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Abstract. Brake system reliability is critical for the safety and performance of heavy vehicles,
including semi-trailers, passenger buses, and industrial transport units. This study investigates the
thermal fatigue failure mechanisms in brake discs (BDs), which are subjected to extreme
operational conditions. The primary motivation is to enhance brake disc durability and reduce the
risk of catastrophic failures by understanding the interplay between material properties, thermal
stress, and fatigue resistance. A comprehensive experimental approach was employed, including
visual inspections, chemical composition analysis, metallurgical structure examination, hardness
testing, and tensile strength evaluation. The study compares brake discs that have undergone
extensive service with those in an undamaged state to identify critical degradation patterns. The
results indicate that temperature fluctuations and cyclic thermal stresses induce crack formation
and propagation, with rough graphite inclusions significantly reducing fatigue strength.
Furthermore, deviations in silicon and carbon content were found to impact material integrity,
contributing to premature failure. The findings of this research provide actionable insights for
optimizing brake disc design, material composition, and manufacturing processes. By modifying
graphite distribution, refining alloy compositions, and improving thermal resistance, future brake
systems can achieve greater durability and reliability. These advancements will directly enhance
braking efficiency, reduce maintenance costs, and improve overall vehicle safety.

Keywords: brake disc failure, thermal fatigue, material properties, heavy vehicle safety, fatigue
strength, brake system durability.

