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Abstract: Welding is widely used to manufacture and repair steel structures such as piping and
pressure vessels. Welding induces deformation and residual stress, which influences the mechanical
performance of the structural members. Noting patch welding, which is applied to repair steel
structures, a series of patch welding experiments and numerical analyses were carried out. The
features of out-of-plane deformation and residual stress by patch welding were examined by changing
the patch size. The out-of-plane deformation showed different modes in the patch joints. The
magnitude of the out-of-plane deformation depended on the patch size. The tensile residual stress
at the weld toe increased with the enlargement of the patch size. The costs for the different sizes
of patch welding were estimated for choosing the patch size reasonably. The patch size should be
determined by considering the mechanical influences of welding and the economic viewpoints of the
welding process.

Keywords: welding; patch joint; deformation; residual stress

1. Introduction

Welding is an important technology for joining metal structural members. Pressure
vessels or pipes in chemical plant structures are assembled by welding. Welding is widely
used not only for manufacturing new structures but also for repairing damaged parts of
structures [1]. When cracks or defects are detected in a material, they are removed by
grinding or gouging, and repair welding is performed [2]. When a member is thinned by
corrosion, a patch plate is welded on the thickness-reduced part [3]. Welding can repair
damages such as cracks or thickness reduction by filling the damaged part with the melted
metal or joining the additional member to the damaged parts. Although welding has
a lot of advantages as a repair method, there are some disadvantages, such as welding
deformation and residual stress.

Many research works have been conducted on welding deformation and residual stress
to investigate their generation mechanism and their features [4,5]. The high-temperature
region by welding in the material is very local, and the temperature in the region away
from the welded part is not so high. The large temperature difference causes a gap in
thermal expansion. When the weld metal is put on the surface of the metal plate, the heated
part on the surface is expanded by the temperature rise. Although the mid-thickness or
the bottom surface of the plate is also heated by the supplement of the weld metal on
the top surface, the temperature at these parts is lower than that at the top surface. After
the heating stage, the plate starts to cool down. Then, the shrinkage of material occurs
in the cooling stage. The degree of shrinkage varies in the thickness direction as well as
the expansion in the heating stage. These differences in the expansion and shrinkage in
the thickness direction create out-of-plane deformation. Furthermore, this expansion and
shrinkage around the welded part are restrained by the surrounding parts, the temperature
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of which is not so high. As a result, residual stress is generated by welding. High tensile
stress is produced around the welded part because the shrinkage in the cooling stage is
restrained by the surrounding base metal. The welding deformation reduces the accuracy
of assembly or the load-carrying capacity of the members. The residual welding stress
becomes a cause of cracking and reduces fatigue strength. The welding deformation and
residual stress might be crucial factors for ensuring the mechanical performance and safety
of metal structures [6].

Among many kinds of welded joints, butt joints by flat plates or T-shaped joints are
common targets because they are generally used in any type of structure. On the other
hand, there are few reports about patch joints compared to flat plate joints or T-shaped
joints because the patch joints are basically not for manufacturing but for repairing [7,8].
It should be noted that the weld repair induces harmful influences on structures due to
deformation and residual stress, and this should be avoided [9]. From this point of view,
the features of deformation and residual stress generated by patch welding might have
significant meanings.

The features of welding residual stress have been investigated experimentally and
analytically by the previous studies [10,11]. However, the joint type in these studies was
not a patch welding but a groove welding of flat plates or pipes. Although the previous
study investigated the feature of residual stress by patch welding [8], the features of
deformation were not discussed. Therefore, this study aims to investigate the features of
both deformation and residual stress by square patch welding on steel plates, noting its
size effect. A series of experiments and FE simulations were conducted with changing
patch sizes. The influences of the patch sizes on the welding deformation and residual
stress were examined. Furthermore, a cost estimation was performed on the different sizes
of patch welding, because the patch size, including the amount of material and the weld
length, directly influences the cost of the repair work. The results obtained in this study
will contribute to selecting the patch size for the weld repair process from mechanical and
economical viewpoints.

