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Abstract
This study explores Wire Arc Additive Manufacturing (WAAM) as a repair method for forging tools, compar-
ing it to conventional H11 tool steel. Laboratory tests were conducted on four samples obtained from different 
WAAM layers, which are representative of the respective layer positions for hardness and wear tests at room 
temperature and 500  °C. Chemical composition analysis was performed to verify compliance with tool steel 
standards, and evaluations included hardness testing at both temperatures, tensile strength assessment, wear 
resistance measurements (ball-on-disc mode), and hardness mapping to verify layer consistency. The WAAM 
material exhibited wear factors on the order of 10⁻⁶ mm³/Nm, below typical literature values reported for H11 
tool steel, and showed a clear correlation between layer hardness and wear response. Industrial validation 
through hot forging trials demonstrated that WAAM-repaired tools achieved 3000 cycles compared to 2500 
cycles for conventionally repaired tools, with approximately 60% shorter repair time and 21% lower filler mate-
rial consumption. These results confirm WAAM as a viable and superior method for cladding and repairing 
forging tools, offering improved durability, higher efficiency, and reduced use of expensive alloying elements 
in industrial applications.

Keywords  Forging tool · Regeneration · Hardfacing · Wear

1  Introduction

 One of the commonly used methods for manufacturing steel products is die forging, particularly applied for key 
components that affect user safety. To properly carry out the process under industrial conditions, it is essential to 
use appropriate tools, which, due to the challenging working conditions, such as high surface pressures and ele-
vated temperatures, wear out quickly despite the use of expensive hot-work alloy steels. For this reason, the pro-
duction costs of forgings are strongly dependent on the durability of the tools. It is generally accepted that the cost 
of tools consumed during production accounts for 15% to 40% of the total forging production cost [1]. According 
to other authors, this range is between 5% and 30% [2, 3]. In the case of difficult forgings, where excessive or 

1 3

https://doi.org/10.1007/s43452-026-01461-1
http://orcid.org/0000-0001-5839-6851
http://orcid.org/0000-0002-7223-9550
http://orcid.org/0000-0003-4502-1334
http://orcid.org/0000-0003-4910-1761
http://orcid.org/0009-0004-5954-1642
http://orcid.org/0000-0002-6204-5285
http://crossmark.crossref.org/dialog/?doi=10.1007/s43452-026-01461-1&domain=pdf&date_stamp=2026-2-20


Archives of Civil and Mechanical Engineering

https://doi.org/10.1007/s43452-026-01461-1

even destructive wear occurs, the cost can increase to 50% [4]. Global die-forging production in 2023 amounted 
to approximately 20 million tons [5], indicating significant demand for durable and efficient forging tools.

Forging tools undergo wear due to the impact of various destructive mechanisms, whose contributions vary 
depending on the specific process. As the forging industry has developed and sought suitable manufacturing 
methods for tools, a substantial amount of research has been conducted analyzing the mechanisms that cause their 
wear. The effects of individual wear mechanisms, such as abrasive wear [6, 7], fatigue cracking [8], or plastic 
deformation due to tempering of the die surface under high temperatures [9], have been described. The influence 
of cyclic thermal loads, leading to thermal-mechanical fatigue in the tools, has also been studied [10]. Research 
has also been conducted on wear during the first five forging cycles, which is fundamental to the overall durability 
[11]. More detailed studies focused on the combined influence of all mechanisms and were presented in works 
[12] and [13].

The primary wear mechanisms on forging dies—including abrasion, thermal-mechanical microcracking, and 
surface tempering—are limited to the near-surface layer (a few millimeters), making them suitable for regen-
eration through mechanical removal and reapplication of material; however, internal fatigue cracking remains 
difficult to control and leads to complete die destruction. The high cost of tool steel for manufacturing dies via 
machining encourages regeneration methods, which are particularly economical for medium and large forgings 
where production series are small and dies represent significant investment costs. Advanced machining tech-
niques and modern welding technologies now enable cost-effective die regeneration by precisely removing worn 
surfaces and replacing them with newly applied layers.

Currently, there is a strong emphasis in the industry on reducing the negative environmental impact by striving 
to limit the consumption of raw materials, which could lead to increased procurement costs and negatively affect 
future price growth [14]. By achieving goals in an appropriate way and ensuring sustainable development, indus-
trial products will be affordable and environmentally friendly [15]. In recent years, the idea of reusing materials 
from existing products, referred to as the circular economy, has emerged [16]. The practical implementation of 
such a strategy requires a change in thinking about the product life cycle by planning material recovery already at 
the design stage [17]. In this case, forging tools can be considered an internal-use product, over which the manu-
facturing plant has control and discretion throughout the entire cycle, from design to disposal.

