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Summary

This thesis explores the characteristics, manufacturing methods, and applications
of titanium, with a focus on its surface protection against high-temperature
oxidation. In Uzbekistan, the growing interest in sports cars and racing has
increased the demand for advanced automotive technologies. One significant
challenge is the overheating of exhaust systems, particularly in vehicles using
nitrous oxide ("nitro"), which can lead to reduced efficiency, safety risks, and
potential damage. This research investigates material enhancements and protective
coatings to improve oxidation resistance and thermal stability.
The first section reviews titanium metallurgy, including its crystal structure, phase
transitions, and alloy classifications, as well as its physical, mechanical, and
chemical properties. It discusses conventional and advanced machining methods
and examines various surface protection techniques—such as silicon, aluminum,
and glass-ceramic coatings—to combat oxidation.
The second section addresses adhesion theories and coating application
mechanisms, including mechanical interlocking and chemical adsorption. It
evaluates coating deposition methods, causes of failure, and factors influencing
adhesion strength, focusing on titanium coatings for harsh environments.
An experimental part is carried out in Turin polytechnic university in Tashkent,
under the co-supervision of Prof. Dilshat Tulyaganov who serves as a faculty
member and coordinator of the laboratory where the research activities were
carried out. Titanium substrates underwent cutting, polishing, and contamination
removal to enhance adhesion, with comparative data collected from glass
substrates. Coatings were applied under controlled conditions, followed by heat
treatments to improve stability and microstructural integrity. A prototype titanium
component was developed to demonstrate practical viability.
Characterization techniques and analysis including metallographic microscopy,
thermal shock resistance assessments, thermal distribution in a coated exhaust
system, SEM, FTIR, EDS, and XRD, were employed to evaluate adhesion quality,
thickness uniformity. Results indicate that titanium coatings significantly enhance
thermal management and durability, offering solutions to overheating issues in
sports car exhaust systems.
These findings are vital for mitigating overheating in high-performance exhaust
systems, as material enhancements can lower thermal stress and oxidation rates,
thereby extending component lifespan. By utilizing advancements in titanium
coating research, the automotive industry can develop innovative exhaust designs
that improve safety and promote sustainable high-performance vehicles. Future
research should prioritize customizing coatings for extreme combustion conditions
to ensure reliability during nitro-boosted operations.
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Chapter 1

Introduction

The increasing interest in sports cars and racing in areas like Uzbekistan has led to a
heightened demand for automotive technologies that can withstand extreme
operating conditions. A significant challenge faced by high-performance vehicles is
the overheating of exhaust systems, which can result in material deterioration, safety
risks, and considerable drops in performance. This problem is especially pronounced
in cars equipped with nitrous oxide (N2O or "nitro") systems, where combustion
temperatures may surpass 1,600°C—significantly higher than the approximately
900°C observed in conventional engines. This extreme heat can cause exhaust
components to visibly glow and accelerate oxidation processes. Traditional exhaust
materials, such as stainless steel, start to lose their integrity at temperatures above
800°C, leading to issues like cracking or warping due to thermal cycling and
oxidation rates that can be up to ten times greater in nitro-boosted combustion

scenarios.
Coating Engine
Failures Efficiency
Safety Hazards 8% Reduction

12% 35%

Oxidation-
Induced
Failures Thermal
20% Cycling
. o . Damage
M Engine Efficiency Reduction 25%

B Thermal Cycling Damage
Oxidation-Induced Failures
M Safety Hazards

Figure 1.1. Breakdown of thermal challenges in nitro-fueled
exhaust systems. Data compiled from sources: [F1-5].



Master’s Degree Thesis
AUTOMOTIVE ENGINEERING - A.Y. 2024/2025

The thermal stresses associated with these conditions account for around 12% of
sports car fires result in measurable declines in performance, as each increase of
100°C in temperature can decrease engine efficiency by about 5% due to increased
backpressure [1-6].

Existing thermal management strategies encompass coatings made from ceramics,
such as zirconia, which have the capability to reduce surface temperatures by 200 to
300°C. However, these solutions frequently encounter challenges related to adhesion
when subjected to thermal shock.

Titanium alloys, especially Grade 5 (Ti-6Al-4V), have become prominent alternatives
due to their remarkable melting point of 1,668°C and a thermal expansion coefficient
that is roughly 50% lower than that of stainless steel. Recent research has yielded
significant advancements in this field, such as glass-ceramic coatings that can
decrease oxidation by 75% at 1,200°C during lab tests, as well as hybrid coating
systems that combine aluminum with silicon carbide nanoparticles, resulting in a
40% increase in adhesion strength [1-3].

Automotive companies like Porsche are investigating cutting-edge additive
manufacturing techniques, creating 3D-printed titanium exhaust components with
built-in cooling channels to improve thermal management (Figure 1.2.). The
significance of these innovations is particularly pronounced in regions like
Uzbekistan, where the importation of sports cars is rising at about 15% each year,
leading to a pressing need for local thermal solutions. Concurrently, worldwide
regulatory initiatives, such as the FIA's upcoming 2025 requirement for recyclable
exhaust materials, are propelling research towards sustainable coating technologies.
This study on titanium-based coatings tackles essential issues related to adhesion
performance and thermal stability, providing viable solutions that improve the
safety, longevity, and efficiency of high-performance exhaust systems. These
advancements are in line with the specific requirements of Uzbekistan's developing
motorsports sector and the overall global movement towards advanced automotive
material science [6-8]
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Figure 1.2. Titanium 3D printing automotive exhaust
manifold adopts DMLS 3D printing [F6].

