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Abstract: Local post-weld heat treatment is used to reduce welding residual stresses. The existing
standards have great differences in the selection of the width of the heated band, and the heating
width, as an important control parameter of the local heat treatment, will directly affect the quality of
the heat treatment. In this paper, the numerical simulation method is used to simulate the welding
and heat treatment process of unequal-thickness joints. The stress and deformation of the joint with
different thickness ratios under different heating widths are studied by finite element simulation,
focusing on the influence of the width of the heated band on the residual stress relief of the joint. Based
on these studies, the criteria for determining the optimal width of the heating zone are consistent.
Finally, the formula HB = HB; + HB, = 3v/RT + %s—km for calculating local heat treatment
heating width based on the thickness of welded joint for SA738Gr.B steel is established. Among them,
HB; is the width of the main heating zone, HB, is the width of the auxiliary heating zone, k is the
thickness ratio of the thick plate to the thin plate, and t is the wall thickness of the thin plate.

Keywords: local post-weld heat treatment; width of heated band; welding residual stresses; finite
element method; unequal-thickness joint

1. Introduction

Welding is the most important connection technology in the manufacturing industry,
especially for pressure vessels and pipes. Suresh Gain et al. [1] studied that friction stir
welding can produce high-quality joints in AISI316L and P91 steel tubes. S. Mohan Kumar
et al. [2] mentioned a new type of double-sided tungsten inert gas (DS-TIG) welding
for S5321 nuclear-grade stainless steel for the pressure vessel industry. Huang et al. [3]
proposed a tempering surfacing repair method to repair the damage to stud holes with
threads in flanges. Due to the uniform heating and cooling during welding, the welding
residual stresses are generated unavoidably. Welding residual stresses are the main reason
resulting in stress corrosion cracking (SCC) [4,5]. Reducing residual stresses can depress the
risk to occur SCC, and even enhance the creep [6,7] and fatigue lives [8-10]. Post-weld heat
treatment (PWHT) is a common method to reduce residual stresses of welded structures.
Yu et al. [11] studied the mechanical properties and residual stress elimination mechanism
of two different post-weld heat treatment schemes. Rajiv Kumar et al. [12] studied the
welding residual stress of pipeline joints and concluded that post-weld heat treatment has
a suitable effect on reducing residual stress. Sukhwinder Singh Sekhon et al. [13] studied
the influence of process parameters on welding performance and concluded that the pin
profile is the most important factor. For larger pressure vessels and ultra-longer pipes,
furnace-based heat treatment is impractical indeed, and local heat treatment is an available
method [14]. Heat band width is an important parameter to determine the heat treatment
process, which is defined as different widths for different criteria, generating different
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elimination results of residual stresses [15]. Therefore, defining an appropriate heat band
width is key to performing the local PWHT.

Before defining the heat band width, it needs to clarify the effects of heat band width
on residual stress reduction. Up to now, some researchers have investigated the influences
of band width [16-20]. The heat zone width is an important parameter because improper
temperature gradients are harmful to the structure integrity [16]. Rajamurugan et al. [17]
proved that the compressive stress in the weld zone after PWHT is significantly lower
than that before welding. Dong et al. [18] proposed an alternative approach for achieving
effective control of thermal stresses caused by local PWHT by introducing a secondary
heat band (SHB). Jin et al. [19] proposed a new local post-weld heat treatment technology
based on primary and secondary heating. It can significantly reduce the residual stress
caused by welding and even produce a certain degree of compressive residual stress in the
welding area of the container. The high thermal stresses produced by temperature gradients
can be reduced to the compressive stresses due to the presence of SHB. Zhao et al. [15]
discussed the influences of local PWHT from different criteria at home and abroad on the
weld residual stress and found that the local PWHT method of ASME-VIII is recommended.
Geng et al. [20] studied the residual stress distributions as welded and after local PWHT
of butted weld joint of a huge cylinder with ultra-thick wall and proposed the optimum
heated band width is 3v/Rt. The regulations on the width of the heating zone in the local
post-weld heat treatment standards of various countries cannot be unified, and there is no
reference standard for the width of the heating zone in the local post-weld heat treatment
of unequal-thickness joints. It is important to establish a uniform calculation criterion on
the heat band width of local PWHT on welded joints with dissimilar thicknesses.