Since repeated machining is limited by minimum die height, regeneration—which restores the die to its origi-
nal height through disassembly, cleaning, inspection, rebuilding, reassembly, and testing—provides a more viable 
solution for extending die life [18]. Rebuilding is the most critical part of regeneration, as it determines whether 
the regenerated tools will return to their original properties or even improve them [19, 20].

Die regeneration methods commonly restore the original shape before final machining, with overlay welding 
being a widely used, high-productivity technique employing coated electrodes primarily in manual or semi-auto-
matic processes [21]. This approach efficiently repairs forging dies by applying large amounts of filler material, 
although its applicability is limited by the need for skilled operators and simple manipulators [22].

Newer welding methods show greater potential for automation, leading to higher process stability and result-
ing in products of better quality. One such method is welding with a non-consumable tungsten electrode, which 
is characterized by a stable arc and does not cause splattering. Its lower productivity compared to other methods 
is offset by the high quality of the resulting welds, which are homogeneous and free from porosity. This method 
is successfully used to weld metal alloys significantly different in chemical composition and properties from the 
steel substrate, such as cobalt (stellites) and nickel, which have much higher temperature resistance [22–24]. 
Intensive research is also being conducted to increase surface resistance through selective overlay welding, divid-
ing zones into areas where combinations of materials with high hardness are used, with a transition zone to reduce 
the effects of thermal fatigue due to different thermal expansion, and materials with high ductility and crack resis-
tance [25, 26]. The modification of working surfaces in this way is described in other works as building gradient 
and bimetallic layers [27, 28].

A separate category of welding technologies uses ion beams or laser power to melt metal, enabling easy auto-
mation through complex digital control systems that integrate with modern machines for high efficiency, reduced 
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unnecessary operations, and improved quality and repeatability. Beam technologies naturally lend themselves 
to additive manufacturing, allowing successful regeneration of tools or even creation of new ones from scratch 
[29–31]. This allows the production of complex shapes that would be difficult to achieve otherwise [32, 33]. An 
interesting example of using laser cladding additive technology is the production of dies with internal curved 
cooling channels in the most thermally stressed areas, shapes that are impossible to obtain using standard straight-
line drilling [34–36].

To successfully implement tested solutions in industry, promising laboratory results are not enough; they must 
also be given a form that allows them to compete effectively with other currently used methods. Just as computer-
aided manufacturing has completely dominated machining, all regeneration methods using overlay welding must 
be automated, limiting human influence on the final result. The first step is to use robots to manipulate the weld-
ing device and traditionally program them before starting work, without real-time control [37]. The next step will 
be the use of collaborative robots, and the final solution should be fully automatic welding with minimal human 
involvement [38]. Ongoing research and industry trends indicate that the further development of regeneration 
processes will involve increasingly replacing manual labor with automated workstations using additive technolo-
gies [39].

The limitations of current forging die manufacturing highlight the potential of Wire Arc Additive Manufactur-
ing (WAAM), which allows printing only the necessary material and eliminates rough CNC machining. WAAM 
not only enables die production but also multiple repairs by reprinting worn surfaces, significantly extending die 
lifespan; given that forging dies can constitute 15–30% of the total hot-forged product cost, extending their life 
with WAAM could greatly impact the forging industry [13, 40].

Wearfacing and die repair commonly use gas tungsten arc welding (GMAW), which requires certified, highly 
skilled welders and preheating due to the complex, locally varying damage that demands different repair mea-
sures. The unique geometries of forging dies make automation advantageous, as laser scanning systems can 
detect defects by comparing the current die surface with original CAD data, and combined with process moni-
toring, automated toolpath generation, and machine learning, ensure consistent, high-quality welds—critical for 
uninterrupted operation of large dies [41].

As there is no universal wear test, a method should be developed that accurately predicts final wear properties 
with minimal effort. Forging dies require a balance between high hardness for surface wear resistance and high 
toughness for core impact resistance, suggesting an optimal combination of a hard surface with a tough core [1, 
42].

