4 of 30

Wheel cap

i_\% U

7 :”3—]-[_'

Curve 1

Wheel disc

%-

Figure 1. The backward centrifugal fan impeller model.

In this study, the TEP-FEM was first used to numerically simulate the welding de-
formation of the local finite element model of the fan impeller and to obtain the residual
plastic strain, i.e., the inherent strain. Subsequently, OS-ISM and SBS-ISM were used to
calculate the welding deformation of the same local finite element model, respectively. The
two different methods of loading the inherent strain were compared with the trend and
size of the welding deformation calculated by TEP-FEM to establish the corresponding
numerical simulation method. Finally, numerical simulations and experimental verification
of the welding deformation generated by different welding sequences of the backward
centrifugal fan impeller were carried out using OS-ISM and SBS-ISM, respectively.

2. Welding Deformation Prediction Methods and Theory
2.1. Thermal Elastic—Plastic Finite Element Method (TEP-FEM)

The TEP-FEM tracks the entire welding process, shows the welding speed in advance
and calculates the melt pool at each moment. The stress—strain increments due to temper-
ature changes at each moment can be calculated and accumulated to obtain the residual
stress and deformation after welding. It follows that the TEP-FEM can be used to analyze
the transient stress—strain state at any time during the welding process. Its calculation
results are similar to the actual welding process, which can simulate the welding process
more realistically, but the hardware requirements for the computer are relatively high
and the calculation time is long, which is usually suitable for the prediction of welding
deformation of small but not complex welded structural parts [25].

2.1.1. Thermal Analysis

The thermal elastic—plastic finite element theory calculates the transient temperature
field in the welding process based on Fourier’s law and energy conservation. A welding
transient heat transfer analysis is performed in the finite element model, followed by
solving the transient heat transfer control equations to obtain the temperature history of
each node during the welding process. The numerical model of the welding temperature
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field is a typical nonlinear transient heat transfer problem. The principal Equation (1) is as
follows [26,27]:

oT 0 oT ] oT 0 oT

PN = 5 (M50 )+ 5 ()05 )+ 2 (05 ) +2 @
Here o(T), cp(T) and k(T) are the temperature-dependent density, specific heat capac-
ity and thermal conductivity, respectively. Q is the internal heat source heating volume
heat flow density (W/m~3). The temperature-dependent thermal physical properties of
the Q345D material are shown in Figure 2 [28]. In this study, it was assumed that the base
material and the filler material were considered to be the same material with identical
thermal physical properties during the numerical simulation. Therefore, they were defined

to have the same material properties in the finite element model.
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Figure 2. Temperature-dependent thermal physical properties of Q345D.

The accuracy of the simulation result depends on the correct choice of the heat source
model, material properties and heat dissipation surface, where the choice of the heat
source model directly affects the distribution of the weld pool. Current models for weld
pool distribution include 2D Gaussian heat source, 3D Gaussian heat source and double
ellipsoidal heat source models [29,30]. Since the robotic welding system in this study
used a MAG welding process, the double ellipsoidal heat source model proposed by
Goldak et al. [31,32] is more in line with its actual melt pool situation, whose physical
model is shown in Figure 3.
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Figure 3. Double ellipsoid heat source model.

The energy distribution of the double ellipsoidal heat source model consists of the
superposition of two semi-ellipsoidal heat inputs of different sizes at the front and rear,
with the following expressions for the heat flow distribution function [32]:

Heat flow distribution in the first half of the ellipsoid (y > 0):

0r(1,1,2,1) = 6\/§(ff’7UI) o 3 3(y + ot)? 322 )
fEY ) = agberty/m P ajzr b2 c2
Heat flow distribution in the latter half of the ellipsoid (y < 0):
_6V3(ful) 3x2 3(y+ot)? 322
Qr(x,y,2,t) = P — exp 2z 2 2 3)

where 77 is the heat source efficiency, taken as 0.8; U is the voltage during welding (V);
A is the current during welding (A); fr and f; are the heat distribution functions of two
different half ellipsoids at the front and rear, and f + fr=2a 1 and a, are the lengths of
the front and rear half ellipsoids, respectively; b is half of the width of the ellipsoid; c is
the depth of the ellipsoid; v is the traveling speed. The parameters of the corrected double
ellipsoidal heat source model for this study are shown in Table 1.

Table 1. Double ellipsoidal heat source model parameters.

