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The aim of this study is a comparative analysis of the stress—strain state of busbar punching&e®ls after restoration
using different methods. An overview of existing methods for restoring punchesiand dies was conducted. The
analysis showed that each method has its own advantages and limitations. T@address this issue, two restoration
methods for the busbar punching tool are proposed: hardfacing of worn and damagedsurfaces, and replacement of
the working part with an insert made of carbon steel. A numerical simulation usingithe ANSYS software package was
carried out to investigate the stress—strain state of busbar punching tools restored*y, two proposed methods. The
simulation focused on determining the stresses in the working zones of the,tool, deformations, and the distribution of
contact forces. The results made it possible to identify critically loaded ar€as of the tool design and evaluate the
effectiveness of the proposed restoration and modernization methods. TheGresearch, the results of which are
presented in this article, is funded by the Committee on Science @f the Ministry of Science and Higher Education of
the Republic of Kazakhstan (grant Ne AP19578884 "Increasing svear résistance and improving the design of the tool
of the busbar punching machine").
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HIGHLIGHTS

— Premature wear of transformer busbar punehing tdols was systematically analyzed.
— Two restoration techniques: hardfacing andiearbon stgel inserts were developed.
— Numerical simulation in ANSY'S verified stress re@duétion and enhanced durability.

NOMENCLATURE

H12M — high-alloy hot-work tool steel coataining,chromium and molybdenum;
Ef — equivalent plastic strain;

0y; — stress triaxiality;

T* — dimensionless temperature;

D;, D, Dz — parameters describing the“influence of stress triaxiality on the failure strain;
D, — parameter describing the influence of'strain rate on the failure strain;

D; — parameter describing the influence of temperature on the failure strain.

1 Introduction

In the current contextyimproving the quality of stamped products is not only an objective necessity driven by the level
of scientific and technolegical progress, but also a critical factor in ensuring the competitiveness of manufacturing
enterprises. Ongene hand, there is a growing demand for higher precision of geometric parameters and enhanced
functionality of cemponents, which is reflected in technological processes through the introduction of new structural
materials and strengthened surface layers. On the other hand, there is a significant increase in the requirements for
sheet metal stamping to6ling, including performance indicators, cost-effectiveness, and operational reliability. These
demandsare@riven by intensifying competition amid the rapid advancement of technology.

One of the technologies widely used in mechanical and electromechanical engineering plants is the punching of
holes inttransformer busbars using busbar punching tools. This process is carried out with the use of busbar punching
press maehines[1, 2].

The conducted research has shown that there is a significant issue of premature wear of busbar punching tools, as
well as challenges associated with their restoration [3, 4, 5].

Based on operating conditions, the punch and die are classified as heavily loaded tools, as they come into direct
contact with the pressed metal. The punching process takes place under high temperatures, pressures, and intense
friction. The primary cause of severe tool wear is overheating, which leads to a decrease in strength and,
consequently, to deformation. In particular, die wear occurs when the temperature during operation exceeds the
tempering temperature, potentially resulting in plastic deformation.
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The operating conditions of the tool have a substantial impact on its durability. In most cases, the punching process
is not smooth — impact loads exerted on the tool require materials with high impact toughness, which is often difficult
to combine with high hardness. Impact loading reduces the service life of punching tools [7,8,9]. Abrupt pressure
release, which can be avoided, may lead to tool breakage. Prolonged exposure of the tool to high-tempgrature zones
(approximately 850°C for copper and up to 1100°C for steel) significantly reduces its durability.

Figure 1 shows worn-out busbar punching tools.

a)

Fig. 1. Worn busbar punehing tools

To clarify the causes of damage in the body of the busbar punchingdeol, a finite element analysis was carried out
using the Deform 3D software package [6, 7].

The simulation results in Deform 3D showed that compressive stresses dominate at the initial stages of the process,
reaching values up to 200 MPa. During deformation,s theymaterial moves toward the die walls, the stresses remain
predominantly compressive. It was determined thatthe in€rease,in tensile stresses and deformation occurs precisely
in the areas where wear or failure is observed in actualfproduction.

This state of the problem highlights the need to develop effeCtive methods for restoring the worn working surfaces of
busbar punching tools. Special attention mdstbe paid to ensuring the wear resistance of the tool's working part,
which is subjected to impact loads and high pressure in the contact zone with the workpiece.

Under conditions of intensive operation, such®ieols’ are subjected to a complex range of effects — from high
thermomechanical loads to abrasive wearand fatigue failure. Damage may vary in nature, from chipping and wear
of cutting edges to extensive cracking and defofmation [10]. Given the high manufacturing costs, complex geometry,
and the need to ensure machining@ecuracy, the restoration of damaged components often becomes a more cost-
effective alternative to complete replacement [8, 15].