1. Introduction

Brake discs (BDs) play a crucial role in ensuring the safety and maneuverability of heavy
vehicles by providing controlled deceleration under various operating conditions. However, due
to high-speed rotations and extreme braking forces, BDs experience severe thermal and
mechanical stress, leading to material fatigue, crack formation, and ultimately, failure. While
extensive research has been conducted on brake disc materials and performance, existing studies
often overlook the combined effects of thermal fatigue, microstructural defects, and chemical
composition variations in real-world applications. The originality of this study lies in its
multi-faceted experimental approach to evaluating BD failures, integrating quantitative
metallurgical assessments, microscopic structure analysis, hardness profiling, and tensile strength
testing. Unlike previous research, which primarily focuses on computational modeling or isolated
material testing, this study bridges the gap between theoretical predictions and empirical failure
observations. The novelty of this work is its emphasis on the impact of graphite morphology and
silicon-carbon deviations on fatigue strength, a factor rarely explored in standard brake disc
evaluations. By correlating structural defects with real-world wear patterns, this study provides
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new insights into optimizing brake disc manufacturing and design for enhanced durability. The
scientific worth of this research is highlighted by its practical applicability. The findings contribute
to the advancement of brake disc materials and design by offering data-driven recommendations
for improving fatigue resistance, heat dissipation, and overall mechanical integrity. These insights
are valuable not only for automotive engineers and manufacturers but also for regulatory bodies
seeking to establish higher safety standards in the transportation industry. Due to the BD's ability
to maintain angular velocities at both low and high speeds, its structure inherently incorporates
instantaneous heat transfer and mechanical vibration phenomena. The new BD reduces the
uncompressed weight of high-speed trains. Thermal investigations confirmed stability during
emergency braking performance [1]. The rise in automotive BD's temperature during brake
operation was studied. Finite element (FE) analysis, a well-known numerical method, determined
durability when considering rotor geometry variations of BD's structure [2]. The discussion stems
from increasing industrial needs, which emphasizes the need for improved materials to reinforce
thermal and mechanical sustainability. The tribology of various materials, including composites,
is investigated for future mechanical property enhancements [3]. Severe BD abrasion on snowy
days was analyzed. Microstructure, chemical composition, and a model explaining the abrasion
process were applied and validated through mechanical tests [4]. The safety and performance
factors of railway brake systems were analyzed. Disc-pad mechanisms, essential for safe
operation, were emphasized for improvement through research and development [5]. In another
study, the brake dynamometer tests evaluated the influence of tread temperature on the wear of
railway wheels. In addition, internal temperatures of 200-300 °C accelerated wear. FE analysis
supported the findings [6]. The brake’s performance within carbon/ceramic pairs for high-speed
trains was analyzed. Besides, introducing FeSi, significantly improved wear resistance during
high-pressure braking operations [7]. High-speed vehicle braking is crucial for safety. For optimal
performance, friction-based systems require regular maintenance that emphasizes material and
design enhancements [8]. Hybrid composite BDs with A357/SiC in the top layer and an AA6082
base exhibit outstanding wear and friction performance, proving suitability for city rail vehicles
[9]. The incomplete failure in a gray cast iron of the BD was studied using metallurgical methods.
For example, the failure was caused by nonmetallic inclusions, especially oxides, which created
micro-cracks. Other studies recommended addressing prevention for enhanced product longevity
[10]. A chapter delves into the aspects of heat energy in friction brake systems, highlighting the
importance of management for achieving optimal performance. Moreover, various methods,
including FE and CFD analyses, assess heat-related parameters and potential failure mechanisms
[11]. The BD’s C/C-SiC excels in extreme circumstances due to applied friction and wearability
factors. In other words, friction film formation ensures stable braking performance [12]. Railway
BD's stability is vital. Contact pressure and thermal stress analyses on GC25 material show a linear
relationship between temperature and stress variables, which can help figure out how long the
bearings on railway vehicles will last [13]. High-speed trains' braking efficiency faces challenges
due to thermal fatigue cracking. The suggested mix of materials extends the life of steel against
thermal fatigue by stopping cracks from spreading through customized microstructure and
precipitate morphology [14]. This investigation used analytical and numerical approaches to
investigate fatigue failure in the Volvo truck’s BD. The analysis was based on the idea that the
punch contact was flat, rigid, and uneven. The 3D FE model in ABAQUS simulated
thermos-mechanical cycles. The crack, which grew by hydraulic pressure, reached the ultimate
length of 6.02 mm, resulting in the BD's failure [15]. It focused on developing fatigue models of
the vehicle components, emphasizing BD's cyclic response. Four models were analyzed and
calibrated using isothermal and thermo-mechanical experiments. The calibrated models are then
used in a simulated dynamometer experiment to assess the fatigue life of brake discs. Results
highlight the importance of calibrating models with well-designed thermo-mechanical tests for
accurate predictions [16]. Many BDs in firefighting vehicles showed thermal fatigue cracks.
Macro-fractography revealed cracks along the friction surfaces, approximately 1-7.5 cm in length.
Optical microscope and FESEM examinations confirmed the semi-elliptical cracks caused by the
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thermal fatigue. The chemical, microstructural, and hardness measurements met the requirements.
The FE indicated that high temperatures and residual tensile stress during braking times caused
the cracks. Therefore, the recommendations included examining and replacing BD in all
firefighting vehicles [17]. The BD of a high-speed train is susceptible to thermal fatigue cracking.
The proposed research uses a numerical model to improve material composition, thereby
promoting reliability enhancement [18]. The commercial vehicle's BD analyzed fatigue with an
FE model, exploring known and unknown items. Manson-Coffin's model predicts life and
reliability variables [19]. The BD endures large thermal stresses during braking, causing surface
cracks and plastic deformation. Thermo-mechanical fatigue analysis reveals rotor failure because
