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Abstract: The welding of end plugs to cladding tubes is a critical process in the manufacture of
pressurized water reactor (PWR) nuclear fuel rods. The resistance butt welding method is commonly
used for this purpose in production. In this paper, we present an analysis of the flow of foreign
substances within the weld joint during the tube-cap welding process of PWR nuclear fuel rods, using
SORPAS 2D software. The welding process generates foreign substances such as oxide scales, welding
fumes, and spatters, which can negatively impact the quality of the weld. Additionally, carbide-based
ceramic materials with higher melting temperatures than the base metal have been found within the
weld joint in some cases, which can also affect the quality of the weld. To simulate the intrusion of
foreign substances with higher melting temperatures than the base material (zirconium alloy) during
welding, we conducted a simulation and analyzed the flow of foreign substances. Based on this study,
we expected to enhance the reliability and stability of the tube-cap welding process of PWR nuclear
fuel rods.

Keywords: foreign substance flow; nuclear fuel rods; resistance butt welding; zirconium alloy

1. Introduction

Tube-cap welding is a welding technique primarily used to seal pipes and tubes with
a cap. It is commonly performed using either resistance welding or arc welding methods.
Worldwide, this welding method is widely employed in the manufacturing of nuclear
fuels to seal radioactive material, such as UO2, within the fuel rod’s interior. The welding
method between the cladding tube and the end plug used to manufacture fuel rods in
domestic uses is the resistance butt welding method [1–3]. The welding time is very short
(one cycle, 16.67 ms), and the welding temperature is lower than that of arc welding, so the
heat-affected zone is small and productive. Moreover, there is an effect of pushing foreign
substances outside the weld joint. The external weld reinforcement (bead) formed outside
the cladding tube thickness is subsequently removed through machining after welding.

However, resistance butt welding carries the risk of radioactive material leakage from
the welded joint due to various factors, such as the presence of radioactive substances
generated by uranium fission, foreign substances, or defects in the weld, as well as stress
concentration caused by plastic deformation. Therefore, it is crucial to accurately under-
stand the welding mechanism/phenomena and ensure the reliability of the welded joint
through various soundness confirmation tests [4–7].

In general, the integrity of the resistance welds is verified through the burst test and
macrograph test, which are the destruction tests, before and after the fuel rods are produced.
When testing for integrity, there have been cases where carbide-based ceramic material
with a higher melting temperature than the base metal has been found in the weld joint,
and such material may affect the quality of the weld [8]. The purpose of this study is to find
the optimal welding conditions for moving these foreign substances to the outer part of
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the tube. After the actual welding test, the phenomenon was attempted to be reproduced
through a macrograph test, but it is very difficult to identify foreign substances in the
welding part because only one section of the welding part formed in the circumferential
direction can be identified.

In an attempt to overcome this limitation, a recent study carried out a simulation of
a resistance butt welding process and used the results to investigate the effect of various
variable factors on the welding process. In this study, it is assumed that there is a foreign
substance with a higher melting temperature than the base material in the joint, and tube-
cap welding simulations were performed for different current conditions to predict the
optimum conditions for the foreign substance to move (flow) and migrate to the external
reinforcement, which is excluded from the joint criteria. And the location of the foreign
material was compared with the simulation results using a macrograph of the actual
tube-cap weld.

2. Resistance Butt Welding

Resistance butt welding is a joining process in which the contact surface between two
materials is melted using the resistance heat generated when a current is passed through
the two stacked materials under pressure. The mechanism of this process is based on
Joule’s Law, as shown in Equation (1) [9].

Q = I2Rt (1)

Here, Q is the amount of heat (J), I is the welding current (A), R is the electrical resistance
(Ω), and t is the current passing time (s). The amount of heat generated in resistance welding
is proportional to the square of the applied current, the combined electrical resistance, and
the current passing time. As current passing time is a factor that significantly affects the
process cost—i.e., productivity—the shorter the time, the better. In addition, even a small
variation in current can have a large effect on the process. Electrical resistance is generally
divided into contact resistance and intrinsic resistance. Intrinsic resistance is influenced by
the dimension (length and cross-sectional area of the passage) connecting the electrode to
the base material through which the current flows, while contact resistance is determined
by the pressure exerted on the electrode.

3. Simulation of Tube-Cap Welding

SORPAS 2D, a simulation software package for resistance welding, was used to
simulate the resistance butt welding process [10–14].

