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Abstract: The research context of this study focuses on optimizing the use of C60 steel in industrial
applications where durability and fatigue resistance are critical. C60 steel is known for its
combination of strength and hardness, but it is essential to evaluate how thermal and thermo-
chemical treatments affect its performance under fatigue conditions. The objectives of the study
include: Investigating the crack formation process and the early stages of fatigue in C60 steel,
comparing the effects of thermal treatments (hardening and tempering) with those of thermo-
chemical treatments (oxidation) on the steel's microstructure, evaluating the performance of C60 steel
under fatigue conditions based on the applied treatments, providing insights that can help optimize
the use of this steel in industries requiring high resistance and durability. The methodology of the
study included: fatigue tests performed on a four-point bending machine to determine the exact time
of microcracking. The C60 steel samples were processed according to SR ISO 1099:2017 "Fatigue
testing. Axial load method". To ensure consistency and comparability of results, the samples were
made from the same material charge and machined under the same conditions. A total of 26
specimens were used, 13 for each type of treatment: thermal treatment by hardening and tempering
and thermochemical treatment by oxidation. Due to the different mechanical properties obtained
from the thermal and thermochemical treatment processes, the sets of specimens were tested at
varying forces. In these tests, frequency changes were monitored to evaluate the behaviour of the
materials under repeated stresses. Finally, the frequency changes were correlated with the number
of cycles to identify when microcracks appeared and their evolution. The main results from this
study show: significant differences between the lifetimes of thermally and thermochemically treated
samples and the time of microcracks appearance in the material.

Keywords: fatigue resistance; fatigue crack initiation; oxidation

1. Introduction

Steels are thermally and/or thermochemically treated to improve their mechanical properties.
The structural changes induced by these treatments increase the resistance of steels to cyclic stresses.
Fatigue testing allows the evaluation of the ability of materials to withstand repeated stresses and to
identify when microcracks may appear. Microcrack initiation generally occurs at points where one
or more stress concentrators, such as inclusions, blowholes and dents due to improper machining,
voids and lattice defects, are present. Some authors, such as Cheng [1], have proposed semi-analytical
methods for the prediction of the number of cycles required for crack initiation, which have been
confirmed by experimental results.

To predict the fatigue resistance of different steels, Agrawal [2] used neural networks, decision
trees and multivariate polynomials as data processing tools. The result was a more accurate
assessment than classical prediction methods.

A state-of-the-art review of metal fatigue is carried out in [3], with particular emphasis on the
latest developments in fatigue life prediction methods. All factors affecting the fatigue life of metallic
structures are grouped into four categories: material, structure, loading and environment.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Crack initiation is considered the stage at which a defect-free structure subjected to varying loads
develops microcracks (nanocracks). This microscopic cracking process can be defined as crack
initiation. In fracture mechanics, a fissure is a crack or discontinuity in a solid material, which can
grow and propagate under varying loads, leading to material failure. Thus, crack initiation involves
the initial appearance of microcracks under the influence of loads, which can subsequently grow and
propagate, leading to more pronounced cracking and ultimately material failure. [4] Over the years,
catastrophic fatigue-related accidents have been recorded, the costliest of which are aviation
accidents [5]. For these reasons, the study of the fatigue behaviour of steels and the identification of
nano-microcracks occurring in the material is a research priority. Given the serious consequences of
the failures caused by crack propagation, researchers are compelled to seek methods to identify crack
damage. Academia and industry have achieved damage identification with a lot of studies using
structural vibration response [6-8].

In the paper [9] based on fracture mechanics models, the proposed model is capable of
automatically identifying the main stages (i.e., initial crack, type I crack, type II crack, and break) in
the formation of microcracks. Simultaneously, the proposed model bridges the gap between the Al-
based image analysis and the physical crack propagation models, enabling the extraction of key
information such as microcrack length and width, and further supporting the analysis of fatigue crack
growth rates associated with various microcrack stages. The model could discover that in the
initiation stage, the crack of TC4 titanium alloy grows at a fairly slow rate (~3.6 pm/cycle) and
occupies most of the crack life cycle. After the initiation stage, the crack first propagates as the type I
cracks with a significantly faster crack growth rate (~50 um/cycle).Then, the type II crack occurs with
a substantially reduced growth rate (~25 um/cycle). In the final stage, as the microcrack reaches a
critical size, the growth rate increases sharply, leading to break.

In paper [10] presents a multi-task deep learning framework called MT-CrackNet designed for
the automated detection and measurement of in-situ fatigue micro-cracks, enabling real-time tracking
and quantification of micro-cracks during in-situ fatigue tests.

According to Reifsneider [11], who has studied the long-term behaviour of composite materials
and structures subjected to time-varying mechanical, thermal and chemical influences, material
fatigue is a permanent, localized, progressive structural change that occurs in materials subjected to
alternating stresses and results in cracking or failure of the material after a sufficient number of cycles.

Much extensive research is looking at how thermal or thermochemical treatment can improve
fatigue resistance. The correct choice of thermal treatment brings the microstructure and mechanical
properties of steel to optimum values and increases fatigue resistance. In this paper [12], fatigue crack
initiation was evaluated on cylindrical samples which were subjected to fatigue tests with certain
amplitudes. A fatigue crack initiation study was carried out by stopping cycles at a defined number
and studying the surfaces using scanning electron microscopy. The researchers found that cyclic
deformation was localized to the first interval. Other authors tried to study the increase in fatigue
resistance by using AHSS (advanced high-strength steels) subjected to different thermal treatments.
The increased fatigue resistance was studied by using advanced high-strength steels with different
thermal treatments. Kwon et al. studied the mechanical and fatigue properties of a conventional
0.25% C, 0.42% Si, 0.82 Mn and a modified 0.33% C, 0.51% Si and 1.51 Mn steel thermally treated by
hardening depending on the variation of the tempering temperature. The two types of steels were
subjected to hardening at 950 °C and tempering between 100 and 340 °C. The machined specimens
of conventional steel were tempered at 340°C for comparison and the modified steel specimens were
tempered at 100, 200, 250, 300, 340 and 400°C for tension specimens and at 100, 250 and 340°C for
fatigue specimens. From the experiments, the authors found that the specimen that was tempered at
100°C had the lowest fatigue resistance due to the fully martensitic microstructure, which behaves as
a brittle material and the steel hardened at 250°C showed the best fatigue results due to the presence
of carbide particles that acted as a retarder of dislocation build-up at the lateral boundaries, having a
beneficial effect on fatigue properties. [13]
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The fatigue resistance of thermally treated 60Si2CrVAT spring steel was studied in [14], in which
the authors analysed the microstructure and fatigue failure surface area using scanning and electron
microscopy methods.

