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Abstract: The article presents an innovative method of reducing welding distortions of thin-walled
structures by introducing structural and technological changes. The accuracy of the method was
demonstrated on the example of welding the stub pipes to the outer surface of a thin-walled tank with
large dimensions, made of steel 1.4301 with a wall thickness of 1.5 x 10~ (m). During traditional
Gas Tungsten Arc Welding (GTAW), distortions of the base are formed, the flatness deviation of
which was 11.9 x 1073 (m) and exceeded the permissible standards. As a result of structural and
technological changes, not only does the joint stiffness increase, but also a favorable stress state is
introduced in the flange, which reduces the local welding stresses. Numerical models were developed
using the finite element method (FEM), which were used to analyze the residual stresses and strains
pre-welding, in extruded flanges, in transient, and post-welding. The results of the calculations for
various flanges heights show that there is a limit height h = 9.2 x 1073 (m), above which flange cracks
during extrusion. A function for calculating the flange height was developed due to the required
stress state. The results of numerical calculations were verified experimentally on a designed and
built test stand for extrusion the flange. The results of experimental research confirmed the results of
numerical simulations. For further tests, bases with a flange h = 6 x 103 (m) were used, to which a
stub pipe was welded using the GTAW method. After the welding process, the distortion of the base
was measured with the ATOS III scanner (GOM a Zeiss company, Oberkochen, Germany). It has been
shown that the developed methodology is correct, and the introduced structural and technological
changes result in a favorable reduction of welding stresses and a reduction in the flatness deviation
of the base in the welded joint to 0.39 x 10~3 (m), which meets the requirements of the standards.

Keywords: welding; distortion; thin-walled structures; structural and technological changes; ad-
vanced method; FEM; numerical calculation; heat transfer; welding stress

1. Introduction

In mechanical engineering, welding is most often used as inseparable connections
of components. In the case of large-size welded steel structures, mainly of low stiffness,
the basic problem is their deformation in the form of permanent displacements and defor-
mations. The cause of deformation is the local welding stresses arising as a result of the
impact of thermal phenomena occurring during welding. For each responsible engineering
design, a Welding Procedure Qualification Record (WPQR) is developed along with an
approved Welding Procedure Specification (WPS). Carrying out instructions requires a
lot of knowledge and professional experience. When designing and producing large-size
structures, prototypes are usually used. In such cases, it is not possible to perform tests
or introduce changes to production. Therefore, design and technological errors cannot
be allowed. In the case of designing structures, tools supporting the engineer’s work are
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commonly used in the form of Computer Aided Design/Computer Aided Engineering
(CAD/CAE) tools (preparation of documentation and engineering calculations). However,
CAE methods are rarely used to design technologies, especially those with a complex
course of physical phenomena. The reason is that the construction of numerical models of
technological processes is complicated and goes beyond the scope of typical engineering
knowledge. Welding of elements is a particularly difficult process to design, because the
connected parts are subjected to complex thermal phenomena and structural changes.
The heat source, which may be a gas flame, an electric arc, a plasma beam, an electron
beam, or a laser beam, moves along the welding line, intensely heating the weld area [1,2].
The movement of the heat source also causes uneven heating of the joined elements. The ar-
eas surrounding the joint are subjected to various heating up to the melting point of the
material and then cooled down to the ambient temperature. Such large changes in temper-
ature are accompanied by the phenomenon of expansion and contraction of the material.
Temperature expansion of bodies causes stresses, displacements and welding deformations.
Uneven temperature distribution and unsteady heat flow are the cause of different thermal
and mechanical reaction of connected elements. Thermo-mechanical properties of metals
influence the kinetics of stresses and thermal deformations, and consequently deformations
of the structure [3,4]. Depending on the design solution and the developed technology
of production of welded parts, both deformations and stresses will appear in different
ways [5,6]. In the case of massive (rigid) structures made of thick elements, the welding
deformations are small, while the stresses in the areas of welded joints can reach high
values. On the other hand, low rigidity (flaccid and thin-walled) structures tend to distort
after welding. In such cases, the forces resulting from thermo-mechanical phenomena
are so great that they are able to overcome the stiffness of the elements and cause their
deformation. However, the stresses in such structures are lower. Various constructional
and technological methods can be used to reduce the adverse impact of welding stresses
and deformations on the structure being produced. Currently, the most important methods
of reducing welding distortion are [7-18]: pre-welding, in transient welding distortion,
and post-welding distortion prevention method. As a rule, the pre-welding distortion
prevention method uses properly designed welding guns. The methods of in transient
welding distortion prevention method include preheating of the welding zone and ade-
quate cooling after welding [3]. However, in Reference [19], the method of rolling welds
(post-welding) is presented, which introduces favorable compressive stresses reducing
welding stresses. This method can be used for rigid objects, but it is not suitable for slender
objects, such as thin-walled large-size tanks with connectors. Reference [20] analyzes the
influence of the rolling process of welded sheets that are subjected to the deep drawing
process. The beneficial effect of introducing compressive stresses during the rolling mill
after welding was demonstrated. The changes introduced in the surface layer of the welded
area as a result of rolling allowed a significant reduction of deformation after extrusion.
Gunnert [21] focuses on a specific residual stress measurement method and the releasing
of residual stresses by drilling a ring groove around the measuring marks arranged in a
star pattern. Malisius [22] analyzes the influence of residual stresses in terms of the risk of
crack initiation.