In this paper, the large-scale finite element analysis software ABAQUS is used to study
the determination of local post-weld heat treatment heating width based on the welding
residual stress elimination criterion. The distribution of residual stress was studied. The
influence of heating width on residual stress is analyzed. The effect and law of welding
residual stress elimination of joints with different thickness ratios are compared. Finally,
a calculation formula of local heat treatment heating width based on the thickness of the
welded joint is proposed.

2. Finite Element Details
2.1. Geometric Model

The parent material is SA738Gr.B. The chemical compositions of SA738Gr.B steel are
listed in Table 1. Three geometric models with three thicknesses were built based on the
software ABAQUS 6.14. Figure 1 shows the geometric dimension of the welded joint
with dissimilar wall thickness. Two cylinders with different wall thicknesses were welded
together, generating a girth weld joint. The welded joint with dissimilar wall thickness
in this paper is based on the background of nuclear power containment. Here, the inner
diameter of the steel containment vessel of the nuclear power plant is 43 m. The thickness
of the thinner wall of all models is 52 mm. The thickness of the thicker wall for models
I, II, and III are 100 mm, 130 mm, and 80 mm, respectively. So, the thickness ratio (k) of
the thicker wall to the thinner wall for models I, II, and III are 2, 2.5, and 1.5, respectively.
The groove gap and angle are 2 mm and 60°. X-type groove was used. After one side of
the groove is welded, the other side of the groove shall be welded. The specific welding
process parameters are shown in Table 2. The filler material is E9018-G-H4, and its chemical
composition is also listed in Table 1.

Table 1. Main chemical component of SA738Gr.B steel and E9018-G-H4 (wt.%).

Material Fe Al Cr Cu Mn Mo Nb Ni Si A% C P S
Base 97.143  0.028 0.18 0.02 1.44 0.2 0.51 0.3 0.3 0.04 0.11 0.0070  0.0020
Filler Bal. - <020 <0.05 0.6~1.95 <0.50 - 0.8~1.8 <080 <0.05 <0.12 <0.03 <0.03
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Figure 1. Geometric model and dimensional details of models I (a), II (b), and III (c), (unit: mm).

Table 2. Welding parameters deployed for reinforcing plate and cylinder.

Welding Welding Welding Welding Max Heat
Welding Layer Passes Current Voltage Speed Input
(A) V) (cm/min) (KJ/mm)
Backing layer 1 140~155 19~30 6.6~12 a3
Filling layer 2-6/16-24 110~120 20~25 5.5~10
Filling layer 7-15/25-35 90~130 18~29 5.3~11 37
Covering layer 3648 140~155 19~30 6.6~12 38

All welding technologies are the same for three models. A total of 13 layers and
48 passes were conducted. The minimum preheating temperature for welding is 100 °C,
and the maximum interlayer temperature is 150 °C.

2.2. Finite Element Model

In the 1970s, Ueda Yukio [21] proposed the thermal elastic-plastic finite element
analysis theory to solve the welding residual stress. Since then, scholars from various
countries have carried out research on finite element simulation and achieved certain
results. Wu et al. [7] proposed a semi-discrete and fully discrete mixed finite element
method. Grafimann et al. [22] verified the accuracy of the finite element analysis method.
Dung Nguyen KIEN et al. [23] proposed a hybrid method of radial basis function and finite
element method (RBF-FEM), which can quickly produce better results. In this paper, the
finite element theory is used to study. According to the geometric size welded joint, as
shown in Figure 1, the two-dimensional (2D) axisymmetric finite element models were
built in order to save calculation time. Figure 2 shows the finite element mesh of models I,
II, and III. Point A, B and C were fixed to limit the movement of the model in the simulation.
In order to understand the residual stress distribution of welded joints more clearly, three
typical paths shown in Figure 2a are selected to study the residual stress distribution.
Path-1, Path-2, and Path-3 are the paths from top to bottom along the inner and outer
surfaces of the cylinder and from the inner surface to the outer surface along the weld
center line, respectively. The path direction will no longer be marked in the figure below.
In order to improve calculation accuracy and efficiency simultaneously, the finite model in
welding, HAZ, and heat treatment zone is carefully meshed densely, and it becomes coarse
by reducing the meshing density through the transition mesh. The simulation on local
PWHT contains two steps: (1) temperature field simulation and (2) stress field simulation.
The mesh type used in the temperature field and stress field simulation is DCAX4 and
CAX4R, respectively. The stress analysis uses the same elements and nodes as the thermal
analysis. Before the simulation, the mesh sensitivity was checked. In total, 7414 nodes and
7016 elements were divided for model I.
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Figure 2. Finite element mesh of models I (a), II (b), and III (c). (A, B, C represent the end point).

