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ABSTRACT

So far, welding has long been proved its diverse application in a large number of industries and
manufactures. As versatile as welding can be, there have been a wide range of papers nationally
and internationally published in scientific journals which granted an insight into various aspects of
the welding procedure. Moreover, thanks to the advancement of computer softwares over the last
couple decades, approaches and processes of carrying out welding simulation to determine weld
temperature as well as post-welding residual stress have been publicly announced via a plethora
of scientific papers on journals with high credibility. By excelling in the simulation, it is feasible to
predict and modify welding parameters, for example heat source and material properties, before
practical implementation, or even suggest proper post-weld heat treatment which is commonly
utilized to eliminate structural defects after welding process is finished. Nonetheless, it is a plain
truth that those papers whose scope were just limited to perform the inspection of temperature
and residual stress. How significant those related results will impact the welded structure when
it is put under operating conditions was hardly predicted and evaluated. That is the main objec-
tive of this paper. In this paper, a welding process taking place on a thin-walled vessel which was
previously introduced in a published paper shall be re-simulated to validate the appropriateness
of input data. Then, the structure is to be cooled until its temperature roughly equal to that of
ambient one. After that, the welding results, namely post-welding temperature and residual stress,
shall be imported into the strength testing simulation of the surveyed structure. Overall, with the
equivalent stress accounting for 78% of the material's yield stress in the strength testing problem,

the thin-walled vessel is still guaranteed for normal operation.
Key words: \Welding, residual stress, transient welding, welding simulation, FEA

INTRODUCTION

Theoretically, welding is a fabrication technique in
which weld material shall be melted in order to be
merged into the base material. The purpose of this
technique is to join two or more separate objects or
to fix damaged structures. By simulating the welding
process, it is likely to estimate the proper heat source
as well as anticipate residual stress so that effective
solutions can be taken to resolve defects within the
structure after welding. In this paper, a simulation of
bonding two vessels by welding method shall be con-
ducted through ANSYS Workbench to determine the
temperature during the welding period, the residual
stress, and parameters in the structure’s strength test-
ing.

As a matter of fact, an array of papers that were pub-
lished in scientific journals have granted an insight
into welding simulation and welding-related subjects.
For example, the paper “Three-dimensional Finite El-
ement Analysis for Estimation of The Weld Resid-
ual Stress in The Dissimilar Butt Weld Piping” (Ky-
oungsoo Lee, 2012) presented the welding simulation

among two different metals to evaluate residual stress
results through ABAQUS software. In 2018, author
Hong Thanh Nguyen and his partners have shown
their paper at the national scientific conference orga-
nized by the University of Thai Nguyen. The paper has
introduced the simulation method to predict resid-
ual stress and distortion after welding by SYSWELD
software. Those studies have resolved the temperature
and post-welding residual stress as well as distortion.
However, whether the structure can sustain operating
conditions with the residual stress retained in it was
not proposed. That is why this paper is carried out.

In detail, the model used in this paper is referred to
Ref.! in which two vessels (as shown in. Figure 1
shall be bonded together. The type of welding applied
in this study is Gas Tungsten Arc Welding (GTAW)
and parameters relating to the welding torch are pre-
sented in Section 3 below. Moreover, prior to weld-
ing, a chamfer of 45° is generated at one end of each
vessel, which forms the V-groove. The results of tem-
perature shall be recorded during the circumferential
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Figure 1: Vessel Welding

traveling of the welding torch. Residual stress is de-
termined shortly afterward. Then, the residual stress
shall be applied in the strength test as a typical load.
The process of analyzing welding results carried over
time requires huge quantity of calculations and time.
Therefore, certain limitations are confronted on ac-
count of the restriction of software and hardware. A
careful study of papers relating to welding which have
been published on scientific journals reveals that it is
necessary to simplify the transient analysis of welding
so as to grant more memory space for hardware and
reduce response time as well as calculations for soft-
ware. The simplification of the problem can be con-
ducted by an array of means (e.g., applying symmet-
rical conditions in terms of geometry, removing sub-
structures and replacing them with equivalent con-
straints, and so forth). Nonetheless, those means
must closely describe the practical conditions of the
evaluated structure to ensure the precision of out-
comes.

In addition, welding is also a nonlinear problem
whose material properties change constantly during
the surveyed period. Hence, correct material — prop-
erty — versus — temperature input is another con-
tributing factor to reliable results. However, hardly
can these parameters be figured out for a specific ma-
terial without measurement from experiments. It is
the obstacle that occurred when Ref.! does not pro-
vide sufficiently the material properties used in the
analysis. Thus, Ref.2, together with other sources,
were also referred to give out enough data to be in-
serted into FEA program.

