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Abstract: For long-serviced pressure equipment that is under severe working conditions such as
a high temperature, high pressure, and corrosion, the material properties and structure will be
unavoidably damaged or degraded, especially cracks and other damages at key positions such as
welded joints, which seriously threaten the safe operation of the equipment. In order to promote
the sustainable development of industries such as the chemical and petrochemical industries,
remanufacturing technology has emerged worldwide, and various surface repair processes have
also rapidly developed. As an important branch of surface repair technology, the high energy spark
deposition (HESD) process is a new pulse cold welding repair technology developed from electro-spark
deposition, which combines the advantages of multiple surface repair processes. The HESD process
has the characteristics of a smaller heat affected zone and lower welding residual stress. It is a new
type of repair method that is worthy of popularization and application. The process has been initially
applied in the fields of surface modification and die steel repair. In this paper, the application of
the HESD process to the repair of welded joints was introduced, the mechanical properties of the
joints and the residual stress distribution after welding were analyzed, and the feasibility of HESD
as a repair welding method for pressure structures was discussed. First, a numerical simulation
of the temperature and stress field of HESD was proposed by using ABAQUS and the related
subprograms, and the validity of the simulation results was verified by the residual stress test with
the indentation strain method. Due to the precise control of the heat and pulse discharge working
mode, the heat-affected zone and deformation caused by the HESD were extremely small, and the
residual stress that was generated was low and only concentrated on the repair welding seam.
Second, according to the numerical simulation and the test results of the mechanical properties of the
welded joint, the optimal repair welding process parameters were obtained through the orthogonal
experiment: peak current 45 A, pulse width 90 ms, and output voltage 10 V.

Keywords: high energy spark deposition; numerical simulation; welding residual stress; mechanical
properties; process optimization

1. Introduction

In industrial production, numerous key parts of equipment are inevitably subjected to deformation,
corrosion, fracture, wear, deterioration, and other damages under the long-term action of complex
working conditions and the severe environment, such as the wear and scratch of rotor journals and
turbine blades in service, hydrogen corrosion cracking of ethylene spherical tanks, etc. According
to relevant statistics, more than 80% of equipment failures are caused by surface wear, corrosion,
and fatigue [1]. For the damaged parts, the traditional replacement or retirement method causes a
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waste of resources, which no longer conforms to the current industrial development trend. In recent
years, remanufacturing technology has developed rapidly and formed a relatively complete system.
The remanufacturing technology has greatly saved the investment of enterprises and achieved the
maximum output, providing new methods for the treatment of damaged parts [2].

At present, the repair of damaged equipment mainly uses traditional surfacing welding technology
such as gas welding and arc welding. However, excessive welding heat input during the repair process
is prone to producing large welding residual stress and deformations, and it causes a degradation
of the material properties in the heat-affected zone. In some cases, the welding residual stress and
the stress generated by the external load will cause the plastic deformation of the material and
reduce the structural rigidity. In addition, when the superimposed stress is greater than the tensile
strength, this will also lead to early structural damage. When there is tensile residual stress at the stress
concentration, the fatigue strength of the structure will also decrease. The residual stress is also an
important cause of stress corrosion cracking. However, residual stress can also play a positive role.
For example, compressive residual stress is applied on the surface of materials to improve their fatigue
properties. Cseh [3] studied the surface residual stress state evolution of hardened and shot peened
42CrMo4 steel during fatigue tests by X-ray diffraction. In addition, compressive residual stress can
effectively inhibit stress corrosion cracking. Therefore, the welding residual stress has a significant
impact on the structural integrity, the appropriate in-service evaluation of the welded joint, and the
reliable operation of the equipment [4,5]. It is necessary to find more advanced repair processes to
make up for the shortcomings of traditional welding methods.