2.3. Thermal Analysis

The thermal analysis contains welding temperature analysis and heat treatment analy-
sis. In the welding temperature analysis, the birth and death element method is adopted
to simulate the welding process. Before welding, the element representing weld metal is
deactive (death element), and then it is reactive once each welding pass is conducted. The
heat source model is the key to accurately simulating the welding temperature field. Smith
et al. [24] compared the merits and demerits of current heat source models and pointed
out that the heat flux distribution of the double ellipsoidal heat source model proposed
by Goladk et al. [25] is closer to the heat input distribution of manual arc welding because
the heat source is closer to the shape of the real molten pool than the relatively uniform
spherical heat source or 2D surface heat source.

The Goldak equation is expressed in the following form:

For the front heat source:

6\@fo x2 y2 (z— Ut)z
= —_— —) — — = - — 1
7(xy.2) mt\/eabes exp 3{12 3b2 3 c}% ! M

For the rear heat source:

V305, 2 P (o
10 y,2) = 7t\/Ttabe, exp<—3uz TR /

r

2

where ff and f, are parameters that give the fractions of the heat deposited in the front and
the rear parts, respectively. Note that f + f, = 2.0. Here it is assumed that fis 1.5 and f; is
0.5, which is based on the fact that the temperature gradient in the front leading part is
steeper than in the tailing edge. 2 and b represent the height and width of the heat source,
respectively. ¢sand ¢, represent the length in the front and the rear part of the ellipsoid.
v and t represent welding speed and time. Q is the power of the welding heat source, which
is related to the welding process, and can be calculated by following equations:

Q =nul, ®)

where 7 is welding efficiency, U is welding voltage, and I is welding current. The heat
source of double ellipsoidal distribution for the moving welding arc is modeled by a user
subroutine DFLUX in ABAQUS compiled by the FORTRAN program.

During the simulation of local PWHT, the thermal cycle was applied to the heated
zone of local PWHT, as shown in Figure 3. The heating bands were heated to 600 °C with
two steps. The holding time is 2.5 h. ASME stipulates that the maximum heating rate
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and cooling rate can be calculated according to the material thickness of the welded joint,
above 425 °C, and can not exceed 222 °C or less than 56 °C at any interval of hours [26].
The heating rates before and after 425 °C are 150 °C/h and 56 °C/h, respectively. The
cooling rate before 425 °C is 56 °C/h, and then natural cooling to room temperature. The
traditional width of the heat band is set as 3000 mm according to ASME standards [27]. The
heat band width of the thicker wall side is the same as that of the thinner wall side. The
temperature-dependent thermal properties of SA738Gr.B stainless steel are listed in Table 3.

700

[ —=—Heat treatment cycle]

600 +

Temperature (')

[ o = (43}
[} = = =
[} [w=} [w=} [w=}

[=]
[=]
T

[=]
T

I
a 3 10 13 20 23 30 35

Time (h)

Figure 3. The temperature cycle curve of heating.

Table 3. Temperature-dependent thermal properties.

Temperature Density Thermal Conductivity Specific Heat Average Expansion Coefficient
(°0O) p X 1073/(kg/m3) A x 10~ Y/(W/m-°C) ¢ x 1072/(J/kg-°C) a X 1075/°C
20 7.846 6.30455 4.54 1.30827
200 7.788 5.15221 528 1.36773
400 7.717 4.04449 6.8 1.45132
600 7.643 3.41335 8.8 1.53162
800 7.617 2.76772 9.99 1.19212
1000 7.538 2.8706 6.26 1.39518
1200 7.43 3.11267 6.56 1.58768
1400 7.321 3.35538 6.88 1.73079

2.4. Stress Analysis

The residual stress is calculated by using the temperature distribution obtained from
thermal analysis as input data. During the welding of SA738Gr.B stainless steel, the effect
of solid phase transformation can be negligible in this calculation. Therefore, the solid-state
phase transformation was ignored in the welding simulation, and the total strain can be
decomposed into three components, as follows:

e =¢f +ef + ¢, 4)

where ¢, €7, and €' stands for elastic strain, plastic strain, and thermal strain, respectively.
Elastic strain is modeled using the isotropic Hooke’s law with temperature-dependent
Young’s modulus and Poisson’s ratio. The thermal strain is calculated using the temperature-
dependent coefficient of thermal expansion. For the plastic strain, a rate-independent plas-
tic model is employed with von Mises yield surface, temperature-dependent mechanical
properties, and isotropic hardening model.