The commercial FEA software in general and ANSYS
Workbench in particular, are those applying the Finite
Element Method theories in their solvers. Therefore,
it is an advantage to obtain certain knowledge of this
method prior to utilizing the software. In this paper,
the finite element analysis for welding results shall be
carried out in accordance with the procedure clearly
illustrated in the flow chart in Figure 3 of Ref.>.
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BASIS OF THEORIES

Thermal Theories

The domain of heat distribution during the travel-
ing of weld torch is determined in accordance with
Fourier’s heat flux equation as follows:

q=—kVT (1)
where k is the thermal conductivity (Wm™ k-,

In addition, each heat source is specified by its shape
or in other words by its distribution; therefore, the
equation depicting heat transfer is illustrated differ-
ently. In this paper, the widely well-known heat dis-
tribution Double Ellipsoidal equation which was first
introduced by John Goldak and his partners in 1984
(Ref.*), is employed. This model of heat source pro-
vides fine power and density distribution in the weld
pool as well as in the Heat Affected Zone (HAZ).

2 y2 ZZ
73 — e —
B 6x/§ane (a2 Tt CZ)
1= 7\/Tabc
where,

Q: total heat input (W), Q = UL;
U : welding voltage (V);

)

I : welding current (A);
f: fraction of heat;
7N : welding efficiency;
a: length of heat source (m);
b : width of heat source (m);
¢ : length of heat source (m).
Besides, on all surfaces of the model, the heat loss due
to convection and radiation shall be considered and
presented in Equations (3) - (5) below:
(3)

Qloss = Gconvection + Qradiation

Gloss = Mrotar X A X (T - Tamb) @)

htatal = [h+8 X0 X (T+ Tamb) X (T2 +7112mb” (5)

where,

A : area of the exposed surface (m?);

T : current temperature (K);

Tamp : ambient temperature (K);

I : convection coefficient (Wm 2K~ !);

£ : emissivity;

o : Stefan - Boltzmann constant (5.67 x 10-8
Wm~K#).
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Figure 3: V - Groove Dimensions

Structural Theory

As for the welding problem, the behavior of the ma-
terial is nonlinear, with sharp distortion. Thus, the
isotropic hardening model is often applied for mate-
rials withstanding typically large strain. This model
is illustrated by yield surfaces which are concentric;
however, the size of the initial yield surface is smaller
than subsequent ones.

Also, the post-welding residual stress is determined
by the Yield Criterion of von Mises (as per Ref.!).

o= \/* (61— 02)* + (02— 03)* + (03— 01)°

where
01, 02, 03 are principal stresses respective to three
axis of coordinate system (Pa).

Method for Research Implement

On account of analyzing the welding problem, AN-
SYS Workbench shall be employed, in which a spe-
cific type of element must be stated prior to solving. In
the program, a combination of two modules, namely
Transient Thermal and Static Structural, was utilized
for this problem.

It should be noted that in the Transient Thermal mod-
ule, the element type SOLID70 which is a linear eight-
node element is employed. Each node of this element

(6)

possesses only one degree of freedom. Meanwhile,
the SOLID185 element is used in the Static Structural
module. Both SOLID70 and SOLID185 share their
geometry as linear eight-node element. Nonetheless,
the only difference between SOLID70 and SOLID185
is that each node of SOLID185 obtains three degrees
of freedom.

Figure 4: The Complete 3D Model

WELDING SIMULATION

Model Description

In this simulation, two separate segments of the vessel
shall be bonded by welding one end of one segment to
another. Each of them possesses an outside radius of
150 mm with a thickness of 3 mm and the length of
150 mm (Figure 2). Moreover, the dimensions of the
V-groove are illustrated in Figure 3 below. Also, the
3D geometry of the model is shown in Figure 4.
However, as aforementioned in Section 1, to cut down
on the amount of calculation time and make it pos-
sible for the response capacity of both software and
hardware, just a quarter of the complete model was
analyzed (Figure 5).

0100(m)

Figure 5: 3D Geometry of a Quarter Model
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Figure 6: Mechanical Properties of Base Metal and
Weld Metal

Material properties

There are two types of material used in this simulation
as regards Base Metal (BM) and Weld Metal (WM -
ASTM AH36 Alloy Steel). Their properties are taken
from Ref. ! as well as Ref.? and shown in Figure 6 and
Figure 7, correspondingly.
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Figure 7: Thermal Properties of Weld Metal

Loads
Boundary Conditions

A quarter of the complete vessel is evaluated; thus, it
is necessary to apply symmetrical conditions for the
simplified model where appropriate. Besides, at the
end of one vessel segment, a displacement constraint
about x-, y- and z-axis is set. Ambient temperature is
taken as 300K.