According to observations by Kim et al., very few articles on WAAM of tool steels were published before 
2018. However, in recent years, significant interest in this technology has emerged, as demonstrated by several 
key contributions to the field between 2018 and 2024 [43]. Kim et al. investigated the effect of shielding gases on 
WAAM of 5Cr-4Mo tool steel for die casting molds, establishing foundational parameters for the process [43]. 
Hackenhaar et al. explored different current deposition modes in WAAM of AISI H13 tool steel, demonstrating 
the influence of welding parameters on mechanical properties [44]. Research by Tanvir et al. examined phase 
stability and mechanical properties of WAAM-deposited H13 tool steel at elevated temperatures, addressing 
critical performance requirements for industrial applications [45]. Wang et al. investigated the microstructure and 
properties of die steel fabricated by WAAM using H13 wire, confirming the viability of WAAM for die applica-
tions [46]. Finally, Baffa et al. studied the effects of stepover and torch tilting angle on WAAM repair processes, 
advancing the understanding of process optimization for tool regeneration [47]. These works collectively dem-
onstrate growing research interest in WAAM for tool steel applications, driven by the technology’s potential for 
both manufacturing and repair of forging dies.

This study addresses the current gaps in the literature by adopting a holistic and systematic approach that com-
bines three key elements: (1) comprehensive laboratory characterization of WAAM-produced tool steel under 
controlled conditions, including hardness and wear resistance testing at both room temperature and elevated 
temperature (500 °C) simulating hot forging conditions; (2) microstructural investigations of the WAAM mate-
rial from different layers to confirm technological capability and consistency for tool repair applications; and 
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(3) industrial validation through real hot forging trials, directly comparing the performance of WAAM-repaired 
tools with conventional H11 steel tools. This integrated approach, encompassing both fundamental material stud-
ies and practical industrial testing, represents an innovative contribution to the existing body of knowledge on 
WAAM of tool steels, moving beyond purely laboratory-based studies to demonstrate the viability and superior-
ity of WAAM for industrial tool regeneration.

The knowledge mainly concerns the materials geometrical response and its wear-resistance at elevated tem-
peratures. Understanding the geometrical response will help to generate printing paths that are highly optimized 
for the forging die’s unique geometry and staying close to forging dies tolerances. Next to tolerances should the 
optimized toolpaths also consider the local wearfacing operations. Knowing the materials wear properties for dif-
ferent weld heat inputs and heat treatments will help to predict and print the desired microstructure.

2  Materials and methods

2.1  Material selection

The study involved two materials, namely hot work tool steel obtained by Wire Arc Additive Manufacturing 
(WAAM) and conventional hot work H11 steel. For the WAAM process, welding wire AM Fe-Fe4MC2 supplied 
by Lincoln with a chemical composition presented in the Table 1 was used:

2.2  Conventional cladding (GMAW) process parameters

Cladding was performed on a manual welding station equipped with an automatically controlled positioner on a 
single axis. The tools were preheated, and the interpass temperature was maintained. The process was carried out 
according to best practices and welding qualifications, using Robotool 46 wire produced by Welding Alloys on 
an H11 steel substrate. The key welding process parameters are listed below in the Table 2.

Table 1  Chemical composition (wt%) of used applied materials
Material type C Si Mn Cr Mo V W Fe
Fe-Fe4MC2 0.25–0.30 0.40–1.00.40.00 0.50–0.90 5.0–6.0 2.0–3.0 0.5–0.9 1.8–2.7 balance
Robotool 46 
(wire used for conventional repair)

0.2 0.50 0.90 5.10 3.8 0.25 - balance

H11 steel
(base material)

0.32–0.42 0.8–1.2 0.2–0.5 4.5–5.5 1.2–1.5 0.3–0.5 - balance

Welding process 138 (welding with powder wire with a metal core)
Dimension of the binder [mm] 1.6
Current [A] Bead number: 1–175.2–275
Arc voltage [V] Bead number: 1–21.2–29.5
Type of polarity DC+
Hardfacing speed [cm/min] 30
Shielding gas ISO 14,175 – M14 – ArCO₂ – 5/2
Gas flow speed [l/min] 13–20
The length of the free wire outlet [mm] 11–20
Angle of welding torch adjustment Perpendicular to the hardfaced surface
Preheat temperature [°C] 350
Interpass temperature [°C] 400
Number of padding weld layers 2
Thickness of the obtained padding weld 4–6 mm

Table 2  Parameters of 
GMAW hand welding 
processes
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2.3  WAAM process parameters

A TechMan (TM) cobot integrated with a Miller welding system driven by the MaxQ repair software at RAM-
LAB was used. Table 3 gives an overview of the hardware that was used.