Reference [23] presents the effect of post-weld heat treatment on the residual stress and
deformation of the structure made of 20/0Cr18Ni9 steel. The method gives good results;
however, it is difficult to apply in the analyzed case of a thin-walled tank structure, as it
may lead to additional uncontrolled deformations. The possibilities reduction of welding
residual stresses and deformations were analyzed also in the works [24,25]. Reference [26]
analyzes the deformations formed after laser welding. The results of the effect of normaliz-
ing treatment on the deformations and microstructure formed have been presented. It has
been shown that the use of heat transfer as a post-welding distortion prevention method
gives good results and enables the reduction of welding stresses. Reference [27] presents
the results of numerical analyzes validated experimentally during the welding process.
It has been shown that the application of the finite element method (FEM) model enables



Materials 2021, 14, 504

30f24

effective design of welding technology with the use of thermal analyzes. Reference [28]
presents an analysis of the influence of the welding process of steel sheets on the occurring
thermal deformations. The analyzes were performed using FEM, which was verified ex-
perimentally. FEM analyzes showed high compliance with the real object, confirming that
FEM is an effective method of modeling thermal phenomena arising during the welding
process. Reference [29] presents a numerical method of predicting deformations in welded
joints of thin sheets. High compliance of the numerical models with the experimental ones
has been demonstrated, which allows us to conclude that thermal analyzes using FEM are
a good tool for estimating the distortion of thin-walled structures after welding.

Based on the literature analysis, it was found that there is a need for effective, cheap
and simple methods of reducing deformations resulting from welding [30-34]. The de-
scribed methods of reducing welding stresses are suitable for rigid structures, but are not
suitable for reducing stresses in low-rigid structures [35,36]. The problem is particularly
significant in the context of the production of large-size thin-walled welded structures
with low stiffness. Therefore, the presented article concerns an innovative method of
reducing welding deformation. It belongs to the pre-welding distortion prevention method
and applies mainly to thin-walled and low-rigid structures. The essence of the proposed
method is the introduction of structural and technological changes. First, favorable design
changes are introduced that increase the stiffness of the structure. Then, technological
changes are introduced, which at the same time additionally increase the rigidity of the
structure and introduce a favorable stress state that reduces the stresses arising in the weld-
ing process. As a result, the deformation of welded structures, which reach the permissible
level, is reduced. Both in the first and the second stage, computer-aided design using FEM
and numerical methods is used. The method is presented on the example of a thin-walled
tank to which connection stubs are welded (Figure 1). The analyzed tank is a flaccid shell
structure, not resistant to point loads. However, it exhibits high stiffness and strength
during even loading with internal pressure.

Tank shell . i

D

A

Y

Figure 1. An example of a thin-walled tank for a liquid with stub-pipes.
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In the paper, an algorithm for reducing the deformation of the coating in the welding
area was developed, which will be described on the example of a welded joint, which con-
sists of a stub pipe welded, by means of a one-sided fillet weld, to the outer surface of a
cylindrical tank with an outer diameter of D = 3.6 (m), height H = 4.7 (m), and a capacity
of V = 50 (m3), made of austenitic steel 1.4301, with a wall thickness of t = 1.5 x 1073 (m)
and an opening with a diameter of dy (Figure 1). During welding, the welding stresses
generated cause an unacceptable deformation of the tank shell.

A block diagram of the advanced constructional and technological method of distor-
tion reduction in welded structures, using FEM, is presented in Figure 2.

Analysis of the actual
welded structure and
development of input
data

_________ p| Construction of a computer model of the
actual welded structure

i I No | Yes |
:_ ________ >| Assign material data | Whether the features of
H the model correspond to
] .
________ . . th 1 object?
H >| Assign boundary conditions | € reat objec
: | ,
, N Validation of correctness the developed
r model geometry
| |
1
i >| Create loads, contacts and interactions I-
' |
i_ ________ q Selection of the appr.upriate FEM mesh
H den|51ty
1
! Calculation of the state of stresses and No | Yes |
b »  deformations in the model of welded Is the numerical model
' structure
i : accurate enough?
Fo======- >| Solution sensitivity analysis |
1
! [
1
R > Verification of the correciness of the
! developed numerical model
1
1
R > Measurement of deformations in the model |
! the actual welded structure B
' I
1
R > Compare the simulation results with the
. experiment results
| [
R > Development of a modified structure of
! welded part
i I
R > Development of the technology of flange
H extrusion
; I
U > Calculation of the stress state in the drawpiece
: depending on the height of the flange
: |
L Calculation of the state of stresses and
' deformations in a modified welded model
Yes No I
- - Measurement of deformation in a modified
Do the simulation results Ided oint
are consistent with the we el Jorn
results of experlme?nfal Verification of the correctness execution of
meastrements? the modified joint
A I

Figure 2. Flow chart of finite element analysis of coupled thermal and mechanical effects during welding of thin-walled structures.
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Problem Definition

The problem to be solved in the presented article is the development of an innovative
method of reducing welding deformations and checking it on the example of welding joints
for large-size thin-walled tanks made of austenitic steel 1.4301. Currently, the Gas Tungsten
Arc Welding (GTAW) welding of a stub-pipe to a quasi-flat shell surface with an opening
without a flange causes its deformations leading to distortions within the heat-affected
zone. The cause of the unfavorable phenomenon is the welding stresses occurring during
welding, which cause unacceptable longitudinal, transverse, and thickness contractions.
The proposed methodology is to prevent such unfavorable situations and reduce welding
deformations to an acceptable level. The correctness of the developed calculation methodol-
ogy was verified on the example of the designed welded joint. For this purpose, tests were
carried out on appropriate samples. The surface of the cylindrical tank was replaced
with its fragment in the form of a 0.2 x 0.2 (m) flat sample (Figure 3). The sheet plane
was additionally strengthened by introducing bends at the edges. The sheet thickness
for the analyzed case is t = 1.5 x 1073 (m), while the dimensions of the stub pipe are
¢ 28 x 1.5 x 1073 (m) and the height is h = 0.05 (m). Both elements are made of 1.4301 steel.
The samples prepared in this way correctly model the stiffness of the tank shell structure.
Before the actual samples were made, numerical analyzes and preliminary experimental
tests were carried out in order to correctly develop adequate shapes and dimensions of
samples for the actual tests.

$28

A A A A A AN A AN,

(b)

Figure 3. Welded tank structure: 1—cylindrical tank, 2—stub pipe, 3—one-sided fillet weld, 4—opening in the tank for the
stub pipe (a), a test sample with modeled tank jacket area (b).
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Austenitic steel 1.4301 containing in its chemical composition 17-19.5% chromium (Cr)
and 8-10.5% nickel (Ni), in addition to corrosion resistance, shows high ductility, which
makes it very susceptible to cold forming and welding. An important attribute is the ability
to strengthen the material by means of properly developed cold working. Table 1 shows
the physical and mechanical properties of EN 1.4301 steel at a room temperature of 293 °K.

