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ABSTRACT

This study presents an analysis of degradation mechanisms of a forging die used in the hot forging process of
a counterweight forgings. The investigated tool was made of hot-work X37CrMoV5-1 (1.2343) tool steel. The
study was aimed at identification of the dominant degradation mechanisms of a hot forging die insert made of
1.2343 steel used under industrial conditions and correlation of those mechanisms with the microstructure, hard-
ness distribution and operational thermal loading. The research methodology included macroscopic and micro-
scopic examinations of the die working surface, microstructural analysis using optical microscopy and scanning
electron microscopy (SEM), fracture surface investigations, hardness measurements across the tool cross-section,
numerical analysis of the die forging process, and dimensional assessment using 3D scanning. The results showed
that the dominant degradation mechanisms were connected with thermal fatigue, abrasive wear, adhesive wear,
and crack propagation in the subsurface layer of the die. Microstructural observations revealed a tempered marten-
sitic structure as well as local microstructural banding promoting stress concentration and crack initiation. SEM
analysis confirmed the brittle character of cracking with the presence of intergranular fracture zones. Hardness
measurements indicated a non-uniform hardness distribution within the tool and an increased hardness of the sur-
face layer exceeding 57 HRC. The obtained results indicate that the degradation of the forging die resulted from
the combined effects of high temperature, mechanical loads, and intensive friction occurring during tool operation.
The identified degradation mechanisms provide important information for improving the durability and operation-
al reliability of forging tools used in hot forging processes.
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INTRODUCTION

The durability of tools used in hot forging
processes is a key parameter that determines
manufacturing efficiency, the consistent quality
of forgings, and the total operating costs of the
production system. The coexistence of numerous,
interrelated degradation mechanisms means that
the description of wear phenomena in forging
dies requires a multiscale approach, i.e., ranging
from local tribological and thermal conditions to
the global characteristics of the tool’s