1.1. Metallurgy of titanium

The metallurgy of titanium and its alloys has been the focus of extensive research
over the past five decades. Titanium is distinguished by its exceptional properties,
including a high strength-to-weight ratio and remarkable resistance to corrosive
environments, making it suitable for a diverse array of applications. It is a robust
metal characterized by limited ductility and a lustrous metallic white appearance. Its
relatively high melting points also renders it valuable as a refractory material.
Notably, titanium alloys possess several advantageous characteristics such as
outstanding thermal resistance, significant load-bearing capacity, and resilience
under various conditions, making them ideal for manufacturing cryogenic devices
and components in aerospace engineering. Despite these benefits, titanium is less
frequently utilized than aluminum or steel due to its elevated cost. The extraction
process from its ores is complex and requires sophisticated processing techniques.
The strength of titanium surpasses that of aluminum alloys; thus, when substituted
for aluminum, substantial weight savings can be realized despite its 60% higher
density [9]. The metallurgy of titanium encompasses the stages of extraction, refining,
alloying, and processing to attain specific mechanical and chemical properties suited
for applications (Figure 1.3).

Titanium occurs in the earth's crust at an approximate concentration of 0.6%,
positioning it as the fourth most abundant structural metal after aluminum, iron, and
magnesium. The primary mineral sources include ilmenite (FeTiO3) and rutile (TiO,)
[10]. However, due to its strong affinity for oxygen, titanium does not naturally exist
in pure metallic form; therefore, complex extraction processes are necessary [11].
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Figure 1.3: Schematic flowchart of titanium production [F7].

Titanium is primarily obtained from two ores. Chlorination at 900-1000 °C in the
presence of carbon (as a reducing agent).
From rutile (TiO,) conversion:

TiO2+2CL+2C—-TiCl+2CO
From ilmenite (FeTiOs) chlorination:
FeTiOs+2Cl+C—TiClstFeCl+CO
Kroll process, reduction of Ti metal:
TiCls+2Mg—Ti+2MgClz

The Kroll process remains the predominant method for extracting titanium. This
involves converting titanium dioxide ore into titanium tetrachloride (TiCly) via
chlorination followed by reduction with magnesium in an inert atmosphere to yield
sponge titanium. This sponge undergoes purification and processing into ingots
through vacuum arc remelting (VAR) or electron beam melting (EBM) to eliminate
impurities and enhance purity levels [12].

Titanium is frequently alloyed with elements like aluminum, vanadium,
molybdenum, and iron to enhance mechanical properties. One notable alloy is
Ti-6Al-4V which finds widespread application in aerospace and biomedical fields
owing to its impressive strength-to-weight ratio along with excellent
biocompatibility [13].

In the automotive sector, there is an increasing adoption of titanium because of its
superior strength-to-weight ratio coupled with corrosion resistance and
biocompatibility.
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Various processing methods are employed for titanium and its alloys including
casting, forging, powder metallurgy (PM), and additive manufacturing (AM), as
detailed in Figure 1.4.

Due to titanium’s heightened reactivity at elevated temperatures, specialized
precautions are mandatory during processing to minimize contamination and
oxidation which can adversely impact mechanical performance [14].

Casting represents one traditional approach utilized for forming titanium
components but poses significant challenges attributed to the metal's high melting
point combined with reactivity towards atmospheric gases like oxygen nitrogen or
hydrogen. To mitigate these issues, vacuum or inert gas environments are typically
utilized during casting operations preventing undesirable reactions that may
compromise product integrity. Nevertheless, casting remains less prevalent for
titanium compared to other metals owing to difficulties in achieving superior surface
finishes alongside potential porosity within final structures [15].
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Figure 1.4: Titanium alloy processing and product flow diagram [F8]

Conversely forging has become a widely accepted method for producing robust
titanium components where shaping occurs through compressive forces applied via
hammering or pressing techniques enhancing mechanical attributes through
microstructural refinement reduction of defects along with improved grain
alignment.
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However, the elevated temperatures required during forging increase oxidation risks
necessitating protective coatings or controlled atmospheric conditions throughout
this process [16].

Powder metallurgy presents another viable option facilitating fabrication while
enabling production of intricate shapes featuring high material efficiency involving
compaction followed by sintering processes at heightened temperatures .This
method offers benefits including minimized material waste alongside tailoring
capabilities regarding composition adjustment but shares challenges similar faced
across other methodologies requiring stringent control measures against
contaminants ensuring compliance with performance standards[15] .

Additive manufacturing, commonly known as 3D printing, has seen notable
advancements recently regarding utilizing titanium employing techniques such
SLM/EBM allowing creation intricate geometries whilst minimizing material
wastage. These approaches involve layer-by-layer deposition wherein powdered
form gets melted fused utilizing laser/electron beams. Despite possessing numerous
advantages AM faces hurdles concerning residual stresses microstructural
inconsistencies necessitating post-processing treatments aimed at optimizing
mechanical properties [17].

Beyond primary processing concerns machining inherently presents difficulties tied
low thermal conductivity coupled high tensile strength resulting heat concentration
cutting zones leading rapid tool wear potential damage workpieces .To address
aforementioned issues specialized cutting tools composed carbide coated materials
integrate effective cooling mechanisms notably involving high-pressure coolant
systems cryogenic solutions aiding dissipating heat improving efficiency thereby
guaranteeing precision component manufacturing meeting rigorous demands [18].