of plastic deformation from high-g braking. Theoretical modeling aligns with reported braking
cycles leading to failure [20]. Existing models fail to predict heavy-duty vehicle BD’s sensitivity
to heat cracks. A dynamometer experiment provided insights into failed processes. The
standardized heat crack test, monitored by different instruments, reveals factors contributing to
crack propagation. Cyclic shear movements and disc coning variations are observed, prompting
the need for a more detailed model to explain heat crack formation [21]. Experimental and
numerical analyses are used to investigate the development of thermal striping on BD's friction
bands. Based on serious braking tests, observations of crack growth networks, and numerical
simulations, a macroscopic criterion for predicting network criticality. A numerical analysis of
crack shielding processes is developed and compared with experimental results [22]. It could use
full-scale drag braking tests to look at thermo-mechanical loading on BDs, showing changes in
temperature, banding effects, and crack effects that could be used to improve performance [23].
This study looked at how grey cast iron reacts to cycling and wears down in vehicle body panels
using different fatigue models. It also used isothermal and thermo-mechanical experiments to
calibrate the models, which made the predictions for real body panels' lives more accurate than
isothermal uniaxial tests [24]. Another article examined surface cracks in vehicle BDs,
highlighting the potential risks and utilizing experimental methods to predict their depth, a crucial
aspect for safety assessments [25]. The thermo-mechanical behavior of dry contact between BDs
and pads during braking was studied by researchers. They used ANSYS to simulate and analyze
factors that affect BD design. The results align with prior research studies [26]. The study closely
examined various braking situations, the properties and uses of carbon-carbon (C/C) disc brakes,
their wear mechanisms, performance, manufacturing, friction coefficients, and the production of
wear dust [27]. The research focused on examining the wear of brake discs in relation to non-
exhaust emissions. Surface manipulation using the plasma electrolytic aluminizing process shows
a reduction in wear [28]. The amount of carbon ceramic on brake disc surfaces reveals bedded
structures with transferred materials, SiC regions, and a thin friction layer. Residual wear and
dislocations influence surface properties during braking operations [29]. Examining the
tribological behavior of a brake pad at varying temperatures elucidates the shifting friction layer
and the impact of thermal degradation on wear, ultimately offering valuable insights into the
thermal stability of the brake material [30]. An analysis of a vehicle's disc brakes focuses on
boosting the brake pad's material properties to increase the component's life. The final results,
after modeling and verification, estimate that carbon ceramic discs outperform gray cast iron [31].
A study investigated the thermal behavior of vehicle brake discs, with a particular focus on factors
such as braking, disc geometry, and materials. The ANSYS simulations aligned well with their
findings [32]. Another study, simulating limit brake applications, examines the pin-on-disc
interface method using metallography and high-level techniques. Findings were consistent with
observations under severe braking conditions, highlighting third-body influences in friction
response [33]. Recent research has investigated the wear particle characteristics of a truck's brake
pads using variable conditions. Laser scattering presented distinct peaks, pressure, speed, and
contact continuity. Energy dispersive X-rays revealed elemental composition variations [34]. A
different study looked at the thermal and mechanical properties of cast iron brake discs. In order
to test and confirm asymmetric yielding, kinematic hardening, and visco-plastic response at
different temperatures [35], they used the Gurson-Tvergaard-Needleman material model. To
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examine the buckling behavior of unstiffened mild steel cone-cylinder assemblies under axial
compression and combined axial compression and external pressure, providing experimental
results and numerical predictions of the collapse load [36]. An experimental and numerical study
on the buckling behavior of unstiffened cone-cylinder shells subjected to combined axial
compression and thermal loading, with a focus on investigating the effects of various geometric
parameters and initial imperfections on the load-carrying capacity of the structures [37]. The
influence of ring stiffener reinforcement on the buckling behavior of cone-cylinder intersection
subjected to external pressure, with three different stiffener locations analyzed and the results
validated against experimental data [38]. The study presents entirely several key novelties and
contributions in the analysis of brake disc failures. It identifies the absence of C-type graphite in
brake discs, marking a deviation from typical cast iron structures. The research demonstrates the
dual role of temperature fluctuations, not only inducing thermal stress but also contributing to
ground tempering, which accelerates fatigue failure. A novel insight is provided into the impact
of rough graphite, which lowers fatigue strength and enhances susceptibility to thermal fatigue
and crack propagation. Structural analysis reveals distinct wear patterns, with uniform wear on the
backside and irregular wear on the wheel side, indicating differing thermal and mechanical stress
distributions. The study also observes deep radial cracks at regular intervals, suggesting a
geometric correlation in failure patterns. A significant disparity in thickness and weight between
damaged and intact discs is highlighted, impacting performance. The research uncovers deviations
in silicon and carbon content below recommended limits, challenging the consistency of SAE
J431 standards. Furthermore, tensile and hardness tests show grade shifts from G11H20 to
GI11H18, pointing to mechanical weaknesses. Finally, the study links secondary cracks with
thermal cyclic stresses, emphasizing the relationship between temperature gradients and material
degradation in brake discs. These findings contribute valuable insights into the factors influencing
brake disc performance and durability. Accordingly, the current research paper explores the
crucial role of the BD’s structure in heavy vehicles, emphasizing its increased controllability and
safety. This study entails the experimental analysis of a damaged BD using visual inspections,
chemical analysis, microscopic structure examination, hardness, and tensile tests. The results
indicate a complex failure mechanism, including thermal fatigue and heat transfer after working
long distances. Based on the metallurgical properties, such as silicon and equivalent carbon
content, deviating from standard limits and cut points affected the fatigue strength of the cast iron.
Hence, reports include reviewing the fatigue strength and modifying graphite distribution to
enhance BDs' performance and prevent failures in future products.