thermomechanical loads [1, 2]. The wear mecha-
nisms in hot forging are complex and synergistic
in nature, whereas their relative contribution
depends on the local tribological, thermal, and
stress conditions in the tool-workpiece contact
zone [3, 4]. Under industrial conditions, the pre-
dominant forms of wear are abrasive, adhesive,
and oxidative wear, thermomechanical fatigue
(TMF), classical mechanical fatigue, and crack-
ing initiated in stress concentration zones or in the
presence of post-processing defects [5—7]. In
industrial service these mechanisms do not occur
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in isolation but overlap during successive forging
cycles, generating a complex, evolving state of
damage in the tool’s surface layer [8, 9]. High
temperatures and cyclic loads lead to a reduction
in surface hardness, accelerating the process of
wear and plastic deformation. In contrast, in the
areas exposed to large temperature gradients and
frequent contact with the cooling-lubricating
fluid, thermal-mechanical fatigue predominates.
In the areas of intense flow of the charge material
(narrowing, narrow ribs, protrusions, radius
zones), abrasive and adhesive wear predominate,
accelerated by local thermal softening (high tem-
peratures and repeated cycles reduce hardness
accelerating wear and deformation), while in the
areas with sharp geometric transitions and vary-
ing cross-sections, fatigue damage and brittle
fracture accumulate [9, 10]. A clear correlation
has been established between the quality of tool
pre-machining (grinding, milling, finishing) and
their service life [11, 12]. Studies by Dalbosco
[13] and Killmann [14] on forging tools confirm
that initial compressive stresses and properly
designed geometry, taking into account radius
zones, are an effective way to reduce the ampli-
tude of tensile stresses and extend tool life, which
can largely be applied to hot forging conditions as
well. Design guidelines that take into account tool
radii, prestressing, and improvements in the
homogeneity of the feedstock can reduce stress
concentrations and improve fatigue performance.
Of particular significance are the results of stud-
ies conducted by Pereira [15] and Lee [16], which
indicate that minimizing sharp transitions and
precisely controlling of edge radii limit local
stress concentrations, reducing both wear inten-
sity and the risk of fatigue crack initiation in criti-
cal metal flow areas. Modifying the die geometry,
controlling forging parameters, and applying
integrated advanced heat transfer models reduce
stresses in the tool and improve its durability [17].
Previous studies on hot forging tools have often
focused primarily on the dies made of chromium-
molybdenum-vanadium steel, new-generation
steels produced by powder metallurgy, and alloys
with modified chemical compositions. The con-
ducted research is typically based on three com-
plementary pillars: laboratory tests (thermome-
chanical fatigue, tribological testing, nano- and
microindentation, hardness measurements, and
residual stress distributions), advanced FEM sim-
ulations coupling temperature and stress distribu-
tions with wear models, and verification under
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real industrial process conditions, which enables
both calibration and validation of the developed
tool life models [18, 19]. Moreover, modifica-
tions to the chemical composition (additions of
Nb, W, V, Cr) as well as new generations of steels
produced by powder metallurgy, including nano-
structured materials and alloys with enhanced
thermal stability, which enable the achievement
of'a favorable combination of high strength, creep
resistance, and adequate ductility within typical
forging temperature ranges, are being developed
[20, 21]. The introduction of advanced PM (pow-
der metallurgy) steels [22, 23], as well as com-
posite materials and bimetallic solutions, has
made it possible to significantly reduce thermal
softening and cracking, as confirmed by the stud-
ies performed under industrial conditions. The
works of Li [24] and Duchek [25] described steels
with enhanced thermal stability and resistance to
softening, achieved through a controlled nano-
structure and the selection of alloying elements
such as Nb. Studies on Cr-Mo-V steels, steels
with Nb and W additions, and steels reinforced by
oxide dispersion (ODS) [24, 26] have shown that
increasing the Nb content by 0.2-0.5 wt.%
improves hot strength and fatigue resistance. The
Nb(C, N) inclusions formed during heat treat-
ment act as barriers to dislocation motion at high
temperatures.  Multi-criteria  decision-making
methods based on fuzzy logic are also being
developed to identify optimal tool steels for vari-
ous forging conditions (e.g., 2999 EFS SUPRA
for press forging, 1.2714 for hammer forging)
[27]. It has been demonstrated that the chemical
composition and rheology of lubricants [28, 29]
(oil- and water-based graphite lubricants, graph-
ite-free systems, borate-based agents), their appli-
cation method [18] (spraying, oil mist, solid coat-
ings), and dosing parameters significantly influ-
ence the coefficient of friction, the intensity of
heat transfer in the tool-workpiece contact zone,
as well as the formation of transition layers on the
die surface, which directly affect the local wear
rate and the development of thermal cracks.
Under the conditions of insufficient cooling and
lubrication, abrasive wear remains the dominant
mechanism of degradation, whereas in modern
systems with intensive lubrication and precise
temperature control, the main factor limiting tool
life is thermal-mechanical fatigue, leading to the
formation of a network of surface microcracks
(heat-checking) and the gradual degradation of
the surface layer’s integrity. Improperly selected
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lubrication conditions result in increased friction,
localized overheating, and intensified abrasive
wear, whereas optimally selected lubricants can
simultaneously act as a thermal barrier and a sep-
arating layer, prolonging the incubation time of
fatigue cracks. Additionally, controlled preheat-
ing of the tool and workpiece, along with inte-
grated cooling and spray control systems, reduce
temperature gradients and thus the amplitude of
cyclic thermal stresses [30, 31]. The studies by
Jeong [28], Lee [29], and Hawryluk [2, 18] dem-
onstrated that the proper selection of graphite
lubricants (oil-based and water-based) and the
optimization of their application method (dose,
frequency, spray parameters, and geometry) allow
for a significant reduction in the coefficient of
friction, the thermal load on the die, and the rate
of its wear. An integral part of the modern research
approach is the use of advanced computational
tools based on the finite element method [32-38].
A trend toward an integrated approach, combin-
ing FEM simulations, experimental validation,
and in situ measurements under industrial condi-
tions, is becoming increasingly evident [33, 39].
Dudkiewicz [40] presented examples of low-
waste precision forging technologies in which
modifications to tool geometry, forging process
parameters, and the cooling system - based on
numerical analysis - lead to reduced wear, lower
energy consumption, and improved dimensional
accuracy of forgings. The significant contribu-
tions of Kim [41] and Virtanen [42] regarding the
quantitative description of the softening of tool
steels using the tempering parameter made it pos-
sible to correlate the temperature history of the
forging cycle with changes in hardness and resis-
tance to plastic deformation. Concurrently,
Schlayer [43] proposed a viscoplastic material
model for X38CrMoV5-3 steel, taking into
account microstructural evolution (dislocation
density, carbide coagulation and dissolution) and
the thermal fatigue effect, which allowed for the
reproduction of cyclic plastic deformation and
progressive softening under thermomechanical
loads characteristic of die forging. Integrated
numerical-experimental analyses [44, 45], in
which the data from fatigue tests of tool steels
under thermomechanical forming conditions are
coupled with simulation results, are used to verify
the models based on 3D wear measurements of
actual dies and microscopic diagnostics of the
failure surface. Monitoring the cyclic thermal his-
tory of the tool through the integration of

temperature sensors in the dies makes it possible
to simultaneously reduce softening and surface
layer degradation while improving the dimension-
al and geometric accuracy of a product [30]. Many
publications employ virtual variation of die geom-
etries (radii, chamfers, die cavity depths) and pro-
cess conditions (forging temperature, strain rate,
lubrication strategy), which enables preliminary
optimization of the process setup without the need
for costly industrial trials [36, 37].

Despite this extensive research, most stud-
ies analyze individual degradation mechanisms,
specific surface treatments or particular classes
of tool steels, often under laboratory conditions
or with simplified service histories. There is still
a lack of comprehensive, multiscale studies that
correlate the microstructure, hardness distribu-
tion and service-induced thermal loading for
dies withdrawn from real industrial hot forging
operations. In particular, systematic analyses of
hot forging dies made of steel 1.2343 that exhibit
local chemical composition anomalies are scarce,
although such anomalies may significantly affect
microstructural  stability, softening behavior
and crack susceptibility under cyclic thermal—
mechanical loads.

The scientific novelty of the present study
lies in the identification and quantitative charac-
terization of dominant degradation mechanisms
of an industrially operated 1.2343 die insert. The
study combined 3D scanning of the worn die
cavity with optical microscopy (OM), scanning
electron microscopy (SEM), numerical modeling
(FEM), hardness mapping, and Charpy impact
tests in order to identify the dominant degrada-
tion mechanisms and relate them quantitatively to
the local microstructure and property gradients.
By correlating the measured hardness distribution
and microstructural changes with estimates of the
thermal loading during service, the work aimed
to bridge the identified research gap and provide
a more complete description of the degradation of
hot forging dies under real industrial conditions
for steel 1.2343.