2. Welding Experiment
2.1. Specimen

Figure 1 shows the shape and dimensions of the specimens used in the experiment.
The patch plates with different sizes of 60 mm, 120 mm, and 180 mm were welded to the
center of the upper surface of the base plates, which was 240 mm on each side and 12 mm
thick. Three specimens were prepared for each size of the patch plate, and a total of nine
specimens were prepared. The specimens were named b60, b120, and b180 by the size
of each plate. In order to accurately measure the residual stress induced by welding, the
specimens were heat-treated in advance to release the initial stress before welding. The
heat treatment was an annealing process by which the specimens were kept at 600 °C for
10 h and then slowly cooled in a furnace.

The material used in this study was SM400B (rolled steel for welded structures),
specified by Japanese Industrial Standards (JIS G 3106) [12]. A gas metal arc welding with
YGW12 (JIS Z 3312) [13] was performed. Table 1 shows the mechanical properties of the
materials (mill sheet values and catalog values).

All specimens were welded clockwise around the entire circumference under the
welding conditions shown in Table 2. The welding conditions were selected to provide the
weld bead with a leg length of 4 mm based on the experience of skilled welders.

2.2. Measurement Method

Figure 2a shows the positions of the thermocouples for measuring the temperature
histories by welding. The temperature data were acquired at intervals of 0.5 s. To repro-
duce the experimental results by the thermal elastic—plastic analysis described below, the
temperature histories were obtained for two specimens of each size of the patch plates
when the welding of the first pass was performed.
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Figure 1. Shape and dimension of the specimen; (a) b60, (b) b120, and (c) b180.

Table 1. Mechanical properties of SM400B and YGW12 [12,13].

SM400B YGW12
Yield Stress Tensile Strength Elongation Yield Stress Tensile Strength Elongation
[N/mm?] [N/mm?] [%] [N/mm?] [N/mm?] [%]
306 451 30 460 540 28

Table 2. Welding conditions (gas metal arc welding).

Max. Min. Average
Weld voltage [V] 24 22 23
Weld current [A] 175 140 157
Weld speed [mm/s] 6.88 4.92 5.75
b120 i : ¢ b120
3 ; ; i
3 30 15 55 10 20
s S S N S .
=) 2 2
1 | — I — s
2 ase2 © : : P
X X i i Unit: mm
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Figure 2. Measurement positions of (a) temperature, (b) out-of-plane deformation, and (c) resid-

ual stress.

The specimens were welded around the entire circumference of the patch plate and
cooled to room temperature; then, the out-of-plane deformation was measured. Figure 2b
shows the measurement positions at intervals of 60 mm on the lower surface of the specimen.
A dial gauge was used for the measurement. In order to measure the deformation due to
welding, the initial deformation was also obtained before the welding. The out-of-plane
deformation at both ends of the specimen was set to zero at each measurement line, and
the relative displacement from the line connecting the two ends was calculated.

Several measurement methods of residual stress have been examined. A deep hole
drilling method is one of the typical destructive measurement methods [10]. The deep
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hole drilling method can measure not only surface stress but also through-thickness stress.
Because the specimens in this study are relatively thin and the surface stress is noted,
non-destructive measurement by the X-ray diffraction method was adopted for efficient
work [14].

Thirteen measurement points for residual stress were set on the centerline of the upper
surface of the specimen in the x-axis and the y-axis directions, respectively. The residual
stresses in the x-axis and the y-axis directions were measured at each point. Figure 2¢
shows the measurement positions. Before the measurement, the mill scale was removed
by belt sanding, and the steel surface was smoothed by electropolishing. The depth of
electropolishing was about 0.2 to 0.4 mm. The residual stresses were measured by a device
of the X-ray diffraction method (u-X360s, Pulstec Industrial Co., Ltd., Hamamatsu, Japan).