It is well known that thermochemical treatments produce high-hardness layers on the surface of
steel that are stressed in compression. This explains why increasing the hardness and surface
resistance by nitriding or nitrocarburizing increases the fatigue resistance of the parts. Sometimes,
changes in the chemical constituents in the microstructure of the material at the surface layer can
adversely affect fatigue resistance.

The paper [15] demonstrates that Cracks originate in the surface oxide layers, which are
inherently brittle and subjected to the highest tensile stress, leading to early fatigue crack initiation,
while oxygen ingress through it causes rapid crack propagation.

The article [16] details both the positive and negative effects of the thermochemical pre-oxidation
treatment.

The dependence of material fatigue on the material structure (phase transformations, grain
boundary slippage, pore nucleation, microcrack formation, structural defects, inhomogeneities, non-
metallic inclusions and chemical composition) is extremely important because traditional theories of
fracture mechanics are based on the concentration factors produced by structural defects [17]. Thus,
in [18], the authors detail the crack size and the degree of fatigue damage by making observations on
crack initiation and growth. Crack propagation is controlled by the stress level, the maximum stress
introduced into the material and occurs through a process of repeated deformation and failure near
the crack tip. With increasing crack length, the deterioration process is accelerated. There are
situations where, due to the low-stress level, the crack propagation process ceases. The fatigue life of
a structure is provided by the number of stress cycles after which failure occurs. The current method
of estimating the fatigue life of structures is to calculate the equivalent stress amplitude from
measured stress data. To assess fatigue damage, a new method has been established to calculate the
equivalent stress amplitude [19].

Investigations into crack depth when there is a frequency decrease on unnotched and notched
samples in [20] and [21] have shown that stress-controlled tests on notched flat specimens (Kt=2.5
and 4.6) conclude at a frequency drop of 0.3 Hz. In this case, there is a crack on both sides of the
specimens, each with a depth of 3 to 6 mm. In most cases, the specimen breaks beforehand. In the
case of unnotched flat specimens, the frequency decreases so rapidly after the appearance of a crack
that there are only a few hundred cycles between the determined number of interruption vibration
cycles and the actual number of crack initiation cycles. According to [22], the technical crack is defined
for strain-controlled tests at a load drop of 10% on the established hysteresis loop. In specimens or
components, fatigue cracks usually originate from the surface. There are various reasons for this. It
has been proven that surface roughness can have a decisive influence on vibration resistance behavior
[23] and [24].

2. Materials and Methods

The work to be completed and an experimentation plan were established in a logical succession
of steps, as presented in Table 1. The investigations were carried out in several enterprises and
research institutions. Following these experiments, the dependence between the heat treatments
applied and the fatigue test parameters was highlighted.

Table 1. The planning of the experiment.

Nr. Stage Targeted Results Type of Testing Place of Measurement
crt
1. procurement of materials 110x14x3 mm Fa. Zelos Zerspanung Inh.
for experiments Simon Oreskovic e. K.-

Bessenbach, Germany
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2. Check the chemical Composition of the Optical Emission Fa. Liebherr Deggendorf
composition of material material Spectrometer

3. Identification of Laser marking Laser Fa. Liebherr Deggendorf

specimens
4. thermochemical Gas oxidieren Gas furnace Fa. Harterei Reese

treatment-Oxidieren Brackenheim
5. Analysis of Hardness and Obtained results Micro Hardness tester Fa. Liebherr Deggendorf
Microhardness
6. Metallography Analyses Determination of Stereo- and Light- Fa. Liebherr Deggendorf
microstructure microscopy
7. Fatigue testing Number of cycles ~ Rumul MIKROTRON Fa. Liebherr Deggendorf
to fracture resonant testing
machine for fatigue
tests up to 20 kN

8. Non-destructive testing of ~ Crack identification NDT-MT-Testing Fa. Liebherr Deggendorf

specimens with magnetic [magnetic particle

powder testing)
Crack length CT (Computer Technische Hochschule
measurement by tomography) Deggendorf
computer
tomography

9. The characterization of the analyzing the GDOES (Glow TAZ GmbH

oxide layer composition and Discharge Optical

thickness of the Emission
oxide layer formed Spectroscopy)
on a material's
surface

2.1. Sample Processing

The C60 material was purchased in hardened and tempered condition, with a ultimate tensile
strength (UTS) of 1333 MPa, in the form of a platband with the dimensions of 110x14x3 mm (LxWxH)
from Zelos Zerspanung in Bessenbach, Germany. The samples were processed according to SR ISO
1099:2017 "Fatigue testing. Axial load method" [25] (Figure 1).

Figure 1. Shape and dimension of fatigue specimens [mm], under SR ISO 1099:2017.

2.2. Chemical Composition
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The determination of the chemical composition was carried out using high-resolution spark
spectrometry, utilizing the SPECTROMAXXx spectrometer from the Liebherr

Deggendorf Laboratory. We conducted 9 measurements to obtain precise and relevant values,
essential for the detailed characterization of the material.

The chemical composition of the alloy is presented in Table 2.