Table 1. Physical and mechanical properties of austenitic steel EN 1.4301.

Average coefficient of thermal expansion
& 293 °K—673 °K (K1) P 17.5 % 107
Thermal conductivity (W/(m-K)) 15
Specific heat at 293 °K (J/ (kg°K)) 500
Electrical specific resistance (/Q m) 0.73 x 10~
Density (kg/m?) 7900
Melting temperature (K) 1673-1723
Yield point Re (Rpg ) min (N/ m?) 230 x 100
Tensile strength (N/m?) 540-750-10°
Elongation at break A5 min (%) 45
Hardness HB 215
Modulus of elasticity E (Pa) 193 x 106

First, the stub pipe was welded to the base of the sample in the same conditions
as when welding the stub pipe to the real tank. Welding was carried out using the TIG
(Tungsten Inert Gas) method (method 141) (GTAW). The view of the sample after weld-
ing is shown in Figure 4a, while the virtual model obtained after 3D scanning with the
ATOS III scanner (GOM a Zeiss company, Oberkochen, Germany) in Figure 4b. The pre-
sented figures show the maximum deviations from the flatness at the base corners of
Ah e (—0.7; 11.09) x 1073 (m), which is unacceptable from the point of view of the
tanks construction.

X105 m) 107 B

Figure 4. Test sample after TIG welding (method 141) (Gas Tungsten Arc Welding (GTAW)): photo of the real object (a),
virtual model after 3D scanning with ATOS III scanner with measured deviation from the flatness values (b).

2. Numerical Solution of the Problem

The algorithm of proceeding according to the proposed innovative method of struc-
tural and technological reduction of welding distortions includes three main stages that
must be performed in order to correctly solve the given problem:
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(1) Development of a mathematical model of the welding process and the method of its
solution. Then, a numerical calculation of welding displacements, strains, and stresses
for traditional construction.

(2) Development of a model of an innovative structure increasing the rigidity of the
system and development of a technology for manufacturing joint components. For this
purpose, numerical models and methods of its solution should be developed, and then
numerical calculation of stiffness, displacements, deformations, and residual stresses
remaining in the structure after the technological process.

(3) Development a model of welding process of innovative structure with increased
stiffness and a consciously shaped state of residual stresses. For this purpose,
numerical models were developed to calculate the stress and deformation states
in the welded joint, in which the proposed design and technological changes were
applied. The correctness of the calculations were verified experimentally on special
samples (Figure 3b).

In the next part, the individual stages of the procedure are presented, for example,
by welding the socket to the base of the sample modeling the tank shell. The first stage of
work was to develop an adequate numerical model of the welding process in order to de-
termine deformations, strains, and stresses after the welding process. The second stage was
the development of an adequate numerical model of the stiffening flange extrusion process,
which, at the same time, introduces compressive stresses in the weld zone. The third stage
was the development of an adequate numerical model of the welding process of a stub
pipe with a stiffening flange. The obtained final result of the deformation state after the
third stage makes it possible to predict the behavior of the real object.

2.1. Modeling of the Welding Process

The essence of modeling is to develop models of real systems, taking into account the
required accuracy and acceptable modeling costs. Therefore, it is important to simplify
the models as much as possible while obtaining correct simulation results. For modeling
the welding process, due to the adopted aim (determination of the deformation state of
the structure), only the analysis of the influence of thermal phenomena was undertaken.
It is well known that when the temperature of the part increases, the value of plasticizing
stress decreases, which, in extreme cases, can drastically reduce its stiffness. Therefore,
the correct determination of the strength of a thermally loaded part requires knowledge,
apart from the strength of materials, also of the thermodynamics of materials.

2.1.1. Mathematical Model of Heat Movement
Incremental Differential Equation of Heat Transfer

The analytical determination of the object’s temperature rise field during heating
comes down to the solution of a nonlinear differential equation called the Fourier-Kirchhoff
equation, for the general case, i.e., when there are moving heat sources and heat transfer
occurs through conduction, convection, and radiation.

Nonlinearity of thermal phenomena requires the use of an incremental description.
Therefore, an updated Lagrange description was adopted, which assumed knowledge of
the temperature fields at the initial steps ty and actual t, while a solution is found for the
next step T =t + At, where At is a very small increment of time. Then, the heat transfer
incremental equation for a typical incremental step t—7, in a fixed frame of reference {z},
for the case of mobile external heat sources, describes the transient temperature-rise fields
in volumes of an object where heat is transferred by conduction. This equation has the
form [37-41]:

div{IA(T) - grad [AT(z,A0]} +7Aq() = IC(T) 1o (T) - 7aT(z a0, ()

where:
I[fAT(z, At)]

TAT _
tAT(Z, At) = pm

@)
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is the rate of temperature rise, IA({T), {C(IT), {p(T) are the temperature-dependent ther-
mal conductivity, specific heat, and material density, respectively, at the beginning of the
step, and FAq(+) is the increment in the efficiency of heat sources resulting from welding.

An analytical solution of Equation (1), taking into account the initial condition and
boundary conditions, consisting in determining the temperature-rise fields is not possible
due to their entangled, complex form of the formulas for heat flux increases for a moving
heat source and the dependence of thermophysical constants on temperature. However,
an approximate numerical solution is possible. For this purpose, a variational formulation
was used in which the developed functional is the total enthalpy of the system. Applying
the stationarity condition of the functional, a variational equation of heat movement was
obtained, which was discretized by the finite element method, resulting in a discrete
equation of heat movement of the tested object.

Discrete Equation of Heat Motion
The object is divided by finite elements and the spatial discretization of the variational

equation is performed. After the transformations, the discrete equation of heat motion is
obtained in incremental form for a typical time step t—:

(e {Fad} + (['KY] + K] + K] + ['KV] ) {ra0) = (faQ} + {FaQ'}, @)

where ['C] is the global heat capacity matrix (at the beginning of the step), [th] is a
global thermal conductivity matrix, ['K¢] and ['K"] are global type Il boundary condition
matrices, convective (index c) and radiation (index r), ['K!V] is a global matrix of type IV

boundary conditions, and {fAQ} and {tTAQI} are global vectors on the step of heat load
increment and type I boundary conditions, respectively.