2. Material and method

In these experiments, the focus is on the main parts of the brake system (see Fig. 1), which
include the structure of the BD on heavy vehicles. In two types, they are worked and damaged
separately (see Fig. 2).

Fig. 1. Real model of the BD: a) brake test, b) assembled brake

This study of failure causes by disassembling the disk piece from its flange part. Next, we
conducted visual inspections and, based on the results, selected one of the cracks to open its
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surface and study the failure mechanism. Next, sampling was done to perform chemical analysis,
microscopic structure, hardness, and tensile tests. Fig. 3 shows the sampling positions, and Table 1
displays the list of tests performed.

S b) 9
Fig. 2. BD’s structure: a) disc area, 1-Hub, Forward, Backward, b) damaged backward disc, ¢) worked BD

it 1
d) e)
Fig. 3. BD: a) damaged BD, quantometry position, cutting cross-section, b) cracked area, Opened crack
surface, ¢) macrography and hardness tests sample, d) tensile test, 1 — test Zones,
e) worked BD, sample test, f) metallography, test zones

Table 1. Experimental tests

Test Damaged sample
Quantitative metric Flange and disc
Tensile TTI1, TT2, and TT3 samples
Macrograph Whole cross section
Hardness Six points on disc and hub
Microscopic structure | Two zones on MET2, and MET1
Surface fracture On crack on disc

2.1. Brake disc sample selection

The study analyzed brake discs (BDs) from heavy vehicles that had undergone extensive
service under real-world conditions. Two primary types of discs were selected:

1) Damaged Brake Disc (DBD) — A disc exhibiting visible fatigue cracks, oxidation, and wear.

2) Undamaged Brake Disc (UBD) — A control sample with no apparent defects, used for
comparative analysis.

Both samples were subjected to metallurgical, mechanical, and thermal fatigue evaluations to
determine the root causes of failure and assess structural integrity.
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2.2. Thermal fatigue evaluation

To systematically evaluate the thermal fatigue behavior of brake disc materials, the following
experimental techniques were employed:

1) Visual Inspection and Fractography Analysis:

— A detailed visual examination of the brake discs was conducted to identify surface cracks,
wear patterns, and oxidation marks indicative of thermal fatigue.

— Scanning electron microscopy (SEM) and macro-fractography were used to analyze crack
morphology, propagation paths, and fracture surface characteristics, offering insights into fatigue-
induced failure mechanisms.

2) Microstructural Analysis:

— Optical and SEM imaging were performed to observe microstructural changes due to cyclic
thermal loading. Special attention was given to graphite morphology, carbide formation, and
oxidation-induced defects.

— The presence of type A and type C graphite structures and their effect on fatigue resistance
were examined.

3) Hardness and Tensile Testing:

— Brinell hardness tests were conducted at multiple locations across both damaged and intact
discs to detect variations in hardness due to thermal cycling.

— Tensile tests, following JIS Z 2241-2012 standards, were performed to quantify reductions
in material strength and ductility caused by prolonged thermal fatigue.

4) Chemical Composition and Surface Oxidation Analysis:

— Using quantometry analysis, the elemental composition of both damaged and undamaged
discs was compared, focusing on deviations in silicon and carbon content that influence fatigue
resistance.

— The effects of oxidation layers and thermal stress-induced chemical transformations were
examined to assess their role in crack initiation and propagation.

5) Thickness and Mass Comparisons:

— Variations in thickness and mass between damaged and undamaged brake discs were
measured to quantify material loss due to thermal fatigue.

These measurements provided additional confirmation of uneven wear patterns. In summary,
experimental tests overview are followed as Table 2.

Table 2. Summary of experimental tests

Test type Objective Method / standard used
Visual and Identify surface cracks and failure patterns Optical Imaging, SEM
fractography y P P EIng,
Microstructural Examine graphite and oxidation effects ASTM A247-19
Chemical composition Analyze elemental composition ASTM E1306-22
Hardness and tensile Assess material strength degradation ASTM E10_22%1182’ JIS Z.2241-
Thickness and mass Measure material loss and wear Digital Calipers
Wear pattern Compare umformzitlll(l Snon-umform wear Optical Microscopy
Surface oxidation Evaluate oxidation layer and crack growth | SEM, Energy Dispersive X-ray
Structural deformation Assess thermal fatigue impact on Macroscopic Inspection
geometry

2.3. Visual inspection

Before visual inspection, different zones on both sides of two discs were assumed to be
clockwise numbered. The forward disc (FD) and rearward disc (RD) are on the flange side and its
front, respectively (see Fig. 4).
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‘f/ 7 i, e
MR
b) c)

Fig. 4. Worked disc sample: a) forward area, b) backward area, c) before cutting BD

Fig. 6. Crack types on FD

During the visual inspection, numerous radial cracks were observed on the disk surface on the
wheel side. The cracks are discontinuously located in the radial direction, with a misaligned
morphology. After cutting, it was seen that most of these cracks did not grow much in the direction
of thickness and did not reach the edge of the lateral surface in the radial direction. However,
observing three deep radial cracks at three different locations, each extending through the entire
thickness and spreading to the side surface. On the surface of the back disc, the cracks are more
delicate and exhibit significantly less joining and growth. In Figs. 5 to 8, the growth model of
radial cracks can be seen on the surfaces of the wheel-side disk and the back disk, respectively.
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On the surface of the hub of the back disk, the part coding marks were also observed.

