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Abstract: The article presents the results of research aimed at assessing the quality of forgings depending on the forging parameters used.
The forging and subsequent heat treatment processes revealed the occurrence of cracks in the forgings. The article examines the possible
causes of cracks, which can be caused by carburizing annealing and loss of plasticity during stress relaxation. Tool wear and damage
during forging also affect the formation of cracks. These factors were identified as key factors contributing to the formation of non-metallic
oxide inclusions, the transfer of surface defects and the formation of lamellar propagation during subsequent heat treatment. The findings
highlight the influence of tool conditions and process parameters on the quality and reliability of steel forgings..
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1. Introduction

The growing demand for transmitting higher torque loads
through gear mechanisms imposes significant challenges on the
integrity and performance of individual components. Even well-
established technologies, such as precision die forging, may
introduce microstructural or surface defects during downstream
processing aimed at enhancing the mechanical properties of steels.
These imperfections can, paradoxically, undermine the intended
improvements and lead to premature material failure.

The manufacturing of gear wheels from alloyed stainless steels
constitutes a technologically complex process, necessitating strict
compliance with precisely defined technological procedures to
ensure the required structural integrity and dimensional accuracy of
the final product. The resultant properties of the gear components
are profoundly influenced not only by the individual manufacturing
operations but also by the precise chemical composition and
microstructural characteristics of the input material.

In standard industrial practice, the detection of latent or
subsurface defects during processing remains a persistent challenge.
Frequently, such anomalies are not identified until advanced
processing stages or final inspection procedures are executed. This
necessitates thorough post-process failure analyses to determine the
root causes of the observed nonconformities.

A robust and systematic methodology for the identification,
classification, and interpretation of defects in forged components is
essential for process optimization. Among various defect types,
crack-like discontinuities present a particularly serious concern due
to their complex and multifactorial genesis, which may involve
thermal, mechanical, and metallurgical influences throughout the
entire production chain.

A fundamental categorization of surface crack typologies is
presented in the EN 1011-2 standard [5]. Although primarily
concerned with cracks generated during welding, the standard
extends its applicability to discontinuities occurring in the heat-
affected zones (HAZ) of base materials, encompassing sheets,
pipes, and forged components. The classification system considers
the thermal origin of cracks during forging operations, their
orientation with respect to the forging axis, their spatial location
within the forged geometry, and the forging technique employed
[6,7].

Building upon the EN 1011-2 framework, researchers such as
Vinas, Brezinova, Martikova, and Brezina [3], along with Brziak [4],
refined the classification into four principal groups with associated
subcategories. These include:

e Hot cracks, comprising solidification, liquation, and
polygonization-induced discontinuities;
e Cold cracks, broadly categorized without further

subclassification;
e Lamellar cracks, subdivided into endogenous and exogenous
types; and

e Annealing cracks, which have garnered significant scholarly
attention.
Ito and Nawrocki, for instance, have investigated mechanisms
of crack formation linked to stress relaxation phenomena during
thermal cycles [8,13, 14].

Although the underlying mechanisms of stress-relief cracking
during annealing are well documented, the precise initiation
phenomena and contributing factors remain the subject of ongoing
scientific inquiry [10]. In general, stress-relief cracking arises when
thermally induced internal stresses exceed the local deformation
tolerance of the material matrix [15].

The initiation of such cracks typically involves the following
sequential mechanisms:

e  Near-complete dissolution of carbides and carbonitrides in the
coarse-grained heat-affected zone;

e Partial supersaturation of carbide-forming elements as a
consequence of rapid quenching;

e Reprecipitation of these elements and subsequent carbide
formation within the matrix during subsequent thermal
exposures.

This study primarily investigates the origin and propagation
behavior of lamellar and annealing cracks in forged components,
with particular emphasis on the influence of heat treatment
parameters. The genesis of such discontinuities is closely linked to
elevated internal stress states occurring during martensitic or
bainitic phase transformations, particularly when the material cools
from above the Ac; temperature. The parameters of thermal
treatment—specifically the annealing temperature and holding
duration—must be tailored according to the chemical composition
and the cross-sectional thickness of the material. In instances where
residual mechanical stresses are excessive, it may be necessary to
apply intermediate stress-relief annealing to mitigate crack
propagation tendencies [2, 10, 12].

Over the past six decades, extensive research has been dedicated
to the precipitation behavior and carbide evolution in low-alloy
steels. While there is general consensus that crack nucleation occurs
during the heating phase of the thermal cycle, there is considerable
variability in reported critical temperature ranges for crack
formation—spanning from 315°C to 705 °C—highlighting the
complexity of the phenomenon [11]. Although the time-
temperature-transformation (TTT) behavior of carbides has been
well characterized, the impact of prior forging processes on these
mechanisms has received comparatively limited attention in the
scientific literature.