For temperature and stress analysis, temperature-dependent, thermo-physical, and
mechanical properties of the materials are incorporated, as shown in Figures 4 and 5. During
the residual stress analysis, four end nodes on each end of the model are constrained to
avoid rigid body motion.
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Figure 4. MTS Landmark 370.10 testing solution and tensile specimens.
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Figure 5. Stress—strain curve of SA738Gr.B steel at different temperatures.

For the local PWHT simulation, the distribution of stress and other variables obtained
in the welding simulation were set as initial conditions. The total strain rate can be
decomposed into four components as follows:

=+l +efl ¢ (5)

where ¢ and ¢", stand for creep strain and thermal strain. The creep strain is calculated by

Norton's steady-state creep model:
¢ = Bo", (6)

where ¢ is the creep strain rate; o is stress (MPa); and B and n are material constants for
creep. Here, only the creep strain at the insulation stage is considered. The creep parameters
Band 1 at 620 °C are 2.3 x 10723 and 8.3, respectively. The radial and axial displacement of
the bottom surface was constrained in order to prevent rigid body translation of the model.
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The tensile properties of SA738Gr.B steel are measured by a high-temperature tensile
test machine at nine different temperatures (20 °C, 100 °C, 200 °C, 300 °C, 400 °C, 500 °C,
600 °C, 700 °C, and 900 °C). Figure 4 shows tensile specimens and experimental apparatus
at different temperatures. The samples with serial number 1-9 were obtained at 20 °C,
100 °C, 200 °C, 300 °C, 400 °C, 500 °C, 600 °C, 700 °C and 900 °C, respectively. The tensile
rate is 1 mm/min. By recording the load and displacement during the tensile process, the
engineering stress—strain curves of SA738Gr.B steel at different temperatures were obtained
in Figure 5. During the whole measurement process, the extensometer was used to record
the deformation in the range section of the tensile specimen. According to Figure 5, the
mechanical properties (elastic modulus, tensile strength, yield strength) of SA738Gr.B steel
at different temperatures are listed in Table 4.

Table 4. Mechanical properties of SA738Gr.B steel.

Temperature (°C) 20 100 200 300 400 500 600 700 900
Elastic modulus (GPa) 194 206 180 206 179 186 141 135 123
Tensile strength (MPa) 674 652 651 654 692 617 318 250 175

Yield strength (MPa) 590 580 536 539 501 495 298 203 153
Young’s modulus (GPa) 209 205 196 186 182 175 157 146 38
Poisson’s ratio 0.29 0.29 0.29 0.30 0.30 0.31 0.31 0.32 0.34

3. Results and Discussion
3.1. Welding Residual Stress Analysis

Figure 6 shows the contour of the welding residual stress with a thickness ratio of
2. In the figure, Mises is Mises stress; S11 is radial stress; S22 is axial stress, and S33
is circumferential stress. The following will no longer be mentioned. Because of the
symmetry of the welding groove, the stress distribution is approximately symmetric about
the centerline of plate thickness. The von Mises and hoop residual stress in weld and HAZ
are greatly larger than in other zones. The welding pass can be clearly distinguished from
the contour distribution of von Mises and hoop residual stress. The maximum axial and
hoop residual stress is 536 MPa and 793 MPa, respectively. Those are all located in the
weld toe of the outer and inner surfaces. The residual stresses inside the welded joint are
relatively small. Compared to axial and hoop residual stress, the residual stresses is small,
and it will not be discussed in the following.