Recent studies confirm the effectiveness ofivarious restoration methods, with the choice depending on both the type
of damage and the tool material. The most widely used techniques include manual arc welding and gas tungsten arc
welding (GTAW/TIG), dueite.the availability of equipment and the versatility of the processes [13,15]. These methods
allow for the restoration of farge togl areas and the use of various filler materials. However, the high heat input
associated with these processesiean alter the microstructure of the base metal, induce residual stresses, and even
cause new cracks, especially when repairing hardened and tempered steels [15]. In such cases, the quality of the
restored area strongly depends on the operator's skill and the correct selection of welding parameters.

At the same time, advanced technologies such as laser welding and laser cladding are actively being developed.
These methods enable localized restoration with minimal heat-affected zones. The use of pulsed Nd:YAG lasers has
demonstrated the abilitypto produce high-quality welds without the need for preheating, which is particularly important
for tool steeisysuch as AlSI D2 [9]. Pulse shape control and precise parameter adjustment help prevent cracking and
deformation; however, implementation of these methods requires complex and expensive equipment, as well as high
precision in selecting technological parameters.

In additien, laser chemical-thermal treatment and laser alloying offer the possibility of modifying the working surfaces
of tools, enR@ncing their wear resistance and dynamic strength without the need to replace the base material [10].
The use of carbon steels with localized laser hardening makes it possible to substitute more expensive high-alloy
materials while maintaining the required performance characteristics. However, these methods generally do not
eliminate deep damage and are unsuitable in the presence of internal cracks or structural defects.

A promising direction is the application of additive manufacturing technologies, such as Directed Energy Deposition
(DED), which enable the creation of heterogeneous, multilayer structures. The combination of wear-resistant and
tough layers makes it possible to achieve high impact toughness, strength, and hardness while maintaining the
overall reliability of the tool [11]. This semi-additive approach has shown significant improvements in mechanical
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properties compared to conventional materials. However, the high equipment requirements, complexity of controlling
transition zones, and elevated costs limit the widespread adoption of such methods in mass production environments.

Automated restoration systems are gaining additional relevance, especially those incorporating numerical modeling
of welding and thermal effects. The use of advanced simulation software enables prediction of te
stress distributions, thereby minimizing the risk of overheating and structural alterations [14]. Nev,
approaches demand substantial resources, qualified engineering support, and integration into pr
at the level of systemic process management.

Special attention is given to the fatigue strength of restored materials, particularly in the case of laser
Although defects in the cladded zone can reduce mechanical performance, properly selected process parameters
can enhance fatigue strength even beyond that of non-restored specimens [12, 18]. Howe
of the metallurgical characteristics and microstructure of the deposited layers is required

Thus, the analysis of existing restoration methods shows that each has its own advantage
effectiveness largely depends on the type of damage, accuracy requirements, and availa
technologies offer high precision and minimal thermal deformation, but they are a
equipment and personnel training. Traditional methods remain relevant for restg
process control and subsequent finishing operations. The most rational appe
different methods tailored to specific tasks, which allows for optimizing the repe
reducing production costs.

ources. Modern
iated with significant costs for
arge tool areas but require strict
0 be the integration of
i{process, extending tool life, and

2 Materials and methods

Within the framework of these objectives, the Department of "Teghnological ipment, Mechanical Engineering,
and Standardization" is carrying out a scientific project funded byhe Caommittee of Science of the Ministry of Science
and Higher Education of the Republic of Kazakhstan (grant AP4£9578884 "Increasing wear resistance and improving
the design of the tool of the busbar punching machine"). The pr s focused on the restoration and improvement
of wear resistance in busbar punching tools. Particular attention id to identifying design and technological
solutions capable of addressing the shortcomings identified in the literature.

As a result of the research, two restoration methods f@r worn busbar punching tools were proposed, along with the
development of a new tool design that provides enhancedstrength, maintainability, and operational durability.