3. Welding Simulation by Thermal Elastic-Plastic Analysis

In order to clarify the features of deformation and the residual stresses of the patch
joints, a simulation of the welding experiment by thermal elastic—plastic analysis was
conducted. The commercial FE analysis software Abaqus ver. 6.14 was used.

The analytical model is shown in Figure 3. The analytical conditions are shown in
Table 3. The cross-section of the weld bead was modeled as a right-angled isosceles triangle
of 4 mm X 4 mm. In order to reproduce the welding process, weld bead elements were
generated with the movement of the heat source by the element birth function. The red
arrows in Figure 3 indicate the welding direction. A gap of 0.001 mm was set between the
base plate and the patch plate, and a rigid contact condition was applied to the surfaces
between the base plate and the patch plate. The mesh size of the elements was set to
be about 5 mm. Only the rigid body displacement of the model was constrained as the
mechanical boundary condition. The heat transfer from the surface to the air was defined
as the thermal boundary condition.

240

60~180
coinibiiiibiiiiiiiiiidits

Pass 4 k:

Pass 3 Pass 1

Pass 2

Unit: mm

Figure 3. Analysis model.

Table 3. Analysis conditions.

Analysis software Abaqus Ver. 6.14
Analysis type Temperature-displacement coupling
Element type 8-node reduced integral solid element

Only rigid body displacement is constrained
Displacement constraint
Mechanical boundary conditions Node 1: y- and z-directions
Node 2: x-, y-, and z-directions
Node 3: z-direction

Thermal boundary conditions Surface heat transfer
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A uniform heat input was calculated from Equation (1) [10].
v
—p_ 1
q="1gp @

where g is the heat input [J/ mm?], 1 is the thermal efficiency [-], I is the welding current
[A], V is the welding voltage [V], S is the cross-sectional area of the heat input element
[mm?2], and L is the length of the heat input element [mm].

The temperature-dependent material properties and the stress—strain relationship
used in the analysis are shown in Figure 4. The previous studies were referred to in order
to determine these properties [15,16].

400 10

Specific heat: ¢ [ X 102J/kgK]
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Figure 4. Temperature-dependent material properties and stress—strain relationship; (a) mechanical
properties, (b) physical constants, (c) stress—strain curves of SM400B, and (d) stress-strain curves of
YGW12 [15,16].

The thermal efficiency of the heat input of the welding and the contact heat transfer
between the plates were determined. Because the thermal efficiency # of arc welding is
generally 0.7 to 0.9 [17,18], the analysis was conducted under the condition that # was
varied in the range of 0.7 to 0.8. The value of  was selected to match the temperature
history obtained in the experiment.

It is known that solid-state phase transformation affects the residual stress of weld
metals of high-strength steel [10]. However, the material used in this study was normal
carbon steel. Furthermore, not only the stress around the welds but also the deformation
and the overall stress distribution in the joints were examined in this study. Therefore, the
solid-state phase transformation was not considered in the analysis.

Since the specimens used in this study had a contact between the base plate and the
patch plate, a heat transfer should be considered between them. In this analysis, it was
assumed that the heat transfer coefficient was determined only by the temperature. The
heat transfer was assumed to be independent of the contact pressure and the amount of gap
for the sake of simplifying the analytical conditions. Therefore, the heat transfer between
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200

the base plate and the patch plate was modeled the same as the thermal conductivity
of steel.

The results of the analysis under the above conditions are shown in Figure 5. The
temperature change of the specimen due to the heat input during welding was reproduced
with a high accuracy. Thereafter, in order to remove the influence of variations in the heat
input and speed during welding, the analysis was conducted under the same conditions
for all models, except for the dimensions. In other words, using the average experimental
values of the welding speed of 5.75 mm/s, the voltage of 23 V, the current of 157 A, and the
temperature of 24 °C, the analysis was conducted again.
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Figure 5. Comparison of the experimental and analytical results of temperature history; (a) b60,
(b) b120, and (c) b180.