EXPERIMENTAL

The forging process was carried out on a
screw press with a nominal pressure of 400 tons
and a double ejector. Prior to production, the
tools were heated using a gas burner to a surface
temperature of approximately 220-250 °C. The
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die-forged blank was made of S355J2 steel in
the as-rolled condition. The billet temperature,
measured by a pyrometer mounted on the heater,
ranged from 1150 to 1200 °C. When the opera-
tor removed the billet from the chute, the forg-
ing temperature was 1100 to 1150°C. The tem-
perature of the tools during the forging process
was also measured using a Benetech GM1651
pyrometer. A QH PRESSMAX™ FWG 1402
lubricant in the form of a suspension of graphite
in water (1:10) was used during the forging pro-
cess. After each cycle, the lubricant was applied
evenly to the tool surfaces using special nozzles.
At the same time, the die cavities were blown
with compressed air to remove the remaining
scale. The forging die insert was examined. The
component was a finish-forging die that failed
prematurely by cracking. It was mounted in a spe-
cially designed housing. The tool was rendered
unusable after producing approximately 700 forg-
ings. It was made of X37CrMoV5-1 (1.2343) tool
steel. This tool steel is a combination of various
chemical elements, specially designed for use at
high temperatures. This steel is also commonly
used for pressure molds, dies and forging inserts,
extrusion tools, and press components. Table 1
presents the chemical composition of 1.2343 tool
steel in accordance with the EN ISO 4957:2018
standard, along with average values obtained
from experimental measurements. The chemical
analysis was performed using a Foundry-Master
UV optical emission spectrometer (OES), which
enabled rapid and precise determination of the
alloying elements.

The 3D scanning of the investigated die was
performed using an eviXscan 3D Heavy Duty
Quadro scanner. To accurately measure dimen-
sional deviations of the die after industrial ser-
vice and to identify the areas with the highest
degree of degradation, 3D scanning technology
was employed, enabling detailed analysis of the
tool surface in terms of dimensional and geomet-
ric changes. The obtained data were imported
into Geomagic Control X software, where the
scan registration against with the CAD reference

model was carried out using a best-fit alignment
algorithm with six degrees of freedom of spatial
transformation. Flat, unworn base surfaces of the
tool were used as reference areas for the initial
alignment. According to the manufacturer’s spec-
ification, the scanner’s metrological accuracy was
+0.02 mm and the scanning resolution was 0.05
mm. The aligned scan enabled visualization of
the wear distribution on the die surface and iden-
tification of the most degraded regions. It should
be noted that no additional validation of the mea-
surement procedure, such as repeated scanning or
reference measurements with a coordinate mea-
suring machine, was performed.

The insert die was then cut into smaller piec-
es, from which samples were made for mechan-
ical property and microstructure testing of the
tool. In order to obtain the microstructure, the
test samples were etched with a 6% nital solu-
tion for approximately 30 seconds. Following
the etching process, microstructural studies were
conducted on a light microscope. The microstruc-
ture of the tool material from which the forging
tool was made was analyzed in the first instance
in the microstructural study. The investigation
also encompassed the analysis of the cracks for-
mation. The microstructure of the subsurface
layer was examined using an MMT 120BT opti-
cal microscope with an HDCE-X3 camera and
a ThermoFisher Phenom XL scanning electron
microscope. Hardness measurements were made
with a Struers Duramin 40 M1 hardness tester.
For each investigated region, at least three inde-
pendent hardness measurements were performed,
and the reported values represent average values.

The die insert was then subjected to a series of
tests in order to ascertain its properties and micro-
structure. Figure 1 illustrates the tool alongside
the designated areas to be tested. The chemical
composition of the steel was analyzed in area 1
shown in Figure 1. Impact tests in two directions
were conducted on the samples taken from areas
5 and 6. Hardness measurements were performed
on samples taken from the areas 2 and 3 (see Fig-
ure 1). Fracture breakthrough was examined in

Table 1. The chemical composition (wt. %) of the investigated tool material (avg. measured) in relation to the EN

ISO 4957: 2018 standard

Parameter C Si Mn P S Cr Mo \
Min. (standard) 0.33 0.8 0.25 4.8 1.1 0.3
Max (standard) 0.41 1.2 0.50 0.03 0.02 55 15 0.5

Avg. (measured) 0.35 1.07 0.36 0.042 0.02 4.8 1.1 0.3
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Figure 1. Investigated tool with marked areas used
for testing

area 4. All of these procedures were carried out
using a scanning electron microscope.

A numerical analysis of the die forging pro-
cess was performed using the QForm UK soft-
ware to identify the failure mechanism of the die
insert. The following boundary conditions were
adopted for the numerical calculations: charge
temperature of 1150 °C, tool temperature of 250
°C, a graphite-in-water solution was applied as a
lubricant, friction coefficient of 0.4. The remain-
ing boundary conditions were also adopted in
accordance with the forging test conditions. The
analysis examined the distribution of equivalent
stress, maximum principal stress ¢,, mean stress,
elastic strain, and temperature in the tool’s work-
ing area. The simulation results were compared
with the actual industrial damage to the die after
use. Particular attention was paid to the correla-
tion between stress concentration zones and the
location of crack initiation and propagation. The
simulation covered all three operations of the hot
forging sequence. The coupled deformation task
mode was applied, in which the elasto-plastic
stress and strain state of the tool is resolved simul-
taneously with workpiece deformation at selected
simulation steps. Heat transfer was modeled in the
coupled mode, with the temperature field calculat-
ed throughout the full tool volume and accounting
for heat exchange with the workpiece, the envi-
ronment, and the contacting tools. The purpose

of the analysis was not intended as a quantitative
prediction of die service life, but to identify the
critical stress concentration regions and correlate
them with the observed locations of damage.