Solving Discretized Equations of Heat Motion

The matrix Equation (3) is a system of N ordinary differential equations with constant
(on an incremental step) coefficients. This equation is the basis of an approximate solution
to the discussed problem. The solution is to calculate the temperature rise in the nodes
of the object. Equation (3) contains twice as many unknowns as there are equations.
In order to reduce the number of unknowns to the number of equations, the following
approximation methods are used: Wilson, Newmark, Houbolt, or Newmark-Wilson [37-41].

These methods express the vector of temperature velocity increase in nodes {f A@} by

means of temperature rise in nodes fA®. This transforms the system of differential
equations into a system of algebraic equations. The use of these methods to approximate
Equation (3) and the solution of the obtained algebraic equation system in order to calculate
the temperature fields in the nodes of a discrete object are presented in the works [37-41].
In the exemplary approximation of the transient heat flow equation, the Houbolt method
was used, in which the formula for the first derivative of temperature versus time is [42,43]:

{fo} =m{rae}—nfio} +u{fio] —u{ e}, )
where: a1 = 11/(6At), ay =7/(6At), az = 3/(2At), and a4 = 1/(3At) are integration constants.

By inserting expression (4) into the matrix Equation (3) and ordering it with respect to
the variable fA@ the following equation is obtained:

'] rae) = {raa} + {1}, ®)
where: ['K| = ai['C] + 'K + ['K] + K] + 'K, ©)

{té} _ [tq (az{t(a} _ a3{t—At®} +a4{t—2At®}>, @)
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{fAQ} = {Fa0Q} + {7aQ'}. ®)
Effective matrix {tf(} in the discretized system of Equations (5) and an effective

vector té are known by design and assumed at the beginning of the incremental step.
The component part of the vector {fA®} is also known after taking into account the type I
boundary conditions. And the vector {fAé is unknown as it depends on the unknown
temperature rise at the step considered. However, when using the iterative procedure, it is
assumed that some of the components of the vector {fAé} is known from the previous

iteration. Then, the nodes of the discrete model are divided into those in which: the heat
load increase is given, and the temperature increase is unknown— nodes, the temperature
increase is given, and the heat load increase is unknown—uw nodes.

Then, Equation (5) can be written in block form:

tlznxn tknxw A ;X1 rRnxl
| [ aepy et e
~wxn ~ WXW {;cAGEUXl} - {?Aé;uxl} + {té;uxl} . ( )

'Ky 'Ky
Iterative solution of the system of equations in block I with respect to the unknown
vector of temperature increase in nodes {fA©1 }, from the following system of equations
obtained from (9):

i

- —1] ; ~ 1] ~ Y
[tKann {;rAgl}le = {tTAQ1} + {th}Ml - {tKlz} - {fA02},,q-  (10)

nx1 n

Then, substituting the resulting vector {fA® } to the equation:

Rt o L P [i] N L )
{ AQZ} = '"Kat| 7A@+ [Ka| {FAG} 0 — { Qz} ,
wxn wxw wxl

wx1

the unknown load increment vector in the i-iteration is obtained. After which, inserting
{FfA®} to formula (4) the vector is obtained {fAG) } A special startup procedure is used
for the time f = t,.

Thermal Strength Calculations

The methodology presented in Section 2.1.1 was used to calculate the temperature
when welding the socket to the base of the sample, shown in Figure 3b. During the welding
process, the material is locally heated up to the temperature of T = 3273 °K and quick
cooled to ambient temperature T = 291 °K. Phase transformations and welding stresses
cause deformation of the structure. The discrete model of the research object, containing
NE = 154,802 finite elements of SOLID type, and NN = 291,954 nodes with added boundary
and initial conditions are shown in Figure 5a, while the simulation results are shown in
Figure 5b.
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Ambient temperature
T=291'K

4107 (m)

—
(a)

F 600
525 Gl
s 2
75 =1

Movable heat source with 20
x
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T=3273K

0,0078978 Min

4% 102 (m)

—

(b)

Figure 5. Discrete model of a test sample with added initial and boundary conditions (a), the state of effective stress after

the welding process (b).

(€Y

2.2. Introducing Design and Technological Changes

The developed numerical model makes it possible to calculate the stress state and
deformation of the structure after welding. In the analyzed case, it was confirmed that
the stresses caused by the welding process in the primary structure exceed the value of
plasticizing stresses and lead to uncontrolled deformations of the structure (oy < oR).
For the analyzed case, the maximum deviation from the flatness are Ah = —8.5 x 1073 (m),
which is a value similar to that observed in the experiment.

In order to increase the stiffness of the sample structure, a structural and technological
change was introduced for the analyzed case, replacing the existing hole in the shell with a
flange of an appropriate height. Such a solution will increase the stiffness perpendicular
to the base surface. Plastic extrusion of the flange increases the stiffness and additionally
introduces favorable compressive stresses caused by circumferential stretching of the hole.
It is assumed that the stresses introduced in the flange will reduce the welding stresses and,
consequently, lower the deformation of the welded joint to an acceptable value.

Modeling of the Construction Process Increasing the Rigidity of the System-Flange Extrusion

In order to determine the required height of an extruded flange to produce the desired
stress state, the relationship of the stress state to the flange height was first determined.
Then, as a result of solving the inverse problem, the required height of the flange was
determined. A cross-section view of the designed exemplary flange extrusion tools with a
heighth; =6 x 1073 (m) (named model h6) and height h; = 1072 (m) (named model h10),
is shown in Figure 6.