Loads

Loads in the welding problem are thermal loads in-
cluding heat flux, convection, and radiation. On the
exposed faces of the model, the condition of convec-
tion, with convection coefficient h = 8 Wm 2K !, as
well as radiation, with the emissivity € = 0.51, is ap-
plied. Meanwhile, the model of the moving Double
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Ellipsoidal heat source model is employed through an
APDL code. The parameters of this heat source are
presented in Table 1 below.

Furthermore, the complete model takes roughly 314
seconds to finish the welding process, with load step
is 0.87 seconds. Also, it is an assumption that the ve-
locity of the welding torch during the whole process is
constant.

The strength test is conducted through two load steps.
In this simulation, four types of load are applied,
namely internal pressure, end cap pressure, moment,
and residual stress from the welding process. In detail,
the internal pressure of 3.8 MPa is applied for all the
inner faces of the vessel in two load steps. Next, an
end cap pressure of 176 MPa is set on the other end
of the vessel that is not covered by the displacement
constraint as mentioned above in both steps. Also, at
this end, a moment of 7850 N.mm which rotates about
the axial axis of the structure shall be applied in step
two only. Finally, the syntax “INISTATE” which is in-
troduced in Ref.” shall be employed to import resid-
ual stress from the welding process into the structure’s
strength testing simulation.

Meshing

During the welding process, the areas where the weld-
ing torch passes as well as its neighboring surfaces (or
so-called Heat Affected Zones - HAZs) usually wit-
ness considerable fluctuations in terms of the evalu-
ated results. Thus, the mesh quality in these zones
shall be particularly much finer than the others to
achieve result convergence.

In this simulation, a distance of 10 mm measured
from the weld center - line on both vessel segments
is assumed to be the HAZs. Within the weld zone
and HAZs, the element size shall be 1 mm. The mesh
gets coarser as it reaches toward both ends of two seg-
ments (Figure 8). In addition, a comparison between
the mesh quality of Ref. ! and that of this paper is also
shown in Table 2 below. It should be noted that just a
quarter of the complete model is evaluated; therefore,
the number of nodes and elements in this paper is just
about one-fourth of that in Ref. !

RESULTS AND DISCUSSIONS

The results of temperature and residual stress in this
study shall be compared to those in Ref. ! respectively.
Firstly, the temperatures at section 45° from weld start
at 39.27s, 117.81s and 274.89s are illustrated in Fig-
ure 9, Figure 10, and Figure 11, correspondingly.

Then, the temperature at the end of the surveyed pe-
riod is imported into the structural analysis to de-
termine the residual stress which is indicated in Fig-
ure 12. The residual stress is inspected at cross section
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Table 1: Parameters of heat source

Parameter

Unit Value
Length of heat source, a m 0.02
‘Width of heat source, b m 0.01
Depth of heat source, ¢ m 0.003
Fraction of heat, f - 1.25
Welding voltage, U Volt 12.5
Welding Current, I Ampere 200
Welding efficiency, n - 0.8
Welding speed mm/s 3
Table 2: Comparison of mesh quality
Description Ref.! This paper
Total Number of Nodes 71040 18182
Total Number of Elements 54720 14022
600
550
z 500
g —e—Ref. [1] Temperature at
g as0 117.815
- g ~#=This Simulation Temperature at
/;////////;%?///;;/', . 5 400 117.81s
///, .
/////};ZZ// 350
/ _ 300
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Figure 8: Mesh of The Model
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Figure 9: Temperature at 39.27s

90 from the weld start.
With the aforementioned conditions of loading, the
von Mises equivalent stress and displacement results
of the vessel structure are shown in Figure 13 and Fig-
ure 14, correspondingly.

Distance from Weld Center - Line (mm)

Figure 10: Temperature at 117.81s
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Figure 11: Temperature at 274.89s

As is shown in Figure 9, in the time step of 39.27s,
the highest difference regarding temperature among
both studies occurring at the position of -6 mm is
12.35%. Likewise, Figure 10 reveals the temperature
versus distance from weld — centerline at 117.81s re-
ceived from both studies. In this time step, the highest
difference regarding temperature taking place at the
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Figure 12: Residual Stress at Section 90° Axial

Figure 13: Equivalent Stress of von Mises
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Figure 14: Total Displacement of The Structure

position of 82 mm is 7.92%. Moreover, it is apparent
from Figure 11 that at 274.89s, the highest difference
regarding temperature happening at the position of 85
mm is 9.41%.