a) - c)
Fig. 8. Radial cracks on RD: a) manufacture legend, b) radial crack growth, c) crack growth on thickness

Upon visual inspection, traces of peripheral wear lines can be seen on the surface of both discs.
However, the wear band model is different on both sides. On the disc’s back side, the distribution
of wear bands is more uniform, while on the disc's wheel side, the wear lines are not visible in a
wide middle band, revealing wear bands similar to those on the back side (Fig. 9).

a) b)
Fig. 9. Distribution corrosion band: a) FD, b) RD

Table 3. Thickness results of BD

Disc Thickness(mm)
Damaged disc | Worked disc

FD 3/18 12.8

BD 9/13 8/7

In the initial evaluation, a significant difference in the weight of the two destroyed and used
parts was observed. The thickness of the destroyed and worked discs was measured with calipers
and shown in Table 3. Based on the disc thickness differences, that can justify the weight
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difference between the two pieces.
3. Result and discussion
3.1. Metallurgical tests

Applying the quantum method and took into account the ASTM E1306-22 test reference
standard. Tables 4 and 5 present the results of the quantum analysis of the destroyed and used
disks after the flake samples were prepared. Based on the analysis, the chemical composition of
the two parts is almost identical and contains chromium and copper alloy elements. The amount
of equivalent carbon in both parts was also calculated and presented in Tables 4 and 5. Using the
following relationship, the destroyed part’s higher Si content explains the CE difference.

Table 4. Chemical analysis of damaged disc
C Si Mn P S Cr Ni Mo Cu \4 M
3.40 1.73 0.67 | 0.026 | 0.078 | 0.36 | 0.02 | 0.005 | 0.47 | 0.007 | 0.007
Ti Co Al Sn Pb As Sb Zr Nb Fe
0.011 | 0.005 | 0.004 | 0.064 | 0.003 | Trace | None | Trace | 0.005 | Base

Table 5. Chemical analysis of worked disc

C Si Mn P S Cr Ni Mo Cu \% M
3.36 | 1.58 0.70 | 0.027 | 0.086 | 0.37 | 0.01 0.07 0.45 | 0.006 | 0.008
Ti Co Al Sn Pb As Sb Zr Nb Fe
0.01 | 0.005 | 0.006 | 0.073 | 0.002 | 0.002 | None | Trace | 0.002 | Base

3.2. Macro hardness test

Based on the ASTM E10-2018 test reference standard, the Brinell hardness test was done by
using a bullet with a diameter of 2.5 mm and 187.5 kg/f of force at the points shown below in the
cross section made from the disc. The test results are presented in Table 6.

Table 6. Hardness test of damaged disc

Position Disc
1 FD | 202
2 202
3 198
4 BD | 202
5 195
6 195

Fig. 10. Numbered position of damaged disc for
hardness test

3.3. Tensile test

This test was examined at room temperature and evaluated with JIS Z 2241-2012 standards as
followed Table 7.

Table 7. Numerical results of damaged disc in tensile test

Zone disc | Code test | Sample diameter (mm) | Cross-section | Tensile strength
FD TT1 8.01 S0 (mm?2) Rm (MPa)
hub TT2 7.98 50.39 253
RD TT3 7.97 50.01 270
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3.4. Macroscopic structure

The size of the eutectic cells is measured in the cross-section of the part, specifically in the
areas of the wheel-side disk and the back disk, following the preparation and macro-etching stages.
In this process, the carbide areas in the intercellular network appear in a light color, while the
structure inside the cells appears in a dark color. Fig. 11 displays the measurement results.

Fig. 11. FD — Distribution and size of eutectic cell on cross- section, and RD — Eutectic cell boundaries

Table 8. Result of eutectic
Disc | Eutectic cell size(mm)
FD Average 0.8 mm
BD Range 0.6-2.0 mm

3.5. Microscopic structure

This study is based on the ASTM A247-19 standard. Based on studies with a light microscope,
type VII sheet graphite with A and C distributions were made in the structure of both the back
disk and the disk on the wheel side. The microscopic structure of the micro-cavity also showed
shrinkage in the back disk and a scattered distribution of the MnS phase in both disks. Fig. 12
shows the distribution of graphite.