Table 2. Chemical composition of C60 [1.0601] material purchased in thermally treated condition by hardening

and tempering.

Alloy Composition (at.%) C Si Mn P S Cr Mo Ni Cr+Mo + Ni
DIN EN 10083-2 0,57- max. 0,60- max. max. max. max. max. max.

0,65 04 0,90 0,045 0,045 0,40 0,10 0,40 0,63
Analyse sample 0,64 0,22 0,61 0,001 0,004 0,22 0,006 0,022 0,248

2.3. Identification of Specimens

To ensure optimal traceability, the samples were laser-marked using the WelLase- Laser-
Workstation equipment from the Testing Department of Fa. Liebherr Deggendorf, with each sample
being identified by a unique number.

2.4. Fatigue Testing

For fatigue testing 26 specimens were purchased for the study, of which 13 were tested as
delivered and the remaining 13 were tested after thermochemical oxidation treatment. The samples
were then subjected to fatigue tests at Fa. Liebherr Deggendorf, using a 100 Nm (20 kN)
MIKROTRON four-point bending machine (4-Punkt-Biegvorrichtung), specifically designed for
fatigue testing (Figure 2). The machine is capable of fatigue testing at a frequency up to 140 Hz. In
these tests, the stress frequencies for all tests were 127+10 Hz. The evaluation of tests in the present
article conducted under voltage control is carried out exclusively within the domain of temporary
fatigue resistance. In this case, the material has the ability to withstand repeated cyclic loading for a
certain number of cycles before the appearance of a crack. This method differs from unlimited fatigue
resistance, where the material can endure a very high number of cycles without suffering significant
deterioration. For all tests conducted, a reduction in the testing frequency by 0.1 Hz has been
established as the crack initiation criterion, while a reduction of 1.2 Hz has been set as the failure
criterion, defining the critical threshold for assessing the system's behavior under stress conditions.
The frequency decrease of 0.1 Hz, based on empirical experience, ensures a precise and reproducible
methodology, facilitating a detailed analysis of variations in test parameters.
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Figure 2. Fatigue-testing machine.

Figure 3 show the following:

e In the four-point bending test, the sample is supported in pairs of two points. Counter nuts are
used to eliminate gaps since the tests were performed in an alternating cycle.

e  The gripping areas in the testing machine wedge grips are machined by milling to align the
wedge grip and test sample with the direction of the loading force.

e Tightening of the testing machine wedge grip is carried out hydraulically, thus ensuring firm
clamping and preventing slippage or dropping of the sample from the wedge grip when the
force is reversed. Under these conditions, it can be stated that the specimen axis is correctly
aligned with the direction of the loading force and that all gripping elements are properly
tightened, eliminating gaps between the specimen's clamping components.

Figure 3. Sample wedge grip.
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3. Experiment

3.1. Evolution of the Microstructure as Delivered

A cross-sectional section was cut from the delivery state sample (Figure 4) using a QATM
Brillant 220 machine equipped with a SiC cutting wheel at a low speed (0.05 mm/s) to avoid
introducing stresses into the sample. The cut sample was then placed in the OPAL x-Press hot
mounting machine from QATM. The samples underwent primary grinding to achieve a smooth
surface, starting with coarse grit abrasive papers (P180) and progressing to fine grit (P1800). Finally,
the samples were polished to obtain a very smooth and reflective surface using Mono diamond
suspension.

E mmmmi

Figure 4. Sample in delivery condition.

The microstructural analysis of the sample in the delivery state was performed by light
microscopy, using the Axio Imager 2 microscope at x100-1000 magnification from Carl Zeiss
Microskopy Deutschland.

The process involved washing the sample with water, degreasing it with alcohol, drying and
etching with a 3% Nital solution. Etching was stopped (when the surface became matte) by washing
the sample under a water spray, spraying with ethanol and rapid drying with hot air. To verify that
the thermal treatment applied was uniform over the entire section of the part, the sample was
metallographically investigated both at the edge and the core. The samples thus prepared are shown
in Figure 5.

From the metallographic analysis of the material as delivered, a sorbitic structure consisting of
a ferritic matrix and uniformly distributed iron carbides (cementite) is observed. No variations in the
microstructure of the material were observed either at the surface of the part or in its core. Detailed
metallographic analyses, performed both at the edge and in the core of the sample, showed a
structure characteristic of hardened and tempered steel. Therefore, it can be concluded that the
hardness of the C60 steel purchased hardened and tempered is consistent with the metallographic
structure.
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Figure 5. Microstructure of C60 steel as delivered — thermally treated by hardening and tempering a)
microstructure at the edge of the part at a magnification of 500x - sorbite, b) microstructure at the edge of the
part at a magnification of 1000x - sorbite, ¢) microstructure at the core of the part at a magnification of 500x and
d) microstructure at the core of the part at a magnification of 1000x.

3.2. Hardness Measurements

The hardness of the piece was tested both on its surface using the Brinell method HBW 2.5/187.5
with the KB 250BVRZ device from Harterei Reese Brackenheim, and in its core using the Vickers
method HV30 with the KB30S device. The obtained results were converted into MPa according to
DIN EN ISO 18265, Table B2 units for more precise and comparable interpretation.

Table 3 shows that the sample has a surface hardness of 415 HBW, corresponding to a
mechanical strength Rm of 1312 MPa and a core hardness of 424 HV 30, corresponding to a
mechanical strength Rm of 1322 MPa, converted according to DIN EN ISO 18265, Table B2 (average
value of three measurements).

Table 3. Hardness measurements on samples as delivered.