The digital repair workflow, which includes automatic scanning, toolpath generation, and quality-monitored 
deposition is described. The MaxQ repair system, developed in-house by RAMLAB, was utilized for this purpose. 
The automatic repair solution follows these steps, after the necessary preparations such as acquiring geometric 
information, performing mechanical and chemical cleanings, and preheating the materials. The key welding pro-
cess parameters have been classified as they constitute the company’s know-how. Below, the subsequent stages 
of the preparation and automatic path generation process in the WAAM process are outlined.

1.	 A 3D model of the target volume is loaded into MaxQ repair software.
2.	A scan of the damaged die is made and aligned with the target volume.
3.	The toolpaths to repair the die are automatically calculated together with the boundary conditions such as the 

repair volume, process parameters and cobot physical constraints.
4.	The die is repaired using the automatically generated toolpaths based on the scanned data.

a.	Each layer is projected onto the previous layer using the MaxQ 3D camera.
b.	Before printing each layer the temperature of the part is monitored using the MaxQ temperature sensor to 

maintain a proper interlayer temperature.
To reduce the risk of cracking, a preheating step is implemented before the material deposition begins. Heating 
elements are strategically positioned on the sides and bottom of the die. The preheating temperature is set at 300 
°C, with a maximum heating rate of 100 °C per hour. To prevent heat loss to the ambient, rock wool is used to 
insulate the die for keeping the heat effectively.

After completing the repair process, the heating box is closed, enclosing the die inside. Subsequently, Post 
Weld Heat Treatment (PWHT) was carried out following the data sheet provided by Lincoln Electric for the wire 
used. After PWHT, the die was allowed to cool inside the heating box until it reached room temperature. Finally, 
the die was taken out of the box after 24 h to undergo final inspections.

2.4  Sample preparation

For the WAAM process, prior to cladding the demonstrative tools, a sample in the form of an additively clad 
(printed) block with dimensions of 300 × 600 × 100 mm was prepared. The sample was used to investigate the 
structure and material properties to confirm its suitability for industrial applications. After printing, the sample 

Hardware specifications Value
Robot Panasonic TM12
Reach 1300 mm
Payload 12 kg
Weld source Miller Auto-Continuum™ 350
Welding torch Tregaskiss® Air-Cooled MIG Guns, TOUGH 

GUN® CA3 Series, robotic air-cooled MIG Gun
Pre-heating source GlobeHeat 10.5 kW inverter power source 

(GHT1232)
Heating elements 3x Flexible Insulated Preheater 60 V (GHT5502)
MaxQ repair key unit
MaxQ control box Integrated PC, electric cables, database server
MaxQ 3D scanner Zivid 2
MaxQ temperature sensor Optris Xi80 thermal camera

Table 3  Hardware and 
software used in WAAM 
process
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was cut into smaller sections, and then samples for individual tests on microstructure and material properties were 
extracted from it.

Rectangular samples were cut from the block of each material. Each sample was cut in such a way that two 
pieces were obtained from each layer. One sample was positioned transversely to the direction of the weld bead, 
while the other was aligned with the direction of the weld bead. Figure 1 below shows a view of a sample printed 
using the WAAM method, with the direction and location of each sample cut marked.

Samples extracted from the deposited block were not subjected to any post-cutting heat treatment or sur-
face treatment to ensure that the material properties reflected the as-deposited state. Sample preparation for 
microstructural and mechanical testing involved standard grinding and polishing procedures. For microstructural 
examinations, prepared samples were etched with 3% Nital solution to reveal the material’s internal structure and 
phase distribution.

2.5  Tests performed on the samples

Chemical composition analysis was performed using X-ray fluorescence (XRF) spectrometry on samples 
extracted from each material (WAAM-deposited material and conventional H11 steel). The XRF analysis was 
conducted in accordance with ISO 14,975 standard using an Olympus Vanta measuring device, to ensure quanti-
tative determination of elemental composition. Each sample was analyzed in triplicate to ensure repeatability of 
measurements, and results were averaged for final composition determination.

Hardness measurements at room temperature and 500 °C were performed using a PRUFTECHNIK inverted 
Rockwell hardness tester, equipped with a furnace with a maximum operating temperature of 600 °C. A standard 
HRC indenter from Dialex, designed for measurements at elevated temperatures, was used.

Vickers hardness measurements were performed with a 100 g load applied for a dwell time of 10 s. Hard-
ness mapping was conducted across the cross-section with 0.5 mm spacing between indentations, resulting in 
a minimum of 10 measurements per sample. Hardness measurements was carried out using the LECO AMH45 
Automated Hardness Testing Machine, equipped with hardness mapping software, a camera, and an automated 
stage with autofocus.