Fig. 13 shows that the graphite sizes generally fall within the range of class 3-4, with all these
class 5 graphites (—69 and class 2) also visible in the structure.

f) g
Fig. 12. Distribution graphite layers, a), b) FD — type C, ¢), d) FD — type A,
e), ), g), h) BD — type C, shrinkage cavity

3.6. Post micro processing etching

The cast iron base’s structure is completely pearlite in the middle after chemical etching, and
the bulk carbide phase can be seen in the cell network. Perlite layers are typically observed with
small layer intervals, and no structural tempering effects can be detected in the central areas.
Fig. 14 shows images of the background structure in the central regions of the disk.
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e Mean 1185 10 Mean 1078
| SiDev 89.90 StDev 8021

Frequency
®
Frequency

100 200 300 400 80 160 240

Graphite Size (um) Graphite Size (um)

a) Surface b) Center
Fig. 13. Size distribution of surface graphite on center and surface of FD

b)
Fig. 14. Perlite transparency, a), b) FD, c), d) BD

3.7. Microscopic structure on surface

Internal oxidation is present around the graphite phase, and cracks are growing on the outside
of both discs, specifically on the wheel side and the back side. This is due to the phenomenon of
surface oxidation occurring in the absence of graphite. Some of these defects are shown in Fig. 15
and Fig. 16. Although the disc on the wheel side has deeper cracks, both discs have similar surface
and internal oxidation.

After etching, traces of cast iron were observed on the disk surface. On the outside of the wheel
side disc, the ground structure is made up of tempered pearlite, some ferrite phase, and large white

MATERIAL SCIENCE, ENGINEERING AND APPLICATIONS 1 1
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carbide particles. Pearlite tempering has caused cementite particles to be crushed and spherical.
The ferrite phase is not observed on the outer surface of the back disc, but the effects of tempering
the pearlite background are still evident. In this area, masses of white carbide can be observed in
the microscopic structure. Figs. 17 and 18 provide microscopic images of the background.

Fig. 18. Tempering prhte arbde})rtlles on external surface of FD
3.8. Electron microscope results

This section focuses on the study of microscope structure. In the examination by electron
microscope, traces of intense oxidation were seen in the crack opening and then in the path of
crack propagation in the thickness. Oxides and relatively significant amounts of sulfur represent
the effects of oxidation (Fig. 19).

Fig. 19. Internal oxidation on surface and edge of crack in FD
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Table 9. Chemical results of external surface of FD

Element Series | UNN. C [wt.- %] | Norm. C [wt.- %] | Atom. C [at. -%]
Carbon K series 0.46 0.49 1.51
Oxygen K series 17.31 18.27 42.45
Silicon K series 1.47 1.55 2.05
Sulfur K series 1.74 1.83 2.13
Chromium | K series 0.17 0.17 0.12
Manganese | K series 0.52 0.55 0.37
Iron K series 73.12 77.14 51.36
Total 94.8 %

3.9. Fractography

The fracture surface of one of the wheel side disc cracks was examined by an electron
microscope. In Fig. 20, the results of studies in the vicinity of the edge of the external surface
indicate the propagation of microscopic cracks from this surface. The effects of surface oxidation
can be seen in the vicinity of the surface. Propagated cracks have grown from the surface in the
thickness direction. However, a large number of oblique cracks can also be seen. These cracks
probably developed in the oxidized boundary of sheet graphite. However, many secondary cracks
parallel to the surface can be seen below the fracture edge. These cracks indicate the propagation
of fatigue failure on the fracture surface. The morphology of the fracture surface confirms the
existence of rough graphite in the surface and central areas. In the central areas, the effects of
forced fracture can be seen with signs of soft fracture areas in the background.

Fig. 20. Layered graphite and soft fracture on surface center of RD

This section, compared with the SAE J431-2000 standard, is related to automotive parts made
of gray cast iron and therefore provides more detailed information regarding the permissible limits
of brake disc parts.

MATERIAL SCIENCE, ENGINEERING AND APPLICATIONS 1 3
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3.10. Chemical compound

For disc fabrication, the minimum equivalent carbon is 3.4 wt%. The following table shows
the general chemical composition of gray cast iron used in car parts manufacturing. It is also
possible to add alloy elements based on the requirements of mechanical properties as followed
Table 10.