Figure 7 shows the distribution of welding residual stress for thickness ratio 2 along
Path-1, Path-2, and Path-3. It can be seen from Figure 7a,b that the distribution of residual
stress components on the inner and outer surfaces is very similar: the circumferential stress
533 obtains the maximum tensile stress at the weld toe of the thin plate, which is 634 MPa
and 620 MPa, respectively. The tensile stress on the surface of each end welding is reduced,
and the minimum tensile stress of the weld is 484 MPa and 493 MPa, respectively. The
maximum axial stress 522 of the inner and outer surfaces also occurs at the weld toe of the
thin plate, which is 536 MPa and 525 MPa tensile stress, respectively. The stress value on
the surface of the respective final welding is greatly reduced, and the center of the final
welding surface is transformed into a compressive stress of about —50 MPa. In general,
the distribution of welding residual stress on the inner and outer surfaces of unequal-
thickness joints is similar, and the stress values are slightly different, but the difference is
not significant. It can be seen from Figure 7c that the axial and circumferential stress trends
along the weld center line are similar, and the minimum stress values appear in the middle
of the plate thickness, which are —539 MPa and 33 MPa, respectively. The circumferential
stress is tensile stress along the whole path, and the axial stress is compressive stress in
the range of 1/3 wall thickness from the inner surface to 1/6 wall thickness from the outer
surface. The maximum compressive stress is —539 MPa. The radial stress along the weld
centerline fluctuates around zero.
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Figure 6. Contour of the welding residual stress with thickness ratio 2: (a) von Mises stress, (b) radial
stress, (c) axial stress, and (d) hoop stress.

And the hoop and axial stresses before and after local PWHT were also measured by
the impact indentation method [28], as shown in Figure 7a. It can be seen that the residual
stress distribution by simulation has a suitable agreement with the experiment, verifying
the simulation method is right. The local heat treatment of an unequal-thickness plate will
cause asymmetric temperature field distribution due to the asymmetry of the structure,
which will affect the residual stress field. The width of the heating zone on both sides of
the weld is equal, that is, the same total heat input will lead to asymmetric deformation of
the thick and thin plate, and the deformation of the thin plate is too large, which will lead
to the restriction of the thin plate and the extrusion of the thick plate when the cylinder
plate and the reinforcing plate are naturally cooled. On the other hand, the weld surface is
multi-pass welding, and the front and rear welding affects the symmetrical distribution
of welding residual stress on the surface. The hoop residual stresses in the weld of the
inner surface are larger than the axial residual stresses. There is a larger stress gradient
in the weld toe from the weld to the thick wall because of the effect of the last welding
pass. Similar to the inner surface, the hoop residual stresses on the outer surface is also
larger than the axial stresses. In addition, the average hoop and axial residual stresses of
the inner surface are close to those of the outer surface. From the inner surface to the outer
surface, both hoop and axial residual stresses are decreased first and then increased. The
compressive stresses were generated in the center of the weld joint.
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Figure 7. Distribution of residual stress for thickness ratio 2 before and after local PWHT along
(a) Path-1, (b) Path-2, and (c) Path-3.

3.2. Residual Stress and Deformation Analysis by Conventional HB Width

For the local PWHT of the welded joint with dissimilar thickness, neither the ASME
nor the Chinese standard has detailed rules on the HB width. In standard GB/T 30583 [29],
the thickness of the weld joint with dissimilar thickness is the thickness of a thin wall. The
distribution of residual stress for thickness ratio 2 after local PWHT by conventional HB
width along Path-1, Path-2, and Path-3 was also shown in Figure 7. The hoop stresses were
decreased greatly both on the inner surface and the outer surface, as well as on the inside
of the weld joint. The hoop stresses on the inner surface were average, decreased by about
82%, and were transformed into compressive stresses on the outer surface. For the axial
stresses, the variation law in the inner wall is different from the outer wall. From the outer
surface to the depth of 27 mm, axial stresses were decreased after PWHT. Especially on the
outer surface, the maximum axial stresses in the weld decrease from 420 MPa to —20 MPa.
However, the axial stresses from the inner surface to the depth of 35 mm were increased
after PWHT. The maximum axial stresses in the inner weld surface were increased by
120 MPa. The axial stresses in the weld toe of the inner surface reached more than 600 MPa,
which has a great influence on the safety service of pressure vessels. After a long time of
service, the stress corrosion cracking is easily generated in weld toe under high tensile
stresses and a corrosive environment. The inner tensile residual stresses can not be reduced
by the PWHT method to the conventional HB width. A new and more suitable HB width
should be defined.

What is more, the axial stresses of the inner surface in the thin wall side and thick
wall side are asymmetric. The axial stress in the thin wall is larger than that in the thick
wall, which may be caused by the asymmetric deformation from the thin wall to the thick
wall during local PWHT. Figure 8 shows the distribution of radial deformation in the inner
surface for thickness ratio 2 during PWHT. It can be seen that larger radial deformation
was generated at the holding stage. The maximum radial deformation at the holding stage
reached 259 mm, which is located in the thin wall side 0.5 m from the weld center. After
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the cooling stage of PWHT, there is residual radial deformation (~22 mm) generated in the
thin wall side. The inconsistent deformation is unfavorable to the manufacturing quality
and structural integrity of pressure vessels.