Number of Hardness of sample Mechanical Hardness of Mechanical
measurements surface strength the core strength
surface
1 416 HBW 1317 MPa 423 HV 30 1320 MPa
414 HBW 1310 MPa 424 HV 30 1323 MPa
3 414 HBW 1310 MPa 424 HV 30 1323 MPa

3.3. Thermochemical Oxidation Treatment

In this process, the top layer of the material is treated in an oxidizing atmosphere to create a
protective oxide layer. Nitrogen (N2) was used as the carrier gas to control the atmosphere. During
oxidation, water was introduced into the furnace to promote the formation of the oxide layer. After
oxidation, the samples were slowly cooled to minimize stresses in the oxide layer.
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After thorough cleaning, the metal parts were placed in the furnace and arranged so that they
did not overlap. The thermal oxidation of the steel was carried out at a constant temperature of 500°C
for 2,5 hours in Fa. Harterei Reese Brackenheim (Figure 6). The parameters of the process are
presented in table 4 und below.

Chargenverlauf - Ofen_62 HREESE
Chrg.-Nr.: 5614 Startzeit: 15.03.2025/ 10:24:38 Bediener: Administrator
Chargen Name: 6 OXI500° 2.6H /22 Endzeit: 15.03.2025 / 22:35:03 Anlage: Ofen_62

s00
a00
700
&0
P
E oo
£
00
300
20
100
15225 120000 15rz 25 180000
Temp. Retorte Soll °C Temp. Spalter Soll ‘T Temp. Retorte Ist 'C Temp. Spalter Ist 'C
7z STANGE

Copyright @ 2010 STANGE Elektronik GmbH Datum: 16.03.2025 Seite 1 wen 1

Figure 6. Cyclogram of the oxidation process.

Table 4. The oxidation process Parameters.

Section Nr. 000 001 002 003 004 005 006 007 008 009 010

Process Start Heating Vacuum Heating Heating post- Heating post- Heating post- Kiihlen
without Gas with Gas with Gas oxidation with Gas oxidation with Gas oxidation

Time - 000:01:00 000:01:00 001:30:00 000:30:00 000:45:00 000:15:00 000:45:00 000:30:00 000:45:00 000:01:00

Temp. 20 290 290 540 540 530 520 510 515 490 70

retort °C

Deltband °C 0 10 - 10 5 5 5 5 5 5 5

Drehzal 0 1470 1470 1470 1450 1470 1470 1470 1470 1470 1470

U/min

H20 Menge | - - - - - 3,70 - 3,70 - 3,70 -

1/h

This arrangement allowed uniform exposure of the parts to the oxidizing atmosphere, which
resulted in the formation of a protective oxide layer.

After thermochemical treatment, the samples exhibit a black tint over the entire surface,
highlighting the uniformity and efficiency of the oxidation process (see Figure 7 and Figure 8)
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Figure 7. Sample before oxidation.

Figure 8. Sample after oxidation.

The microstructure examination was performed using light microscopy with the Axio Imager 2
microscope from Carl Zeiss Microscopy Deutschland, at a magnification of x1000.

To protect the oxide layer and to avoid its exfoliation during the preparation of the
metallographic polished section, the samples were wrapped in aluminium foil.

Depth profiles of an oxidized sample were examined at the TAZ laboratory. For the analysis of
the sample, glow discharge spectrometry was used with the Spectruma GDA750: HP device, and X-
ray fluorescence analysis was performed using the Spectro Ametek: Cube D device.

Figure 9a shows the microstructure of the sample thermochemically treated by oxidation, where
the presence of an oxide layer of approximately 4 um on the surface of the part can be observed. In
Figure 9b, in the core of the piece, due to maintaining the temperature at 500°C for about 2.5 hours
followed by slow cooling, an intermediate bainitic structure can be observed [a mechanical mixture
of supersaturated ferrite with carbon and carbides that have not reached the stage of cementite].

Figure 10 shows XRF measurements on the surface und GDOES-Measurements conducted
Figure 11 and Figure 12.

In the layer, there are several zones with accumulations of oxygen-affine elements, such as
aluminum, manganese, and silicon, or possibly, nitrogen-rich layers.
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Figure 9. a) Surface microstructure of C60 steel subjected to thermochemical oxidation treatment. b) Surface

microstructure of C60 steel subjected to thermochemical oxidation treatment.

Relative Intensity
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Energy (keV)

Figure 10. Sampel XRF measurements on the surface, total spectrum up to 31 keV.

L.,
(Y

100
] Fe 3

| 3720

70— 0 130+ (x 2)

| Na 5890 - (= 100)
Ti 392
60— B 208 - (= 100)

Fe3720 —  Fe3720

1032025 12:53:30 (25021907 ard025phf feo 430Pa 500V 25p v
Probe: Flachzugprobe

Mo 386 - (= 100)

Cu 327 (= 100)

Cr425 4 (x 50)

€ 156+ (x 50)

N 174 | [ 50

Massekonz. [%]

Al 396 < (x 100)

Sl M P78 { (% 50)
] |“|.YQ\}'\A'-|I i A T g €134+ (= 50)

40 030 A K 7665 - (% 507

w% & LY Ca 422 (x 50)

AR74 \T s | o 3

J t 1 AR-AQ3 - % 50} ] ! N v

N\ Vin 40P o MAB3 e
g M AT NI3A1H50 |C 15

Mn %f&‘r Y

Tiefe [um]
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3.4. Material Hardness Analysis After Thermochemical Oxidation Treatment

The hardness of the piece was tested both on its surface using the Brinell method HBW 2.5/187.5
with the KB 250BVRZ device from Harterei Reese Brackenheim, and in its core using the Vickers
method HV30 with the KB30S device. The obtained results were converted into MPa converted
according to DIN EN ISO 18265, Table B2 units for more precise and comparable interpretation. The
surface of the piece was evaluated using a microhardness test HV 0.05 to determine if the
thermochemical oxidation process influenced the hardness characteristics.

Table 5 shows that the sample has a surface hardness of 326 HBW, corresponding to a
mechanical strength Rm of 1047 MPa and a core hardness of 294 HV 30, corresponding to a
mechanical strength Rm of 920 MPa, converted according to DIN EN ISO 18265, Table B2 (average
value of three measurements).The microhardness of the sample surface is 363 HV 0.05.