Parameter as (mm) a, (mm) b (mm) ¢ (mm) ff fr

Value 5 10 2.15 23 0.67 1.33

The thermal boundary conditions often imposed in TEP-FEM simulations of welding
deformation are heat losses due to heat exchange between the welded component and
the heat source through thermal convection and thermal radiation to the surrounding
environment. Newton’s law of cooling is usually used to consider heat convection losses
during welding, as shown in Equation (4); Stefan—-Boltzmann's law is used to model heat
radiation losses, as shown in Equation (5) [33,34]. The ambient temperature is set to
20 °C in all simulated cases. In this study, it is assumed that all heat losses occur in the
natural environment.

qc = —hc(Ts - TO) (4)

gr = —0e[(Ts +273.15)" — (Tp +273.15)") )

where /1. (= 2.5 x 107> Wmm 2K 1) is the heat transfer coefficient; o'(= 5.67 x 10~8 Wm 2K %)
is the Stefan—Boltzmann constant; ¢(= 0.8) is the emissivity factor; T; is the temperature of
the model surface during the welding process; and Ty(= 20 °C) is the ambient temperature,
so the total heat loss is the sum of the heat radiation loss and the heat convection loss.
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2.1.2. Mechanical Analysis

The exact same finite element model is used in the mechanical calculations as in the
thermal calculations. The process of calculating the welding problem using TEP-FEM is
temperature—stress coupled, and the results of the thermal calculations are loaded into the
same finite element model as the mechanical initial load to solve for strains, displacements
and stresses throughout the welding process. This calculation method requires that both the
thermal and mechanical properties of the material are assigned to the corresponding cells
of the finite element model prior to the simulation [35]. Mechanical calculations require
temperature-dependent mechanical properties such as young’s modulus, yield strength,
thermal expansion coefficient and Poisson’s ratio. The temperature-dependent mechanical
physical properties of the Q345D material are shown in Figure 4 [28]. It should be noted
that in the mechanical calculations, the mechanical properties of the filler material were
also assumed to be identical to those of the base material. In mechanical calculations, the
influence of phase change on plasticity was taken into account, and the material’s elastic
stress—strain relationship was assumed to follow the isotropic Hooke’s law, while the plastic
behavior adhered to the von Mises criterion. Due to the short duration of high-temperature
cycles at each node during the welding process, creep strain is not taken into account.
The work-hardening behavior of the material is assumed to be described by the isotropic
criterion. Therefore, the entire strain increment during the mechanical analysis can be
composed of four strains as follows [36,37]:

A = Ae® + AeP + AeT + Ae' (6)
where Aef'! is the total strain increment, Ae¢ is the elastic strain increment, Ae? is the
plastic strain increment, Ae’ is the thermal strain increment and Ae" is the phase change
strain increment. In addition, the solid phase line temperature (Ts) of Q345D is defined as
1440 °C, the liquid phase line temperature (Tp) as 1505 °C and the mechanical properties
failure point (TF) of the material as 1300 °C. During heating, when the temperature of a
point of the material is greater than 1300 °C, the equivalent plastic strain at that point is set
to zero; during cooling, after the temperature has dropped below 1300 °C, the material can
undergo process hardening from new.

N |
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Figure 4. Temperature-dependent mechanical physical properties of Q345D.
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2.2. Inherent Strain Method (ISM)
2.2.1. Inherent Strain Theory

Inherent strain method (Abbreviation ISM) [12,13] was first proposed by Professor
Ueda at the Institute of Fusion Welding, Osaka University, Japan, and enables the prediction
of welding distortion in large structures. This method considered the residual plastic strain
generated during the welding process as the fundamental cause of welding deformation
and residual stress, and it was named “inherent strain”. The total strain ¢/ during the
welding process is the sum of elastic €, plastic &7, thermal el and creep strains & as well
as phase change strains ¢/, as shown in Equation (7) [38,39].

ot = ¢ P el 4 e ¢l @)

The so-called inherent strain £* can be seen as a source of internal force generation. If
the object is considered to be in a state with neither external nor internal forces as the base
state, the inherent strain €* is the strain that occurs when the object is cut away from the
stress state and is in a free state compared to the base state, and it is equal to the total strain
e!o'! minus the elastic strain ¢, i.e., Equation (8) [38,39]:

& = Etm,‘ftl S el P L &t (8)

If it is assumed that when welding such a weld seam without a welding groove, the
weld seam itself is subjected to a heating process in which the thermal strains of heating and
cooling cancel each other out, the effect of thermal strain need not be taken into account.
Assuming that creep strain and phase strain are not taken into account when welding
materials such as carbon steel, the inherent strain is equal to the residual plastic strain after
welding, i.e., Equation (9) [38,39].

e =g )

Therefore, if the magnitude and distribution of the residual plastic strain is known
and is placed as the initial strain at the weld seam for elastic finite element calculations, the
welding deformation of the entire structural member can be derived. ISM can be applied to
large and complex welded structures and is more economical and practical in predicting
weld distortion.