The HESD repair welding process is improved by electro-spark deposition, which combines the
characteristics of various surface processes and has the advantages of a low heat input, low welding
residual stress, and excellent metallurgical adhesion with the substrate. HESD can be considered as a
hybrid procedure combining welding, surfacing, and metallization by evaporation [6]. The power
supply of the HESD process uses the insulated gate bipolar transistor (IGBT) switch controlled by
pulse width modulation (PWM) to make the capacitor charge and discharge quickly and repeatedly,
which releases a high-frequency short-time pulse current in order to melt the electrode material and
cladding to the repaired workpiece within a very short time (as shown in Figure 1). The process of
HESD is based on the phenomenon of electrical corrosion in a gaseous environment and on the transfer
of the anode material to the cathode during the pulse discharge time [7].
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Figure 1. Schematic of the HESD process.

Current research on the HESD process focuses mainly on the mass transfer, deposition process,
interface characteristics between the coating and substrate, process parameters, and properties of
deposition [8]. Yang [9] used a high-speed camera to analyze the droplet transfer characteristics
during the HESD process, and found that the substrate and the repair welding layer showed a good
metallurgical adhesion. Chen [10] analyzed the formation of single-pulse deposition points, proposed
a physical model of “splash and gasification”, and verified the model through experiments. In addition,
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other scholars have studied the single deposition point in the HESD process, detailed the transfer rule
of the welding material, and analyzed the distribution and morphology of the deposition point [11,12],
which laid a theoretical foundation for subsequent research on HESD. Xie, Gould, and others applied
HESD technology to the connection of dissimilar steels and difficult-to-weld metals, and achieved
good results. Meng [13] analyzed the joints of ASTM1045 steel after HESD repair welding, and found
that the joint hardness was 20% higher than that of the base metal. In addition, the joint friction
coefficient was reduced by nearly 40% when compared with the base metal, which showed that the
wear resistance of the joint was improved after HESD repair welding.

The HESD process involves many important parameters such as the pulse width, frequency, pulse
current, and discharge voltage. In order to obtain better repair results, many scholars have discussed
the relationship between the process parameters and repair performance. James summarized the
main parameters in the process and briefly analyzes their respective effects, as shown in Table 1 [14].
Kondapalli analyzed the influence of the process parameters on the grain size and tensile strength
of Inconel 625 nickel-based alloy joints, established a mathematical model to predict the grain size,
and found that the peak current was the determining factor [15]. Chen [16] studied the influence of
the output power and voltage on the deposition process, and found that an overly low power and
voltage make it difficult to form a deposited layer, while an excessively high power and voltage affect
the quality of the deposited layer, causing defects such as cracks and pores. This is consistent with the
literature [17], which believes that excessive intermetallic phases caused by an excessive pulse energy
can cause delayed cracking.

Table 1. Process variables of high energy spark deposition.

Elements Factors

electrode material; geometry; motion; velocity; contact force
substrate material; surface finish; temperature; geometry

power source voltage; capacitance; frequency; pulse duration; current
environment gas composition; flow rate

other overlap of passes; number of passes

During the HESD process, due to the concentrated discharge in space and time, high pulse
frequency, small range of action, and complicated thermal cycle, it is difficult to analyze the HESD
repair welding process by experimental methods. Therefore, it is necessary to use a numerical simulation
to quantitatively analyze the HESD process. Huang [18] conducted a simulation of mold steel HESD
repair and found the optimal parameter combination. They believed that the repair efficiency was
proportional to the discharge current, discharge time, and energy distribution. Through the simulation,
they found the deepest heat influence range during HESD welding to only be 2 mm. Kansal [19]
established a two-dimensional finite element model of axisymmetric heat conduction. The model uses
temperature-dependent material parameters while considering factors such as the energy distribution
and phase change. Das Shuvra [20] simulated the instantaneous temperature distribution of the
workpiece, liquid- and solid-state transition, and residual stress by changing the process parameters,
and verified the simulation results through experiments.