1.1.1. Crystal structure and plastic deformation

Titanium undergoes polymorphic transformation, signifying its existence in various
crystallographic structures that are temperature dependent. The element possesses
two primary allotropes: the hexagonal close-packed (hcp) a-phase, which is stable at
room temperature, and the body-centered cubic (bcc) B-phase, which emerges at
temperatures exceeding 882°C [19].

These phases have a profound impact on titanium’s mechanical attributes and its
capacity for plastic deformation (see Figure 1.5). The hcp a-phase features a limited
number of slip systems, resulting in restricted plasticity under ambient conditions
[20].
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Conversely, the bce B-phase is characterized by an abundance of slip systems that
facilitate greater ductility and ease of deformation. The incorporation of alloying
elements such as molybdenum, vanadium, and niobium stabilizes this 3-phase, thus
enhancing the overall workability of titanium alloys. Plastic deformation in titanium
primarily occurs through mechanisms of slip and twinning. Given the limited slip
systems present in the hcp a-phase, deformation in pure titanium frequently depends
on twinning alongside slip.

(a) (b)

Hexagonal Close Packed Body Centred Cubic
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Figure 1.5: Pure titanium crystalline structure of (hcp) a-phase and
(bcc) B-phase [F9]

Twinning tends to be more prevalent at lower temperatures and higher strain rates
since it enables materials to adapt to deformation when dislocation movement alone
proves inadequate [21].
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Temperature plays a critical role in influencing titanium's deformation
characteristics. As temperatures rise, increased activity among additional slip
systems enhance plasticity while diminishing the risk of brittle fractures. This factor
is especially vital for titanium alloys where heat treatment and thermomechanical
processing are implemented to refine mechanical properties tailored for specific uses
[22].
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Figure 1.6. The behavior of superplastic deformation in the Ti-6Al-4V alloy [F10]

Work hardening also represents an essential aspect of plastic deformation in
titanium. The interaction between dislocations and alloying constituents can result in
strain hardening that bolsters the strength of titanium alloys while still preserving
adequate ductility. However, excessive work hardening may impair machinability
and formability; hence meticulous processing control is required [23].

Superplastic behavior significantly contributes to manufacturing lightweight
components with complex geometries; notably, Ti-6Al-4V alloy exhibits superplastic
properties applicable across various fields including hollow fan blades for gas
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turbine engines and advanced heat exchangers. As shown in Figure 1.6, the research
demonstrates that involving uniaxial tensile tests has been conducted within a
temperature scope of 700 to 900 °C across different strain rates—0.01/s (High Strain
Rate), 0.001/s (Medium Strain Rate), and 0.0001/s (Low Strain Rate). Results indicate
an average elongation exceeding 50%, with elongations surpassing 200% observed
from 750 to 900 °C at a strain rate of 0.0001/s—illustrating superplastic behavior in
Ti-6Al-4V alloy (Table 1.1.) [24].

A comprehensive understanding of titanium’s crystal structure and its plastic
deformation behaviors is imperative for industrial applications. In aerospace
engineering—where high strength-to-weight ratios are crucial—optimizing
mechanisms related to slip and twinning ensure both durability and functionality for
titanium components. Similarly, effective management of deformation behaviors in

biomedical contexts are vital for ensuring implants' longevity and reliability [25].

In conclusion, titanium's polymorphic transformation between the hcp a-phase and
bcc B-phase significantly influences its mechanical properties and plastic
deformation capabilities. The limited slip systems in the a-phase restrict plasticity,
while the -phase enhances ductility through additional slip systems, particularly
when alloyed with elements like molybdenum and vanadium. Understanding these
characteristics is crucial for optimizing titanium's performance in industrial
applications, especially in aerospace and biomedical fields. Work hardening and
superplastic behavior further enhance titanium alloys' versatility, enabling the
production of lightweight, complex components while ensuring durability and
reliability. Effective management of these properties is essential for maximizing the
benefits of titanium in various applications.

Table 1.1. Superplastic deformation of Ti-6Al-4V alloy in different strain rates [1]

Def ti
Strain Rate (s) etormation Typical Behavior Use Case
Speed
0.01 Fast More brittle Impact/dynamic tests
0.001 Moderate Balanced Standard tensile tests
0.0001 Slow More ductile Long:-term or creep-like
testing




Master’s Degree Thesis
AUTOMOTIVE ENGINEERING - A.Y. 2024/2025

1.1.2. p/a-Transformation

Titanium experiences a phase transformation from a hexagonal close-packed (HCP)
structure to a body-centered cubic (BCC) structure in response to temperature
variations. At ambient conditions, commercially pure titanium predominantly exists
in the a-phase, characterized by its HCP configuration [26]. When temperatures
exceed approximately 883 °C (1621 °F), it transitions into the B-phase, which is
identified by the BCC arrangement [27]. This transformation notably influences the
material’s mechanical characteristics, including ductility and strength.

Titanium alloys primarily possess two principal crystalline structures: alpha («) and
beta ([3). The a-phase features an HCP structure, while the $-phase is defined by a
BCC arrangement. The delineation between these phases plays a crucial role in
determining the mechanical properties of the material. Pure titanium has a specific
transition temperature known as the beta transus temperature; above this threshold,
it shifts from the a-phase to the 3-phase.