2.2.2. Inherent Strain Acquisition and Loading Methods

In this study, the residual plastic strain, i.e., the inherent strain, of a typical T-shaped
joint was obtained by using the TEP-FEM. In the software, the inherent strain cannot be
directly applied as a load to the weld seam and its adjacent elements, but the anisotropic
thermal expansion coefficient in the finite element software can realize both longitudinal
and transverse shrinkage of the weld seam. Therefore, it is possible to apply the inherent
strain indirectly using the anisotropic thermal expansion coefficient and the unit temper-
ature load provided by the software. That is, according to Equation (10), the thermal
expansion coefficient can be derived from the given difference between the melting temper-
ature of the material and the environment, given that the value of the inherent strain in
the weld seam is known, so that the inherent strain can be applied indirectly by changing
the thermal expansion coefficient of the corresponding material file in the software [38,39].
In addition, in this study, it is assumed that the inherent strain is the same at all locations
throughout the weld seam, ignoring end effects and the possibility that sudden changes of
inherent strain in the local weld seam due to external constraints [14,40].

=€l =u-AT (10)

where " is the inherent strain value; « is the thermal expansion coefficient, its value is
equal to the value of inherent strain; AT is the difference between the melting temperature
of the material and the environmental temperature, taken as 1280 °C.
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3. Numerical Simulation of Local Finite Element Welding Deformation Based
on TEP-FEM

3.1. Local Finite Element Creation and Constraints

Based on the impeller plate thickness and joint form, a local simulation model of
the T-shaped double-sided welded structure was established with reference to the plate
thickness and the corresponding weld foot size. The dimension of the flange is 300 mm x
200 mm x 6 mm [32], the dimension of the web is 300 mm x 100 mm x 3 mm and the
dimension of the welding foot is 3 mm x 3 mm, as shown in Figure 5a, where J01_WIRE
is the first weld seam, JO2_WIRE is the second weld seam and the direction of the arrow
in the diagram is the welding direction. Since the welding process is an inhomogeneous
heating process, the temperature gradients of the welding heat source and its heat-affected
zones vary considerably. To ensure the accuracy of the analytical results and to speed up
the computation, the mesh of the weld seam and its surrounding locations are encrypted
and the locations away from the weld seam are sparsely divided into meshes. The local
finite element model after dividing the mesh is shown in Figure 5b. The T-shaped local
finite element has a total of 63,700 3D cells and 74,448 nodes. In mechanical calculations,
the external boundary conditions of the finite element model establish only free constraints
that prevent rigid movement and rotation of the model.

Figure 5. Local finite element model (a) and mesh (b).

3.2. Finding the Optimum Welding Parameters Based on TEP-FEM

During production, welding parameters are mostly chosen empirically, followed by
test welds on the plate metals to find the welding parameters that satisfy the quality of
the weld seam. This study was the first to numerically simulate and experimentally verify
the temperature field of a local T-joint using the TEP-FEM to understand the quality of
the resulting weld seams for different welding parameters. The relevant welding process
parameters given in advance are shown in Table 2. The welding power source selected
for this experimental robotic welding system was the FANUC:SFP-P400iB multifunctional
welding machine. The TEP-FEM simulations of the melt pool cross section and the ex-
perimental results are shown in Figure 6, and the optimal welding process parameters
for production are chosen based on the comparison of the numerical simulations and the
experimental results.
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Table 2. The welding process parameters.

Diameter of Welding

Welding Current Voltage . . Welding Speed - . Gas Flow Rate
Method A) W) Welc(l:][r:s1 )ere (m/min) Efﬁzl;ncy Protective Gases (L/min)
0.35
MAG 160 22 12 ggg 0.8 80%Ar + 20%CO, 15
0.65
@
= (a)
1300.00
1214.67
1129.33

1044.00

20.00
OC b
1300.00 ()
1214.67
1129.33
1044.00

Figure 6. Cont.
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1044.00
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T
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1214.67
1129.33
1044.00
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(d)

Figure 6. Comparison of simulated welding pool cross section and experimental weld seam shape
at different welding speeds: (a) [ =160 A, U =22V, v = 0.35 m/min; (b) I =160 A, U =22V,
v=045m/min; (c)I=160A,U=22V,v=055m/min; (d)I =160 A, U=22V,v =0.65 m/min.