Optical microscopy studies were performed on an Olympus GX51 microscope equipped with a set of objec-
tives ranging from 5x to 100x and an optical system with a 10x camera. The examinations were conducted in 
bright field. The samples were prepared for testing by standard grinding and polishing, followed by etching with 
3% Nital.

Wear tests were carried out in ball-on-disc mode using an Rtec Multi-Function Tribometer MFT-5000 equipped 
with an integrated profilometer. An Al2O3 ball with a diameter of 6 mm was employed as the indenter. The tests 
were conducted under room temperature conditions with a 10 N load, 0.1 m/s linear velocity, 3 mm radius, and a 
sliding distance of 250 m. Sliding wear tests were conducted on four samples extracted from different layers of 

Sample for 
hardness and
microstructure

testing

Sample for wear test – 3 layers4
Fig. 1  View of a sample printed using the WAAM method 
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the WAAM deposited coupon. Each sample was tested once under identical conditions, yielding four indepen-
dent measurements representing wear behavior at different heights within the deposited material. Each sample 
was measured using the integrated optical profilometer after every one-quarter of the sliding distance (62.5 m) 
and once more at the end over at least eight cross‑sections to ensure statistically representative data. The results 
comprised plots of the coefficient of friction versus sliding distance, the wear factor K, and optical profilometer 
profile maps for each sample.

Wear tests under dry friction conditions and room temperature were conducted to: (1) obtain repeatable, con-
trolled laboratory conditions, and (2) enable comparison of results with literature, where many studies of AISI 
H11 are conducted under identical room temperature conditions. However, we are aware that proper operating 
conditions (high temperature, significant normal loads) would significantly affect the wear characteristics of 
both materials. Therefore, the laboratory test results must be interpreted as relative data indicating the ability of 
WAAM material to compete with reference H11 material under standardized experimental conditions, rather than 
as a full prognosis of material behavior under real forging conditions.

All tests were conducted under ambient conditions. The test conditions were chosen to replicate the loading 
conditions that prevail in forging processes in terms of pressure and friction. To ensure a reliable comparison 
between conventional and WAAM steel, additional hardness measurements were performed at elevated tem-
perature. Moreover, industrial-scale tests, described in Sect. 2.7, were also carried out, further strengthening the 
credibility and robustness of the obtained results.

2.6  Analysis of the regeneration process of forging tools using the conventional method and the 
WAAM technology

To evaluate the added value brought by the use of the robotic WAAM cladding technology, comparative analy-
ses were conducted by scanning the surface of the tools prepared for cladding and the surface of the tools after 
cladding.

Next, a comparison of the surfaces was conducted, and the volume of material deposited in both processes was 
determined. The volume was converted into the weight/mass of this material, and based on this, the amount of 
material used in the process was estimated (naturally, the actual consumption of welding wire is proportionally 
higher and depends on various factors).

A comparison was also made in the context of the size of the allowances left for mechanical machining. This 
comparison is important as it evaluates the ability to replicate the target shape in the cladding process and con-
firms the possibility of eliminating unnecessary allowances.

2.7  Performance tests of repaired tools in industrial forging conditions

The next stage involved tests conducted under industrial conditions. These were tests in the hot forging process, 
where tools previously repaired were tested for a specified period and were then withdrawn to compare their wear.

For the study, a hot forging process of steel forgings made from steel S355J2 with a mass of 6,57 kg (Fig. 
2a) was selected. The forgings are produced using a Massey 2500 T press with a maximum force of 25 MN, 
utilizing dies. From all the tools (dies) involved in the process, the lower preliminary die, with dimensions of 
600 × 245 × 155 mm and a mass of 211 kg, was selected for testing, and its model is shown in Fig. 2c. The tools in 
this process are subjected to high pressures, intense friction between the forging and the tool surfaces, and oper-
ate at elevated temperatures. Although thermographic analysis indicates that the temperature is at least 230 °C 
at the moment the forging is removed from the die surface, it should be assumed that the temperature is at least 
400 °C (Fig. 2b).

The tests included scanning before forging, hot forging, and scanning after the forging process. By comparing 
the scans, the size of the material losses was detected, and the observed wear was further discussed.
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The industrial test results are derived from single measurements for each repair technology and should be 
interpreted as preliminary data indicating the potential of WAAM technology.