Table 1.2. Main titanium microstructural phases [2]

Phase Symbol Structure Description
1 . . 1
Alpha " HCP Allotropic form of titanium at low
temperature
Beta 8 BCC Allotropic form of titanium at high
temperature
i hich
Alpha2 oo HCP A Cgmp(?und, Ti3Al, which appears
in wide range of Al content
Gamma Y The intermetallic compound TiAl
Alpha prime o' HCP Martensitic metastable structure
Alpha double A" OR Orthorhombic metastable
prime martensitic structure
Beta prime or B or w BCC Metastable ph‘ase form(?d during
omega quenching or aging

However, this transformation is reversible, meaning that commercial grades of pure
titanium do not retain a stable residual B-phase when cooled from temperatures
above this beta transus.

10
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Prior to examining how alloying elements affect the stability of both phases, it's
essential to recognize that titanium alloys—like many other metals—can form
various stable and metastable phases. A detailed enumeration of these titanium alloy
phases, along with their corresponding symbols and space groups can be found in
Table 1.2.

(a) (b) a+pf Met. j3

compound

Temperature
Temperature

i '.' v ] A
{17 Y 200 um

Figure 1.7. Impact of (a) alpha and (b) beta stabilizers on the microstructural
characteristics of titanium alloys. The black dotted lines delineate the metastable region
of a-B alloys, while the red dotted lines indicate the anticipated microstructure at
ambient temperature. Additionally, (c) illustrates a standard commercially pure a-
titanium microstructure, and (d) depicts a typical annealed Ti-6Al-4V a-3 alloy
microstructure [F11].

These diagrams are rooted in thermodynamic principles, particularly Gibbs free

energy minimization. The phase boundaries (a, B, and compound) are

mathematically derived from equilibrium conditions and phase transformation.
G=H-TS

where: H: Enthalpy, T — temp. S — Entropy (Figure 1.7).

The addition of alloying elements is critical for modifying the properties of titanium

11
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alloys. Traditionally, these elements are categorized into two groups based on their
tendency to stabilize specific phases. Elements such as aluminum, tin, and zirconium
promote stabilization of the a-phase, thereby enhancing strength and hardness while
raising the beta transition temperature [28].

Conversely, elements like molybdenum, Tungsten, chromium, iron, silicon, and
copper favor stabilization of the B-phase; they enhance ductility and performance at
elevated temperatures while lowering the beta transus temperature [29]. Vanadium
and niobium can serve as either a- or [(-stabilizers contingent upon the alloy's
composition [30].

Furthermore, lighter elements such as oxygen and nitrogen exert an «a-stabilizing
influence with a neutral effect on beta transus temperature. The contribution of alpha
and beta stabilizers in regulating microstructure within titanium alloys is succinctly
illustrated in Figure 1.7.

In conclusion, titanium undergoes a phase transformation from a hexagonal close-
packed (HCP) a-phase to a body-centered cubic (BCC) B-phase at temperatures
above approximately 883°C. This transformation significantly affects the mechanical
properties of titanium, including ductility and strength. The addition of alloying
elements is crucial for modifying these properties; a-stabilizers like aluminum and
zirconium enhance strength and raise the beta transition temperature, while [3-
stabilizers such as molybdenum and chromium improve ductility and performance
at elevated temperatures. Elements like vanadium and niobium can act as either a-
or [B-stabilizers depending on the alloy composition. Understanding these phase
behaviors and the role of alloying elements is essential for optimizing the
performance of titanium alloys in various applications.

1.1.3.  The classification of titanium alloys

The integration of these alloying elements facilitates the production of alloys
exhibiting a diverse array of mechanical characteristics, biocompatibility, and
resistance to corrosion. Traditionally, titanium alloys are categorized into five groups
based on their chemical composition and the anticipated microstructure during
service.

12
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These categories include:

Alpha Alloys [31]: Mainly composed of a-phase structures, this group includes both
pure titanium and alloys enriched with a-stabilizers, such as aluminum and tin,
which are predominantly utilized in aerospace applications.

Near Alpha Alloys [32]: Characterized by a dominance of a-phase with a minimal
presence of [(-stabilizers, these alloys strike a balance between strength and
formability.

Alpha-Beta Alloys [33]: Featuring an equilibrium of a- and (3-phases, these alloys
provide a blend of strength, ductility, and heat resistance, making them suitable for
various applications.

Near Beta Alloys (or Beta Metastable) [34]: Largely consisting of B-phases with
restricted amounts of a-stabilizers; they trade off some mechanical strength to
enhance ductility compared to a-f3 alloys.

Beta Alloys [35]: Composed primarily of 3-phase matrices along with elements like
vanadium and molybdenum.

Additionally, there exists another titanium-based structure that is classified as a
nickel-titanium intermetallic compound. For the purpose of this review, Nitinol will
be regarded as a titanium alloy despite its composition being approximately 55%
nickel [36].

1.2. Properties of titanium

Titanium is characterized by a distinctive set of physical, mechanical, and chemical
attributes, making it exceptionally valuable across various sectors. It displays
remarkable resistance to corrosion, an impressive strength-to-weight ratio, and
superior biocompatibility.

Titanium dioxide (TiO), a naturally occurring oxide of titanium, manifests in three
crystallographic forms—rutile, anatase, and brookite —and is extensively utilized in
multiple industries owing to its exceptional properties [37].

In the automotive sector, the unique characteristics of titanium provide substantial
benefits, especially for high-performance and luxury vehicles. Its advantageous
strength-to-weight ratio facilitates a reduction in vehicle weight without sacrificing
structural integrity, resulting in enhanced fuel efficiency and overall performance.