As can be seen in Figure 6, the use of the TEP-FEM numerical simulation of different
welding process parameters to obtain the welding pool cross-sectional cloud maps and
test weld seams consistent with the situation, so the choice of heat source model and
the actual welding heat source distribution matches. The TEP-FEM simulation of the
welding pool cross-sectional cloud maps combined with the actual weld seam shapes show
that when the welding speed is 0.35 m/min and 0.45 m/min, due to the excessive linear
energy per unit length, respectively, it results in a large melt pool cross section lead to test
plate weld through or over-melting of the base material; when the welding line energy
is too small for the welding speed of 0.65 m/min, either numerical simulations of the
melt pool cross-section or experimental results indicate that the melt pool cross-section
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is too small to melt the base material well; when the welding speed is 0.55 m/min, both
numerical simulation of the melt pool cross-section or experimental weld seam shape meet
the quality requirements.

Based on numerical simulations and experimental results, it can be concluded that a
welding current of 160 A, a welding voltage of 22 V, and a welding speed of 0.55 m/min
were chosen for good weld seam quality; it is also shown that TEP-FEM can be used to
obtain realistic welding pool cross sections based on welding parameters. Therefore, the
final welding parameters used in this study are shown in Table 3.

Table 3. The optimal welding process parameters.

. Diameter of . Welding
Welding Current Voltage . X Welding Speed .. . Gas Flow Rate
Methods A) W) Welding Wire (m/min) Efficiency Protective Gases (L/min)
(mm) @)
MAG 160 22 12 0.55 0.8 80%Ar + 20%CO, 15

3.3. Numerical Analysis of Local Finite Element Welding Deformation

The overall deformation result calculated using the TEP-FEM for the local T-shaped
double-sided single-pass weld finite elements is shown in Figure 7. The deformation in
the X-direction, i.e., the vertical web direction, is shown in Figure 8a, and the deformation
in the Y-direction, i.e., the vertical flange direction, is shown in Figure 8b. According to
the deformation results, the web plate along the longitudinal direction of the weld seam is
gradually deflected towards the positive direction of X, and the offset gradually increases;
the flange plate is deformed into a V-shaped angular deformation along the longitudinal
direction of the weld seam, and the combined result is consistent with the T-shaped welding
deformation law. The TEP-FEM can be used to obtain the plastic strain distribution at
different moments, with the movement of the welding heat source plastic strain is also
moving forward; the relevant results are shown in Figure 9 for 55, 155, 255 and 30S plastic
strain distributions, respectively.

mm
3.366

3.142
2917
2.693
2.468
_ 2244
2.020
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Figure 7. Overall welding deformation calculated based on TEP-FEM (deformed scale: 6).
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Figure 8. Welding deformation in the X-direction (a) and Y-direction (b) calculated based on TEP-FEM
(deformed scale: 6).
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Figure 9. Plastic strain distribution at different moments calculated based on TEP-FEM.

4. Numerical Simulation of Local Finite Element Welding Deformation Based on ISM

The theory of predicting welding deformation according to the inherent strain method
requires knowledge about the magnitude and distribution of inherent strain [14]. According
to Equation (9), the inherent strain is approximately equal to the residual plastic strain
during the prediction of welding deformation using the inherent strain method. From
Figure 9, it can be seen that the residual plastic strain is mainly distributed in and around
the weld seam. the average residual plastic strain size for the first weld seam is 0.0589 and
the average residual plastic strain size for the second weld seam is 0.0750.

4.1. Numerical Simulation of Local Finite Element Welding Deformation Based on Traditional
Inherent Strain Method

The existing inherent strain method involves loading different inherent strains into the
entire section of the weld seam at once, and then performing one-step elastic calculation
for each weld seam to obtain the final welding deformation. The principle is illustrated in
Figure 10 and is referred to in this paper as the one-step loading inherent strain method
or OS-ISM for short. The same local finite element 3D model as above (Figure 5) was
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used to verify the accuracy of the one-step loading inherent strain method (OS-ISM) in
predicting welding deformation. The obtained inherent strain was loaded into J01_WIRE
and J02_WIRE, respectively, by modifying the thermal expansion coefficients around the
weld seam, and the overall welding deformation resulting from one-step elastic calculation
of the weld seam in turn is shown in Figure 11; the corresponding welding deformation in
the X-direction (perpendicular to the web direction) and Y-direction (perpendicular to the
flange direction) is shown in Figure 12.