Figure 2 shows the proposed methods for restori

Composife working part

Hardfacig layer
\ made of carbon sfeel

Fig. 2. Methods storing busbar punching tools: a — restoration by hardfacing; b — composite tool design

Figure 3 show ing process using a busbar punching tool.
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Fig. 3. Hole punching process using a busbar punching tool: a #tool setup; b = beginning of the hole punching
process; ¢ — hole punching process; 1 — punch; 2 — pu holder; 3 — buffer; 4 — spring; 5 — washer

Figure 4 shows the exploded view of the busbar punching tool.
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Fig. 4. Design of the busbar punching tool:'a — assembled tool; b — exploded view: 1 — punch; 2 — punch holder; 3 —

buffer; 4 — spring; 5 — washer

One of the research directi
(Figure 2a). As the hardfacing
and hardness. Duri
hardness and strength
of the operatio i

the restoration of worn working surfaces of the tool by means of hardfacing
I, ESAB OK Tubrodur 35GM wire was used, known for its high wear resistance
e experimental work, optimal hardfacing parameters were determined to ensure the required
e restored layer. The selection of process parameters was carried out with consideration
s for the tool, including resistance to contact wear and impact loads.

In addition, an a tive restoration method is being developed at the department, based on replacing the worn
section of the busbar ching tool's working surface with an insert made of carbon steel. Analysis showed that the
majority ofgfailures occur in the transition zone between the working part and the guide. Accordingly, a design was

) h the working part is manufactured separately and joined to the guide section by welding. This
for reduced restoration costs while maintaining the necessary strength and performance
[he structural solution of this method is shown in Figure 2b.

y-of the stress-strain state of busbar punching tools

To study the stress-strain state of the busbar punching tool, a numerical simulation methodology was applied using
the ANSYS software package. ANSYS is a leading tool for finite element analysis (FEA), enabling detailed
calculations of mechanical, thermal, electrical, and other processes in engineering systems. To evaluate the
propagation of shock waves, large deformations, and material failure, the Static Structural and Explicit Dynamics
modules were used.
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The main objective of the simulation was to identify the most highly loaded areas of the punch during the punching
process. ldentifying these zones is critical for assessing tool durability, predicting potential failure or plastic
deformation points, and further optimizing the tool design or selecting appropriate materials.

Figure 5 shows the simulation model of the die in interaction with the punch and the press workpiece.

P=300kN

Fig. 5. Simulation model of the die interacting with the punch and the presswerkpiece: 1 — punch; 2 — punch
; 4 — die

1) Initial model — the tool entirely made of tool steel grade H12M, out the use of any enhancement or restoration
methods.

interfaces. The punching force was set as P = 300 kN.

To describe the complex elastic-plastic behavier of materials under high strain rates and thermal effects, the Johnson-
Cook material model was used. This model als ws for numerical prediction of the onset of material failure, which
is critical for optimizing the punching pr ing hole quality, and evaluating loads on the punch.

Copper fails via a ductile mechanism, pri governed by the accumulation of plastic strain. The equivalent plastic

strain at failure (Ef) is defined as:
€= [D; exp(D307)](1 + Dy In €°)(1 + DsT™) 1)

where O-I;k{ = O'H/O'eq is the stress triaxiality, defined as the ratio of the mean hydrostatic stress (on) to the

equivalent von Mises str Oeq). This parameter is critical because it characterizes the nature of the stress state
and significantly influences ili or to failure: the higher the tensile triaxiality, the lower the strain to failure;

ribing the influence of stress triaxiality on the failure strain. For ductile materials such
eters indicate that under high tensile triaxialities, the strain to failure decreases;

A€,

D=Z€f

where Aep is the increment of equivalent plastic strain obtained at each calculation step, and € is the current value
of the failure strain, calculated using the above-mentioned formula under the current conditions.

A finite element model of the investigated object was developed in the simulation environment (Figure 6).

)
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a) b)
Fig. 6. Finite element model: a — initial model; b — assembled (c osite) model; ¢ — model restored by hardfacing
(welding depositio

To improve computational efficiency and reduce calculation time, arter-symmetry model of the full geometry was
used. This approach is a standard practice in finite element analysis (FEA) when both geometry and loading
conditions exhibit symmetry. The use of a quarter model significantly reduces the number of finite elements, which
in turn decreases computation time and lowers the demand on computational resources—without compromising the
accuracy of results for symmetric problems. The optai results from the quarter model can be extrapolated to
represent the behavior of the full model.

3 Results and discussion

At each stage of the simulation, stress fields,
of the tool were determined. The analysis result
as well as to evaluate the effectiveness

Figure 7 shows the stress—strain state of t

in distributions, and contact force distributions in the working zones
de it possible to identify critically loaded regions of the structure,
restoration and modernization methods.

ol made of H12M steel.

19032025 11:54
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51632
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A

Fig. 7. Stress-strain state of the tool made of H12M steel

0200 15,000 30,000 (rrem)
I

500 22,500

simulatio abled the precise identification of the most critically loaded areas. The analysis revealed that the highest
stress concentrations occur at the cutting edge of the punch and in the transition area from the working part to the
guiding section, which is typical for cutting and punching tools operating under impact and contact loads.