RESULTS AND DISCUSSION

Identification of damage and wear level of
tools after service

The examination of the tools withdrawn from
service after producing a batch of 700 forgings
began with an assessment of their wear. In the first
stage, three-dimensional scanning of the die work-
ing surface was carried out using a 3D scanner,
which enabled precise reconstruction of the tool
geometry and evaluation of dimensional devia-
tions relative to the reference CAD model. Figure
2 presents the post-exploitation scan of the forg-
ing die. Three-dimensional scanning performed
after tool use showed acceptable geometric defor-
mations, indicating dimensional stability within
allowable workshop tolerances and adequate pre-
cision of the forming process. However, macro-
scopic analysis revealed the presence of cracks in
the die cavity bottom area as well as signs of abra-
sive wear in the so-called “spider web” region,
pointing to local mechanical and thermal over-
loads and unfavorable frictional conditions.

The analysis of the results showed that the
dimensional changes were minimal and remained
within acceptable workshop tolerances, indicating
that the forming accuracy was largely preserved
across most areas of the tool (Figure 3). The 3D
scan analysis indicated that the largest dimensional
deviations were localized in the most highly load-
ed regions of the die cavity. Localized material

Figure 2. Post-exploitation scan of the forging die
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Figure 3. Bottom die: a) Decommissioned, b) Dimensional deviations relative to the reference model
in the area of die damage

loss and surface degradation were particularly pro-
nounced in the “spider web” region and near the
bottom of the die cavity, where cracks and abrasive
wear marks were mechanisms were subsequently
identified by macroscopic examination. The mac-
roscopic analysis revealed the presence of cracks in
the rounded bottom region of the die cavity. Their
occurrence indicates localized material overload-
ing, most likely resulting from the accumulation of
thermal and mechanical stresses occurring during
tool operation. In the remaining regions of the tool,
no significant signs of degradation were observed,
except in the web area, where distinct traces of
abrasive wear were identified. This type of damage
indicates intensive contact between the workpiece
and the tool surface, as well as unfavorable friction
conditions in this zone.

Detailed microstructural analysis of the
examined steel

A detailed microscopic analysis of the exam-
ined material (Figure 4) indicates that the micro-
structure of the investigated tool steel is charac-
terized by the presence of tempered martensite,
which is typical for the materials subjected to
heat treatment processes. Throughout the entire
cross-section, a fine needle-like or fine plate-like
structure of tempered martensite forming a dense
and relatively homogeneous grain network is vis-
ible. This martensite is a very hard and wear-re-
sistant structure formed during rapid cooling,
while the tempering process improves ductility
and reduces internal stresses.

The microscopic images show characteristic
martensitic laths forming a dense and regular net-
work within the steel microstructure. Alternating
zones with slightly different densities of martens-
itic laths and carbide concentrations can also be
observed. Based on the comprehensive analysis,
it can be concluded that the base material exhibits
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high homogeneity and lacks visible defects such
as cracks, inclusions of critical size, or metallur-
gical imperfections.

Figure 5 shows a microscopic image of sam-
ple 3 (sample taken from area 3 shown in Figure
1), obtained using an optical microscope at 2.5x
magnification. A distinct microstructural band-
ing is observed, likely resulting from the rolling
process of the ingots. This banding represents a
material defect characterized by microstructural
heterogeneity, which may adversely affect the
mechanical properties of the investigated steel.
Within the bands, non-metallic inclusions and
areas of incomplete grain recrystallization may
be present, resulting from incomplete structural
restoration during hot deformation. Such a micro-
structure can lead to localized stress concentra-
tions and reduced fatigue resistance of the materi-
al. The observed banding may also promote local
microstructural anisotropy, potentially influenc-
ing crack propagation paths under thermo-me-
chanical loading conditions.

The microstructure in the immediate vicinity
of the working surface of the die differs from the
structure in the deeper layers. This is a result of
the intense heat influence from the billet on the
tool surface. After the forging process, the die is
subjected to lubrication and cooling, which leads
to partial hardening and microstructural changes
in the layers near the tool working surface. As
the distance from the working surface increases,
the material is still heated which influences the
resulting microstructure (Figure 6).

Figure 7 shows a crack located in the sam-
ples taken from areas 3 and 4 (shown in Figure
1), formed as a result of thermal fatigue. The
damage mechanism is a consequence of the high
temperature of the billet material and the stress-
es generated during the die cavity filling process.
Crack initiation and propagation occurred along
the directions of the highest stresses.
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Figure 6. Microstructural region near the working surface of the die — (sample taken from area 2
shown in Figure 1)

Figure 7. Crack developing in the tempered martensitic microstructure of hot work tool steel (samples taken
from area 3 and 4 shown in Figure 1): a) general view; b) advanced microstructural degradation;
¢, d) crack propagation into the material

In the immediate vicinity of the crack, a fine
needle-like structure of tempered martensite with
numerous bright carbide precipitates located at
the boundaries of subgrains and prior austenite
grains can be observed. The crack intersects both
martensitic needles and carbide bands, local-
ly branching and forming a network of smaller
microcracks, which indicates propagation under
thermo-mechanical fatigue conditions.