0.124
0.116
0.107
0.099
0.091
_ 0.083
0.074
_ 0.066
0.038
0.020
0.041
0.033
0.025
0.017
0.008
0.000

z
Y

Y

Figure 10. Schematic diagram of the one-step loading inherent strain method (OS-ISM).
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Figure 11. Overall welding deformation calculated using OS-ISM (deformed scale: 6).
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ML (b)

Figure 12. Welding deformation in the X-direction (a) and Y-direction (b) calculated based on OS-ISM
(deformed scale: 6).
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As can be seen in Figure 11, the overall welding deformation calculated based on
OS-ISM is consistent with the characteristics of the T-structured welding deformation, but
its distribution trends differ from the one calculated based on the TEP-FEM described above.
A comparison of the deformation cloud maps in the X-direction from Figures 8a and 12a
show that although the web deformation calculated by both methods is offset in the
positive X-direction, there is a significant difference between the two methods in the
process of offsetting. The deformation of the web in the X-direction calculated using the
TEP-FEM gradually increases with the longitudinal direction of the weld seam, whereas
the deformation of the web in the X-direction calculated using the OS-ISM is of the same
magnitude along the longitudinal direction of the weld seam. Similarly, as can be seen from
the deformed cloud maps in the Y-direction in Figures 8b and 12b, there is a difference in
the angular deformation of the flange, although both the TEP-FEM and OS-ISM calculations
show angular deformation. The angular deformation of the flange calculated on the basis
of the TEP-FEM varies in magnitude along the longitudinal direction of the weld seam,
which is consistent with the tendency of the real welding process to result in angular
deformation of the flange. In contrast, the angular deformation of the flange calculated
using the OS-ISM is consistent along the longitudinal direction of the weld seam, which
is different from the angular deformation generated by the real welding. In addition, the
welding deformation calculated using the OS-ISM are bigger in main directions than that
calculated using the TEP-FEM.

The main reason for the difference in welding deformation is that the OS-ISM uses a
one-step loading inherent strain, which does not take into account the fact that residual
plastic strain is generated gradually during the actual welding process. As a result, there
are differences between the welding deformations of the web in the X-direction and the
flange in the Y-direction calculated using the OS-ISM and the actual welding deformations.

4.2. Numerical Simulation of Local Finite Element Welding Deformation Based on the Step-by-Step
Loading Inherent Strain Method

As can be seen from Figure 9 above, whether using the TEP-FEM or judging from
experience, residual plastic strain is generated gradually during the welding process. The
OS-ISM does not take into account the gradual generation of residual plastic strain during
the calculation process, ignoring the fact that the welding deformation generated at the
previous moment will have an impact on the subsequent deformation, resulting in predicted
results with the TEP-FEM calculation of welding deformation has large differences. By
analyzing the shortcomings of the OS-ISM in the process of loading inherent strain, this
study proposes to load inherent strain in steps along the weld seam to predict welding
deformation, which is referred to in this paper as the step-by-step loading inherent strain
method or SBS-ISM for short.

The process for using the step-by-step loading of the inherent strain is illustrated in
Figure 13, which illustrates the loading of the first, fourth, sixth and seventh steps of the
inherent strain near a weld seam. The calculated overall welding deformation is shown in
Figure 14 and the calculated welding deformation in the X- and Y-directions is shown in
Figure 15. From Figures 14 and 15, it can be seen that the welding deformation calculated
based on the SBS-ISM is consistent with the features of the welding deformation for the
T-shaped structure. A comparison of the deformation cloud maps calculated using the
TEP-FEM and SBS-ISM shows that there are good agreement between the overall welding
deformation trend and the welding deformation trends in the main directions.
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Figure 13. Schematic diagram of the step-by-step loading inherent strain method (SBS-ISM).
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Figure 14. Overall welding deformation calculated using the SBS-ISM (deformed scale: 6).
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Figure 15. Welding deformation in the X-direction (a) and Y-direction (b) calculated based on the
SBS-ISM (deformed scale: 6).
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The results calculated with the TEP-FEM were used as a benchmark to evaluate the
errors computed using the OS-ISM and SBS-ISM, and the maximum welding deformation
in the relevant direction is shown in Table 4. In order to compare the differences between
the three calculation methods in more detail and intuitively, the out-of-plane or in-plane
deformation of Line 1 and Line 2 shown in Figure 5a were used to characterize the trend
and magnitude of the welding deformation, and the relevant results are compared in

Figures 16-18.

Table 4. Deformation in different directions under different welding sequences (mm).