Summarizing the existing literature, the HESD process has not yet been studied thoroughly,
although it is used in practice. There are few publications that deal with HESD from a scientific point
of view. Much of the literature studies HESD technology from the perspective of a surface-coating
process, but there is very little research that focuses on the repair method for damaged welding joints
or on the analysis of residual stress after repair welding. Therefore, it is necessary to systematically
study the residual stress distribution of HESD repair welding and to discuss its feasibility, in the future,
as a repair welding method for pressure structures.
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2. Experiments and Simulation Method

2.1. HESD Welding and Testing

The welding sample was 07MnNiCrMoV low-alloy high-strength steel with a size of
250 mm × 200 mm × 10 mm, which is commonly used to manufacture ethylene spherical tanks.
The chemical compositions of this steel are shown in Table 2. The coarse grain zone in the heat-affected
zone of this kind of steel makes it easy for cold cracks to occur, and the toughness of the material
is reduced. The properties of the steel at room temperature are shown in Table 3. First, shielded
metal arc welding (SMAW) was used for the initial welding, followed by HESD repair welding in the
heat-affected zone, where it was prone to cracking. The welding material was a J607RH ultra-low
hydrogen electrode, which is a special electrode for 07MnNiCrMoV steel. The specific chemical
composition is shown in Table 4. The HESD process used the JYPSD-2 developed by the Chinese
Academy of Sciences (Shenyang, China). The specific parameters and performance indicators are
shown in Table 5. The main process parameters of HESD repair welding, including the pulse current,
pulse width, and voltage, can be displayed and manually adjusted. The welding machine is mainly
composed of three parts: the pulse digital control power source, wire and shielding gas, and handheld
torch. The brief working principle of the machine is roughly as follows. First, the internal rectifier of
the power source filters the input voltage. Second, the internal energy storage capacitor is charged.
Finally, the capacitor releases a high-energy short-term pulse current to melt the welding wire in order
to complete the welding, as shown in Figure 2. The appearance of a weld beam after the HESD repair
welding is shown in Figure 3 and residual stress testing shown as Figure 4.

Table 2. Chemical compositions of 07MnNiCrMoV steel (wt. %).

C Si Mn P S Ni Cr Mo V

0.07 0.24 1.39 0.012 0.06 0.24 0.24 0.18 0.028

Table 3. Mechanical properties of experimental steel.

Yield Stress (MPa) Ultimate Stress (MPa) Elongation after Fracture (%) Charpy Impact Energy (J)

525 630 21 168

Table 4. Chemical composition of the J607RH electrode (wt. %).

C Si Mn P S Ni Mo

0.073 0.24 1.53 0.010 0.07 1.09 0.33
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Table 5. Parameters and indicators of the JYPSD-2 welding machine.

Power Source 220 V ± 20% 50 Hz

instantaneous maximum power ≥40 KW
pulse current (A) 1~99 A
pulse time (ms) 1 ms~99 ms
working mode and frequency 1 M (5 Hz), 2 M (3 Hz), 3 M (2 Hz), 4 M (1 Hz)

In this paper, the indentation strain method [21] was used to measure the residual stress.
This method’s principle is briefly described as follows. When the indenter of the equipment produces
an indentation on the metal surface under impact, the material rheology caused by the indentation
leads to the workpiece surface’s relaxation and deformation. The elastoplastic zone generated by
the indentation and the surrounding strain field change due to the influence of the residual stress.
The amount of strain change generated by the superposition of the two deformation behaviors
mentioned above is called the superimposed strain increment. The method for calculating residual
stress by the strain increment induced by ball indentation is called the indentation strain method.