3  Results

3.1  Results of the laboratory tests performed on the samples

The tests on the samples were conducted with consideration of the successively applied layers to obtain averaged 
properties and detect any discrepancies resulting from the incremental deposition of layers. For each of the four 
cladding layers, an analysis of the influence of temperature on hardness (HRC) was performed. HRC hardness 
tests were conducted at room temperature and at 500 °C. The hardness tests were carried out using an inverted 
Rockwell hardness tester, equipped with a furnace capable of conducting tests up to 600 °C.

The obtained results are presented in Fig. 3. It can be observed that despite slight differences in hardness at 
room temperature, each layer shows lower hardness at 500 °C. The highest hardness at 500 °C was recorded for 
layer no. 1, measuring 41.9 HRc, while the lowest was recorded for layer no. 2, measuring 32.8 HRC.

The hardness at room temperature ranges between approximately 43–51 HRC, and at elevated temperatures 
between 30 and 42 HRC, which is an excellent result for materials operating at high temperatures.

A hardness mapping analysis using the Vickers method was performed across the entire cross-sectional surface 
with a 100 g indenter load and a 0.5 mm spacing between the indentations. The results are presented in Fig. 4. It 
can be observed that the highest hardness is found in the final layer, which is the surface of the cladded material. 
Each subsequent layer shows lower hardness in the range of 300–600 HV. Another significant observation is the 
uneven hardness resulting from the nature of the cladding layer manufacturing process—tempering and layer-
by-layer strengthening of the material. The very high hardness in the surface layer, above 700 HV, is an excellent 
result, indicating the suitability of the selected method and material for cladding elements operating under fric-
tion at elevated temperatures.

The lower hardness observed in layers 2 and 3 (approximately 32–33 HRC at 500 °C) is attributed to second-
ary tempering resulting from repeated thermal cycling during the WAAM deposition process. Specifically, layers 
2 and 3 were subjected to high temperatures during the deposition of subsequent layers. During these heating 
cycles, the cooling rate was not sufficiently intensive to permit re-hardening; instead, the material underwent 

Fig. 2  a Tested tool - lower 
die (CAD model), b ther-
mogram view of the tool 
immediately after removing 
the forging from the surface, 
c forging from the analyzed 
forging process
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tempering, leading to reduced hardness. The localized hardness reductions observed in the hardness mapping 
are evidence of this tempering phenomenon, which is inherent to multi-layer additive manufacturing processes 
where excessive heat input and relatively slow cooling rates in the intermediate layers result in microstructural 
changes that reduce hardness. This effect demonstrates a key limitation of the WAAM process: the accumulation 
of thermal energy in intermediate layers during the deposition of subsequent passes.

A control spectrometric analysis of the coating was performed. The results confirm that the composition of 
the cladding falls within the specification. The base material is iron—approximately 87.7%, along with alloying 
elements such as Cr, Mo, W, Mn, V, Ti, and trace amounts of Ni and Cu Table 4.

Microstructural analysis was conducted for the discussed multilayer reference sample (Fig. 5. The microstruc-
ture of the substrate is ferritic-pearlitic steel. The cladding layers consist of carbide precipitates in an alpha-iron 
matrix for the transition layers, while the surface layer has a fine-grained microstructure with relatively high hard-
ness. The microstructure is composed of very fine carbide precipitates with high dispersion. Due to the effect of 

Fig. 4  The distribution of 
microhardness across the 
cross-section performed for 
all cladded layers
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temperature, these precipitates coagulate, which is visible in the lower layers. The microstructure is typical and 
characteristic of materials resistant to wear, operating at elevated temperatures.

Sliding wear tests were conducted on four samples extracted from layers at different heights throughout the 
deposited structure. The tests revealed a consistent friction coefficient of approximately 0.85 across all samples, 
as presented in Fig. 6. This uniformity in friction behavior indicates stable tribological properties regardless 
of sampling location within the WAAM deposit. The friction coefficient exhibits rapid initial rise during the 
first ~ 2,000–6,000 s, followed by stabilization to a plateau value around 0.85–0.90, which is characteristic of 
adhesive wear mechanisms in tool steel contacts.

In Fig. 6, stops are visible at every ¼ of the friction path (every 62.5 m), which was intentional, as a wear-
profile inspection was performed during each of these pauses.

The wear profiles displayed in Fig. 7 (a-d) reveal distinctive surface topographies following the ball-on-disc 
sliding tests.