3.1. Tube-Cap Welding for Nuclear Fuel Rod

The Tube-cap welding of the fuel rod employs the resistance butt welding method.
As shown in Figure 1, the end plug and the cladding tube are fixed as separate electrodes,
and a force is applied to the end plug to bring it into contact with the cladding tube.
Subsequently, the welding process begins, during which a squeeze time (20 cycles) is
applied due to the applied pressure, and welding occurs as the current flows for 1 cycle.
At this stage, the length of the cladding tube protruding from the CT electrode is referred
to as the overlapping length (O.L), and it forms the welded joint as it joins with the
end plug. Following the welding process, external reinforcement (bead) is generated
based on the shape of the tube electrode, and this section is then machined to remove the
reinforcement [15–18].

3.2. Simulation Process

In this study, the change in shape according to the temperature of the welding part and
plastic deformation in electrical resistance welding was simulated by analysis, and for this
study, an electro-thermal-mechanical combination model was applied as shown in Figure 2.
In addition, transient simulation was applied to calculate each coupled model according



Appl. Sci. 2023, 13, 8905 3 of 11

to the detailed time step to derive changes in the finely changing physical properties
and results.
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The process that proceeds as the interpretation is coupled is as follows. First of all,
in the initial stage, the end plug and cladding tube are contacted by pressure during
squeeze time, so only the mechanical model is applied to calculate the speed field and
overall stress of the end plug and cladding tube. However, after contact between the two
objects is made, three models are combined to perform a resistance welding analysis. The
main coupling process of the three models is as follows. The electrical model allows the
input current value to calculate the distribution of the current density, and the thermal
model calculates the resistance heat generation obtained from the electrical model and the
resulting temperature distribution. The mechanical model calculates the material property
value change and plastic deformation depending on the temperature distribution of the
welding part calculated in the thermal model. The contact area between objects obtained
from the mechanical model is applied again as an input value of current density, and
the coupling process for the three models is repeated until the analysis is completed. In
this study, the time step of each iteration was applied to 10 µs or less so that the analysis
result of the resistance welding applying the AC welding current of 60 Hz could be well
converged [11–16].

∫
V

σδ
.
εdV + K

∫
V

.
εiiδ

.
εjjdV −

∫
St

tiδujdS + δΠC = 0 (2)
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∫
V

ΦjδΦjdV −
∫
St

ΦndS + δΠΦ = 0 (3)

∫
V

kTjδTjdV +
∫
V

ρmcm
.
TδTdV −

∫
V

.
qVδTdV −

∫
St

.
qSdS + δΠT = 0 (4)

The governing equation for the mechanical model is shown in Equation (2) and is
mainly used to calculate shape changes due to plastic deformation. The governing equation
can be used to calculate the contact area, internal stress, plastic deformation energy, friction,
and heat generation. The electrical potential (Φ) is an important variable in the electrical
model and its governing equation is expressed as a Laplace equation in Equation (3). The
thermal model follows the Galerkin heat transfer equation and is expressed in Equation (4).
Table 1 shows the nomenclature of symbols used in governing equations.

Table 1. Properties used in the simulations.

Symbol Nomenclature Symbol Nomenclature

σ Effective stress k Thermal conductivity
.
ε Effective plastic strain rate ρm Mass density

K Large positive number cm Heat capacity
.
εii Volumetric strain rate

.
T Temperature rate

ti Surface traction
.
qV Heat generation rate in volume

ui Velocity on the surface
.
qS Heat generation rate along surface

Φ Electric potential

3.3. Simulation Steps
3.3.1. Modeling and Material Used

Zirconium alloys, widely used as materials for nuclear fuel rods, were used in the
present study. The materials of each component are shown in Tables 2–4 provide a summary
of the chemical composition and mechanical properties of these materials. The selected
welding method was resistance butt welding, and the simulation was performed using an
axisymmetric model as shown in Figure 3. The number of each component shown in the
diagram of Figure 1 matches the components of the number shown in Table 2.

3.3.2. Simulation Modeling and Material Used

The main parameter used in the simulation was the current (A), as shown in Table 5.
The fixed parameters were set as follows: the squeeze time, which refers to the duration of
the application of the initial pressure, was set to 20 cycles; the welding time, such as the time
during which the current flows, was set to 1 cycle; and the holding time, which is the time
during which the applied pressure is maintained after the welding time, was set to 5 cycles.
A 60 Hz single-phase AC thyristor welding machine was used in the welding process.

Table 2. Materials used in the simulation.

No. Components Material

1 Cladding Tube (CT) ZIRLO

2 CT Electrode CuBe2

3 End Plug (EP) Zircaloy-4

4 EP Electrode CuBe2
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Table 3. Chemical composition of the used material (%) [19].

Type Sn Fe Cr Nb O Zr

ZIRLO 1.20 0.120 - 1.0 0.120 Bal

Zircaloy4 1.30 0.220 0.10 - 0.120 Bal

Table 4. Mechanical properties of the used material (%) [19].