The resistance strain gauge is used as the sensitive element for measurement. The strain gauge
records the strain increment caused by the indentation. A certain size indentation was made on the
strain gauge by mechanical load, and the strain increment was recorded via strain recorder equipment.
The residual strain was calculated by using the relationship between the elastic strain and strain
increment obtained from a previous calibration, and the residual stress could be calculated by Hooke’s
law. There is a definite polynomial relationship between the strain increment generated by indentation
in the residual stress field and the elastic strain, as shown in the following formula:

∆ε = B + A1εe + A2ε
2
e + A3ε

3
e (1)

where ∆ε strain increment;
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εe elastic strain;
B strain increment under zero stress;
A1, A2, A3 constants obtained from the calibration curve.
In order to verify the validity of the simulation method, a few measuring points were selected

on the surface of the workpiece. The residual stress test points before and after HESD welding are
shown in Figures 5 and 6, respectively. The residual stress measurement was implemented by the
KJS-3 indentation method stress test system (Developed by Institute of metals, Chinese Academy of
Sciences, Shenyang, China). The device mainly includes two parts: a stress tester and an indentation
manufacturing part. The latter consists of a centering microscope (used for centering in order to
determine the impact point), a triangular fixed base (for positioning and fixing), and a hammer
(manufacturing indentation), as shown in Figure 4.
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Figure 6. Test points after the HESD welding.

The HESD welding sampling position of the mechanical property test specimen is shown in
Figure 7. The tensile and fracture property tests include 11 groups of experiments, nine of which are
joint specimens (No. A~I) repaired with different HESD process parameters, while one group consists
of joint samples without repair welding and one group consists of base metal. Figures 8 and 9 show
the size of the tensile and fracture toughness test specimens, respectively. From Equation (2), KIC is
calculated according to JIC, which was in turn measured in an experiment in [22].
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2.2. Numerical Simulation

2.2.1. Geometric Model

In this paper, the ABAQUS software and its own subroutine DFLUX, FILM (ABAQUS 6.14-5,
Dassault SIMULIA company, Providence County, RI, USA) was utilized to simulate the initial welding
and HESD repair welding. The simulation used a three-dimensional model. The temperature changes
at the weld- and heat-affected zone were large, and the stress state was also complicated. Therefore,
the mesh should have been fine in this region. The base material that was farther away from the weld
was less affected by the welding, and the mesh could be properly roughened. Therefore, considering
the time and accuracy of the calculation, a 2:1 transition mesh was adopted. The size of the model was
250 mm × 200 mm × 10 mm, which contains 89,580 elements and 98,714 nodes. The three-dimensional
model is shown in Figure 10.
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Figure 10. Three-dimensional model.

In this simulation, the following assumptions were made: the weld material was the same as the
base material (the composition of the electrode material is similar to that of the base metal and matches
highly with the base metal), the chemical reaction and phase change during the welding process were
ignored and only the fusion latent heat of the material was considered, and the initial temperature
was equal to the room temperature. In addition, temperature-dependent thermal-physical material
properties were used in the simulation shown as Figure 11. The sequential coupling method was used
to calculate the residual stress. First, the welding temperature field was calculated, and the welding
temperature field was introduced into the stress field calculation as a predefined field. The process of
filling the welding seam was simulated by the method of birth-and-death element. The HESD repair
weld bead is the product of several over-lapping spot welds and complex and rapid thermal cycling
during welding. This complexity implied that the simulation required a large number of small-time
increments and a longer analysis time. In addition, the HESD process simulation needed to set a small
initial increment and more iterations.
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2.2.2. Heat Source Definition and Boundary Conditions

The heat transfer during the welding process followed Fourier’s law, and the heat conduction
differential equation was obtained according to the law of conservation of energy:

R = −λ
∂T
∂x

(3)