All profiles exhibit symmetric cross-sectional geometries, characteristic of classical abrasive wear mecha-
nisms. Notably, the wear profiles display pronounced grooves perpendicular to the sliding direction at the profile 
depths, which is consistent with the typical morphology of three-body abrasive wear. The profiles obtained from 
samples at different heights show varying wear depths, reflecting differences in the microstructural integrity of 
successive layers within the WAAM deposit. Layers 2 and 3, according to their lower hardness relative to layers 
1 and 4, exhibit distinctly deeper wear grooves and greater material removal volumes, demonstrating the strong 
correlation between hardness and wear resistance in this material system. Based on the values measured with the 
profilometer, the friction coefficient K was calculated and is presented graphically in Fig. 8 below.

Based on the measured wear track geometries, the wear factor K was determined for each layer. The values, 
expressed in exponential form, are as follows:

Table 4  The result of the chemical composition analysis of the material from the sample deposited by WAAM technology
Hardfacing material Fe based – wt% (Lincoln wire)
additional: 0.07 wt% Ni and 0.06 wt% Cu
C Mn Si P S Cr Mo V W Ti
0.32 0.72 1.03 < 0.03 < 0.03 5.79 2.42 0.60 2.41 0.17

Fig. 5  Microstructural analy-
sis of the sample produced 
using WAAM technology
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	● layer 1–2.39 × 10− 6 mm³/Nm,
	● layer 2–8.48 × 10− 6 mm³/Nm,
	● layer 3–8.92 × 10− 6 mm³/Nm,
	● layer 4–6.90 × 10− 6 mm³/Nm.

All results are of the same order of magnitude, but clear differences between layers are visible. Layers 2 and 3, 
which exhibit lower hardness, also show the highest wear factors (above 8 × 10− 6 mm³/Nm), whereas layer 1 has 
the lowest value, with layer 4 at an intermediate level. These differences are statistically significant while remain-
ing consistent within the experimental scatter. In comparison, Drozd et al. reported a wear factor of approxi-
mately 3.67 × 10 − 53.67 × 10–5 mm³/Nm for uncoated H11 (X37CrMoV5-1) steel under ball-on-disc testing at 
room temperature and a 10 N load the WAAM-deposited material exhibits a wear factor lower by about one order 
of magnitude than reference H11, indicating clearly superior sliding wear resistance. Such behaviour can be 
attributed to the modified chemical composition of the WAAM wire, enriched in alloying elements that promote 
the formation of hard phases and thus improve wear performance.

.

Fig. 6  Coefficient of friction values as a function of sliding distance for each of the four layers
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3.2  Comparison of repair welding of tools by conventional GMAW and WAAM processes

In accordance with the previously described technology, regenerative cladding trials of forging tools were con-
ducted using two methods. In both cases, the tools were pre-milled to remove the worn-out layer. Then, in 
the cladding process, the missing material was restored, including an allowance for machining. In the manual 

Fig. 8  Plot of the friction-
coefficient values together 
with the measured values and 
standard deviation for each of 
the four layers

 

Fig. 7  Plot of the friction coefficient values together with the measured data and standard deviation for each of the four layers
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GMAW cladding method, a weld with regular shapes was produced, while in the WAAM technology, it was pos-
sible to create a weld with shapes more closely resembling the target die geometry. The illustrations of both dies 
are shown in Fig. 8.

To more accurately assess and compare both methods, scanning and volume measurement of the cladding and 
the remaining allowance for subsequent mechanical machining were conducted. For easier interpretation, the 
results of this measurement are presented in Fig. 9. These results are also summarized in Table 5.

The analysis of the volume and mass of the cladding, as well as other changes introduced into the regeneration 
process by the use of robotic WAAM technology, led to the following valuable conclusions::

	● 60% faster repair (from 28 h to 11 h).
	● Superior wear and temperature resistance due to WAAM graded repair.
	● Faster repair and repeatability of the remanufacturing process (due to automation).
	● 21% less material use; 7 times less CRM (Nb) use.
	● 59% cost reduction per forging die repaired.

3.3  Performance test in industrial forging process

The tool trials in the forging process demonstrated the correct functioning of the forging die repaired using 
WAAM technology. Additionally, 20% more forgings were produced with relatively much lower wear values. 
This wear was measured by comparing the tool scans before and after operation. The results of these measure-
ments are shown in Fig. 10,11.

The wear measurement results confirmed another benefit of using robotic cladding technology—an improve-
ment in die durability during the forging process. It is evident that the wear is more uniform, and for the WAAM 

Padding weld volume Conventional repair (GMAW) Grade2XL concept (WAAM)
882 198 mm3 700 617 mm3

Padding weld weight 6,97 kg 5,53 kg
Machining allowance (volume) 545 354 mm3 365 662 mm3

Machining allowance (weight) 4,31 kg 2,89 kg
Lead time for 1 repair 28 h 11 h

Table 5  Results of volume 
and mass calculations for 
the cladding and allowance

 

Fig. 9  View of tools after regenerative cladding, (a) manual 
cladding using the GMAW method, (b) robotic cladding 
using the WAAM method
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die, it is lower, not exceeding 0.5 mm (in some areas outside the working cavity, the thickness is greater, which 
is not due to wear but rather incomplete restoration of those areas during cladding)Fig. 11.