Type
Yield

Strength
(MPa)

Tensile
Strength

(MPa)
Elongation (%) Poisson’s

Ratio
Melting

Point (◦C)

ZIRLO 613.88 819.04 14.67 0.10 1834

Zircaloy4 597.50 794.40 15.6 0.18 1834
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Table 5. Variable factor for butt welding.

Factor Range

Over lapping (mm) 0.8 (fixed)

Force (kN) 4.3 (fixed)

Current (kA) 11 12 14 15

According to the analysis of the previous nuclear fuel rod welding, significant re-
sistance occurred during the first half cycle of one cycle, resulting in a large amount of
heat generation [15,16]. In addition, the welding temperature exceeded the melting tem-
perature of the material, causing the material to melt. Based on the fact that this period
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is a critical factor during the entire welding process. To analyze this flow phenomenon,
Figure 3 assumes that a foreign substance (tungsten) with a melting temperature higher
than the melting temperature is included in the tube material and analyzes how this foreign
substance moves within the weld pass depending on the welding variables. It is assumed
that the foreign substance is introduced into the tube rather than the end plug (cap), as the
tube undergoes significant melting and shape changes compared to the end plug. Table 6
shows the melting temperatures of the materials used, including the end plug, the tube,
and the foreign substance (tungsten).

Table 6. Melting temperature.

Object Material Solidus (◦C) Liquidus (◦C)

Cladding Tube ZIRLO 1834 1834

End plug (cap) Zircaloy-4 1834 1834

Foreign substance Tungsten 3400 3422

The displacement of the substance was measured by setting the green dot (tungsten)
inside the tube as the initial position and measuring the displacement of the substance
during the welding process with respect to this position, as shown in Figure 4. In addition,
the measurement intervals for analyzing the position of the foreign substance during
welding were shown, and the welding time was divided into five intervals, with the first
half cycle divided into four intervals and the remaining one interval being the point at
which welding ended. This is based on the previous analysis, which suggests that welding
temperature and electrode displacement, as well as significant resistance, mainly occur
during the first half cycle [15,16]. Horizontal movement distance dx, vertical movement
distance dy, and diagonal movement distance dx + dy were designated to measure the
movement position of the foreign substances at each point of 1~5 during welding.
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4. Simulation and Analysis of Substance Flow

The welding variables for the tube-cap welding of nuclear fuel rods are current, force,
and overlap length (O.L). Among these, force and O.L were fixed (pressure 4.3 kN, O.L
0.8 mm), and the current varied during the simulation. The current was changed to
11 kA, 12 kA, 13 kA, and 15 kA to perform the simulation. Through previous analysis and
experiments, it was determined that the current value at which the weld is completely
melted is 14 kA [15,16].

4.1. Results of Current 11 kA and 12 kA

Figure 5 shows the simulation result for a current condition of 11 kA, while Figure 6
shows the result for a current condition of 12 kA. Analyzing the welding status for both
conditions, it can be seen that the heat input was not sufficient to produce melting in the
weld joint. Only a solid phase weld, produced by the application of pressure and a certain
amount of heat, was achieved, but the outer part of the tube was not welded. An analysis
of the foreign substance (tungsten) flow results at the six specified measurement points
showed that it remained inside the tube. However, the foreign substance moved slightly
towards the outer edge (x- and y-axis direction) under the 12 kA condition compared to the
11 kA condition. This is because the heat input was not sufficient to cause melting in the
weld, and the external weld reinforcement was not sufficient to allow sufficient flow for
the impurity to escape through the thickness of the tube. When evaluating the change in
impurity movement, it was found that the change in impurity position between point 1,
where welding begins, and point 4, where the first half cycle ends, was significant, while
the change in impurity position between point 4, where the first half cycle ends, and point
5, where the second half cycle ends and welding is completed, was not significant.
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4.2. Results of Current 14 kA

Figure 7 shows the simulation results with a current condition of 14 kA. The weld was
fully formed to the thickness of the tube, and a large amount of external weld reinforcement
was formed. An analysis of foreign substance movement outside the tube was carried
out when evaluating the amount of foreign substance movement. Most of the movement
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occurred in the first half-cycle section, and there was almost no movement in the second
half-cycle section. Because even if the current is passed again in the second half-cycle
section after the cooling time section, the resistance will not be significant as the joint of the
material becomes larger after the first half-cycle section. Therefore, as no melting and no
significant flow can occur, there has not been much foreign substance flow. The part where
melting occurs in the welding part is indicated in gray in the simulation.
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4.3. Results of Current 15 kA