Methods

Overall Maximum Def

(with TEP-FEM Errors)

Maximum Deformation
in X-Direction
(with TEP-FEM Errors)

ormation

Maximum Deformation
in Y-Direction
(with TEP-FEM Errors)

TEP-FEM
OS-ISM
SBS-ISM

3.366
4.175 (24%)
3.378 (0.35%)
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2.569 (9.6%)
2.251 (3.97%)
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Figure 16. Comparison of welding deformation trends in the X-direction of the web from the three
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Figure 17. Comparison of welding deformation trends in the Y-direction of the web from the three
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Figure 18. Comparison of welding deformation trends in the Y-direction of the flange from the three
calculation methods.

As can be seen from Table 4, the maximum deformations calculated using the OS-ISM
are greater than the TEP-FEM and SBS-ISM in the main directions. The calculation results
of the TEP-FEM were used as the benchmark, and the OS-ISM was used to calculate the
main directions of the welding deformation error to be a minimum of 9.6%, while the
principal direction of the welding deformation error was calculated to be an angle error
of more than 35%; however, the errors in the main directions of the welding deformation
calculated using the SBS-ISM were within 5%; the minimum error was less than 1%. As
can be seen in Figures 16-18, the trends and magnitudes of welding deformation in the
main directions calculated using the SBS-ISM are in good agreement with the TEP-FEM,
while using the OS-ISM, there is a significant difference between the deformation trend and
magnitude of deformation with the TEP-FEM and SBS-ISM.

One of the most important reasons why the results of the OS-ISM calculations differ
significantly from those of the TEP-FEM and SBS-ISM calculations is that the OS-ISM
predicts welding deformation by loading the inherent strain into the entire weld in one step.
In fact, referring to Figure 9, during the welding process the heat source moves forward
at a certain speed and the molten pool at the tail of the heat source solidifies and shrinks
under the influence of thermal convection and thermal radiation, i.e., the heat source moves
forward, and the heat affected zone at the tail of the heat source gradually cools to produce
residual plastic strain. The solidification of the weld seam at the previous moment has an
effect on the welding deformation caused by the shrinkage of the subsequent weld seam.
The final welding deformation is the result of the interaction and accumulation of residual
plastic strains, i.e., inherent strains, generated at different moments. However, the OS-ISM
does not take into account the gradual generation of inherent strain in the calculation
process, ignoring the fact that the welding deformation generated by the inherent strain
in the previous moment has an effect on the subsequent deformation, resulting in a large
error in the predicted results of the OS-ISM compared to both the TEP-FEM and SBS-ISM.

By employing the SBS-ISM, not only does it ensure the same level of accuracy in
predicting welding deformation as the TEP-FEM, but it also utilizes a linear calculation
method that significantly reduces computation time. Using the local finite element of the
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T-shaped structure as an example, although the SBS-ISM takes longer than the OS-ISM,
the computation time of the SBS-ISM is only 1% of the TEP-FEM while ensuring the same
level of prediction accuracy. Therefore, the SBS-ISM is more suitable for predicting welding
deformation in large and complex thin-walled T-shaped structural components.

5. Prediction of Welding Deformation for the Backward Centrifugal Fan Impeller

The inherent strain (i.e., 0.0589 and 0.0750) obtained from the TEP-FEM-based calcula-
tions above was loaded by modifying the thermal expansion coefficient of the material in
the vicinity of the impeller weld seam. To speed up the time spent on numerical simulations
and to ensure the accuracy of the results, first, the OS-ISM was used to compute welding
deformations generated under different welding sequences, compare the predicted welding
deformations, and find the best welding sequence. Subsequently, based on the optimal
welding sequence, the final welding deformation trends and magnitudes were calculated
using the SBS-ISM, which was combined with experiments for validation.

5.1. The Mesh and Constraints of the Backward Centrifugal Fan Impeller

In order to investigate the effect of all weld seams in different welding sequences on the
welding deformation of the backward centrifugal fan impeller, the impeller was meshed in
3D using HyperMesh 2019 software. The mesh type was dominated by hexahedral meshes.
To reduce the computational time and ensure the accuracy of the analysis, the mesh was
encrypted in the region close to the weld seam and sparsely meshed in the region away
from the weld seam. The impeller and constraints after the mesh was divided are shown in
Figure 19.