Along the edges of the crack, darkened zones
and small material losses are visible, interpreted
as the result of oxidation of the crack surface and
erosion occurring during further tool operation.
The crack develops in a direction perpendicular
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to the highest tensile stresses, which in forging
dies appear mainly in the subsurface layer, par-
ticularly in the areas of the highest temperature
gradient and direct contact with the forging.

The crack propagates along the boundaries of
martensite packets and the regions with locally
modified microstructure. Secondary microcracks
branching from the main crack are also visible,
indicating the accumulation of thermo-mechan-
ical stresses and progressive weakening of the
structural cohesion of the material.

This type of microstructural image is character-
istic of fatigue cracking in hot forging tools, where
the crack initiates at the working surface and then
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propagates into the interior of the material as the
number of forging cycles increases. The observed
crack can be primarily associated with the thermal
fatigue mechanism, which is one of the dominant
forms of degradation in hot forging dies.

Cyclic heating and cooling lead to the forma-
tion of thermal stresses that initiate microcracks
on the working surface of the tool. In subsequent
cycles, these cracks propagate deeper into the
material, eventually leading to macroscopic dam-
age of the die.

The fracture surface analysis performed using
scanning electron microscopy (SEM) indicates a
brittle fracture character with distinct intergran-
ular fracture zones, resulting from prolonged
mechanical loading at elevated temperature and
confirming the significant influence of thermal
processes on material degradation.

During a detailed microstructural analysis of
the tool, additional cracks were identified in the
region of the forging die draft angle (area 4), as
documented in Figure 8. These cracks, similar to
the previously described damage, resulted from
thermal fatigue caused by cyclic temperature
changes and thermomechanical stresses generat-
ed during the hot die forging process. The com-
bined effect of high temperatures and intense
frictional forces led to directional propagation
of cracks along the microstructural banding of
steel, which is a characteristic failure mechanism
in the materials with strong structural anisotro-
py. Microscopic observations indicate that the
cracks developed following the orientation of the
microstructural bands until neighbouring cracks
coalesced, significantly increasing local stress
concentrations and promoting further mechani-
cal defects. This condition substantially reduces
the load-bearing capacity and resistance to oper-
ational stresses of a material, leading to local-
ized spalling of tool fragments. Continued use at

this stage would result in rapid deterioration of
mechanical properties and could cause premature
tool failure. This highlights the importance of
timely monitoring and replacement of damaged
components to prevent severe technical and eco-
nomic consequences.

Figure 9 presents an image obtained using opti-
cal microscopy, showing a section of the lower die
in the region of the flash groove transition. In this
area, a pronounced banded microstructure can be
observed, resulting from the rolling process of the
billet, as well as a thermally affected zone locat-
ed directly adjacent to the die’s working surface
- an effect of repeated exposure to high temper-
atures from the workpiece combined with inten-
sive cooling and lubrication of the tool. Within the
examined region, the initiation and propagation
of cracks were also identified. These cracks are
located both on the forging draft angle and along
the radius of the transition edge leading into the
flash groove. They are characteristic of the dam-
age caused by thermo-mechanical fatigue. Impor-
tantly, a thin layer of material appears to have
been displaced from the rounded transition radius
- this layer was likely mechanically “sheared off”
and transported toward the flash pocket during the
die-filling process. This phenomenon indicates a
significant local influence of friction forces and
temperature, leading to intense material wear in
the transitional zone. The displaced material was
subsequently compacted by the advancing billet,
further contributing to the formation of surface
discontinuities and local defects that could poten-
tially act as initiation sites for additional tool dam-
age in subsequent forging cycles.

As part of further investigations, fracture sur-
face analysis was conducted on sample 4 (sample
taken from area 4 shown in Figure 1) using scan-
ning electron microscopy (Figure 10). The initial
stage of the study focused on the working surface

Figure 8. Cracks formed on the forge draft angle — area 4 shown in Figure 1
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of the forging die, which during operation is
exposed to high temperature, mechanical pressure,
and direct contact with the deformed material.
SEM observations indicated that thermal
fatigue was the dominant wear mechanism respon-
sible for crack initiation and propagation. The
crack propagated along the boundaries of mar-
tensite packets, indicating local stress concentra-
tion and weakening of the microstructural cohe-
sion. In the immediate vicinity of the crack, sec-
ondary microcracks and zones of intensive ther-
mo-mechanical deformation were observed. This
microstructural image clearly indicates that the
crack has an operational rather than technological

Figure 10. Working surface of the die — area 4 shown in Figure 1: a) central region; b) fillet radius; c) crack
initiation site; d, e) crack morphology; f) crack propagation into the material
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origin, developing gradually during tool service.
The degradation process was additionally inten-
sified by adhesive wear, abrasive wear, and local
microstructural degradation caused by long-term
exposure to elevated temperature. Numerous oxi-
dation products (oxides, scale) were also visible
on the surface, confirming prolonged exposure to
high temperatures and repeated heating—cooling
cycles of the tool surface. The cracks were iden-
tified as surface cracks, oriented perpendicular or
at a small angle to the working surface, which is
typical for thermal fatigue phenomena known as
heat checking.