Figure 8 shows the simulation results with the current condition set to 15 kA. As can
be seen from the results, the heat input is high, and the welding temperature exceeds the
melting temperature of the material, resulting in an almost complete melting of the entire
weld joint including the weld bead. In the actual tube-cap weld under these conditions,
over-welding occurred, resulting in melting on the surface of the weld joint. An analysis of
the foreign substance flow results of the designated measurement section of six sections
showed that it flowed out of the tube. The amount of foreign material movement is similar
to the 14 kA condition, but it moved more in the X and Y directions.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 10 of 12 
 

4.3. Results of Current 15 kA 
Figure 8 shows the simulation results with the current condition set to 15 kA. As can 

be seen from the results, the heat input is high, and the welding temperature exceeds the 
melting temperature of the material, resulting in an almost complete melting of the entire 
weld joint including the weld bead. In the actual tube-cap weld under these conditions, 
over-welding occurred, resulting in melting on the surface of the weld joint. An analysis 
of the foreign substance flow results of the designated measurement section of six sections 
showed that it flowed out of the tube. The amount of foreign material movement is similar 
to the 14 kA condition, but it moved more in the X and Y directions. 

 
Figure 8. Location of the foreign substance (15 kA). 

5. Reliability of Simulation 
It is necessary to verify the reliability of the simulation results of tube-cap welding 

tests using resistance butt welding so that the simulation results obtained can replace the 
experimental results. The reliability of the resistance butt welding simulation program 
used in this study has been reported in previous studies [15–18]. In order to verify the 
simulation results of the substance flow, a tungsten piece of about 10 µm was attached to 
the center of the tube end that contacts the end plug before welding under the welding 
condition of 14 kA. After the welding test, the weld section was examined using a macro-
graph test. Figure 9 shows a cross-section of the weld where the substance appeared at 
the end of the outer weld bead, which is similar to the position shown in the simulation 
results. Therefore, the simulation results obtained were considered valid to replace the 
experimental results. 

Figure 8. Location of the foreign substance (15 kA).

5. Reliability of Simulation

It is necessary to verify the reliability of the simulation results of tube-cap welding
tests using resistance butt welding so that the simulation results obtained can replace the
experimental results. The reliability of the resistance butt welding simulation program used
in this study has been reported in previous studies [15–18]. In order to verify the simulation
results of the substance flow, a tungsten piece of about 10 µm was attached to the center
of the tube end that contacts the end plug before welding under the welding condition
of 14 kA. After the welding test, the weld section was examined using a macrograph test.
Figure 9 shows a cross-section of the weld where the substance appeared at the end of the
outer weld bead, which is similar to the position shown in the simulation results. Therefore,
the simulation results obtained were considered valid to replace the experimental results.
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6. Conclusions

Analysis of the simulation and test results show that most of the foreign substance flow
occurs during the first half of the cycle, which corresponds to the electrode displacement.
If the heat input is insufficient, a solid weld or incomplete joint may result, leaving the
foreign substance inside. If sufficient melting occurs within the weld, the outer weld
reinforcement is significantly formed, and the foreign substance is moved out of the weld
by the fluid flow. Therefore, it can be considered that the occurrence of melting that exceeds
the tube thickness is an important variable in tube-cap welding, and the first half cycle
is an important quality factor during welding. The main findings of this study can be
summarized as follows:

• It was observed that the tendency of foreign substances to move in the X and Y
directions occurred mainly during the first half cycle of the welding time in a one-cycle
process, and the amount of displacement increased as the current value increased. In
addition, the study showed that an increase in the amount of molten metal resulted in
a greater flow of foreign material;

• Regarding the presence of foreign substances in the base material, it was interpreted
that the movement occurs mainly during the first half cycle, and if the heat input is
insufficient, the welding occurs in a solid state, leaving foreign substances in the tube.
Conversely, if sufficient heat is generated to cause sufficient melting in the weld area,
a large amount of weld reinforcement will occur on the outside, causing the foreign
substance to move out of the tube due to flow. Therefore, it can be said that the first
half cycle of the welding time, such as the flow rate during the reflection cycle, is an
important factor in ensuring weld quality and a sound weld.

After actual welding, foreign substances are checked through a macrograph test, but
it only checks one side of the weld in the circumferential direction, so there is a limit to
reproducibility. However, the most important and vulnerable part of the fuel rod is the
weld between the end plug and the cladding tube. Substances, as well as carbide-based
ceramic materials, may exist in the weld, and it is significant that simulations have derived
welding conditions that can remove foreign substances from the thickness of the tube under
conditions that do not cause over-welding.
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