Table 10. Typical base compositions [31

Iron grad | Designation | Carbon | Silicon | Manganese | Sulfu (max) | Phosphorus (max) C.E.
G7 G1800h | 3.50-3.72.3-2.8| 0.6-0.9 0.14 0.25 4.35-4.55
G9 G2500 3.4-3.65 | 2.1-2.5| 0.6-0.9 0.12 0.25 4.15-4.40
G10 G3000 3.35-3.61.9-23| 0.6-0.9 0.12 0.20 4.05-4.30
Gl1 G3000 3.3-3.55[1.9-22| 0.6-0.9 0.12 0.10 4.00-4.25
G12 G3500 3.25-3.5[1.9-22| 0.6-0.9 0.12 0.10 3.95-4.20
G13 G4000 3.15-3.4[1.9-2.1 0.7-1 0.12 0.08 3.80-4.05

Iron Grad | Designation | Carbon | Silicon | Manganese | Sulfu(max) | Phosphorus(max) C.E.

The formula for the carbon equivalent (C.E.) is: C. E.= %C+(1/3) %Si.

Based on this information, the chemical composition of both destroyed and used parts is close
to the minimum set in terms of total carbon. However, comparing Tables 4, 5, and 10, it can be
seen that the amount of silicon and equivalent carbon in both pieces is considered lower than the
recommended standard limits. Chrome and copper elements have also been added to both pieces
to reach and adjust the strength/hardness ratio (t/h).

3.11. Hardness

Based on the hardness limits of the destroyed piece in Table 6 considers it equivalent to Grade
H18. However, the piece’s hardness is close to the minimum hardness for Grade H20.

3.12. Microscopic structure

The standard criteria for grade selection are presented in Tables 11 and 12, depending on the
application conditions. Therefore, perlite, a layer with less than 5 % ferrite, is used for the
construction of brake discs in special applications of the ground structure. Taking into account the
hardness number of the piece, the pearlite structure paired with type A VII graphite serves as the
criterion for selecting the correct microstructure. By comparing the results of the microscopic
structure, it can be seen that the structure of the destroyed disk is consistent with the standard of
pearlite with less than 5 % ferrite. However, upon examining the graphite structure, it is evident
that it also contains a percentage of type C graphite, in addition to type A (see Tables 11 and 12).

3.13. Tensile strength

Given the G11H18-grade piece’s hardness value, it can be considered equivalent to the
destroyed disc piece. This grade is equivalent to the previous SAE G3000 marking. Based on this
criterion of t/h = 0.11 MPa, the minimum strength of the load test sample is calculated to be
about 198 MPa. According to the SAE G3000 grade, the minimum strength for the load test is
225 MPa. Considering disk thickness, these limits are the part's minimum acceptable limits. A
higher grade is G11H20, and its minimum load test tensile strength is 220 MPa. This grade is
equivalent to SAE G3500, with a minimum tensile strength of 250 MPa. Comparing the tensile
properties of the parts in Table 6 shows that the area of the wheel side disc corresponds to the
minimum strength of both grades, while the rear disc is very close to the minimum grade of
G11H20.
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Table 11. Special requirements [39]

Designator Application Requirements
a Brake drums and discs and clutch | — Total carbon 3.4 % minimum
plates for special service — Microstructure: Lamellar Pearlite. Ferrite < 15 %*
b Brake drums and discs and clutch | — Total carbon 3.4 % minimum
plates for special service — Microstructure: Lamellar Pearlite. Ferrite <5 %
c Brake drums and discs and clutch | — Total carbon 3.4 % minimum
plates for special service — Microstructure: Lamellar Pearlite. Ferrite <5 %
— Chromium shall be 0.85 to 1.50 %
— Molybdenum shall be 0.4 to 0.6 %
— Microstructure of cam nose: Extending to 45
degree on both sides of cam nose centerline and to
. minimum depth of 3.2 mm from the surface shall
Alloy hardenable gray iron . h . .
d . consist of primary carbide (cellular and/or acicular)
automotive camshafts** S . .
and graphite in a matrix of fine pearlite
— The amount of carbide in the cams and method of
checking shall be specified by the purchaser
— Casting Hardness check location shall be on a
bearing surface
*See ASTM E 562

**As-cast requirements. Camshafts may be flame or induction hardened to specified hardness and depth
on cam surfaces

Table 12. Typical microstructures of reference grades [39]

SAE casting grade | Previous designation Microstructure graphite* Microstructure matrix
GY9H12 G1800 Type VIIA & B Ferritic-Pearlitic
G9H17 G2500 Type VIIA & B Ferritic-Pearlitic
G10H18 G3000 Type VII A Pearlitic
G11H18 G3000 Type VII A Pearlitic
G11H20 G3500 Type VII A Pearlitic
G13H19 G4000 Type VII A Pearlitic
G7H16 ¢ G4000 Type VII A Pearlitic
G9H17 a G1800 h Type VII A, B, & C size 1-3 Lamellar Pearlite
G10H21 ¢ G2500 a Type VII A size 2-4 Lamellar Pearlite
G11H20b G3500 b Type VII A size 3-5 Lamellar Pearlite
G11H24d G4000 d Type VII A & E size 4-7(1) Pearlitic- Carbidic**