Table 5. Hardness measurements on samples thermochemically treated by oxidation.

Number Hardness Microhardness Hardness of

Mechanical Mechanical Mechanical
of of sample of sample the core
strength strength strength
measurements surface surface surface
1 330 HBW 1048 MPa 362 HV 0,05 1134 MPa 293 HV 30 918 MPa
2 327 HBW 1039 MPa 372 HV 0,05 1165 MPa 293 HV 30 918 MPa
3 332 HBW 1054 MPa 357 HV 0,05 1119 MPa 295 HV 30 924 MPa

3.5. Surface Profilometry of Improved Specimens and Thermochemical Oxidation Treatment Specimen

The determination of roughness for the improved specimens and those treated through
thermochemical oxidation was carried out by the 3D-Measurement Department of Liebherr
Deggendorf, using the high-precision Zygo AMETEK device. This method enabled a detailed
characterization of the surfaces, accurately highlighting the topographical changes induced by the
applied treatments. The measurement results indicated a roughness of 0.974 um for the improved
specimens (Figure 13) and 0.861 um for the oxidized sample (Figure 14). The surface roughness levels
for both materials are comparable, with the improved material exhibiting lower roughness, while the
thermochemically oxidized material shows slightly higher roughness. The increased roughness
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observed in the oxidized specimens is attributed to the formation of the oxide layer on the surface.

Table 6 presents the results of roughness measurements for the improved specimens and the oxidized

ones.

Table 6. The results of roughness measurements for the improved specimens and the oxidized ones.

Number of Rz [um]
measurements Improved Oxidized

Sample Sample

1 0.843 0.626

2 0.868 0.821

3 0.982 1.229

4 0.734 0.807

5 0.545 0.824
X=0.794 x=0.861
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Zoom: 10K
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Figure 13. Surface Profilometry of improved Specimens: Rz=0,794 pm.
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Figure 14. Surface Profilometry of Thermochemical Oxidation Treatment specimen Rz=0,861 um.

4. Result and Discussion

4.1. Failure testing for the Improved Material

To define the characteristics of the improved material, the stress-strain curve was plotted Figure
15, on which the elongation (A), tensile strength (Rm) and yield strength (Rp 0.2) were determined
using a Zwick Typ BT1-FR2505N.A4k, 25 kN, tensile-testing machine according to DIN EN ISO 6892-
1. The characteristics of the material obtained as a result of the tensile strength are presented in Table

7.

Table 7. The characteristics of the improved material.

AlOmm

Probe ao bo So Le me Rpo2 Fm Rm
[mm)] [mm] [mm?] | [mm] | [GPa] | [MPa] | [kN] | [MPa] | [%]

01 3,04 8,02 24,38 | 10,01 | 206 1257 | 34,49 | 1415 | 6,0

Stress

400

200 f |

LA S

Elongation [%]

Figure 15. Load extension diagram for hardened and tempered C60 steel.
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4.2. Fatigue Test for the Improved Material

The tests were conducted and evaluated as follows: to identify the moment when microcracks
initiate, the improved samples were subjected to cyclic loading, with continuous monitoring of
frequency variation. A total of 13 samples were tested. Initially, fatigue tests were conducted on 3
reference samples, which failed after a specific number of cycles. Based on this data, an average
number of cycles, presented in Table 8, was established as a baseline for testing the remaining 10
samples. These additional samples were evaluated under progressively increasing cycles at a
consistent rate to observe the formation of the initial cracks.

Table 8. The distribution of the number of cycles for the 13 tested samples.

Probe 01 174600

Probe 02 202800 X=205700

Probe 03 239700 [samples tested to failure]
Probe 04 20000

Probe 05 40000

Probe 06 60000

Probe 07 80000

Probe 08 100000

Probe 09 120000

Probe 10 140000 Samples tested for fatigue at a predetermined
Probe 11 160000 number of cycles

Probe 12 180000

Probe 13 200000

To perform fatigue tests and evaluate the behaviour of the material under cyclic stress, it is
essential to set up the testing machine correctly. This can be done by determining the maximum
allowable stress introduced into the specimen or by accurately calculating the force applied to the
samples. Based on the results of the tensile test, the tensile strength of the material was found to be
approximately 1415 MPa. Under these conditions, the starting stress for testing the specimens was
set at 920 MPa (equivalent to 0.65 of Rm), and the force was determined according to the bending
moment [26] and the specifications of the tested material according to the relation

_2M

F=— [N] 1)
where:
M=Rm-W [Nm] ?
)
W="2"(mm?) 3)
M= 1331*32= 42592 Nm
F= 22252 _ 4259 [N]
20
F=42kN
where:

e  Mis the bending moment,

®  Oadm - the maximum stress introduced into the specimen in the section to be fractured,
e  b=8 mm - width of the calibrated portion,

e h=3 mm - thickness of the specimen,

e  a=20 mm - the lever arm, which refers to the distance between the points of application of forces
and the points of support,

e W -strength modulus of the cross-section (mm).
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After adjusting the sample on the testing machine, the machine is set up by configuring the
applied force, in this case, 4.2 kN. Figure 16

Also, the cycles at which the machine is desired to stop automatically are set and frequency
changes are monitored to identify any microcracks or other structural changes in the material. The
number of cycles and frequency are automatically recorded by the testing machine and tabulated.
This functionality allows precise monitoring of the test parameters and ensures detailed
documentation of the evolution of the samples during the experiment.