" 3

Figure 19. The mesh and constraints of the backward centrifugal fan impeller.
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5.2. Welding Sequence Schemes of the Backward Centrifugal Fan Impeller

To facilitate the illustration of the welding sequence, the weld seams on the impeller
were marked in advance. As shown in Figure 20, The markings 1 — 8 are the weld seams
on the right side of the blades connected to the wheel cover, 9 — 16 are the weld seams
on the right side of the blades connected to the wheel disc, 17 — 24 are the weld seams on
the left side of the blades connected to the wheel cap and 25 — 32 are the weld seams on
the left side of the blades connected to the wheel disc. Since there are 32 weld seams and
countless permutations of welding sequences, it is not possible to numerically simulate the
resulting deformations under all welding sequences. Therefore, this study developed three
typical welding sequence schemes based on the way the welding positioner operated and
adjusted the stance in the robotic welding system, as shown in Table 5.

Figure 20. Weld seams marking schematic diagram.

Table 5. Welding sequence schemes.

Schemes Welding Sequences

1-2—+3-24—-55—-6—>7—-8—29—->10—-11—-12—-13—->14—>15—16
1 —17—=18—19 —>20—21 - 22 —23 24 25 —+26 - 27 — 28 -+ 29 —
30 — 31 — 32

1-9—-2—-10—-3—->1—-4—+12—-5—-13—-6—>14—>7—15—-8—16
2 —17—=-25—-18—>26 —+19 —-27 520 - 28 - 21 —+29 — 22 — 30 — 23 —
31 24— 32

24—+532—-51—-9—-517—-525—-2—-510—18—26 >3 —11 —>19 27 —» 4
3 —-12—-20-28—-45—+13—-21-429—-6—14—>22—-30—-7— 15— 23 —
31 -8 —16
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6. Results and Discussion
6.1. OS-ISM-Calculated Welding Deformation

The conditions for the welding simulation were set as required in the program, and
numerical simulations were performed using the OS-ISM to produce results for the welding
deformation for different welding sequences, as shown in Figure 21.
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Figure 21. Welding deformation of the backward centrifugal fan impeller calculated using the OS-ISM
for different welding sequences: (a) Scheme 1; (b) Scheme 2; (c) Scheme 3.
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As can be seen from Figure 21, the overall deformation after welding is consistent
when the welding sequence is changed to ensure that the other welding conditions are
the same. Significant post-welding deformation locations all appear at the outer edge
of the wheel disc between the two blades, with upward warping deformation and wave
deformation along the outer edge of the wheel disc. However, the three welding sequences
produced some differences in the maximum post-welding deformation in each direction,
as shown in Table 6.

Table 6. Maximum deformation in various directions resulting from different welding sequences (mm).

Schemes Overall Deformation X-Direction Y-Direction Z-Direction
1 6.470 1.531 1.518 6.451
2 6.465 1.511 1.478 6.447
3 6.518 1.405 1.339 6.500

As can be seen from Table 6, different welding sequences produce the maximum
deformation in the Z-direction, the maximum deformation in the X- and Y-directions in
their respective welding sequences are similar; Scheme 3 is relative to Scheme 1 and Scheme
2 in the X- and Y-directions in reducing the maximum deformation by more than 7%, but
the overall and maximum deformations in the Z-direction are only 0.8% higher. Therefore,
the welding sequence of Scheme 3 is optimal.

6.2. SBS-ISM-Calculated Welding Deformation

Numerical simulations used the SBS-ISM on the welding sequence of Scheme 3 re-
sulted in the welding deformation shown in Figure 22. The deformation trends are consis-
tent with those calculated using the OS-ISM, with the maximum deformation occurring
at the outer edge of the wheel disc between the two blades, which appears to upwarp
warping deformation, with the same wave deformation along the outer edge of the wheel
disc. Although the OS-ISM and SBS-ISM calculate similar trends in welding deformation,
there is a significant difference in the calculated maximum deformation. This is similar to
what was seen in the calculation of the local finite element welding deformation above, i.e.,
the results using the OS-ISM are larger than those using the SBS-ISM.

mm
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L 2406
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1.531
1.312
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0.875
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Figure 22. Welding deformation of the backward centrifugal fan impeller under Scheme 3 was
calculated using the SBS-ISM.
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6.3. Comparison of Numerical Simulations with Actual Welding Deformation Produced
by Welding

Welding experiments were carried out on the backward centrifugal fan impeller in
accordance with welding sequence 3, and the experimental scenario is shown in Figure 23.
The post-welding deformation of the impeller obtained after welding was completed and
the deformation in Figure 22 basically matches. The significant deformation was found
at the outer edge of the wheel disc between the two blades, which appeared to be an
upward warping deformation, with the entire outer edge of the wheel disc showing wavy
deformation. After actual measurements, the position of the maximum deformation after
welding also occurred at the middle of the outer edge of the wheel disc between the two
blades. Figure 24 shows the deformation at the outer edge of the wheel disc in the middle
position between the blades before and after welding, respectively. In order to visually
compare the experimental results with the SBS-ISM and OS-ISM numerical simulation
results, Curve 1 (as shown in Figure 1) of the wheel disc was selected to compare the
welding deformation in the direction of the vertical wheel disc with the measured welding
deformation, as shown in Figure 25.

s
AR

Figure 24. Comparison of wheel discs between before and after welding: (a) before welding; (b) after
welding.