4. Results and Discussion of the Experiment and Analysis
4.1. Out-of-Plane Deformation

Figure 6 shows the out-of-plane deformation obtained from the experiment and
analysis. The light red area indicates the weld line. The light blue area indicates the
area where the patch plates were joined. The out-of-plane deformation by the analysis
was about 0.5 to 0.7 mm, and the maximum difference from the experimental value was
about 0.2 mm. Despite the difference in the absolute values between the experimental and
analytical results, the tendency of out-of-plane deformation could be reproduced. From
the correspondence between the experimental and analytical values, the validity of the
analytical model was confirmed.
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60 120 180 240
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=
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ES
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Figure 6. Experimental and analytical results of the out-of-plane deformation; (a) b60, (b) b120, and

() b180.

Figure 6 represented that the base plate had two different modes of deformation. One
was convex downward deformation in the region covered by the patch plate, and the
other was linear deformation in the region not covered by the patch plate. As shown in
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Figure 7a, the former and latter modes were defined as bending deformation 81 and angular
deformation 8y, respectively.

Reference plane
Patch plate [} i
[

%3

@) (b)
Figure 7. Deformation mode of the (a) base plate and (b) patch plate.

First, the mechanism of the occurrence of 81 is discussed. The out-of-plane deformation
due to welding was caused by the temperature difference in the thickness direction of the
plate. The temperature of the patch plate was higher than that of the base plate because the
patch plate was smaller than the base plate. During the cooling process, the shrinkage of
the patch plate was restrained by the base plate. Therefore, tensile stress acted on the patch
plate and compressive stress acted on the base plate. In other words, the compressive force
acting on the base plate generated a bending moment inside the base plate, resulting in a
convex downward bending deformation.

Next, the mechanism of the occurrence of 8, is discussed. A large temperature differ-
ence in the thickness direction on the weld line induced the difference in shrinkage in the
thickness direction of the plate, which caused the angular deformation.

The deformation of the patch plate is also discussed. The reference planes were defined
at three points among the four corners of the patch plate, and the relative displacement
at the center of the patch plate was calculated as the out-of-plane deformation. Since the
temperature was higher on the bottom surface than on the top surface of the patch plate, it
was predicted that the deformation would be convex upward. However, the deformation
was the opposite. In other words, the patch plate might be deformed convexly downward
following the bending deformation of the base plate. Therefore, the deformation of the
patch plate was determined as bending deformation, and 83 was defined in Figure 7b.

The influence of the welding sequence on the out-of-plane deformation was examined.
In order to investigate the trend of the out-of-plane deformation more clearly, models
with patch plate sizes of 90 mm and 150 mm were created and analyzed under the same
conditions. Figure 8 shows &; and 9, for each weld line.

0.006 0.006
—Pass | —Pass 2 Pass 3 Pass 4
0.004 | _0.004 f
= =]
E, £,
2 er S
0.002 0.002 |
@
C
0 - . * 4 - 0 N L N L L
q 5 )
30 0 150 210 30 90 150 210

Size of patch plate [mm] Size of patch plate [mm]

(a (b)
Figure 8. Out-of-plane deformations of (a) 5; and (b) 6, by each welding pass.

In all models, 6; was the smallest at pass 4. The joint was not closed by the weld line
in the welding of passes 1 to 3. However, it was constrained from all the edges in pass 4. In
other words, the deformation of the joint was suppressed at pass 4 compared to the other
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weld lines. On the other hand, 6, was the smallest at pass 2. After the welding of pass 1, the
gap between the base plate and the patch plate increased due to the shrinkage of the weld
bead. However, the gap gradually decreased in the welding of pass 2. During this process,
a convex deformation occurred at a part of the edge of the patch plate corresponding to
pass 2. The deformation by the other weld lines was uniformly convex downward, which
might be due to the difference in the deformation mode of the weld lines.

Although the deformation of each weld line was different, the difference of 5; was
about 0.001 rad, and that of 6, was about 0.002 rad in each pass. Therefore, the average
values of the out-of-plane deformation are used as the index.