In the case of structural outcomes, the residual stress
versus the distance from weld - centerline is also
recorded constantly at cross-section 90° from the
weld start point. At the weld - center line, the resid-
ual stress extracted from Ref. ! is 198.38 MPa, whereas
that from this simulation is 183.03 MPa. The differ-
ence in terms of residual stress at weld - centerline is
7.74%. In addition, at the position of -33 mm from the
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weld - centerline, the residual stress in this simulation
is the most significantly different from Ref., 101.18
MPa compared to 115.82 MPa correspondingly (dif-
ference by 14.47%).

CONCLUSION

This paper has introduced a procedure for predicting
the strength of a structure after it experienced a weld-
ing process. It can be concluded from stated results
that:

- Though there are certain differences from Ref.! in
the results of weld temperature and residual stress, the
distribution domain of these parameters of both stud-
ies illustrated in Figure 9 - Figure 12 was relatively
comparable to each other.

- With the results of post-welding strength testing
problem, this paper has shown the degree of comple-
tion of the simulated structure. Based on this result,
proper solutions, typically post-welding heat treat-
ment, can be proposed prior to practical experiment
or manufacture. By excelling in this procedure, the
lifespan of the structure shall be extended.

In a near future, we hope to improve this discrepancy.
Besides, the post-welding heat treatment is a common
solution in practice to minimize the amount of resid-
ual stress as well as strengthen the whole structure af-
ter welding processing. However, this type of simula-
tion requires an enormous figure of software calcula-
tions. In other words, it takes massive hardware mem-
ory to carry out the simulation thoroughly. That is in-
deed a challenge that we would like to take on soon.
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NOMENCLATURES

FEA: Finite Element Analysis

GTAW: Gas Tungsten Arc Welding

HAZ: Heat Affected Zone

BM: Base Metal

WM: Weld Metal

ASTM: American Society for Testing and Materials
APDL: Ansys Parametric Design Language
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TOM TAT

TU lau, han da dugc chiing minh dugc su da dang ctia né trong viéc ing dung vao nhiéu nganh
cong nghiép va san xuat. V&i dac diém da dung ma phuong phap han mang lai, da cé rat nhiéu bai
bao trong nudc 1an qudc té dugc xuat ban trén cac tap chi khoa hoc nham mang lai mot céi nhin
chuyén sau hon vé nhiéu khia canh khac nhau clia qué trinh han. Hon nira, nha su phét trién clia
cac phan mém may tinh trong vai thap ky qua, cac phuong phap tiép can va quy trinh thuc hién
moé phong han dé xac dinh nhiét d6 mdi han clng nhu ng sudt du sau han da dugc gidi thiéu
rong rai thong qua mot loat cac bai bao khoa hoc ddng trén céc tap chi cé uy tin. Thong qua mo
phong, cac théng s6 han, vi du nhu nguédn nhiét va dac tinh vat liéu, cé thé duge du doén trudc
cling nhu cé thé dugc diéu chinh, trudc khi thuc hién han thuc té, hodc tham chi la dé xudt bién
phéap nhiét luyén thich hgp nham loai bo cac khuyét tat clia két cau sau khi két thic qua trinh han.
Tuy nhién, trong thuc t€, da phan cac bai bdo lién quan dén van dé han da dugc cong bé thusng
chi gidi han & viéc thuc hién kiém tra nhiét do va Ung suat du. Nhung liéu cac két qua cltia bai toan
han sé anh huéng nhu thé nao dén két cau han khi né dugc dua vao hoat déng van hanh thi hau
nhu khéng dugc phan tich va ddnh gid. B6 cling la muc tiéu chinh clia bai bdo nay. Trong bai bdo
nay, quy trinh han dién ra trén bon c6 thanh méng ma da dugc cong bé trudc dé trong mot bai
bao sé dugc md phdng lai @€ dam béo tinh ding dén ctia moé hinh duge mé phdng so vaoi bai bdo
tham khao. Tiép theo, két cau sé duac lam ngudi dén nhiét d6 clia méi trudng xung quanh. Sau
dé, két qua han, cu thé 1a nhiét d6 sau khi han va ting suat du, sé dugc dua vao mé phéng kiém tra
d6 bén clia két cau dugc dé xem liéu ing sudt co anh hudng dén két cdu bon khivan hanh. Nhin
chung, véi ting sudt tuong duong bang 78% ng sudt chay cla vat liéu trong bai toan thir do bén,
két cau bon thanh méng van dam bao hoat dong binh thuong.

Tu khoa: Han, ing suat du, quéa trinh han, mé phong han, phan tirhiu han

Trich dan bai bao nay: Thién T T, Tuan L H. Mé phéng su truyén nhiét va hinh thanh iing suat du cia
két cau han. Sci. Tech. Dev. J. - Eng. Tech.; 4(S12):S112-S119.
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