I

-

() ©

Figure 6. Cross-sections of the tools used for the circumferential stretching of the holes: a flange forming tool h; =6 x 10~ (m)

high (a), a flange forming tool h, = 1072 (m) high (b), and theoretical geometrical parameters of a shaped flange (c).
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Knowing the previously adopted assumptions, it is possible to calculate the ap-
proximate value of the initial diameter of the hole d,. For the theoretical flange height
h; =6 x 1073 (m), the hole diameter carries out dy=19.225 x 10~3 (m), and for the the-
oretical flange height hy = 1072 (m)-the value dg = 11.225 x 1073 (m). From the calcu-
lated value to on the basis of [44-47], the theoretical wall thickness t of the drawn flange
was calculated. For h; = 6 x 1073 (m) and r = 1, the result was t = 1.278 x 1073 (m),
while for hy =1072 (m) and r = 1, t = 0.976 x 10~3 (m). In order to assess the stress state in
the product after the process of shaping the reinforcement flange and to assess the possibil-
ity of shaping the reinforcing flange, computer simulations of the process were performed.
Numerical analyzes were performed using FEM. The drawing process was considered
as a geometrically and physically nonlinear boundary-initial problem, in which there are
nonlinear, moving and variable in time and space boundary conditions. The boundary con-
ditions in the contact areas of the tool with the workpiece are unknown. The nonlinearities
of the process and the high complexity of physical phenomena, with the lack of knowledge
of the boundary conditions in the area of tool contact with the workpiece, require the use
of modern modeling and analysis methods.

The mathematical description of nonlinear phenomena requires the use of other than in
linear problems, the principles of formulating boundary-initial problems and more complex
methods of solving them. In this paper, the updated Lagrange description was adopted for
the description of the machining process at a typical incremental step. According to this
description, at the current time t, the initial configuration of the body 0C and the current
configuration 'C are known. This means that at these times and at all other times t < T
values of all functions occurring in the problem are known. Instead, the next equilibrium
configuration *'C, at the next time T = t + At is found. By writing specific equations
of motion for all finite elements separated from the tool and the workpiece, after their
summation, the equation of motion of the technological process is obtained. The general
equation of motion of a discrete object, in the updated Lagrange description, at a typical
incremental step t— 1, has the form [37-41,46—48]:

M- Ai+C-Af+ (K+AK) - Ar = AR+ AF+ F+R, (12)

where: M—instantaneous mass matrix of the system, C—instantaneous damping ma-
trix, K and AK—instantaneous stiffness matrix and its increment, respectively, F, AF—
instantaneous a of internal loads of nodes and its increment, R, AR—vector of surface loads
and its increment, respectively, Ar—vector of node displacement increments, Ar—node
velocity increment vector, and Ar—node acceleration increment vector.

Matrix Equation (12) being a system of N second-order differential equations with con-
stant (on an incremental step) coefficients with appropriate initial conditions
{r(t=0)} = {r}, {x(t=0)} = {r} and boundary are the incremental formulation
of the dynamic equilibrium of the deformed solids in contact, for the analyzed case.
The system of Equation (12) contains N equations with N known elements of the vector of
internal forces F and 3N? elements of matrices M, C, and K, while 4N of unknowns, i.e.,
vector components: displacement increase Ar, node velocity increase Ar, the acceleration
increase of nodes At, and the increase in internal loads of the object AF and N? unknown
elements of the matrix of the stiffness increase of the object AK. In this equation, also part
of the components of the vector of the increase in external loads AR (in the contact areas) is
unknown. In this paper, to solve the equation of motion, its partial linearization and explicit
and implicit approximation methods were used. In the partial linearization procedure of
the nonlinear incremental Equation (12), it is assumed that the time increment At is very
small. Then, it is possible to assume that the increase of the object stiffness matrix AK and
the increase of the vector internal loads of the object AF are negligible. In this way, N + N2
unknowns are eliminated, and Equation (12) takes the form:

M-Ar+C-Ar+K-Ar=F+ AR+R. (13)



Materials 2021, 14, 504

12 of 24

In the system of Equation (13) there are 3N unknowns, i.e., vector components:
displacement increment of nodes Ar, node velocity increment Ar, node acceleration incre-
ment Ar. In addition, some of the components of the vector of the increase in external
loads AR (i.e., concerning the contact areas of bodies) is unknown. The obtained equation
is further nonlinear with respect to the vector of the displacement increment of nodal
points Ar and its time derivatives Ar, Ar. Next, the known methods of explicit and implicit
approximation [42,43] were used, expressing the increases in the velocity of displacements
and accelerations Ar, Ar by means of the displacement increment Ar, obtaining the form of
an equation from which the sought vector of increment in displacement of nodal points
was determined.

The elastic/visco-plastic Cowper-Symonds model was used to model the yield stress
oy of the material in the process of shaping the flange during radial stretching of the
hole. Huber-Mises-Hencky’s yield criterion and the associated law of material flow were
utilized in this model. A Cowper-Symonds model allows for linear-isotropic (f = 1) or
kinematic ( = 0) plastic strain hardening and the effect of the intensity of plastic strain
rate, in accordance with a following power relation:

oy = [1+ (@ip)/c)]m(Re +B-Ep o), (14)

where:

[3—is the parameter of plastic strain hardening,

Re—is the initial, static yield point (Pa),

¢'P)_is the intensity of plastic strain rate (s™1),

C—is the material parameter defining the effect of the intensity of plastic strain
rate (s_l),

m = 1/P—is the material constant defining the material sensitivity to the plastic
strain rate,

(p§1°> (—)—is the plastic strain intensity, and

Ep = ];EE];T —is the material parameter depending on the modulus of plastic strain

hardening Et = dop, / a<p§P ) and Young’s modulus E.

Appropriate discretization is an important step in modeling the flange forming pro-
cess during radial hole stretching for the three-dimensional stress state and the three-
dimensional state of deformation. This is especially very important in the contact zones.
Inadequate meshing causes the penetration of tool and sheet elements and insufficient
representation of the material extrusion phenomenon. Too high density of the mesh causes
a significant increase in computation time. Figure 7 presents a geometric model and an
adequate discrete model (the effectiveness of the model was checked on the basis of a
sensitivity analysis) of the process of shaping the flange during radial stretching of the hole.