Metals 2023, 13, 1312

27 of 30

8 _ —— OS-ISM (Curve 1)
g 5 —— SBS-ISM (Curve 1)
5 ®  Experiment (Curve 1)
b
T 6
N
°
g 5-
=
1c—=l -
E 44
=)
k5! . "
3
=0 3
=
&
= 2-

| 4 |

0 500 1000 1500 2000

Distance (mm)
Figure 25. Comparison of numerical simulations and experimental result.

Based on the comparison between the experimental measurement results and the two
numerical simulation results based on the inherent strain method, it can be concluded that,
firstly, although the deformation trend of the outer edge of the wheel disc is the same as
that calculated using the OS-ISM and SBS-ISM, both showing wave deformation, but the
welding deformation value calculated using the OS-ISM is larger than that calculated using
the SBS-ISM. Secondly, the maximum deformation values measured experimentally are
10% larger than the maximum deformation values calculated using the SBS-ISM; finally,
the experimental results are consistent with the deformation trend calculated using the
OS-ISM, but the welding deformation has a large error: the error value exceeds 70%.

A very important factor contributing to the larger welding deformation results calcu-
lated using the OS-ISM compared to the experimental results and to the welding deforma-
tion results calculated using the SBS-ISM is described in Section 4.2 above. In welding, the
residual plastic strain, i.e., the inherent strain, is not generated at the same moment by the
effects of thermal convection and thermal radiation. In contrast to the SBS-ISM proposed in
this paper, the OS-ISM does not take into account the gradual generation of inherent strains
during the calculation process, ignoring the fact that the welding deformation generated by
the inherent strains at the previous moment have an impact on the subsequent deformation,
and that the final welding deformation is the result of the interaction and accumulation of
inherent strains at different moments.

In conclusion, the proposed SBS-ISM demonstrates high accuracy and reliability in
predicting welding deformation for both small and large thin-walled T-shaped structures.
Although the SBS-ISM takes longer than the OS-ISM, it still saves a lot of time compared to
the TEP-FEM, which is based on a nonlinear calculation.
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7. Conclusions

For the defects of the existing inherent strain method in predicting welding deforma-
tion, this paper proposed a step-by-step loading inherent strain method (SBS-ISM) to predict
the welding deformation of a T-shaped structure, also using the thermal elastic—plastic
finite element method (TEP-FEM) and one-step loading inherent strain method (OS-ISM)
for comparison. Finally, the OS-ISM and SBS-ISM were used to numerically simulate and
experimentally validate the predicted welding deformation of the backward centrifugal
fan impeller, respectively. The main conclusions are summarized as follows:

(1) Use of the TEP-FEM in combination with a double ellipsoidal heat source model
enables accurate simulation of welding pools in accordance with welding parameters,
leading to the discovery of optimal welding process parameters and greatly reducing
the problem of finding optimal welding parameters experimentally.

(2) The TEP-FEM, used to obtain the residual plastic strain of the local model welded
joint, and then combined with the inherent strain-based method, can quickly simulate
the welding deformation of different welding sequences, so as to find the optimal
welding sequence according to the deformation situation.

(38) For thin-walled T-shaped structures, the step-by-step loading inherent strain method
(SBS-ISM) is more in line with the actual process of residual plastic strain genera-
tion during welding. Consequently, the welding deformation trends and magni-
tudes simulated using the SBS-ISM are more consistent with those obtained from
TEP-FEM simulations.

(4) Combining the TEP-FEM with the SBS-ISM enables accurate simulation of welding de-
formation in large and complex thin-walled T-shaped structures such as the backward
centrifugal fan impeller. This provides an effective solution for simulating welding
deformation in more complex welded structural components.

(5) The SBS-ISM is computed linearly, and although it takes longer than the OS-ISM, its
prediction accuracy is comparable to that of the TEP-FEM, and the computational
time spent is significantly reduced compared to the TEP-FEM.
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