In Figure 9, the average value of §; in each weld line is represented by the red symbol,
and the average value of 9, is represented by the blue symbol. The average value of 63 for
the four different ways of taking the reference plane is represented by the green symbol.
A positive correlation between the bending deformation (61, 53) and the size of the patch
plate is confirmed. A negative correlation between the angular deformation (J;) and the
size of the patch plate is confirmed.

0.005

0.004
5 L

30 90 150 210
Size of patch plate [mm]

Figure 9. Influence of joint size on out-of-plane deformation.

As the length between the weld lines increases with the size of the patch plate, the
degree of restraint by the weld lines decreases. This may cause a decrease in the resistance
to bending. Therefore, 6; and &3 may increase as the patch plate becomes larger. However,
03 decreases in the range of the patch plate size from 150 mm to 180 mm. When the patch
plate is small, &3 is generated, following &;. However, the bending moment in the direction
to suppress the bending deformation increases due to the tensile stress in the plate direction
acting on the patch plate. Therefore, when the patch plate size is smaller than 150 mm, &;
and &5 are approximately equal. The difference between them gradually increases when
the patch plate size is larger than 150 mm.

From the temperature history analysis, it was confirmed that the temperature differ-
ence between the top and bottom surfaces of the base plate decreased with the increase in
the size of the base plate. The larger the patch plate becomes, the shorter the distance from
the weld line to the edge of the base plate becomes. This might lead to the fact that the
heat conduction toward the edge of the base plate tended to be uniform. Therefore, the
difference in shrinkage between the upper and lower parts of the base plate decreased. As
a result, J, might become smaller.

4.2. Residual Stress

Figure 10 shows the experimental and analytical results of the residual stresses in
the x-axis and y-axis directions. The light red area indicates the weld line. The solid blue
lines are the stress components across the weld line, and the solid red lines are the stress
components along the weld line. The symbols are experimental values, respectively. The
X-ray diffraction method could not be applied to the welded parts. The experimental
values near the weld lines showed a large scatter. Although the experimental values and
the analytical values did not show a correspondence in some points, such as the region
near the weld line, the analysis could simulate the tendencies of the residual stresses.
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Figure 10. Experimental and analytical results of residual stress; (a) b60 in the x-direction, (b) b60 in
the y-direction, (c) b120 in the x-direction, (d) b120 in the y-direction, (e) b180 in the x-direction, and
(f) b180 in the y-direction.

These results show that large tensile stresses were generated near the weld toes. This
was because the plastic strain was generated in the weld due to the local temperature rise,
and the plastic strain was constrained by the surrounding area. The stress at the weld toes
crossing to the weld line largely differed with the size of the patch plate because the degree
of the restraint depended on the patch size.

The influence of the welding sequence on the residual stress is discussed. The stresses
near the weld toes at the surface of the base plate are shown in Figure 11. For all models, the
tensile residual stress at the final pass was the largest. It is known that there is a reciprocal
relation between residual stress and deformation occurring in a joint. In this model, the
weld line becomes longer as the weld progresses, and the restraint of the patch plate by the
base plate increases. Therefore, the deformation is suppressed when the restraint is large.
This results in large residual stresses.
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Figure 11. Influence of the welding order on the residual stress at the weld toe.

The analytical values of the residual stresses in the area covered by the patch plate
were almost constant in the x-axis and the y-axis directions for both the patch plate and the
base plate. The average value at the center of the specimen (x = 120, y = 120) is selected as
the index of the stress inside the joint. Figure 12 shows the averaged values of the stresses
at the center of the patch plate and the base plate in each axial direction. The stresses
in the base plate were almost uniform. However, the absolute values of the stresses in
the y-axis direction were larger than those in the x-axis direction for the patch plate. In
addition, although tensile residual stresses should be generated in the patch plate from
the process of generating bending deformation, the stresses in the x-axis direction were
of small compression for the patch plates of 60 mm and 180 mm. The compressive stress
might be generated as a reaction force to the tensile stress generated by the longitudinal
shrinkage of the weld line in the final pass.
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Figure 12. Average residual stresses in the center of the model.