Defects introduced during the forging process pose a significant
challenge in the production of steel forgings, as their presence can
critically compromise both the mechanical performance and
structural reliability of the final component..
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2. Materials and methods

The empirical investigation was conducted on a rotationally
symmetrical forged component—a gear wheel—featuring a simple
geometric design with a central bore and a non-uniform cross-
sectional profile. The component dimensions are as follows: outer
diameter @ 315 mm, central bore diameter @ 65.8 mm, total height
60 mm, nominal wall thickness 30 mm, and an approximate forging
weight of 16 kg.

The gear wheel is manufactured from low-alloy case-hardening
steel grade 18CrNiMo7-6, classified in accordance with the EN
10084:2008 standard. This steel is commonly employed in the
production of highly stressed mechanical components requiring a
carburized and hardened surface. Post-heat treatment, the
carburized surface achieves a hardness in the range of 62-64 HRC,
while maintaining a relatively tough and ductile core to support
fatigue resistance and impact loading.

The forged components undergo recrystallization annealing to
obtain a ferritic-pearlitic microstructure prior to machining. The
forging process begins with the billet being heated in a gas-fired
furnace within a temperature range of 1150-1280 °C. Forging is
subsequently performed on a mechanical air hammer with a
nominal maximum working force of 17,500 kN. The forging toolset
is designed to perform two distinct forming stages:

e  Pre-forming (open-die forging): The billet is plastically
deformed to achieve the preliminary shape and height,
facilitating material distribution for the subsequent closed-
die operation.

e Final forming (closed-die forging): The material is fully
conformed to the die cavity, yielding the final net shape
with a central slug corresponding to the bore and flash
formation around the perimeter.

e Flash and slug removal is subsequently performed on a
mechanical press with a maximum capacity of 15,000 kN.

Following the forging sequence, the components undergo heat
treatment starting with recrystallization annealing conducted in
continuous gas furnaces equipped with precision electronic
temperature control, in compliance with the DIN 17052-1 standard
for thermal uniformity. The process is executed at 750 °C with a
timing time of 200 minutes, followed by controlled cooling.

Subsequent surface treatment involves shot blasting, which
serves to eliminate scale, oxides, and contaminants, ensuring
surface cleanliness prior to final inspection. Non-destructive testing
(NDT) is carried out at this stage, specifically visual inspection
performed in accordance with EN 13018.

The components are then subjected to machining operations,
including turning and milling, to achieve near-final dimensions and
geometrical tolerances. The next heat treatment phase comprises
gas carburizing, carried out at 900-950 °C within the austenitic
transformation region of the steel. The carbon potential of the
furnace atmosphere is meticulously controlled to ensure a surface
carbon concentration of approximately 0.5 %. The targeted effective
case depth is in the range of 0.8—1.5 mm.

Subsequent quenching in oil induces the transformation of
austenite to martensite, imparting the required surface hardness. The
martensitic structure is then tempered at a sub-critical temperature
(typically around 180 °C) to alleviate internal stresses and enhance
the material’s toughness.

Final finishing operations include grinding, which ensures the
required surface roughness and dimensional accuracy. A final non-
destructive evaluation—primarily visual inspection—is performed
to detect any surface defects or dimensional inconsistencies.

To verify the mechanical properties, chemical composition, and
microstructural characteristics of the component, a cross-sectional
metallographic specimen was extracted for analysis. The chemical
composition was determined by optical emission spectroscopy

(OES). The results, summarized in Table 1, confirm that the
chemical composition is within the specified range for 18CrNiMo7-
6 steel, including conformity with the compositional requirements
for effective carburizing layers.

A wide range of metal powders (from light alloys through steels
to super-alloys and composites) is currently available for DMLS
process and other new materials are under development. Table 1
lists mechanical properties of selected powder materials.

Table 1: Chemical analysis and structure analyses for different zone (wt.% ,
Fe balance).

Core material Border zone Carburized
layer
C 0.18 0.20 0.48
Si 0.27 0.27 0.27
Mn 0.57 0.57 0.55
P 0.010 0.010 0.009
S 0.009 0.009 0.009
Cr 1.65 1.62 1.61
Mo 0.273 0.274 0.275
Ni 1.60 157 1.55
HBW 352 428 589
Type of ferrite- Lower bainite Tempered
microstructure pearlite martensite
Thickness 0-30 0.1-0.2 15
of layer [mm]

281

The obtained measurement results were found to be within the
prescribed tolerance limits, thereby confirming full compliance with
the established quality and performance criteria. The applied
technological procedures, including forging, heat treatment, and
surface modification, ensured the attainment of the required
mechanical and structural characteristics in both the core material
and the carburized surface layer. A comprehensive summary of the
evaluated parameters is provided in Table 1.