The examined area of the tool also revealed
characteristic surface peaks and cavities, indi-
cating non-uniform wear of the material. This
phenomenon is directly related to the presence
of microstructural banding, previously identi-
fied in the analyzed die. The bands were oriented
perpendicular to the working surface, leading to
local differences in mechanical properties. The
regions corresponding to the cavities exhibited
lower hardness and greater susceptibility to abra-
sive wear as compared with more homogeneous
regions. Such uneven wear of the working surface
may reduce forming precision and accelerate tool
degradation, making microstructural banding an
important factor in the assessment of wear mech-
anisms in forging tools. Cyclic heating of the die
during contact with the hot forging and its subse-
quent rapid cooling led to the formation of thermal
stresses. Their accumulation resulted in the initia-
tion of small cracks that gradually propagated and
merged during further forging cycles.

Figure 11 presents the fracture surface of
a crack observed in area 3 shown in Figure
1. The morphology of the fracture indicates a

brittle transgranular failure mechanism propagat-
ing along cleavage planes. This type of cracking,
characterized by crack growth through the grains,
is typical of thermally and mechanically overload-
ed forging tools. Three distinct zones can be iden-
tified in the image. At the bottom lies the working
surface of the tool, which was directly exposed to
high thermal and mechanical loads due to contact
with the heated billet. Just above this area is a nar-
row band (approximately 100 um) of transcrys-
talline cracking. This cleavage-type fracture is
inherently brittle, although it may have been initi-
ated by localized plastic deformation. The upper-
most zone of the fracture exhibits intergranular
cracking, which propagates along grain bounda-
ries. This form of failure is commonly associated
with prolonged mechanical loading at elevated
temperatures. Its presence indicates a progres-
sive structural degradation initiated by thermal
fatigue. The crack likely continued to propagate
under operational stresses, potentially leading to
the spalling of material from the tool surface.
Based on macroscopic observations, micro-
structural analysis using OM and SEM, hardness
distribution across the tool cross-section, and 3D
scanning analysis, the identification of the deg-
radation mechanisms marked A—G in Figure 4
was performed. The individual mechanisms were
assigned to specific regions based on character-
istic morphological features: abrasive wear (A),
evidenced by surface scratching in the spider-web
region; thermal fatigue (B), manifested by a net-
work of microcracks perpendicular to the work-
ing surface; initiation of fatigue cracks (C), indi-
cated by visible microcracks; local chipping and
partial melting (D), associated with topographi-
cal changes and adhesion traces; adhesive wear

Figure 11. Fracture at the die crack location (a) and areas of transcrystalline and intercrystalline fracture (b) of
the die in the area 3 shown in Figure 1
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(E), evidenced by transferred workpiece material;
abrasive-erosive wear (F), characterized by a sur-
face appearance typical of pressurized material
flow; and plastic deformation (G), confirmed by
local dimensional changes identified through 3D
scanning (Figure 12).

In summary, the conducted investigations
emphasized significant limitations in the inves-
tigated tool durability, arising from both micro-
structural anomalies and suboptimal operational
and thermal conditions. The observed degrada-
tion mechanisms, particularly thermomechanical
fatigue and abrasive wear, underscore the need
for thorough monitoring of the tool condition and
optimization of heat treatment and operational
parameters to enhance resistance as well as extend
the service life of the tool. Moreover, the slight-
ly elevated phosphorus content exceeding the

Figure 12. Identified wear and surface degradation
mechanisms of the bottom die: A — abrasive wear,
B — thermal fatigue, C — fatigue crack initiation site,
D — local chipping and partial melting, E — adhesive
wear, F — abrasion—erosion wear, G — plastic
deformation

normative limit specified by EN ISO 4957:2018
and shown in Table 1, may further impair the
ductility of the material and promote brittleness,
which is particularly unfavorable under dynamic
and thermal loads during tool operation. The low
content of chromium, molybdenum, and vana-
dium limits the potential benefits of these alloy-
ing elements on wear resistance, hardness, and
fatigue strength, as confirmed by the observed
surface damage and crack initiation.

Numerical analysis revealed a highly non-
uniform distribution of mechanical and thermal
fields within the working area of the die insert.
Figure 13 shows the equivalent stress distribu-
tion, Figure 14a shows the maximum principal
stress o, Figure 14b shows the mean stress, Fig-
ure 15b shows the elastic strain distribution, and
Figure 15a shows the temperature distribution.
A comparison of these results allowed identify-
ing not only the areas of greatest tool loading but
also the likely mechanism of crack initiation and
propagation observed after service.

The equivalent stress distribution (Figure 13)
indicates that its highest values occurred locally
within the inner transition radii of the die and
in the areas of abrupt changes in the direction
of material flow. At the same time, most of the
insert’s volume was subjected to significantly
lower stress levels, indicating that the critical
condition did not affect the entire tool but was
associated with local stress concentrations in the
near-surface layer. A similar distribution of the
elastic strain, which occurred in the same geomet-
ric zone, was also noticed. This indicates a local
accumulation of elastic energy in the areas poten-
tially susceptible to microcrack initiation.

The distribution of the maximum principal
stress o, (Figure 14a) showed, that in the zones
of increased values of equivalent stress, local
positive values of 6, were also observed, reaching

Figure 13. Equivalent stress distribution (MPa) in the investigated tools
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b)

Hac
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Figure 14. Maximum principal stress 6, (a) (MPa) and mean stress (MPa) distribution (b) in the investigated

approximately 1495 MPa. This indicates that in
selected areas of the die’s working surface, a stress
state conducive to crack initiation was present. At
the same time, the distribution of mean stress (Fig-
ure 14b) revealed the presence of local positive
values, reaching approximately 647 MPa, in the
vicinity of areas of maximum equivalent stress.

a)

b)

tools

The combination of high equivalent stress, posi-
tive principal stress, and positive mean stress indi-
cates a particularly unfavorable loading condition
from the perspective of the tool’s fatigue life.