−

(
∂Rx

∂x
+
∂Ry

∂y
+
∂Rz

∂z

)
+ Q(x, y, z, t) = ρc

∂T(x, y, z, t)
∂t

(4)
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where R: heat flux density (W/m2),
ρ: density (kg/m3),
c: specific heat capacity (J/(kg·k)),
T: temperature field distribution function (k),
λ: thermal conductivity (W/m·k), which is related to the type of material and temperature,
Q: intensity of the internal heat source (W), including the heat of the welding heat source and the

heat generated by the phase change.
The initial welding used a double ellipsoid heat source, and the HESD repair welding used an

improved Gaussian heat source. The welding heat source code was written in FORTRAN language
and applied through the DFLUX subroutine. The double ellipsoid heat source was divided into the
front part and the rear part, the specific form being as follows:

q1(x, y, z) =
6
√

3 f f Φ

π3/2a1bc
exp(

−3(x− x0 − vt)2

a2
1

−
3y2

b2 −
3z2

c2 ) (5)

q1(x, y, z) =
6
√

3 frΦ
π3/2a2bc

exp(
−3(x− x0 − vt)2

a2
2

−
3y2

b2 −
3z2

c2 ) (6)

where Φ is the effective heat input, ff and fr are the front and rear end heat source distribution
coefficients, respectively, and ff + fr = 2. a1, a2, b, c are the heat source shape parameters.

The Gaussian heat source used for the repair welding was [24]:

q(r) =
4.57ηUI
πR2 e−4.5( r

R )
2

(7)

where η is the thermal efficiency coefficient, R is the radius of the discharge channel, and U and I are
the discharge voltage and peak current, respectively. According to research by Ikai [25] and others,
the discharge radius R is calculated as follows:

R(t) = 2.04I0.43
P t0.44 (8)

where Ip is the peak current, and t is the pulse on time.
Since the work mode of HESD repair welding is an intermittent pulse discharge, it was necessary

to use the MOD function to judge whether to discharge according to the pulse width and cycle
parameters when writing the HESD welding heat source subroutine, in order to judge whether to
apply a heat source. The boundary conditions when calculating the temperature field are shown in
Figure 12. The convection heat transfer coefficient was calculated according to the following formula,
and the calculation was imported through the FILM subroutine:

αk =

0.0668T 0 < T < 500

0.231T − 82.1 T ≥ 500
(9)

The above situation involves three boundary conditions: the known heat flux density distribution,
known temperature value on the boundary, and known heat exchange with the surroundings.

λ
∂T
∂z

=


αk(T − T0) r > R

q(r) r ≤ R

0 insulated boundary

(10)

In the stress field calculation, in order to limit the rigid displacement of the specimen,
the displacements in three directions, two directions, and one direction were restricted at the three
vertices, as shown in Figure 10. Tables 6 and 7 are the parameters of the double ellipsoid heat source
and Gaussian heat source used in the simulation, respectively.
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Table 6. Parameter values of the double ellipsoid heat source.

Parameter a (mm) b1 (mm) b2 (mm) c (mm) fr ff η v (m/s) U (V) I (A)

Value 0.003 0.0045 0.0075 0.003 1.25 0.75 0.75 0.003 23 125

Table 7. Parameter values of the Gaussian heat source.

Parameter U (V) I (A) Pulse Width (ms) η R (m) Frequency (Hz)

Value 15 65 90 0.2 0.0014 2

3. Results and Discussion

3.1. Thermal Analysis

The heat source shape of the initial welding and HESD repair welding is shown in Figure 13.
Compared with the initial welding, the heat source of HESD was concentrated, and the center
temperature was higher. On the other hand, during the HESD process, the heat transferred uniformly
in directions, and the shape of the heat source had no obvious “tail”, tending to be a circle.Metals 2020, 10, x FOR PEER REVIEW 11 of 20 
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structure from being affected. 

Figure 13. Heat source morphology of the initial welding and HESD repair welding.