13
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Moreover, its outstanding resistance to corrosion contributes to the longevity and
durability of essential automotive components such as engine parts and exhaust
systems, suspension springs, and fasteners [38].

1.2.1. Physical and mechanical properties

Titanium is a lightweight metal characterized by a density of 4.51 g/cm?, which is
roughly 60% that of steel. This notable reduction in weight renders titanium
particularly advantageous in sectors where minimizing mass is essential, such as
aerospace and automotive engineering. The incorporation of titanium allows
manufacturers to enhance fuel efficiency, boost performance, and decrease overall
structural weight without sacrificing strength. Moreover, titanium possesses a high
melting point of 1668°C, enabling it to retain its mechanical integrity even under
extreme thermal conditions. Consequently, it serves as an optimal material for
applications subjected to high heat, including jet engines, exhaust systems, and
components used in space exploration [39].

From a mechanical perspective, titanium is distinguished by an exceptionally high
strength-to-weight ratio that exceeds that of many traditional metals like aluminum
and steel. This distinctive attribute empowers engineers to devise lightweight yet
robust structures that improve efficiency in scenarios where both strength and weight
reduction are paramount. Additionally, titanium exhibits remarkable fatigue
resistance and superior toughness, allowing it to endure repeated stress cycles
without significant deterioration. These qualities make it especially valuable in
industries that demand long-term durability, such as aircraft manufacturing and
structural engineering. Through appropriate heat treatment and alloying processes,
titanium alloys can achieve impressive tensile strengths surpassing 1000 MPa,
thereby further enhancing their mechanical capabilities [40].

Figure 1.8 illustrates a comparison of the mechanical properties among titanium,
steel, and aluminum—emphasizing variations in tensile strength, modulus of
elasticity, fatigue resistance, and melting point.

Another important mechanical attribute of titanium is its comparatively low
modulus of elasticity, around 110 GPa, which is notably less than that of steel.

14
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This characteristic enhances titanium’s flexibility and impact resistance, rendering it
particularly advantageous in scenarios requiring precise deformation control and
effective stress distribution. Furthermore, its resistance to corrosion, compatibility
with biological systems, and capacity to withstand extreme environmental conditions
significantly broaden its utility across diverse industries [41].

1.2.2. Chemical properties
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Figure 1.8. Comparative mechanical properties of Titanium, Steel, and Aluminum [F12].

One of Titanium’s most notable characteristics is its outstanding resistance to
corrosion. This property arises from the development of a stable and protective layer
of titanium dioxide (TiO,) on its surface upon exposure to oxygen. This oxide coating
serves as a shield, inhibiting further oxidation and degradation, which renders
titanium remarkably resilient against corrosion in challenging environments,
including seawater and acidic solutions [42].

In addition, titanium demonstrates strong chemical resistance against a variety of
harsh substances, such as chlorides, sulfides, and potent acids, making it an ideal
material for the chemical processing sector.
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Unlike numerous other metals, titanium is immune to stress corrosion cracking,
which significantly prolongs its durability in rigorous applications [43]. The
combined physical, mechanical, and chemical attributes of titanium facilitate its
extensive utilization across various industries [44].

Mechanically, titanium outperforms traditional metals like aluminum and steel in
strength-to-weight ratio, fatigue resistance, and toughness, allowing for durable
structures. Its low modulus of elasticity enhances flexibility and impact resistance,
while a protective titanium dioxide layer ensures resilience in harsh environments.
Additionally, titanium's strong chemical resistance and immunity to stress corrosion
cracking further extend its lifespan in demanding applications. These combined
attributes highlight titanium's significance in industries such as aerospace,
automotive, and chemical processing.

1.3. Fabrication techniques

Titanium and its alloys necessitate distinct fabrication methods owing to their
exceptional characteristics, including significant reactivity at high temperatures and
challenging machinability. The manufacturing techniques are tailored to optimize the
material's performance while maintaining both cost efficiency and operational
effectiveness.

1.3.1. Production of Pure Titanium

The production of titanium is conducted through methods tailored to its distinct
properties. The two historically significant techniques for yielding commercially pure
titanium are the Kroll process and the Hunter process:

Kroll Process [45]: This method serves as the primary approach for extracting
titanium metal from its ores. Initially, titanium tetrachloride (TiCl4) is produced by
reacting titanium ores, predominantly ilmenite, with chlorine gas. Subsequently,
TiCl4 is reduced to metallic titanium using magnesium in a high-temperature reactor,
resulting in magnesium chloride as a byproduct. The process encompasses several
stages: chlorination of the ore, condensation of TiCl4, reduction of TiCl4 via
magnesium, and the separation of titanium sponge from magnesium chloride.

16
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The titanium sponge generated contains impurities and necessitates additional
processing steps for purification and refinement. Despite its intricate nature, the Kroll
process remains essential for industrial titanium manufacturing, particularly within
aerospace, medical, and various industrial sectors.

Hunter Process [46]: This alternative technique also produces titanium metal from
ores through a similar initial step where titanium tetrachloride (TiCl4) is acquired via
chlorination of ores such as ilmenite. However, instead of utilizing magnesium as a
reducing agent like in the Kroll process, sodium or a sodium-potassium alloy is
employed. The reduction occurs at lower temperatures than those required by the
Kroll method. In this case, sodium or sodium-potassium alloy reduces TiCl4 to yield
metallic titanium along with sodium or potassium chloride as byproducts. Although
this method results in less energy consumption and operates at reduced temperatures
compared to the Kroll process, it is not as widely adopted in industrial applications
for titanium production.