An additional factor contributing to the tools
degradation process was the uneven temperature
distribution (Figure 15a). The maximum tool

Figure 15. Distribution of temperature (°C) (a) and elastic strain (b) in the investigated tools
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temperature reached approximately 762 °C and
was concentrated in the areas where the forging
material came into direct contact with the die’s
working surface. These zones partially overlapped
with the areas of elevated stresses and elastic
strain (Figure 15b), indicating the simultaneous
interaction of the mechanical and thermal loads.
Such conditions promote the development of ther-
mal-mechanical fatigue, particularly in tool steel
operating cyclically under hot forging conditions.
The most important result of the analysis is
the agreement between the areas indicated by
the FEM simulation and the actual crack path of
the tool. The crack propagated along a line pass-
ing through the zone of the inner radius of the die
cavity, then through the area of geometric narrow-
ing, and further toward the upper part of the die
insert. This path corresponds to the areas where
local maxima of equivalent stress, positive values
of principal stress ¢, and increased elastic strain
were observed in the simulation. It is particular-
ly significant that the crack origin is located in a
region where geometric narrowing, high stress
concentration, and local tensile stresses occur
simultaneously. This consistency indicates that
the crack was not a random service-induced fail-
ure, but rather the result of a local accumulation of
unfavorable mechanical and thermal conditions.
In the initial stage, microcracks may have been
initiated on the surface within the transition zone
due to high stresses and cyclic temperature gradi-
ents. Subsequently, the presence of positive prin-
cipal stresses facilitated the opening of the crack
and its further propagation along a path consistent
with the local stress concentration pattern. The
results confirm that the dominant failure mecha-
nism in the die insert was the thermomechanical
fatigue initiated in the stress concentration zone.

Mechanical properties

Hardness tests were conducted on two speci-
mens (specimens taken from areas 2 and 3 shown
in Figure 1) in cross-section and on the work-
ing surface of the tool. As illustrated in Table 2,
the hardness distribution is comparable on the

cross-section of the tool and the working surface
of the die.

The hardness distribution presented in Table
2 indicates significant heterogeneity of the sub-
surface layer resulting from cyclic thermo-me-
chanical loading during the forging process.
Local hardness increases exceeding 57 HRC may
be associated with secondary hardening effects
caused by repeated thermal exposure and precipi-
tation of alloy carbides in the near-surface region
of the die. Additionally, the previously identified
microstructural banding may also contribute to
local hardness variations due to the anisotrop-
ic character of the material microstructure. The
surface hardness of the die insert depends on the
exposure of the tool to cyclic heating and rapid
cooling, which causes continuous hardening and
strengthening of the working layer of the tool. At
a distance of up to about 3 mm from the work-
ing surface of the tool, the hardness decreased as
heat affects the subsurface layers of the material.
However, these layers are not subjected to rapid
cooling, which leads to partial tempering of the
die material. At a distance of 3—4 mm from the
working surface, the hardness increased again
because these layers are relatively less affect-
ed by cyclic thermo-mechanical loading asso-
ciated with the forging process. Therefore, the
obtained values correspond to the hardness of
the tool resulting from the initial heat treatment.
The hardness distribution measured on the work-
ing surface indicates significant heterogeneity of
hardness values. The accuracy of the measure-
ments depends on the distance of the measure-
ment point from the working edge. The working
surface showed signs of wear, and additionally
was not perfectly flat, causing in variations in
hardness in the measurement distance from the
working edge. Consequently, hardness measure-
ments were not performed at identical distances
from the working edge. The hardness test results
indicated the presence of two characteristic zones
within the tool. The first zone corresponded to
the region of cyclic heating and cooling, which
resulted in increased hardness, with measured
values exceeding 57 HRC. The second zone was

Table 2. The hardness distribution on the cross-section of the tool and the working surface of the die. Measurements

performed on sample taken from area 2 shown in Figure 1

Distance [mm] 1 2 3 4 5 6 7 8 9 10
On the cross-section 55.8 53.4 53.4 57.2 54.6 55.5 55.9 55.6 57.8 57.0
On the working surface 55.6 54.6 54.8 58.5 57.2 58.3 57.0 57.5 54.9 55.1
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the heat-affected zone (HAZ), where the material
underwent tempering, leading to reduced hardness
values of approximately 55 HRC. The observed
hardness heterogeneity may additionally promote
localized stress concentration and facilitate ther-
momechanical fatigue crack initiation in the most
thermally loaded regions of the die. These obser-
vations remain consistent with the degradation
mechanisms identified during the microstructural
examinations and fracture surface analyses.
Hardness tests were also conducted on the sam-
ple taken from area 3 shown in Figure 1, at three
locations on a cross-section of the tool. Figure 16
illustrates the areas of the tool cross-section at
which the hardness was tested (Figure 16a) and the
obtained hardness values (Figure 16b). It is evident
that site “a” is indicative of the flash, wherein there
is an absence of protracted interaction between the
charge and the tool. The area “b” is characterized
by a pronounced interaction between the charge
and the tool. Conversely, area “c” exhibits an inter-
action between the charge and the tool, although
to a significantly lesser extent than observed at
area “b”. The results obtained are indicative of
three distinct zones of the influence exerted by the
forging temperature on the investigated tool. In the
area marked “a” in Figure 16, the application of
heat and rapid cooling resulted in the strengthening
of the tool. In the second area (“b”), the working
surface of the insert die is released through the dis-
sipation of heat from the area a). In the third area
(“c”), the hardness values obtained following the
thermal treatment of the tool are presented. The
greatest effect of heat on the hardness of the tool
was observed at the inclined position in the forge,