Figure 14 shows the temperature difference in the transverse direction (x direction) and depth
direction (z direction) near the heat source during the initial welding and HESD repair welding (starting
from the heat source center). The temperature gradient near the initial welding heat source was small,
the heat propagated faster along the transverse direction, and the heat influence range was large.
The heat source of the HESD repair welding was concentrated, the temperature gradient near the
heat source was large, and the heat was evenly spread in two directions. The temperature difference
between the depth direction and the transverse direction was not significant, and only the temperature
near the heat source was higher.
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To analyze the difference in the temperature field between HESD and conventional arc welding,
five analysis points were taken in the direction of the initial welding seam and repair welding seam.
The temperature history curves of the two welding methods were drawn, as shown in Figures 15
and 16. Comparing these two figures, one can clearly see that the high temperature time of analysis
point in the initial welding process was longer, and that the cooling process was slower, especially in
the middle and low temperature stages. The high temperature time of analysis points in the HESD
repair welding was extremely short, and the heating and cooling speed was extremely fast. The whole
process from heating to cooling to room temperature could be completed within ten seconds. This is
mainly due to the precise control of the heat input and pulse discharge characteristics of the HESD
repair welding process. The heating time in a single cycle was much shorter than the cooling time,
so the heat had enough time to dissipate and to not accumulate on the workpiece. Figure 16 also
shows the extremely fast cooling rate of the HESD repair welding. The characteristics of rapid heating
and rapid cooling effectively prevented the growth of austenite grains and the formation of brittle
transitions in the welded joint, thereby preventing the performance and the service life of the welded
structure from being affected.Metals 2020, 10, x FOR PEER REVIEW 12 of 20 
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3.2. Residual Stress Analysis

First, in order to verify the correctness of the proposed numerical simulation method, a few test
points taken on the surface of the workpiece and the residual stress obtained by the simulation were
compared with the value measured via the experiment. Figure 17 shows the comparison between
the measured and simulated residual stresses after the initial welding and HESD repair welding,
respectively. The results showed that the measured and simulated results were similar in terms of
the overall trend and that the data were highly consistent. The method proposed in this paper can
accurately simulate the HESD repair welding process.

Figure 18 shows the contour of the Von Mises stress field after the initial welding and HESD repair
welding. The high stress of the HESD repair welding seam only existed on the surface. This is because
the subsequent weld bead heated up or even re-melted the previous weld bead during repair, and the
residual stress of the previous welding was released to a certain extent. In addition, due to the heat
effect of the HESD repair welding, the Von Mises stress in the initial welding seam decreased by nearly
100 MPa. The high stress after repair was mainly concentrated on the HESD welding seam and the
initial welding seam, far away from the repair welding area.

The results in Figure 17 show that the measured residual stress values before and after the HESD
repair welding were in good agreement with the simulated values, which indicated the correctness
of the numerical simulation method. Therefore, the change of residual stress after the HESD repair
welding could be analyzed quantitatively according to the numerical simulation results, and the change
curve of the node stress along path A (perpendicular to the direction of the weld) could be drawn.
In the Figure 19 the initial welding seam is located between the black dotted lines, and the HESD
welding seam is located between the red dotted lines.

As shown in Figure 19, the stress changes before and after the repair welding were mainly
concentrated in the initial weld seam and repair weld seam. Due to the influence of the HESD repair
welding, the stress in some areas of the initial weld changed. Von Mises stress decreased by nearly
16%, longitudinal stress (y direction) decreased by 11%, and transverse stress increased slightly from
compressive stress to tensile stress. This was mainly due to the different simultaneous effects of
the transverse shrinkage of the repair weld and the nearby plastic deformation zone, as well as the
longitudinal shrinkage of the repair weld and the nearby plastic deformation zone. After the repair
welding, the high stress area was transferred to the repair weld area. One can see that the distribution
of residual stress outside the weld area was basically the same, which shows that the HESD repair



Metals 2020, 10, 980 13 of 19

welding process has the characteristic of a smaller heat-affected zone. This is mainly due to the precise
control of the heat input during the HESD repair welding process. Because the heat input was small,
the heat had enough time to dissipate during the pulse interval, and the heat would not accumulate on
the workpiece, the effect on the base metal was slight.
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3.3. Process Optimization

In order to find the optimal HESD repair welding process, the fracture toughness, yield to ultimate
strength ratio (γ), and maximum transverse residual stress value in the repair welding seam were
taken as the indexes, while the peak current, voltage, and pulse width of the HESD process were taken
as the influencing factors. The orthogonal test analysis of three levels and three factors was carried
out. Table 8 shows the orthogonal test schedule. The tensile properties and fracture toughness of nine
groups of repair welded joints with different processes were tested, as shown in Figure 20, where Q
represents the initial welding joint and M represents the base metal.