Fig. 11  a Conventional repair - forging die after about 2500 pcs., b WAAM repair - forging die after 3000 pcs

 

Fig. 10  Volume analysis 
results, (a) cladding by 
manual GMAW method, (b) 
cladding by robotic WAAM 
method, (c) allowance by 
manual GMAW method, (d) 
allowance by robotic WAAM 
method
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4  Summary and conclusion

This study provides a comprehensive, multi-scale evaluation of Wire Arc Additive Manufacturing (WAAM) as 
a repair and cladding solution for hot forging tools, integrating laboratory testing, microstructural analysis, and 
industrial validation to benchmark the technology’s performance against both the state-of-the-art and conven-
tional H11 tool steel. Through a series of tribological, mechanical, and microstructural assessments carried out at 
both ambient and elevated temperatures, the research demonstrates that WAAM-fabricated tool steel consistently 
exhibits mechanical properties and wear resistance that meet or surpass those of conventional reference alloys, 
validating its utility for the most demanding industrial applications.

The multi-layer laboratory wear tests demonstrate clear evidence of the tribological performance of the WAAM 
material. Measurements of the wear factor across the four deposited layers showed values within the range of 
2.39–8.92 × 10− 6 mm³/Nm, with the maximum wear factor remaining substantially lower - by approximately 
one order of magnitude - than typical literature values for wrought H11 tool steel, such as 3.67 × 10− 5 mm³/Nm 
reported by Drozd et al. [48]. Layer-dependent variations in wear resistance were directly correlated with mea-
sured hardness profiles, confirming the expected relationship between microstructural integrity and tribological 
performance. This superior tribological performance can be attributed to the WAAM wire’s tailored alloy compo-
sition, which is enriched in carbide-forming elements and designed to enhance both hardness and wear resistance 
at the microstructural level.

Microstructural observations confirmed the presence of finely dispersed carbides within a martensitic matrix, 
particularly in the uppermost layers, contributing to exceptional high-temperature performance. Transitions in 
hardness and microstructure with increased build height - resulting from the cumulative effect of thermal cycles 
during multi-layer deposition - were clearly linked with observed variations in wear behavior.

Industrial-scale tool trials validated the laboratory findings: WAAM-repaired forging dies consistently outper-
formed dies repaired with conventional GMAW, achieving 20% longer service life (3,000 cycles versus 2,500 
for the reference tool) in representative hot working conditions (hot die forging proces at tool temperatures 300–
400 °C). In addition to enhanced durability, automated WAAM delivery resulted in 60% reduction in repair 
cycle time and 21% reduction in material consumption. The latter directly translates to lower consumption of 
expensive alloying elements and filler materials, yielding significant cost savings and supporting sustainability 
objectives through reduced material waste and energy expenditure per repair cycle.

Importantly, these findings contribute directly to the most recent developments and literature in the field. 
Recent works by Hackenhaar et al., Tanvir et al., Wang et al., and Baffa et al. collectively demonstrate rapid 
advancements in WAAM for tool steel applications, from process parameter optimization and microstructure 
control to repair strategies for complex die geometries [41–44]. The present study extends these advances by 
offering a holistic, systematic validation of WAAM, not only in controlled laboratory settings but also through 
real-world industrial testing - a crucial step beyond purely academic studies that often lack practical verification 
under operational conditions.​​.

In summary, our results advance the current state-of-the-art in several key areas:

	● They confirm the ability of optimized WAAM processes to deliver superior wear resistance compared to 
wrought H11 reference material and conventional GMAW repair methods.

	● They provide, for the first time, direct industrial evidence of the process’s substantial economic and operational 
benefits—including extended tool durability, reduced repair time, and lower material consumption—compared 
to standard GMAW-based repairs.

	● They highlight the suitability of WAAM for complex geometries and high-performance requirements in hot 
forging, aligning with the circular economy and sustainability objectives that are increasingly critical in mod-
ern manufacturing.​.

Further work is recommended to explore the transferability of these gains to additional process conditions, tool 
geometries, and longer-term service exposures, thereby broadening the industrial applicability of WAAM.
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