300
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Figure 8. Distribution of radial deformation in inner surface for thickness ratio 2 during PWHT.

3.3. Effects of Heat Band Width on Residual Stress and Deformation

Based on the above analysis, for the conventional local PWHT method, the width of
the heat band on both sides of the welding seam is equal. The same total amount of heat
input on both sides will cause the deformation of the thin and thick walls to be asymmetric.
The radical deformation of the thin wall is greatly larger than that of the thick wall, leading
to larger axial stress during the holding stage in the weld toe between the thin wall and
the weld seam. In addition, during the natural cooling process, the deformation of the
thin plate is restricted by the thick plate, and greater axial stress is formed at the toe of the
thin plate.

In order to improve the inconsistent deformation caused by the traditional heat treat-
ment method, the scheme of increasing the heat band width of the thick wall side can be
adopted. In order to adapt to the thermal expansion process of the thin plate, the thick
plate will be deformed more due to more heat input so as to avoid the excessive axial stress
at the welding toe of the thin plate. In order to adapt to the thermal expansion process of
the thin wall, the thick wall will be deformed more due to more heat input so as to avoid
the excessive axial stress at the welding toe of the thin plate.

The schematic diagram of the heat band arrangement for local PWHT of the welded
joint with dissimilar thicknesses is shown in Figure 9. The heat band width for the local
PWHT of welded joints with dissimilar thickness is the sum of the HB width of the
conventional heat treatment method and the HB width of the thick wall side.

HB = HB; + HB,, @)

where HB; is the main heating zone based on conventional local PWHT standards, and
HB; is the auxiliary heating zone, which will be determined by simulation. In order to
obtain the optimized width of the auxiliary heating zone, nine widths (250, 500, 750, 1000,
1250, 1500, 1750, 2000, and 2250 mm) were employed in the simulation.
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Figure 9. Layout of heat band for PWHT of welded joint with dissimilar thicknesses.

Figure 10a shows the maximum axial and hoop residual stress in the inner surface
of welded joints with dissimilar thicknesses after PWHT with different auxiliary heating
widths. It can be seen that with the increases in auxiliary heating width, the axial stress and
hoop stress are decreased gradually. When the heat band reaches 1500 mm, the axial stress
is smaller than that in the original as-weld axial residual stress. The axial and hoop residual
stresses become stable when the auxiliary heating width exceeds 1500 mm. With the
heating process of heat treatment, the maximum radial displacement position of the local
heat treatment model of the unequal-thickness plate after welding is transferred from the
welding joint to the heating zone of the thin plate base metal, and the radial displacement
of the model reaches the maximum at the end of heat preservation. Figure 10b shows
the effects of auxiliary heating width on the maximum radical residual deformation after
PWHT. Similarly, the maximum radical residual deformation decreases with increases in
auxiliary heating width. When the auxiliary heating width is between 1500 and 2250 mm,
the radial deformation of residual stress is maintained at the level of —2 mm.
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Figure 10. Residual stress (a) and radial residual deformation (b) after local PWHT with different
auxiliary heating widths.

Figure 11 shows the maximum residual stress and radical deformation at the end of
the insulation stage with different auxiliary heating widths. With the increases in auxiliary
heating width, both the axial stress and hoop stress at the holding stage were increased, as
shown in Figure 11a. When the auxiliary heating width reaches 1250 mm, the axial stress
and hoop stress are maintained at levels of 400 MPa and 360 MPa, respectively. As shown
in Figure 11b, as the auxiliary heating width increases from 250 to 1750 mm, the radical
deformation at the holding stage decreases gradually. The maximum radial deformation is
about 210 mm. Through the comprehensive analysis of the influence of the auxiliary HB
width of the thick wall side on the stress and deformation, it can be concluded that the
minimum auxiliary HB should be no less than 1400 mm, and the range of the optimal HB
width is 1500~1750 mm. The larger the auxiliary HB width of heat treatment, the higher
the cost of heat treatment and the greater the difficulty of site construction. Therefore,
the optimized auxiliary HB width is recommended as 1500 mm for the weld joint with a
thickness ratio of 2.
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Figure 11. The maximum residual stress (a) and radical deformation (b) at the end of the insulation
stage with different auxiliary heating widths.