The peak stress reached 7742.3 MPa, which significantly exceeds the tensile strength limit of H12M tool steel,
typically ranging from 2500 to 3000 MPa after optimal heat treatment. Such a high value indicates a very high risk of
failure: either plastic deformation or, more likely, brittle fracture may occur during the first punching cycle or after only
a few cycles. This confirms the need for structural improvements and the implementation of restorative technologies.

To address this issue, two methods were proposed and investigated for improving tool durability:

6
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— rebuilding the working surface by hardfacing with a wear-resistant alloy;

— implementing a modular design, replacing the worn section with a carbon steel insert.
Both approaches were further analyzed using the ANSYS simulation environment.
Figure 8 shows the stress-strain state of the tool restored by hardfacing.

B: Explicit Dynamics
Equivalent Stress 3

Type: Equivalent (von-Mise:
Unit: Pa

Time: 1,857e-003 s

Cycle Number: 714
07.042025 10:33

. 1,4274e9 Max
1,269e9
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9,5242¢8

. 7.9411e8
6,358e8

| 477498

3,1917e8
I 1,6086e8
2,552e6 Min

0 0,015 0,03 (m)

0,0075 0,022
Fig. 8. Stress-strain state of the tool

The finite element simulation results, performed using explicit
equivalent stresses in the working tool restored by hardfacin
image reveals peak stress values up to 1427.4 MPa, concentrat
extremely high loading in this area during the punching process (see

The simulation confirms that both the tool body and the deposited hardfacing layer can withstand the calculated
operational loads without immediate failure according'to the von Mises failure criterion.

Figure 9 presents the stress-strain state of the condpositef(modular) tool.

tored by hardfacing

analysis, show the distribution of von Mises
ubrodur wear-resistant flux-cored wire. The
long the cutting edge of the tool, indicating
re 8).
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Fig. 9. Stress-strain state of the composite tool

ss levels, indicated in red on the color scale, are concentrated exclusively along the cutting edge of
. distance from the cutting edge increases into the body of the tool, the stress values rapidly decrease,
transitioning from maximum to significantly lower levels.

For the working part of the tool made from carbon steel, a value of 847.27 MPa is within the acceptable range. Carbon
tool steels (such as U8, U10, U12) after proper heat treatment (quenching and tempering) can exhibit yield strengths
ranging from 600 to 1000 MPa, and ultimate tensile strengths from 1000 to 1200 MPa or more.

Thus, the obtained maximum stress is likely within the allowable strength limits of high-strength tool-grade carbon
steel. This indicates that, under the given load level, the cutting edge of the tool is not expected to fail immediately
and is capable of withstanding such stresses without undergoing significant plastic deformation or brittle fracture.
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4 Conclusions

The conducted research has shown that press machines for punching holes in transformer busbars are widely used
in mechanical engineering and electrical manufacturing industries. It was identified that there is a problem of
premature wear of busbar punching tools, as well as difficulties in their restoration due to the absence of an
established technological process for repair and recovery. To address this issue, two restoration methods have been
proposed: hardfacing (weld overlay) and replacement of worn or broken tool surfaces with a cagbonisteel insert in
the working part of the tool.

Using numerical simulation in the ANSYS software suite, the stress-strain state of busbar punching tools restored by
the proposed methods was studied. The simulation assessed the stresses in working zones, deformations, and
contact force distributions. The results made it possible to identify critical stress concentrations inghe tool's structure
and evaluate the effectiveness of the proposed repair and modernization techniques.

It was revealed that the most highly stressed area of the punch is its cutting edge and the transition zone from the
working section to the guide section with a larger diameter. The peak stress value reached 7742.3 MPa, which is
unacceptable for H12M tool steel. This condition highlights the need for further eXperfimental and analytical studies,
as well as, if necessary, the application of additional hardening methods.

Simulation of the tool restored using hardfacing with wear-resistant ESAB OK Tabradur 35GM powder wire revealed
that the stress concentration at the cutting edge reaches 1427.4 MPa. Under these‘€enditions, the tool and deposited
layer are able to withstand the operational loads without immediate failuge accordingt@the von Mises criterion.

In the case of the tool restored by replacing the working part with a carbomysteel insert, simulation showed that the
maximum stress in the working zone reached 847.27 MPa, which is within“the_allowable strength limits for high-
strength tool-grade carbon steel.

The results of the finite element analysis confirm the feasibility offthe proposed restoration methods. Further
experimental validation of the busbar punching tools restoregh by hardfacing and insertion of a carbon steel
component is required under both laboratory and industrial conditions.
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