€ Dauerschwing h / Prisfplan_ /NoName
Datei Eingaben Maschine Hilfe
Regelung Dynamisch Bove
Mode Kraft-Schwingbrei Kanal | Schwingspielzahl Uberwachung
=R R 2021 QION e
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= S Kanal Frequenzanderung Hz ——————
Mode Kraft-Mittelwert A Speichern
_ Y Kanal Kraft-Unterwert
Sl 0.000 KN _Reset | EZ’_ kN
Uberwachung History
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ok |l Froauenz oD P> o T WA
I akiiv @ Leistung = T =l =
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I~ aktiv Delta - Schwingspielzahl = 2000 47 aktiv

Figure 16. Setting the test machine parameters.

According to the experiments, the moment of crack initiation is defined as the number of cycles
for which a change in the stabilized maximum load is recorded.

Table 9 shows the essential parameters, number of cycles to failure, and frequency changes for
the three hardened and tempered reference samples. Figure 17 shows the failure diagram,
highlighting the frequency variation and the maximum number of stress cycles, providing a
schematic representation for a material that disintegrates.

This decrease in frequency indicates deterioration of the material subjected to stress cycles. The
decrease in frequency signals that the material can no longer withstand the same repeated loads and
is in an advanced state of fatigue, approaching the breaking point.

The table presents the evolution of frequency until failure, highlighting the results of tests
conducted on samples 01, 02, and 03. These tests indicated a decrease in frequency, reaching a value
of 7 Hz at the moment of failure. However, in all cases, the cracking of the samples occurs prior to
this moment. The decrease in frequency can be correlated with the onset of the material's cracking
process. The table shows that the frequency changes for the three samples occurred alongside a
decrease of 0.02 Hz, suggesting the beginning of structural deterioration.

Table 9. Fatigue to failure test results for the hardened and tempered samples.

No. of No. total Initial Decrease in Final frequency
sample of cycles frequency [Hz] frequency [Hz] [Hz]
01 174600 126.760 126.736 120.558
02 202800 126.442 126.437 114.239
03 239700 126.709 126.674 123.297
x=205700 x=126,637 x=126,615 x=119,364

The diagram gives a clear insight into the behaviour of the material under cyclic stresses,
allowing its durability under fatigue conditions to be evaluated. The diagram shows that the
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frequency remains constant up to a certain number of cycles at the beginning of the test, after which
it starts to decrease. The decrease in frequency was identified at 163134 cycles for sample 01, 191177
cycles for sample 02 and 233013 cycles for sample 03

Number of cycles to failure on three hardened ans tempered

specimens o
Crack Initiation

128 /
126 ! ! .
124

122

120

Frequency [Hz]

118

116

114

112
0 50 100 150 200 250
Number of cycles to failure x103

Sample 01 Sample 02 Sample 03

Figure 17. Failure diagram for hardened and tempered samples.

In the paper” Influence of Edge Processing of Aluminum Sheets on the Residual Formability and
Strength Properties under Quasi-static and Oscillating Loads - Research Center Chair of Forming
Technology and Foundry, Technical University of Munich,” the evolution of the test frequency as a
function of the number of cycles is schematically presented Figurel8 (Dittmann and Patzold, 2018).

‘n Uersucpsende
1
Anriss i
=;=:
! Anriss i
c ? | Anriss
- =
=3 ' H
g |
= ke =4,7 i ' !
kt = 2'5 i \
Rt = 1 : : }1Hz
i | -

Schwingspielzahl

Figure 18. Schematic representation of the evolution of the test frequency as a function of the number of cycles
(Dittmann and Patzold, 2018).

Figure 19 shows the hardened and tempered specimen tested to failure. It shows a visible crack
without requiring CT inspection and the figure 20 a illustrates the frontal view of the specimen
following a fatigue load of 202800 cycles and Figure 20 b illustrates upper surface of the specimen.
The fatigue crack was initiated in the upper region of the radius, the sample display individual
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notches along the cut edges at regular intervals, which are clearly noticeable, originating from a
machining defect. Its progression is notable for its linear trajectory, with minimal branching or
deviation observed. The crack length on the frontal surface of the specimen, measured from its edge,
is documented as 5701 pum, corresponding to approximately one-third of the specimen's total width.

Figure 19. Hardened and tempered sample after fatigue test.

Figure 20. a) The fatigue crack on the front side of specimen 02 after 202800 cycles [the crack length 5701 um]
und b) upper surface of the specimen.

Table 10 shows the number of cycles set for each of the 10 additional specimens and the
frequency changes that occurred during the experiment, and Figure 21 shows a graph superimposing
the 10 fatigue behaviour curves of the hardened and tempered specimens subjected to a
predetermined number of stress cycles. This graph illustrates the variability in the fatigue behaviour
of the specimens and provides essential information for understanding how the material responds to
cyclic stresses. During testing, it was observed that the frequency remained constant for specimens 1
through 7, exhibiting uniform behaviour with minimal variation between them. However, a decrease
in frequency with 0,14 Hz was observed for samples 8, 9 and 10, indicating a significant behaviour
change.

Table 10. Results obtained after fatigue testing with a predetermined number of cycles for the hardened and

tempered samples.

No. of sample No. of cycles Initial frequency  Final frequency
[Hz] [Hz]
1 20000 127.032 127.032
2 40000 127.034 127.034
3 60000 126.824 126.824
4 80000 126.908 126.908
5 100000 127.021 127.021
6 120000 126.900 126.900
7 140000 126.929 126.928
8 160000 126.930 126.826
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9 180000 126.900 126.832
10 200000 127.200 126.924
Fatigue behavior diagram of the hardened ans tempered
1973 samples
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Figure 21. Fatigue behaviour diagram for the 10 hardened and tempered samples subjected to fatigue with a
predetermined number of cycles.

4.3. Computed Tomography (CT) Analysis of the Improved Material After Fatigue Testing

To verify the hypothesis that the frequency drop indicates the appearance of microcracks in the
material, we conducted a computed tomography (CT) inspection. This method allowed us to analyze
the internal structure of the specimen in detail and confirm the presence of microcracks, thus
validating our hypothesis.