resulting in significant variations in the tool’s hard-
ness along its cross-section. It has been demon-
strated that the hardness of the material increases
in direct proportion to the tempering tempera-
ture. The temperature at which a drop in hardness
becomes observable is approximately 500°C. This
phenomenon is attributed to the secondary hard-
ness effect, which leads to an increase in hardness
during the process of steel tempering. This is due to
the transformation of residual austenite and release
of new alloy carbides. It is reasonable to hypothe-
size that the tempering temperature of the die was
approximately 500°C, based on the hardness val-
ues obtained during the hardness tests. The max-
imum hardness values measured in the tool were
of approximately 56+58 HRC. In accordance with
the established standard, the hardness of a forging
tool produced from 1.2343 steel should be approx-
imately 52 HRC. This may indicate that the heat
treatment parameters or operational thermal expo-
sure influenced the final hardness state of the tool.
The hardness distribution across the tool cross-sec-
tion showed significant heterogeneity, caused by
localized heating and cooling cycles during forging
operations. The highest hardness values exceeding
57 HRC in the working layer of the tool indicate
a secondary hardening effect related to structur-
al transformations occurring during tempering at
approximately 500°C. Concurrently, the hardness
reduction in the heat-affected zone proves partial
tempering of the material, which is corroborated
by impact toughness test results consistent with
the temperature range of 500-550°C. It should be
noted, however, that the hardness values exceed
normative recommendations, which may indicate
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Figure 16. Hardness measurements (a) and hardness distribution (b) on sample taken from area 3 shown in
Figure 1 at three locations on a cross-section of the tool
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an improper heat treatment process, potentially
adversely affecting tool durability and crack resist-
ance. Six impact test specimens were fabricated
from the specimens taken from the investigated die
from the areas 5 and 6 shown in Figure 1. Impact
strength was tested on a Charpy hammer. The test
specimens were characterized by a standardized
geometry, with a “V” notch cut on selected surface
of the sample. The impact strength of the investi-
gated steel was approximately 26 J/cm?, however,
the average impact strength measured on the sam-
ples taken from the area 5 was 23.9 J/cm?, and the
average impact strength measured on the samples
taken from the area 6 was 27.5 J/cm?, which indi-
cates some anisotropy of the mechanical properties
of the investigated steel resulting from microstruc-
tural banding resulting from the rolling process.

A comparison of the obtained impact strength
values with literature data for 1.2343 steel [46]
indicates consistency with values reported for
tempering temperatures in the range of approxi-
mately 500-550 °C. It is well known that increas-
ing tempering temperature may improve impact
toughness and ductility of the steel, although usu-
ally at the expense of reduced hardness.

The assessment of thermo-mechanical degra-
dation mechanisms was based on microstructural
observations, hardness distribution analysis, frac-
ture morphology, industrial operating conditions,
and characteristic degradation features widely
reported in the literature for hot forging tools
operating under industrial conditions.

CONCLUSIONS

Microstructural analysis and mechanical
property testing of the tool revealed that the inves-
tigated tool steel used for the die insert exhibits a
microstructure typical of the steels subjected to
quenching and tempering.

The presence of microstructural banding
resulting from the rolling process may indicate
local anisotropy of the material microstructure,
which can potentially affect fatigue resistance and
crack initiation, especially under cyclic thermo-
mechanical loading conditions. This was con-
firmed by the anisotropy of the impact strength
of the investigated steel measured on the samples
taken from two areas 5 and 6 shown in Figure 1.

Microstructural examinations of the subsur-
face area demonstrated changes caused by the
intense thermal influence from the heated billet,
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leading to partial strengthening and structural
transformations, as well as revealing microstruc-
tural defects such as non-metallic inclusions and
uneven structural recovery after plastic deforma-
tion. Observed thermal cracks and their propa-
gation aligned with the banding direction of the
microstructure confirm a damage mechanism
based on thermomechanical fatigue, which is
characteristic of the tools operating under cyclic
temperature and stress variations.

Hardness measurements revealed a non-uni-
form distribution across the tool cross-section.
The working layer exhibited values of 56-58
HRC, exceeding the recommended 52 HRC for
1.2343 steel, indicative of a secondary harden-
ing effect and inadequate tempering conditions.
The heat-affected zone showed reduced hardness
of approximately 55 HRC consistent with partial
tempering at approximately 500°C. The impact
toughness (approx. 26 J/cm?) corroborates a tem-
pering temperature in the 500-550°C range.

The FEM analysis confirmed, that the domi-
nant failure mechanism in the die insert was ther-
momechanical fatigue initiated in the stress con-
centration zone. The highest values of equivalent
stress and maximum principal stress o, occurred
at the actual crack initiation area of the tool.
The distribution of mean stress and temperature
confirmed the presence of unfavorable condi-
tions conducive to the development of thermal-
mechanical fatigue. The actual fracture path
showed a high degree of agreement with the criti-
cal zones predicted in the numerical analysis.
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