Table 8. Orthogonal test scheme arrangement of the HESD repair welding.

Sample No. Peak Current (A) Pulse Width (ms) Voltage (V)

A 1 (85) 1 (90) 1 (20)
B 1 (85) 2 (70) 2 (15)
C 1 (85) 3 (50) 3 (10)
D 2 (65) 1 (90) 2 (15)
E 2 (65) 2 (70) 3 (10)
F 2 (65) 3 (50) 1 (20)
G 3 (45) 1 (90) 3 (10)
H 3 (45) 2 (70) 1 (20)
I 3 (45) 3 (50) 2 (15)
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Compared with the initial welding, the yield strength of the welded joint after repair welding
increased by 6.9~27.16%, and γ increased by 4.88~35.45%. After the HESD repair welding, the toughness
of the joint was improved. The ultimate strength after repair welding was slightly lower than that
of the initial welding, and only that of the F sample after repair welding exceeded that of the initial
welding joint. The fracture toughness of the initial welding joint was 222.6 MPa

√
m, the lowest was

225.2 MPa
√

m, and the highest was 266.39 MPa
√

m. After the HESD repair welding, the fracture
toughness increased by 1.18–19.67%. The test results of the mechanical properties of the welded joints
showed that the HESD welding parameters had a great influence on the mechanical properties of the
welded joints and that the ideal properties of the welded joints could be obtained via the appropriate
parameter; meanwhile, the improper welding parameters might increase the possibility of cracks,
pores, and other defects in the repaired welds, thus reducing the bonding strength and performance of
the repaired welds.

To analyze the reason for the mechanical properties’ change after the repair welding,
a metallographic test and fracture scanning electron microscopy were carried out on the joint samples.
Figure 21 shows the fracture SEM (scanning electron microscope) images of the compact tensile
specimen (No. F) after the test. Figure 21d shows the fracture surface of the compact tensile specimen.
The SEM images of the fracture are shown at three positions, from farthest to nearest to the repair weld
area along the direction shown in Figure 21d.

As shown in Figure 21a, the fracture at the initial weld shows a typical cleavage river pattern.
This area is characterized by a brittle fracture. When decreasing the distance to the repair weld,
the fracture in Figure 21b is still dominated by a cleavage fracture, but a small quantity of dimples
begins to appear in the core. This indicates that the fracture properties of this part of the material
have been slightly improved. Figure 21c shows the fracture of the repair welding seam, and it can be
clearly seen that there are many dimples in this area. Each dimple contains a second phase particle or
inclusion particle. This indicates that the fracture properties of the materials near the HESD repair
welding area have been significantly improved and that the fracture characteristics have changed from
a brittle fracture to a ductile fracture. The following images show the metallographic diagram of the
area near the initial welding and the HESD repair welding of sample F.

Figure 22 shows the metallographic diagram of the initial weld region. The main microstructure
is proeutectoid ferrite (PF), which is distributed along the grain boundary, and acicular ferrite (AF) in
the grain.
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Figure 22. Initial welding.

Figure 23 shows the metallographic structure of the HESD repair welding area. The microstructure
is dominated by grid-like ferrite that is precipitated along the austenite grain boundary, and there is a
little martensite. The grain size is finer and more uniform, which is approximately equiaxed. This is
probably because the HESD repair welding process has an extremely high cooling rate, which will
inhibit the growth of grains, thereby refining the grains in this area, and the mechanical properties of
the joints after the HESD repair welding have, to a certain extent, been improved accordingly. Through
the above microstructure analysis and the previous mechanical properties test, one can see that the
HESD repair welding improved mechanical properties like the plasticity and toughness of the welded
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joint, perhaps as a result of the very rapid and repeated heat input during the HESD repair welding,
which played a role in the heat treatment of the adjacent areas.
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Figure 23. HESD repair welding.