() (b)

Figure 7. Geometric model (a) and discrete model (b) during the flange forming process-radial stretching of the hole.
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After performing numerical calculations [46—49], the relationship was developed
og = f(h) stresses from the flange height, shown in Figure 8, and the developed equation
has the following form:

OoR = 53.646-h. (15)
_ 9 GR = 53.646'h
o]
& 800 Unacceptable flange height ot ° ‘The area of unacceptable solutions!
0
S 700 selected for analysis h =10 ‘ ® due to the strength of the material
X | e
600 L o ® (material cracking)
[ i
L i R R e
4
& 400 o &
3 o .
= The area of feasible solutions
+ 300 ® .- [
% 200 } o e (It is possible to form a
@ i owable ge heigh stiffening flange)
E 100 | selected for analysish=6
o I
3 5 7 9 11 13 15 17

Flange heighth  x 107 (m)
Figure 8. The relationship between effective stress and the flange height determined numerically.

Example results of numerical calculations for the h6é model are shown in Figure 9,
and for the h10 model in Figure 10.

The effective stress for the h6 model (Figure 9) reach the maximum value of 380 x 10° (Pa)
in the upper part of the flange, where the greatest change in the thickness of the sheet took
place, to a value of about 1.24 x 1073 (m). The effective stress for the h10 model (Figure 10)
reach the maximum value of 556 x 10° (Pa) in the upper part of the flange, where the
greatest change in the thickness of the sheet took place, to a value of about 1.04 x 1073 (m).
On the basis of the conducted analyzes, it can be concluded that the h10 model obtains
high values of effective stress and for the analyzed material-austenitic 1.4301 steel, there is
a risk of tearing the shaped flange already during the manufacturing process.

The developed relationship of stresses on the height of the flange o = f(h) (Figure 8)
allows to determine the required height of the extruded flange, in which the state of
stress corresponds to the welding stress. As a result of the superimposition of these
stresses, the resultant stresses are significantly reduced to the required level (reverse task).
For example, in the analyzed case, the height of the flange should be h = 6 x 1073 (m),
ensuring the correctness of the flange manufacturing process and ensuring reduction of
deformation after welding.
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Total deformation
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Py Bra
2625
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—

‘ Inner surface | Effective Stress (v-m)
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361.000 _

342.000 _
323.000 _
304.000 _
285.000 _
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(c)

Figure 9. Effective stress in the embossed flange with a punch for the h6 model: view of the entire model (a), view of the

inside side (b), and view of the outside side (c).
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Effective Stress

Inner surface 500.000 _

6 x 10 73 (m)

x 106 (Pa)

475.000 _
450.000 _
425.000 _
400.000 _
375.000 _
350.000 _
() 325.000 _

Quter surface 300.000 _

6 x 1073 (m)}

275.000 _
250.000 _
225.000 _
200.000 _
175.000 _
150.000 _

(b)

Figure 10. Effective stress in the embossed flange with a punch for the h10 model: view of the inside side (a), view of the

outside side (b).

2.3. Modeling the Welding Process of the Structure Increasing the Rigidity of the System

The next step, according to the algorithm of the structural and technological method
of reducing deformation in welded structures, is modeling the welding process of the stub
pipe to the flange, increasing the rigidity of the system. For further analysis, as a result of
solving the inverse problem, the h6 model was selected because the h10 model showed too
high initial stresses.

The modeling of the welding process of pre-stress structures consisted in the cal-
culation of coupled fields. From the model of the flange extrusion process, the state of
deformation, stress and strain was imported and after the extrusion process, and then it
was heat loaded using a movable heat source at a temperature of T = 3273 °K (Figure 11).

After carrying out the calculations in accordance with the methodology presented
in Sections 2.1 and 2.2, the results of the state of displacements were obtained after the
welding process of the new structure with a flange increasing the rigidity of the system.
The calculated state of deviations is shown in Figure 12. The maximum deviations for such
a model carry out Ah = 0.39 x 1073 (m), which is a satisfactory value for industrial practice.
The developed methodology of solving the given problem using numerical methods shows
that it is possible to significantly improve the quality of the product. In order to verify the
developed models and the methodology of the procedure, an experimental verification
was carried out.



Materials 2021, 14, 504

16 of 24

Normal stress
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x 10¢ (Pa)

384.6
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—
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Figure 11. The state of normal stresses after the h6 flange extrusion process with thermal conditions originating from the
welding process.

Total deformation

x 107 (m)

0.39339
0.34968
0.30597
0.26226
0.21855
0.17484
0.13113
0.087419
0.04371
0

2 x 1072 (m)

—

Figure 12. The state of deviation after the h6 flange extrusion process and stub welding.

3. Experimental Studies of the Flange Drawing Process

Austenitic steels, e.g., 1.4301, extrusion to other carbon steels, are characterized by
a high value of the thermal expansion coefficient and the unit heat capacity (higher by
about 30%) [50]. Therefore, the reduction of welding deformations by thermal methods
in austenitic steels is ineffective, as it requires a lot of energy (for preliminary heating
of the joined elements and heating of the finished product after the welding process-
normalization). In the analyzed case, it was found that it is possible to solve the problem by
reducing welding deformations by changing the manufacturing process of a sheet element.
In accordance with Section 1, an innovative solution has been proposed, i.e., making a hole
with a flange by drawing, which will increase the rigidity of the system and introduce a
favorable state of compressive stresses, which will reduce the tensile stresses arising in the
welding process. For this purpose, the construction of a special tool for extrusion the flange
was developed, as shown in Figure 13. The device is equipped with a cone centering the
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punch in relation to the die before starting the extrusion process.

2.5 % 102 (m)

(@ (b)

Figure 13. Geometric model of the tool for extrusion of the flange (a) and a photo of the flange pressing unit in the plate
opening (b): 1—die pin, 2—die base, 3—die proper, 4—shaped object (base), 5—holder, 6—holder spring, 7—punch, 8—stop,
9—punch base and spring seat, 10 and 11—fastening elements.