Prior to machining, the base material exhibited the specified
microstructural features, hardness values, and chemical composition
in accordance with material standards for 18CrNiMo7-6 steel.
Following carburizing and quenching, a continuous martensitic
surface layer was formed, with an effective case depth of
approximately 1.5 mm, corresponding to the targeted design
specifications.

Hardness testing of the carburized layer was performed using
the Brinell method, in accordance with the EN 1SO 6506-1 standard
(test method HBW 2.5/187.5/10), confirming the required surface
hardness values were achieved.

Microstructural evaluation was conducted on metallographically
prepared specimens using an optical microscope. The
microstructure was observed at a magnification of 500x on etched
cross-sections taken directly from the region of the detected crack.
Etching was carried out using a 5% Nital solution to reveal the
ferritic-pearlitic base structure and the martensitic case layer.
Macrostructural features associated with the observed crack were
examined at a magnification of 200x under the same optical
microscope system.

Subject of research was TiAl6V4 alloy in the form of the fine
powder. This light alloy (see Fig. 2) has excellent mechanical
properties Tab. 2 and corrosion resistance in combination with low
specific weight and biocompatibility. The material is mainly used in
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aviation, in the manufacturing of racing cars and in medical
applications (manufacturing of implants, see Fig. 3).

3. Result

After grinding process was performed final quality control -
Non-Destructive Testing (NDT) - Visual Testing (VT) according to
EN 13018 and Magnetic Testing (MT) according to EN 10228-1.
An analysis was conducted of 303 pieces. The number of defective
forgings after each inspection phase were 30 pc, that is 9,9% scrap
forgings.

Fig. 1) Location of cracks (yellow) on forging after inspected forging in
visual testing (VT): a) bottom zone with cracks; b) upper zone with cracks

Cracks is localized on bottom and upper side of the forging
colorized yellow zones (Fig. 1). The length of the cracks ranged
from 30 to 150 mm (Fig. 2). Depth of this crack is 0 - 16 mm. These
cracks were observed only in special zone with radius R6 mm in
part of its perimeter. The start of crack (Fig 2) is on surface R6 and
progression lamellar toward the outer side (Fig 2) of the forging.

Fig. 2 Length crack in bottom zones on forging in section

The direction of the cracks is parallel to the surface of the
hardened layer. On macroscopic observation of the crack — Fig. 3,
an oxide layer is clearly visible along its entire length. The crack
starts in the martensitic structure and running and ending in bainite
microstructure - boundary zone. Start of cracks is on the surface in
radius R6 on forgings.

The crack is bounded along its entire length by an oxide layer
(Fig. 3), beneath which a gradual intergranular breakdown of the
bainitic structure is observed.

Oxide layer o0 surface of crack

" Bainite

Fig. 3 ) Macroscopic observation of the crack

The observed microstructure differs depending on which part of
the forging layer it is located:

Surface Layer — Tempered Martensite (Image 4 -blue)

The top zone shows a fine, needle-like structure typical of
tempered martensite, which dominates the carburized and quenched
surface layer. The structure appears uniform and relatively dense,
with possible traces of retained austenite in certain regions. The
martensitic needles are tempered, indicating that the sample
underwent a post-quenching tempering process. This microstructure
is associated with high surface hardness and wear resistance, which
is essential for the functional performance of case-hardened
components.

Transition Zone — Martensite + Bainite (Image 4 - yellow)

The central zone captures the transition region between the hard
case and the softer core. It exhibits a mixed microstructure
comprising tempered martensite, gradually decreasing in volume
fraction and lower bainite, which appears darker and more compact.

This gradient zone results from decreasing carbon content and a
reduced cooling rate with depth. It plays a key role in providing a
gradual change in mechanical properties, improving the
component's toughness and minimizing stress concentration. In the
this zone are observed oxide inclusion.

Core — Ferrite and Pearlite (Image 4 - black)

The bottom zone reveals the core microstructure of the forge,
which remains unaffected by the carburizing and hardening
treatments. It consists of a fine-grained ferrite-pearlite structure
with evenly distributed phases. The light-colored ferrite matrix is
interspersed  with  dark, lamellar pearlite colonies. This
microstructure offers good toughness and machinability, although it
has relatively low hrgness compared to the surface.

o TN

e

RIS
Martensite *

Fig. 4 ) Microscopic observation of structure
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The combination of different microstructures across the case
depth—tempered martensite at the surface, a martensite-bainite
transition zone, and a ferrite-pearlite core—demonstrates the
effectiveness of the applied thermochemical treatment in tailoring
the performance of 18CrNiMo6-7 steel.