No clear relationship between the residual stress in the area covered by the patch
plate and the size of the patch plate was found. This might be because the influence of the
thickness increased when the patch plate was small, while the residual stresses decreased
with the relaxation of the restraints when the patch plate was large.

5. Cost Estimation of Patch Welding

The cost for the patch welding includes the costs of the material and welding work.
The material costs of general carbon steel specified by the Construction Research Institute
in Japan are shown in Table 4. The grades SM400A and SM490A are the general carbon steel
for welded structures, the tensile strengths of which are over 400 N/ mm? or 490 N/mm?.
The grade SM490YA has a higher yield strength than SM490A. The yield strength shown in
the table is assumed as the thickness is less than 16 mm. The material prices are estimated
by considering the grade and the thickness of 12 mm. The extra costs for the transportation
and primer are not considered. As of May 2022, EUR 1 is approximately JPY 137.5.



Processes 2022, 10, 1312

110f13
Table 4. Material prices of several types of steel in Japan.
Yield Strength Tensile Strength Price in 2022

[N/mm?] [N/mm?] [JPY/]

SM400A Over 245 400-510 148,500

SM490A Over 325 490-610 157,000

SM490YA Over 365 490-610 158,000

The cost of general gas metal arc welding is calculated by Equation (2) [19].

Crorar = Cps + Cem + Cip 2

where Cps is the power supply cost, Ccp is the consumable cost, and Cyp is the labor cost.
The power supply cost (Cps) includes the costs of depreciation, maintenance, consum-
able goods, electric power, cooling water, etc. The consumable cost (Ccps) includes the costs
of the electrode, wire, flux, gas, backing plate, etc.
Table 5 shows examples of welding costs in Japan. The welding conditions for the cost
estimation are gas metal arc welding by the shield gas of CO; and fillet welding with a leg
length of 6 mm. Welding voltage, current, and speed are typical values for them.

Table 5. Example of welding cost in Japan.

Welding Cost [JPY/m]
Power Supply Consumable Labor Total
Cps Cem Cip CroraL
17 85 303 405

Figure 13 shows the combinations of the material costs and the welding costs for the
patch sizes from 60 mm to 180 mm. The material costs are calculated by the weight of the
patch plate with a steel density of 7.85 g/cm?. The steel grade SM400A is assumed in this
estimation. Plate cutting and surface preparation are not included in the cost. The welding
cost does not include the pre-welding and post-welding processes such as tack welding,
repair welding, and disposal. Although the welding cost is proportional to the welding
length, the material cost is not proportional to the welding lengths. The ratio of the material
cost to the welding cost increases with the patch size. The larger patch size is preferable
to decrease the residual welding stress, as shown in Section 4. The cost of patch welding
becomes higher and higher with the patch size. The patch size should be determined by
considering the mechanical influences of welding and the economic viewpoints of the
welding process.
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Figure 13. Combinations of material cost and welding cost; (a) cost in JPY and (b) normalized cost of
patch sizes from 60 mm to 180 mm by the cost of a patch size of 60 mm.
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6. Conclusions

A series of experiments and numerical analyses were conducted to investigate the
features of deformation and residual stress generated by different sizes of patch welding.
The cost of the patch welding process was roughly estimated. The main results that were
obtained are as follows.

The welding deformations generated between the patch plate and the base plate
were defined as bending deformation and angular deformation based on their generation
mechanism. The bending deformation increased and the angular deformation decreased as
the size of the plate increased, respectively.

The residual stress at the weld toe of the final pass was the highest of all the weld lines,
and the difference and the absolute value of the residual stress for each weld line became
smaller as the size of the patch plate was increased. Compressive stress was uniformly
generated under the patch plate at the base plate, and the residual stresses were not so large.

The cost for patch welding was estimated by combining the material cost and the
welding work cost. The patch welding cost was not in proportion to the weld length. The
patch size should be determined by considering the mechanical influences of welding and
the economic viewpoints of the welding process.
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