Figure 12 shows the distribution of residual stress before and after PWHT with newly
defined HB width along Path-1, Path-2, and Path-3. It can be seen from Figure 12a,b that the
distribution of welding residual stress of unequal-thickness joints on the inner and outer
surfaces is similar, and the numerical difference is not large, but after heat treatment, there
will be a big difference: the axial stress 522 and the circumferential stress S33 are higher
than the outer surface stress as a whole. This is because the inner surface of the cylinder and
the reinforcing plate is more obviously squeezed during the recovery process. Figure 12a
shows that the axial stress of the thin plate side is higher than that of the thick plate side
after local heat treatment. Compared with the high level of welding residual circumferential
stress, the circumferential residual distribution of the inner surface after heat treatment is
greatly reduced, which changes in the range of —19~178 MPa. Figure 12b shows that the
axial and circumferential stresses are significantly reduced along the outer surface path
2 after heat treatment, and the circumferential stress S33 on the side of the thin plate is
transformed into a compressive stress of up to —200 MPa. The axial and circumferential
stress distribution of the weld surface is similar, which is reduced on the surface of the
final weld, and the maximum value is about 200 MPa. Figure 12c shows the distribution of
axial and circumferential stress along the weld centerline. Overall, the stress distribution
along the weld centerline is more uniform after heat treatment. Similar to the conventional
HB width, the hoop stresses in the inner and outer surfaces are all decreased by the newly
defined HB width. Different from the conventional HB width, the axial stresses in the
inner and outer surfaces are also all decreased. Compared to the axial residual stresses
by conventional HB width, the axial residual stresses were decreased by new defined HB
width. At the same time, the asymmetric distribution of axial stresses still existed. Figure 13
shows the distribution of radial deformation in the inner surface for thickness ratio 2 during
PWHT with a newly defined HB width. The maximum radial deformation during the
holding stage is 240 mm, located 1.1 m from the weld center. Then, it decreases to 25 mm
after PWHT. The position of maximum radial deformation from the weld center for the
newly defined HB width is larger than that for the conventional HB width because the heat
input in the thick wall side is increased. Though the radial deformation from thin wall
to thick wall is also non-uniform, the radial deformation around the welded joint during
the holding stage is almost the same. Therefore, the additional bending stress in the weld
toe induced by inconsistent deformation is eliminated, enhancing the ability to SCC of the
weld joint.
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3.4. Optimization of HB Width for Different Thickness Ratios

In this section, the same simulation method as 2.2 welding-local heat treatment is
used to simulate the post-weld heat treatment of unequal-thickness joints with thickness
ratios k of 1.5 and 2.5, respectively. According to the analysis method described above, the
effect of auxiliary HB width on residual stress and radial deformation for other different
thickness ratios was also discussed. Figure 14 shows the effects of auxiliary HB width
on the maximum residual stress after local PWHT for the welded joint with thickness
ratio k = 2.5 and k = 1.5. For the thickness ratio k = 2.5, both the hoop and axial stress are
decreased with the increases in auxiliary HB width. For the thickness ratio k = 1.5, with the
increases of auxiliary HB width, the axial stresses are decreased while the hoop stresses are
increased. The variation of the maximum residual stress with the increase in the width of
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the auxiliary heating strip after the local heat treatment of the k = 2.5 unequal-thickness
joint and the k = 1.5 unequal-thickness joint is more consistent: the axial stress decreases
first and then stabilizes with the increase in the width of the auxiliary heating strip. The

hoop stress shows a trend of decreasing first and then rising slightly and finally remaining
stable with the increase in the auxiliary heating zone width.
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Figure 14. Effects of auxiliary heating width on the maximum residual stress after local PWHT for
the welded joint with thickness ratio (a) k = 2.5 and (b) k = 1.5.

The joint heating optimization method with thickness ratio k = 1.5 and k = 2.5 is
the same as the joint with k = 2 mentioned above. We determine the optimal auxiliary
heating width by analyzing the variation trend of maximum residual stress, maximum
residual deformation, maximum stress at the end of heat preservation, and maximum
radial displacement with the auxiliary heating width. The minimum value of the heating
width that makes these four quantities basically stable is obtained. Through comparative
analysis, the most suitable heating width value is selected. The optimized auxiliary HB
width for the thickness ratio k = 2.5 and 1.5 are recommended as 1750 mm and 1250 mm,
respectively.