Three test samples were made for each model (h6 and h10 models). Exemplary
samples h6 and h10 are shown in Figure 14. Holes with diameters dy = 19.225 x 1073 (m)
for the h6 model and dg = 11.225 x 10~3 (m) for the h10 model were prepared in the pre-cut
laser samples. The edges of the samples were additionally folded.

5% 1072 (m)

5% 1072 (m)

Iy

Figure 14. Example research samples (model h6 and model h10) for the flange extrusion process after
laser cutting (a) and after bending the edges (b).

Before each extrusion process, a lubricant was applied to the contact zones of the
punch, die and sample, reducing the frictional forces. Exemplary results of the flange
extrusion process are shown in the Figure 15.
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3 %1073 (m)

B

Figure 15. Examples of test samples after the flange extrusion process along with the indicated

measurement areas for: h6 model (a) and h10 model (b).

According to FEM calculations, the h6 model proved possible to prepare and a stable
high quality of the shaped flange was obtained (Figure 16). On the other hand, the execution
of the h10 model as expected turned out to be impossible, as the flange in its upper part
was always torn (Figure 17).

11 x 1073 (m)

p—

Figure 16. Example research sample after the flange extrusion process for the h6 model: view from

above (a), internal surface (b).
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1072 (m)

Figure 17. An example of a test sample after the flange extrusion process for the h10 model: side view.

After the flange extrusion process for h6 and h10 models, the flange height and wall
narrowing were measured. The detailed results are summarized in Tables 2—4. The results
of the measurements of internal diameters and flange height were made with an accuracy
of £0.02 x 1073 (m). The maximum height for the h10 model flange does not apply to the
point where the material structure is broken.

Table 2. Measurement results of internal diameters and flange height with a measuring accuracy of 4 0.02 x 1073 (m).

Sample Number d (m) hpin (m) hpax (m)
1—model h10 246 x 1073 10.02 x 1073 10.88 x 1073
2—model h10 24.72 x 1073 10.08 x 1073 11.02 x 1073
3—model h10 24.68 x 1073 10.14 x 1073 11.12 x 1073

Average 24.66 x 1073 10.08 x 1073 11.01 x 1073
Standard deviation 0.061 x 1073 0.06 x 10723 0.121 x 1073
4—model h6 24.96 x 1073 6.06 x 1073 6.38 x 1073
5—model h6 24.96 x 1073 6.34 x 1073 6.54 x 1073
6—model h6 24.99 x 1073 6.28 x 1073 6.54 x 1073
Average 24.97 x 1073 6.23 x 1073 6.49 x 1073
Standard deviation 0.014 x 1073 0.12 x 1073 0.075 x 1073

Table 3. Measurement results of the wall thickness of the drawpiece with accuracy +0.02 x 1073 (m) and obtained from the
finite element method (FEM) numerical analysis.

Sample Number t; (m) tp (m) t; (m) t; (m) t5 (m)
1—model h10-experiment 1.52 x 1073 1.44 x 1073 1.22 x 1073 1.10 x 1073 1.06 x 1073
2—model h10-experiment 1.50 x 1073 1.38 x 1073 1.26 x 1073 1.16 x 1073 1.00 x 1073
3—model h10-experiment 1.54 x 1073 142 x 1073 1.32 x 1073 1.18 x 1073 1.00 x 1073

Average 1.52 x 1073 1.41 x 1073 1.27 x 1073 1.15 x 1073 1.02 x 1073
Standard deviation 0.02 x 1073 0.03 x 1073 0.05 x 1073 0.04 x 1073 0.03 x 1073
model h10-FEM model 1.50 x 1073 1.44 x 1073 1.42 x 1073 1.21 x 1073 0.99 x 1073
4—model h6-experiment 1.50 x 1073 1.46 x 1073 1.40 x 1073 1.32 x 1073 1.30 x 1073
5—model h6-experiment 1.48 x 1073 1.48 x 1073 1.40 x 1073 1.34 x 1073 1.28 x 1073
6—model h6-experiment 1.50 x 1073 1.46 x 1073 1.40 x 1073 1.36 x 1073 1.30 x 1073
Average 1.49 x 1073 1.47 x 1073 1.40 x 1073 1.34 x 1073 1.29 x 1073
Standard deviation 0.01 x 1073 0.01 x 1073 0 0.02 x 1073 0.01 x 1073

model h6-FEM model 1.50 x 1073 1.49 x 1073 1.45 x 1073 1.32 x 1073 1.29 x 1073
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Table 4. Welding parameters.

Traditional Technology New Technology

Details of the welding technology

Material: EN 1.4301
Welding method: 141

Type of weld: FW-fillet weld
Welding position: PH, PB

Material: EN 1.4301
Welding method: 141

Type of weld: BW-butt weld
Welding position: PB

Details: Details:
Mechanical cleaning-grinding to a metallic sheen Mechanical cleaning-grinding to a metallic sheen
Tack welds: Tack welds:

Tack welds-3 every 120°, pipe to the plate connected withouta  Tack welds-3 every 120°, pipe with flange connected without

butt joint

Welding parameters:
Electric current: I =90 (A)
Electric tension: U =11 (V)
Current type/polarity: DC-

butt joint

Welding parameters:
Electric current: I; =90 (A)
Electric tension: U =11 (V)
Current type/polarity: DC-

Gas flow: Argon V =1.2 x 107% (m?.s71) Gas flow: Argon V=12 x 10~* (m3-s71)
Without binder Without binder
Proper welding;: Proper welding:

Electric current: I1 =40 (A)
Electric tension: U =13 (V)
Current type/polarity: DC—

Electric current: I; =40 (A)
Electric tension: U =13 (V)
Current type/polarity: DC—

Gas flow: Argon V =1.2 x 10~% (m3-s71) Gas flow: Argon V =1.2 x 1074 (m3-s71)
Binder: wire WMoSi diameter ¢ =1.2 x 1073 (m) Binder: wire WMoSi diameter ¢ =1.2 x 1073 (m)

Table 3 shows the measurement results of the drawpiece wall thickness at characteristic
points, as shown in Figure 16. Figure 16 shows the average values of wall thicknesses for
both types of drawpieces (h6 and h10 model) and presents the values calculated on the
basis of FEM analyzes.