1.3.2.  Production of Titanium Alloys

To manufacture titanium alloys from commercially pure titanium, it is essential to
prioritize the prevention of oxidation. Consequently, only a limited number of
technologies are widely adopted:

Vacuum Arc Remelting (VAR): This technique is frequently employed for melting
and refining titanium alloys. It entails melting a consumable electrode under vacuum
conditions using an electric arc, which aids in minimizing impurities and regulating
the alloy's composition [47].

Plasma Arc Melting (PAM): Another vacuum-based method, PAM utilizes a high-
energy plasma arc to melt the material. This technique provides enhanced control
over composition and is particularly effective for producing specialty alloys [48].
Induction Melting (IM): Primarily used for small-scale production of titanium alloys,
induction melting leverages electromagnetic induction to melt materials within a
crucible under controlled atmospheric conditions [49].

Powder Metallurgy: While predominantly wutilized as a near-net-shape
manufacturing process for titanium components, powder metallurgy can also serve
as an alloying method by mixing powders with diverse chemical compositions [50].
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It is crucial to recognize that these production methods are highly specialized and
necessitate rigorous process control due to the reactivity of titanium and its
susceptibility to impurities. The selection of an appropriate production technique is
influenced by various factors, including the desired alloy composition, required
material quantity, and specific properties needed for the intended application.

1.3.3. Conventional and Advanced Machining

Titanium's challenging machinability is primarily attributed to its low thermal
conductivity and high chemical reactivity. Conventional machining methods entail:

* Turning, milling, and drilling: These processes necessitate specialized cutting

tools and lubricants.

* Grinding and polishing: Employed to achieve precise surface finishes.
To enhance efficiency, advanced techniques have emerged, such as:
Electrical Discharge Machining (EDM) is an advanced metal removal method used
for creating intricate geometries in titanium alloys and other conductive materials. It
is particularly effective for titanium due to its hardness and difficult machinability.
The process generates a controlled electrical discharge, or spark, between a tool
electrode and the workpiece submerged in dielectric fluid, allowing for material
removal without direct contact. The dielectric fluid acts as both a coolant and an
insulator, flushing away eroded particles. Given the high melting points and poor
thermal conductivity of titanium alloys, EDM enables precision cuts while
minimizing thermal damage, a common issue with traditional machining. This
technique is ideal for producing complex shapes and hardened surfaces typical in
aerospace and medical applications. However, EDM has limitations, including
slower material removal rates and surface finish quality, often requiring additional
finishing steps. Despite these drawbacks, EDM is essential for machining hard
materials like titanium alloys where conventional methods are inadequate.
In the automotive sector, titanium faces scalability challenges primarily due to
machining difficulties. High costs limit broader adoption, and rapid tool wear
increases maintenance needs and production downtime. Additionally, slow
machining processes hinder efficiency, complicating mass production. Heat
management is also a concern due to titanium’s poor thermal conductivity, which
can affect precision and machining quality.
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Addressing these challenges requires advancements in cutting tool materials,
optimized machining strategies, and hybrid manufacturing techniques to enhance
efficiency and cost-effectiveness.

Abrasive Water Jet Machining (AW]JM) is an effective material removal process for
shaping titanium alloys and other hard-to-machine materials. Titanium alloys,
known for their high strength and heat resistance, significantly benefit from AWJM.
This method utilizes a high-velocity stream of water mixed with abrasive particles,
such as garnet or aluminum oxide, to erode the material through kinetic energy. The
controlled mixture allows for precise material removal, accommodating various
thicknesses and complexities of the workpiece.

AW]JM offers advantages for titanium alloys, particularly its non-thermal nature,
which reduces the risk of heat-induced distortion or damage often encountered with
traditional methods. Additionally, the lower mechanical stresses associated with
AW]JM minimize work hardening risks in titanium components. This technique is
well-suited for intricate designs and composite structures found in aerospace,
automotive, and medical applications involving titanium parts. However, secondary
finishing processes may be necessary, as AWJM can leave surfaces slightly rough due
to its abrasive action [53, 54].

Laser Machining (LM) is a promising method for shaping challenging materials like
titanium alloys, known for their high strength and heat resistance. In LM processes,
a focused high-energy laser beam melts or vaporizes material from the workpiece,
allowing for intricate cuts and complex shapes required in various applications.

LM offers several advantages, including a non-contact approach that eliminates tool
wear, reduces mechanical strain, and minimizes contamination risks from impurities.
The localized heat input also reduces the affected zone, thereby lowering distortion
and residual stress levels.

This technique is particularly suitable for sectors requiring precision, such as
aerospace, military, and healthcare, where minimizing raw material loss is crucial.
However, achieving optimal results may require adjustments based on alloy
composition and thickness.

Additionally, post-processing measures may be necessary to address undesirable
surface roughness generated during laser interactions.

Ultrasonic Machining (UM) offers unique advantages for working with hard
substrates, such as titanium alloys. This method utilizes ultrasonic vibrations
typically ranging from 20 to 40 kHz to facilitate efficient material removal without
excessive temperature increases caused by friction.
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The process involves pressing tools made from softer materials into contact with an
abrasive slurry composed of particulate matter suspended in a liquid medium. This
non-thermal characteristic prevents heat-related alterations, maintaining
dimensional integrity throughout the machining process. As a result, UM is
particularly beneficial in industries focused on aerospace components and medical
implant fabrication. However, longer cycle times compared to standard methods
may necessitate additional processing steps to achieve the desired finish.