In order to obtain the optimal comprehensive performance of the repair welding joint,
the comprehensive score Si was calculated via the weighted scoring method, according to the
maximum absolute value of transverse stress (transverse stress being positive when compressive and
negative when tensile), γ, and the fracture toughness, as the final index of the orthogonal test analysis.
Si is calculated according to Equation (11):

Si = ai1si1 + ai2si2 + ai3si3 + . . .+ ai jsi j (11)

where ai j is the coefficient of test i, index j; si j is the value of test i, index j, with i = 9, j = 3 in this section.
Assuming the total score is 100, the full score of the maximum transverse stress is 30, the full score
of γ is 30, and the full score of the fracture toughness is 40. ai j is calculated according to the formula
ai j = full score/Ki, where Ki is the change range of each index. The final orthogonal experiment analysis
result is shown in Table 9.

Table 9. Comprehensive score orthogonal experiment analysis table.

Specimen Number Peak Current (A) Pulse Width (B) Voltage (C) Score

A 1 (85) 1 (90) 1 (20) 304.97
B 1 (85) 2 (70) 2 (15) 271.63
C 1 (85) 3 (50) 3 (10) 311.96
D 2 (65) 1 (90) 2 (15) 305.19
E 2 (65) 2 (70) 3 (10) 318.29
F 2 (65) 3 (50) 1 (20) 264.20
G 3 (45) 1 (90) 3 (10) 324.86
H 3 (45) 2 (70) 1 (20) 290.94
I 3 (45) 3 (50) 2 (15) 278.64

Z1 296.19 311.67 286.70
Optimal combination

A3B1C3
Z2 295.89 293.62 285.15
Z3 298.15 284.93 318.37
Z 2.26 26.74 33.22 -

One can see from the range analysis that the influence degree of the HESD repair welding process
parameters on the mechanical properties of the repair welding joint is: voltage > pulse width > peak
current, and that the optimal combination of repair welding process parameters is: peak current 45 A,
pulse width 90 ms, voltage 10 V.
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4. Conclusions

In this paper, a new repair welding method via HESD technology was systematically analyzed
via experimental and numerical simulation. The feasibility of applying this technology to the repair
of pressure structures was discussed from the viewpoint of the welding residual stress distribution,
mechanical properties of the repair welding joint, etc. The optimal combination of repair welding
process parameters was obtained via an orthogonal experiment. The main conclusions are as follows:

(1) One can see from the numerical simulation that the heat source of HESD was concentrated,
the temperature gradient near the heat source was large, the cooling speed was extremely fast,
the heat-affected zone was extremely small, and the heat transfer was relatively uniform. After the
HESD repair welding, the high stress only existed in the repair welding seam. In addition, because of
HESD, the high stress of the initial welding was relieved, and the Von Mises stress was reduced by
16%. HESD had a slight effect on the base metal, and the thermal deformation and residual stress were
greatly reduced when compared with conventional welding.

(2) Compared with the initial welded joint, the ultimate strength of the joints decreased by 8.06%
and increased by 1.9% after the repair welding with different welding process parameters, while the
yield strength increased by 6.9~27.16%. The fracture toughness of the HESD repair welding joints
increased by 1.18–19.67%. HESD repair welding can improve the mechanical properties of the joints to
a certain extent.

(3) The order of importance of HESD repair welding process parameters for the comprehensive
performance of the repair welding joint is: voltage > pulse width > peak current, while the optimal
process combination is: peak current 45 A, pulse width 90 ms, output voltage 10 V.

(4) The ideal performance for a repair welding joint can be obtained by choosing the appropriate
parameters for the repair welding process. HESD technology can be utilized as an effective method to
repair pressure structures.
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