In order to verify the reduction effect of the proposed auxiliary HB width, the maxi-
mum residual stress and radical deformation after local PWHT under recommended HB
width for different thickness ratios were compared, as shown in Figure 15. It can be seen
that the axial stress and hoop stress during the holding stage is maintained at levels of
about 400 MPa and 350 MPa, respectively. Moreover, the axial stress and hoop stress after
the cooling stage is maintained at levels of about 526 MPa and 315 MPa, respectively. It
indicates that the residual stress reduction effect by the proposed auxiliary HB width is
the same. The average maximum radial deformation and residual deformation for three

thickness ratios are 210 mm and —2 mm, respectively. However, on the whole, the values of
stress and deformation in the heat treatment process with different thickness ratios under
the optimum heating width are not different. It can be seen that the standard for determin-
ing the optimal width of the heating band is consistent, and the local post-welding heat
treatment of the joints with different thickness ratios under their respective optimal heating
band width has achieved a very suitable stress-relieving effect. Therefore, it is reasonable

to choose the optimum width of the heat band for the joint with different thickness ratios
based on the residual stress relief effect.
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Figure 15. The maximum residual stress (a) and radical deformation (b) after local PWHT under
recommended HB width for different thickness ratios.

3.5. Establish Uniformed Calculation Criterion of HB Width

Based on the above analysis, the auxiliary heating width for the thickness ratio 1.5,
2.0, and 2.5 are 1250, 1500, and 1750 mm, respectively. In this case, VRT =~ 1000 mm.
Summarizing this variation rule, the auxiliary heating width can be described as a function
of the radius (R), wall thickness (T), and thickness ratio (k), defined as follows:

k-1 k+1
HB, = VRT + =~ VRT = er VRT, ®)
Therefore, the total HB width is determined by:

4. Conclusions

In this study, research on unequal-thickness joints is carried out. The finite element
model is established according to its size and local heat treatment process. The two-
dimensional endogenous heat source algorithm and thermal stress coupling method are
used to simulate the local heat treatment process of unequal-thickness joints. Based on
the residual stress elimination criterion, combined with the evolution law of stress and
deformation and residual deformation during local heat treatment, the optimal heating
zone size of unequal-thickness joints was studied, and the following conclusions could
be drawn:

(1) The maximum axial and circumferential residual stresses are 536 MPa and 793 MPa,
respectively, which are located in the weld toes on the outer and inner surfaces. The
residual stresses inside the welded joint are relatively small. The hoop residual stresses
in the weld of the inner and outer surfaces are larger than the axial residual stresses.
From the inner surface to the outer surface, both hoop and axial residual stresses are
decreased first and then increased.

(2) The hoop stresses were decreased greatly both on the inner surface and the outer
surface, as well as on the inside of the weld joint after PWHT. For the axial stresses,
the variation law in the inner wall is different from the outer wall. From the outer
surface to the depth of 27 mm, axial stresses were decreased after PWHT. However,
the axial stresses from the inner surface to the depth of 35 mm were increased after
PWHT. The axial stress in the thin wall is larger than that in the thick wall.

(3) By comparing the local heat treatment results under the width of the auxiliary heating
zone, it is suggested that the width of the auxiliary heating zone of the post-weld heat
treatment of the joint with a thickness ratio of 2 is 1500 mm. After heat treatment at
the recommended auxiliary heating width, the circumferential stress is reduced by
60% compared with the as-welded state. The radial and axial reductions were 25.2%
and 3.7%, respectively. The radial deformation around the welded joint during the
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holding stage is almost the same. Therefore, the additional bending stress in the weld
toe induced by inconsistent deformation is eliminated, enhancing the ability to SCC
of the weld joint.

(4) The optimized auxiliary HB width for the thickness ratio k = 2.5, k = 2, and 1.5 are
recommended as 1750 mm, 1500 mm, and 1250 mm. On the whole, the values of
stress and deformation in the heat treatment process with different thickness ratios
under the optimum heating width are not different. The standard for determining the
optimal width of the heating band is consistent.

(5) Comparing the heat treatment results of joints with different thickness ratios under
the optimal heating width, it can be seen that the larger the thickness ratio, the larger
the auxiliary heating width required to achieve the same heat treatment effect, and
the two are positively correlated. The local heat treatment heating formula of unequal-
thickness joints based on thickness ratio is further derived: HB = HB; + HB, =
3VRT + 1%"\/@ for SA738Gr.B steel.
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