Machining titanium alloys requires careful consideration of factors influencing
optimal cutting conditions, including tooling choices, geometric configurations, and
cooling/lubrication methods to mitigate temperature-related issues during
machining. Additionally, the interactions between titanium and the tooling materials
must be considered, leading to the development of alternative coatings that minimize
degradation over time, ensuring consistent accuracy and adherence to quality
standards. [58-59].

1.4. Titanium in the Automotive Industry: Existing
Challenges.

Titanium is recognized for its lightweight nature, exceptional strength, and
remarkable resistance to corrosion, making it a valuable material in various
applications including aviation, heat exchangers that utilize seawater as a refrigerant,
and desalination facilities. Its versatility has further extended into consumer goods,
sporting equipment, and construction materials due to its thermal resilience,
biocompeatibility, aesthetic appeal, and overall functionality.

Moreover, the utilization of titanium in automotive components is on the rise owing
to these advantageous properties. Specifically, vehicles that demand superior
dynamic performance —such as racing motorcycles and cars —require enhancements
in circuit timing and responsiveness. Consequently, titanium is frequently employed
to significantly reduce weight while boosting power output. This paper presents
examples of existing applications of titanium within automotive parts and discusses
potential future uses for this material in additional components (Figure 1.9.) [60].
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Figure 1.9. Key Applications of Titanium in Automobiles [F13]

Fuel Tanks: The reduction in weight of fuel tanks is a critical factor as it enhances
fuel efficiency and dynamic performance by lowering the center of gravity,
particularly for motorcycles.

In recent years, high-density polyethylene has emerged as a preferred lightweight
material, however, to comply with stringent fuel gas permeation regulations set by
EURO 5—implemented for motorcycles, since 2020 —it must be combined in layers
with ethylene-vinyl alcohol copolymer (EVOH) resin as a barrier layer. This necessity
leads to an unavoidable increase in mass due to the added thickness (approximately
4-7 mm). Conversely, metallic materials exhibit lower fuel gas permeability,
prompting consideration of lightweight metals such as aluminum and titanium.
While aluminum alloys, particularly from the 5000 series, are potential candidates,
they present challenges regarding weldability and press formability. Aluminum's
low melting point and high thermal conductivity complicate the control of heat input
during arc welding, increasing the risk of burn-through.

Additionally, spot welding aluminum requires elevated pressure, high current levels,
and brief energizing durations, all of which elevate the initial costs associated with
specialized equipment installation. Furthermore, aluminum's limited ductility and
low Lankford value (r value) hinder its press formability for deep-drawn shapes like
tuel tanks. These factors suggest that manufacturing thin-walled fuel tanks using
standard equipment designed primarily for steel may pose significant challenges.
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Figure 1.10. Titanium fuel tank [F14]

In contrast, titanium possesses a melting point comparable to that of iron and thermal
conductivity akin to stainless steel, reducing the likelihood of burn-through during
welding. Spot welding can be conducted simply by fine-tuning operational
parameters without necessitating specialized machinery. Moreover, Titanium
demonstrates outstanding deep draw formability due to its higher value.
Commercially pure (CP) titanium classified under JIS Class 1 and ASTM Grade 1—
with low oxygen content—exhibits overhang formability on par with that of low
carbon steel for press forming applications, making it well-suited for fuel tank
production.

However, unlike steel, titanium is susceptible to galling during processing; thus,
adequate lubrication during press forming is essential. Ultimately, titanium presents
fewer barriers to application in fuel tank manufacture compared to aluminum alloys.
Indeed, following advancements in mass production techniques, including condition
optimization, the world's first mass-produced motorcycle equipped with a titanium
tuel tank was realized (Figure 1.10. Honda Motor Co., Ltd., 2017 model CRF450R).
The incorporation of titanium has significantly reduced weight while markedly
enhancing performance characteristics. Additionally, owing to its superior corrosion
resistance properties, titanium does not require painting for corrosion protection and
holds promise for use in automobile fuel tanks situated closer to ground level where
higher corrosion resistance is paramount.
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Exhaust pipes: The exhaust system components are constructed from a diverse range
of materials, leading to significant weight reductions when titanium is utilized. This
is particularly evident in motorcycles, where the aesthetic appeal of titanium has
made it a popular choice for many years, especially for components like mufflers that
are visibly exposed.

Initially, JIS Class 2 and ASTM Grade 2 CP titanium were predominantly employed;
however, the implementation of stricter emission regulations necessitated the
inclusion of catalytic converters, resulting in elevated exhaust gas temperatures. This
shift required enhanced heat resistance —specifically high-temperature strength and
oxidation resistance.

Additionally, there is a growing demand for high formability to achieve intricate
shapes within these systems. To bolster strength at elevated temperatures, solid
solution strengthening proves effective, often incorporating aluminum due to its
superior performance in this regard. Furthermore, a minor addition of silicon is
frequently implemented to enhance oxidation resistance at high temperatures.

Figure 1.11. Ti-1Cu muffler [F14]

Consequently, when designing titanium alloys for exhaust systems, aluminum and
silicon are typically included. However, the incorporation of these elements can also
lead to increased room temperature strength while reducing ductility. Notably,
aluminum inhibits twinning deformation at room temperature, a factor that can
impair formability.
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Conversely, copper offers a strong solution strengthening effect at elevated
temperatures without adversely impacting twinning deformation or formability at
room temperature. This makes copper a valuable addition for achieving both high-
temperature strength and desirable formability, two properties that often stand in
contrast.