4. Discussion

Based on the evaluation of mechanical testing results,
metallographic analyses, and the characterization of crack
morphology (including location, propagation direction, and
dimensional features), it can be concluded that the identified cracks
initiated and propagated during the heating phase of the gas
carburizing process. The presence of oxide inclusions on both
flanks of the crack indicates that initiation occurred within the heat-
affected zone (HAZ), specifically within the carburized region of
the steel surface layer. The primary mechanism responsible for the
growth of these cracks is the localized loss of plasticity in the
critical zone of the HAZ during the carburization cycle, particularly
under conditions of residual stress relaxation [2].

A detailed visual inspection of the surface-breaking crack (see
Fig. 5) revealed that the initiation occurred at sharp surface
discontinuities located in the region of radius R6. These notches
compromised the continuity of the carburized surface layer.
Microscopic and compositional examination identified the inclusion
material as oxidized scale, which was entrained into the base
material during the forging process. The oxide scale exhibited a
lamellar morphology and, once embedded in the surface during
high-temperature deformation, resulted in the formation of shallow
surface grooves. Although subsequent blasting operations removed
the superficial oxide residue, remnants persisted in the form of
mechanical notches and depressions.

Fig. 5) Detail from visual inspection initial cracks on surface

It is essential to emphasize that these stress-relief-induced
cracks are secondary in nature and are primarily the consequence of
surface oxide inclusions acting as localized stress concentrators.
These inclusions were introduced during forging in the austenitic
state of the steel, where material flow was insufficient to displace
surface contaminants effectively [9]. Two critical zones on the
forging were identified as locations of repeated inclusion
occurrence, both situated at the upper and lower radii of the
component geometry.

The occurrence of oxide inclusions is closely associated with
tool degradation phenomena. During high-strain forging operations,
the material flow induces abrasive wear of the forging dies.
Inadequate die maintenance can result in a reduction of the designed
fillet radii, creating localized geometric transitions that promote
inclusion entrapment. These worn regions act as preferential sites
for oxide transfer from the die surface to the forging material,
particularly when the deformation in the austenitic phase is not
uniform.

Die deterioration in hot forging is a multifactorial problem
influenced by tool steel composition, die geometry, manufacturing
precision, surface treatment, and forging process parameters [1].
The combination of structural heterogeneity and geometric stress
concentration (notch effect) at the forging surface facilitates the
nucleation of microcracks. These microstructural discontinuities
subsequently serve as precursors to crack propagation during post-
forging heat treatment cycles.

5. Conclusions

Stress-relief cracking is a well-documented failure mechanism,
predominantly driven by the synergistic interaction of residual
stresses, microstructural changes at grain boundaries, and
suboptimal thermal cycles during post-forging heat treatment. In
batch production of carburized steel forgings, even under tightly
controlled process conditions, external variables and process-
induced anomalies may result in nonconforming components and
significant economic losses due to defect formation.

To mitigate the accumulation of residual stresses, a transitional
bainitic microstructure is intentionally developed in the core region
of the forgings. This structure lies between martensitic and ferrite-
pearlite phases in terms of mechanical response and is designed to
provide sufficient toughness and dimensional stability after heat
treatment. However, the integrity of this bainitic region can be
undermined by the presence of surface-adjacent non-metallic oxide
inclusions, which interrupt structural homogeneity. These inclusions
serve as nucleation sites for lamellar cracking, especially at the
interface between the carburized case layer and the bainitic core.

The primary root cause of this degradation mechanism can be
traced to the progressive wear of the forging die, particularly in
geometrically constrained regions such as defined fillet radii.
During hot forging, the steel workpiece undergoes extensive plastic
deformation at elevated temperatures, conforming to the geometry
of the die cavities. The die surfaces are subjected to a combination
of cyclic mechanical loading, high thermal exposure, and abrasive
contact with the deforming material. These conditions accelerate
surface deterioration and facilitate the formation of localized oxide
scale accumulations.

As the forging cycle progresses, degraded die surfaces
increasingly contribute to the incorporation of oxide scale into the
near-surface region of the forging. These embedded oxides disrupt
the continuity of the carburized surface layer and promote the
formation of geometric stress concentrators—most notably, micro-
notches and grooves. During subsequent heat treatment, particularly
under stress-relief conditions, these surface discontinuities act as
preferential sites for crack initiation and facilitate the propagation of
lamellar or annealing cracks.

The presence of such discontinuities significantly impairs the
mechanical integrity of the final component and may result in
premature failure under operational loading. Therefore, effective die
maintenance, surface cleanliness during forging, and careful control
of carburizing parameters are essential for minimizing the
occurrence of stress-relief cracking and ensuring the long-term
reliability of carburized steel forgings in service.
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