Experimental studies show high compliance with the numerical model of the process
in terms of geometric parameters of the obtained flanges on the h6 and h10 models. Only
samples made according to the h6 model were used for further experiments. The h10
model has always been damaged and should not be used in further considerations.

4. Verification of Numerical Calculations

After the process of drawing a special flange, tests were carried out to weld the socket
to the base with a flange for h6é models. The welded joint was made using the TIG method
(method 141) (GTAW) in two stages. In the first stage, the elements were joined with a tack
weld without wire. Electric current intensity was I; = 90 (A). In the second stage, the actual
welding with the wire ¢ 1.2 x 1073 (m) and intensity I, = 40 (A) was performed. The tests
were carried out for two different technologies: welding the socket to the base with a hole
without a flange (traditional-so far) and welding the socket to the base with a hole with a
flange (proposed method). Table 4 shows the detailed welding parameters of the samples.

The samples after welding were subjected to the measurement of flatness deviations
using the ATOS III 3D scanner and the results are summarized in Table 5. Figure 18 shows
the experimental sample (model h6) and the virtual model after 3D scanning with the
ATOS III scanner for the innovative technology of the method of reducing tank distortions
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arising during welding the stub-tube made of steel 1.4301 by extrusion the flange, which
increases stiffness and introduces circumferential tensile stresses.

Table 5. Summary of the measurement results of the flatness deviation values of two scanned elements.

Sample Flatness Deviation [m]

Description of the Technology 1 2 3
min max min max min max
Welding directly into thehole  —0.71 x 1073 +11.09 x 1073 —0.63 x 1073 4919 x 10>  —055x 1073  +10.56 x 1073
Welding to an innovative flange  —0.14 x 1073 +039 x 107> —0.12x 1073  +0.13x 103  —0.04 x 1073  +0.29 x 1073

0 %1073 (m)

« 107 (m) 0.635

(@ (b)

Figure 18. Test sample after TIG welding (method 141) after innovative preparation of a hole with a flange: photo of the
real object (a), virtual model after 3D scanning with the ATOS III scanner with measurement results (b).

The results of calculations and measurements confirm the correctness of the proposed
solution to the given problem. The deformation during welding the socket to the tank
surface made of 1.4301 steel was significantly reduced. The measurement made with a
3D scanner showed that the maximum flatness deviation (height difference) was Ah e
(—0.14; 0.39) x 1073 (m), which is a very small value for this type of construction and
technologically acceptable.

5. Discussion of Work Results

The presented work pursues two goals: a utilitarian goal and a scientific goal. The util-
itarian goal was to develop an inexpensive, fast and effective method of welding stub pipes
$ 28 x 1.5 x 1073 (m) to the shell of a cylindrical tank with a thickness of
t=1.5 x 1073 (m) without the formation of large shell distortions. The scientific goal
was to develop the scientific basis for the reduction of distortions during welding thin-
walled parts. The utilitarian goal (special solution) was achieved by implementing the
scientific goal. An advanced structural and technological method of reducing distortion
in thin-walled welded structures was developed. The essence of the method is to simul-
taneously increase the stiffness of the system (by introducing design changes) combined
with conscious shaping of the stress state. This required the development of a detailed
procedure algorithm: finite element analysis of coupled thermal and mechanical effects
during welding of thin-walled structures. Universal physical, mathematical, and computer
models of mechanical processing combined with heat flow were developed. The developed
non-linear equations of motion of objects were solved using FEM. A relationship between
effective stress and the flange height determined numerically was developed for sheet EN
1.4301 with a thickness of t = 1.5 x 1072 (m). The presented method is universal and can
be used for calculations for the following data: different geometry of the tank (external di-
ameter and wall thickness), different geometry of the socket (diameter and wall thickness),
different materials of the tank and the socket, which are characterized by different thermal
properties (thermal conductivity, specific heat capacity, density, thermal diffusivity, thermal
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expansion coefficient, coefficient of convection heat transfer and radiation coefficient) and
mechanical (elastic-viscoplastic) during welding (Young’s modulus, hardening modulus,
Poisson’s ratio, yield stress), various welding methods (gas, arc), various welding parame-
ters (electrode diameter, welding speed, thermal power, amperage, and voltage at the arc
in the case of direct current), different electrode material, cooling conditions, initial and
boundary conditions, and preheating. Experimental verification of the solutions obtained
on the basis of numerical simulations confirmed their correctness. Some of the results of
the experimental research fulfill the utilitarian goal of the work.

6. Conclusions

The paper presents typical problems occurring during TIG welding of stubs-pipes
for thin-walled large-size tanks made of t = 1.5 x 103 (m) thick steel 1.4301. The use of
traditional technology of welding stubs to the tank shell caused its excessive distortions.
The test samples showed a maximum flatness deviation of 11.9 x 1073 (m), which signifi-
cantly exceeded the permissible standards. A new, innovative method of reducing welding
deformations has been developed for the construction of thin-walled large-size tanks with
stub pipes by using a new base geometry with an opening with a flange and performing
an additional technological operation—flange extrusion. In order to solve this problem, an
algorithm of conduct and numerical applications were developed in the Ansys program
for analyzes:

the state of stress and deformations after the welding process for traditional welding,
the state of stresses and deformations in the process of extrusion an innovative stiffen-
ing flange, and

e thestate of stresses and deformations after the process of welding the structure with ini-
tial stresses caused by shaping the stiffening flange according to the proposed method.

The process of shaping the flange was experimentally tested for two characteris-
tic heights: h = 6 x 1073 (m) and h = 1072 (m). The experimental results confirmed
the numerical calculations, which showed that shaping the flange with a height above
h>9 x 1073 (m) may lead to its damage already at the production stage. The results of nu-
merical calculations of the manufacturing process and welding of the stub to the innovative
flange were verified experimentally on a designed and built test stand. After the welding
process, the deformation of the base was measured with the ATOS III scanner. It was found
that the introduction of the proposed design and technological changes favorably reduced
the deviations of the base flatness to a maximum value of 0.39 x 1073 (m), which meets
the requirements of the standards.
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