*See ASTM A 274
**In cam nose, As cast. Matrix pearlite in cam may be transformed to tempered martensite by subsequent
Flame or induction hardening

3.14. Fracture mechanics

The findings of the studies indicate that the disk fragment was destroyed as a result of the
application of thermal cyclic stresses. Numerous cracks have started on the outer surfaces of both
the wheel side disc and the back disc and have grown in the thickness direction. However, the
quantity of these cracks and their shallower penetration depth on the back disc’s surface indicate
a less severe level of destruction in this disc. Crack formation was linked to surface oxidation.
Under the surface, the interface between the ground and layered graphite is oxidized. The intense
tempering of the pearlite background indicates that the temperature at the disc’s surface has risen
too high. It is not possible to accurately estimate the surface temperature of the disk, but based on
the destruction of perlite layers, it is clear that the temperature is overstated; it was steep (about
350-450 degrees Celsius) on the roads. This temperature led to the oxidation of both the ground’s
boundary and the graphite layers, subsequently causing the rougher graphite layers to separate
from the ground during the wearing process. On the outer surface of the non-uniform wheel side
disc, the wear lines and wide band of wear indicate an increase in the intensity of wear in this area.
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The repetition of oxidation has caused the formation of holes and the propagation of cracks along
the graphite layers’ boundary. All of the evidence indicates that component destruction was caused
by heat checking and thermal fatigue. In the fracture studies, the observation of secondary cracks
parallel to the outer surface of the disc confirms the fatigue mechanism in the development of the
fracture. In these studies, several cracks have grown obliquely in the oxidized boundary of the
background and graphite, in addition to those propagating from the surface. To ensure a
comprehensive evaluation, this study follows a structured experimental approach, including brake
disc material selection, microstructural and chemical analysis, mechanical property testing, and
thermal fatigue assessment. This organization provides a systematic analysis of failure
mechanisms and material degradation, addressing critical gaps in brake disc durability research.

4. Conclusions

This study provides a comprehensive investigation into the thermal fatigue failure mechanisms
of heavy vehicle brake discs (BDs), emphasizing the influence of temperature fluctuations,
material composition, and structural integrity on brake system durability. Through experimental
analysis, including microstructural examination, mechanical property evaluation, and chemical
composition analysis, critical failure patterns were identified, revealing the underlying causes of
BD degradation. Key findings highlight that thermal fatigue-induced cracks originate and
propagate due to cyclic thermal stresses, oxidation, and graphite morphology variations. The
presence of Type C graphite and deviations in silicon and carbon content were found to reduce
fatigue strength, making the material more susceptible to crack initiation and propagation.
Furthermore, mechanical testing confirmed a decline in tensile strength and hardness, correlating
with surface oxidation and heat-induced structural changes. The practical implications of this
research extend to enhancing brake disc design and material selection. By refining graphite
distribution, improving alloy compositions, and optimizing thermal resistance, manufacturers can
significantly increase BD durability and reduce failure rates. Additionally, the study underscores
the necessity of regular inspections and material quality control to mitigate catastrophic brake
failures in heavy vehicles. In conclusion, this research not only advances the scientific
understanding of BD thermal fatigue but also provides engineering recommendations for safer and
more efficient braking systems. Future studies should explore advanced composite materials and
real-time thermal monitoring techniques to further enhance brake disc performance and longevity.
For prospective investigation, there suggest to research in different aspect of this paper, in
preprocessing, by using LS-Dyna, static, dynamic and modal analyses of ANSYS are good
recommends to determine natural frequencies, crashworthiness, damage, crack growth, heat
transfer in operational frequencies [40-42], in manufacturing design, there are a lot techniques that
can be practical to redesign fabrication process [43], theoretically, by using hybrid topology
optimization with metaheuristic algorithms such as MOPSO, PSO, MOGA to present new model
[44-47], experimentally, by using different strategies of optimal placement on surface of brake
with PZTs are presented new signals for data processing of cracks and high temperature [48-51],
finally, study of meta-cell for brake structure that is a kind of transferable structure in band gaps
of natural frequencies [52], finally in control aspect, there can use different controller on vehicle
handle precisely brake system through PWM, PID, H., sliding mode, and fuzzy set [53-55].
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