Samples 8 in which a decrease in frequency was observed were tested with liquid penetrant and
tomographic inspection. The liquid penetrant analysis showed the presence of a microcrack on one
of the sides. On the other hand, computed tomography (CT) allowed detailed detection of the internal
microcracks, providing additional information about their size and exact localization in the entire
volume of the material, Figure 22.

(@ (b)
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Figure 22. Non-destructive analysis applied to hardened and tempered C60 steel, after fatigue testing: a) and b)

liquid penetrant inspection and ¢) and d) tomographic inspection.

From Figure 22, it can be observed that the sample initially presents a crack in the radius area,
which subsequently extends to the frontal surface. This evolution of the crack highlights the critical
points of the material and confirms the hypothesis that, with the decrease in frequency, a microcrack
appears in the material.

4.4. Failure Testing for the Oxidized Material

To define the characteristics of the oxidized material, the stress-strain curve was plotted Figure
23, on which the elongation (A), tensile strength (Rm) and yield strength (Rp 0.2) were determined
using a Zwick Typ UP-148525; 250KN, tensile-testing machine according to DIN EN ISO 6892-1. The
characteristics of the material obtained as a result of the tensile strength are presented in Table 11.

It can be observed that thermochemical oxidation treatment has a noticeable impact on the
mechanical properties. The mechanical strength of the oxidized samples has significantly decreased
compared to the improved delivery condition
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Table 11. The characteristics of the improved material.
Probe ao bo So L. ME Rpoz2 Fm Rm A1omm
[mm] [mm] [mm? [mm] [GPa] [MPa] [kN] [MPa] [%l]
01 3,05 799 2437 1005 217 970 27,27 1119 18,8
L
1000+ | / ey
e
800
600 | 7
=t
. 7
400 |
200 | )
0 .

0 5 10 15

Elongation [%]

Figure 23. Load extension diagram for oxidized C60 steel.

4.5. Fatigue Test for the Oxidized Material

The same test steps were followed for the oxidized samples as for the improved ones, except
that the machine parameters were different due to the mechanical characteristics obtained from the
oxidation process.

Based on the results of the tensile test, the tensile strength of the material was found to be
approximately 1119 MPa. Under these conditions, the starting stress for testing the specimens was
set at 727 MPa (equivalent to 0.65 of Rm), and the force was determined according to the bending
moment [14] and the specifications of the tested material according to the relation

Therefore, the maximum allowable stress parameters introduced in the specimen and the force
calculation applied to the samples were appropriately adjusted to reflect these changes. Thus, the
force applied in this case was 3.3 kN. (Figure 24)
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Figure 24. Setting the test machine parameters.
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Thirteen samples were tested. Initially, the fatigue test was performed on 3 reference samples
that broke after a certain number of cycles. Based on this result, we selected several cycles for each of
the 10 additional specimens to evaluate their behaviour at different cycle intervals.

The table 12 presents the evolution of frequency until failure, highlighting the results of tests
conducted on samples 01, 02, and 03. These tests indicated a decrease in frequency, reaching a value
of 22 Hz at the moment of failure. However, in all cases, the cracking of the samples occurs prior to
this moment. The decrease in frequency can be correlated with the onset of the material's cracking
process. The table shows that the frequency changes for the three samples occurred alongside a
decrease of 0.02 Hz, suggesting the beginning of structural deterioration.

Table 12. Fatigue to failure test results for oxidized samples.

No. of No. of cycles Initial frequency Decrease in Final
sample [Hz] frequency [Hz] frequency
[Hz]
01 1630529 127.352 127.330 105.208
02 1627490 127.350 127.342 105.192
03 1628025 127.368 127.340 105.189
X=1628681 x=127.35 X=127.33 x=105,19

Figure 25 shows the failure diagram with the frequency variation and the maximum number of
stress cycles. It can be observed that the frequency remains constant up to 540207 cycles, indicating
that the material does not show significant damage, after which a slow decrease in frequency begins,
signalling the appearance of the first microcracks in the material. These microcracks begin to affect
the stiffness of the material. After 965144 cycles, the frequency continues to decrease, indicating a
sharp and imminent deterioration of the material. At this stage, the microcracks have expanded
significantly and have considerably affected the material structure. Eventually, the material
completely failed at a total of 1630529 cycles, and the final frequency recorded a significantly low
value.
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Number of cycles to failure of a thermochemically oxidation
treated C60 steel sample
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Figure 25. Failure diagram for thermochemically oxidation-treated sample.

Figure 26 shows the oxidized sample tested to failure. Like the hardened and tempered sample,
it shows a visible crack without requiring CT inspection the figure 27a illustrates the frontal view of
the specimen following a fatigue load of 1630529 cycles and Figure 27 b illustrates upper surface of
the specimen.

The fatigue crack was initiated in the upper region of the radius, originating from a machining
defect. Its progression is notable for its linear trajectory, with minimal branching or deviation
observed. The crack length on the frontal surface of the specimen, measured from its edge, is
documented as 4489 um, corresponding to approximately one-third of the specimen's total width

SRR RE R

5 cm

Figure 26. Oxidized sample after breaking test.
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Figure 27. a) The fatigue crack on the front side of specimen 01 after 1630529 cycles und b) upper surface of the
specimen: the crack length 4489 um.

Table 13 shows the number of cycles set for each specimen of the 10 additional specimens and
the frequency changes that occurred during the experiment, Figure 28 shows a diagram of the
superposition of the 7 curves for the fatigue behaviour of the specimens thermochemically treated by
oxidation and which showed no frequency changes, and Figure 29 shows samples 8, 9 and 10 for
which a considerable decrease in frequency with 0,6 Hz was observed.

No frequency change was observed during the testing for samples 1 through 7. This indicates
that the material exhibited no microcracking, thus demonstrating uniform strength and stable
structural integrity under cyclic stresses.

Samples 8, 9 and 10 indicate that after the material develops microcracks, it can still withstand
cyclic loading.

Table 13. Results obtained after fatigue testing with a predetermined number of cycles.

No. of sample No. of cycles Initial frequency Final frequency
[Hz] [Hz]
1 165.000 127.08 127.08
2 330.000 127.24 127.24
3 495.000 126.97 126.97
4 660.000 127.39 127.39
5 825.000 127.18 127.18
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6 990.000 127.19 127.19
7 1.155.000 127.18 127.18
8 1.320.000 127.20 126.86
9 1.649.762 127.21 126.70
10 1.654.319 127.60 126.50
Fatigue behavior diagram of oxidized samples 1-7
127.5
127.4
¥ 1273
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Figure 28. Fatigue behaviour diagram of specimens 1-7 thermochemically treated by oxidation and subjected to

fatigue with a predetermined number of cycles.
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Figure 29. Fatigue behaviour diagram of specimens 8-10 thermochemically treated by oxidation and subjected

to fatigue with a predetermined number of cycles.

4.6. Computed Tomography (CT) Analysis of the Oxidized Sample After Fatigue Testing

To verify the hypothesis that the frequency drop indicates the appearance of microcracks in the
material, we conducted a computed tomography (CT) inspection. This method allowed us to analyze
the internal structure of the specimen in detail and confirm the presence of microcracks, thus
validating our hypothesis.
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Samples 8 in which a decrease in frequency was observed were tested with liquid penetrant and
tomographic inspection. The liquid penetrant analysis showed the presence of a microcrack on one
of the sides. On the other hand, computed tomography (CT) allowed detailed detection of the internal
microcracks, providing additional information about their size and exact localization in the entire
volume of the material, Figure 30
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Figure 30. Non-destructive analysis applied to oxidized Sample after fatigue testing: a) and b) liquid penetrant
inspection and c) Overview of CT Examination d) Detail Volume Image-frontal surface of sample e) microcrack
measurement in the frontal surface area, f) Detail Volume Image- radius area g) microcrack measurement in

radius area.

The sample initially presents a crack in the radius area, which subsequently extends to the
frontal surface. The crack size in the radius area is 1.33 mm, while on the frontal surface the crack
measures 1.35 mm. This evolution of the crack indicates a propagation of the defect from the radius
area to the frontal surface, thus highlighting the critical points of the material.
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5. Conclusions

e  The samples thermally treated as delivered had a fatigue life of about 205700 cycles, with rapid
microcrack formation and a short life after microcrack formation. Microcrack formation was
observed in the material at 97% of total life. After microcracking, the material deteriorates
rapidly. Therefore, it can be concluded that the material showed high fatigue resistance up to
140.000 cycles, being able to withstand repeated cyclic loads without losing its integrity.

e The samples thermochemically treated by oxidation exhibited a significantly longer life,
reaching approximately 1628681 cycles to failure, and cracks formed at an early stage under
cyclic stress. However, the subsequent growth of microcracks lasted longer, occupying most of
the life, which resulted in improved performance compared to the thermally treated samples.

e  For the oxidized sample no. 8, which had a life of 1320000 cycles, a change in frequency is
observed at 1121000 cycles. For sample 9, which had a life of 1649762 cycles, a change in
frequency is observed at 1484718 cycles, and for sample 10, which had a life of 1654319 cycles, a
change in frequency is observed at 1265412 cycles. These observations indicate that microcracks
are formed at approx. 80% of life, but the material can still withstand cyclic loading before
failing.

Impact of Treatments:

e  Thermal treatments improved the initial fatigue resistance and homogenized the material
structure, reducing stress concentration and crack propagation.

e  Thermochemical treatment by oxidation gave the best results in terms of fatigue life and
resistance to microcrack propagation due to the oxide layer formed on the material surface.
These findings highlight the advantages of thermochemical oxidation treatments in improving
the durability and reliability of C60 steel.

e  The connection between oxidized specimens with a longer duration until failure, despite early
crack initiation, and the specimens with increased hardness and shorter lifespan can be
explained as follows:

Oxidized Specimens:

. In the case of oxidized specimens, early crack initiation can occur due to surface defects or the
weakening effects of oxidation.

e  However, the oxide layer formed on the surface acts as a protective barrier, slowing down the
crack's propagation. This can extend the overall lifespan of the specimen by reducing local stress
concentrations. Over a specific stress range,oxidation positively impacts fatigue life, effectively
balancing the detrimental effects of early crack initiation

e  Thesignificant decrease in the core hardness of the oxidized samples, compared to the tempered
delivery condition, is due to the temperature and oxidation time, which led to an increase in
fatigue resistance.

Improved Specimens

e  As shown in the fracture diagram for the improved specimens, the already formed cracks
propagate more rapidly. This phenomenon can be explained by the association of increased
hardness of the improved material with increased brittleness.

e There is a trade-off between crack initiation resistance and crack propagation resistance.
Oxidized specimens, while more prone to early crack initiation due to surface oxidation, benefit
from a slower crack growth due to the protective nature of the oxide layer. On the other hand,
harder specimens resist crack initiation better but experience rapid crack propagation, leading
to a shorter lifespan overall.
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Microstructural Analysis:

e  Microstructural changes induced by thermal and thermochemical treatments were correlated
with improvements in fatigue resistance. The oxide layer formed on the thermochemically
treated material contributed to reduced crack propagation and increased material durability.

Recommendations:

e  The application of thermochemical oxidation treatment is recommended to achieve superior
fatigue resistance and longer material life. It is also essential to monitor the frequency of stress
cycling to detect and prevent microcracking at early stages.

¢ In conclusion, thermochemical treatment by oxidation has shown the best results in terms of
fatigue life and resistance to microcrack evolution, and knowledge of the timing of their
occurrence allows the tests to be adjusted to better reflect the actual conditions of use of the
materials. These findings contribute to the development of stronger and more durable materials
for industrial applications.
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