In light of this information, Super-TIX™ 10CU (Ti-1Cu) was developed with an
approximate 1% copper content. Additionally, Super-TIX™ 10CUNB (Ti-1Cu-0.5Nb)
was created with niobium added to further enhance oxidation resistance under high-
temperature conditions. Niobium aids oxidation resistance by inhibiting oxygen
diffusion across the titanium oxide layer while maintaining the solubility of copper;

thus, it does not compromise high-temperature strength or room temperature
formability.

Super-TIX™10CSSN
Further solid solution

Addition of
Al
T00 SUpPPIesses
twinning
deformation

Higher oxidation
resistance by Nb

Super-TIX™10CU
Solid solution
hardening by Cu
and
low oxygen content

]
better

600 |-

Service temperature/ °C

Formability at R.T.

Figure 1.12. Concept of Ti-1Cu alloys [F14]

Moreover, Super-TIX™ 10CSSN (Ti-1Cu-15n-0.355i-0.2Nb) has been formulated to
improve high-temperature strength significantly (see Fig. 1.11). These advanced
alloys have found applications in motorcycles and automobiles (refer to Figure 1.12.
teaturing Nissan Motor Co., Ltd.'s GT-R), operating effectively at temperatures
reaching up to 700-800°C.

Engine Components: Engine components tend to be compact in size, and the impact
of weight reduction is not dramatically pronounced.
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Nevertheless, minimizing weight can diminish the inertia forces associated with
rotational or reciprocating movements, thereby enhancing overall responsiveness.
Furthermore, titanium outperforms other metals regarding specific strength within
the operational conditions of engine components. It is particularly utilized in
connecting rods and engine valves due to its favorable cost-performance ratio when
employed in these applications.

Connecting Rods: The connecting rod serves as a crucial component within an
engine, responsible for transforming the linear motion of the piston into rotational
movement. Optimizing the weight of the connecting rod significantly enhances
engine responsiveness, boosts power output by minimizing friction losses, and
enables further weight reduction by allowing for smaller and simpler peripheral
components. Thus far, Ti-6Al-4V has been utilized for connecting rods in
motorcycles, while Ti-3Al-2.5V-REM has found application in automobiles. Given
that vanadium (V) in these alloys is costly, Super-TIX™ 51AF (Ti-5Al-1Fe) was
engineered to incorporate iron (Fe), a more economical alternative to vanadium.
This alloy exhibits nearly equivalent fatigue strength to the traditionally employed
Ti-6Al-4V and demonstrates favorable hot workability. Additionally, it is particularly
compatible with the Fracture Splitting (FS) method commonly used for steel
connecting rods. With these advantages, Ti-5Al-1Fe facilitated the introduction of the
world’s first mass-produced titanium connecting rods via the FS method, featuring
in Yamaha Motor Co., Ltd.'s 2015 model of the YZF-R1 and other models (see Fig.
1.13.). Moreover, this alloy is distinguished by its excellent machinability,
contributing to reduced production costs for connecting rods.

Figure 1.13. Ti-5Al-1Fe connecting rod [F14]
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Engine valves: Engine valves are components that operate with reciprocating
motion, similar to connecting rods. Reducing their weight significantly enhances
responsiveness at high RPMs. Additionally, it is feasible to minimize the size of
associated peripheral components. When utilizing titanium for engine valves, it is
imperative that the material possesses adequate fatigue strength to endure the
stresses imposed by the camshaft and valve seat during each opening and closing
cycle. Moreover, since exhaust valves are directly subjected to exhaust gases, they
must exhibit both high-temperature fatigue strength and creep resistance.

Titanium alloys meeting these requirements are employed for both intake and
exhaust engine valves (see Figure 1.14.). For intake engine valves, Ti-6Al-4V and
Super-TIX™ 523AFM (Ti-5Al-2Fe-3Mo), which undergo various anti-wear
treatments, are commonly used. The latter alloy is specifically engineered for
enhanced beta-stabilizing capability and superior strength compared to Ti-6Al-4V,
leading to its increasing adoption intake applications due to its exceptional strength
and fatigue resistance. In contrast, near a-type alloys developed for aircraft engines —
such as Ti-6Al-2.75n-4Zr-0.4Mo-0.455i and Ti-6242S (Ti-6Al-25n-4Zr-2Mo0-0.15i) —are
predominantly utilized for exhaust engine valves.

Figure 1.14. Titanium engine valve [F14]
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This preference arises from two key factors: (i) these alloys maintain a high
proportion of the a-phase, which is beneficial for high-temperature strength up to
elevated thermal ranges, resulting in greater strength compared to Ti-6Al-4V and Ti-
5Al-2Fe-3Mo in environments exceeding 500°C; (ii) at 800°C, their fatigue strength
rivals that of heat-resistant steel SUH35 (Fe-0.55C-9Mn-21Cr-4Ni-0.45N), coupled
with a notably high specific strength ratio (fatigue strength/density). For an in-depth
exploration of the fatigue properties of engine valves, including the impact of
microstructure and surface treatment, readers are encouraged to consult another
article dedicated to this topic.

Reinforcement and stiffening components are occasionally employed to enhance
the rigidity of a vehicle's structure, particularly when optimal responsiveness is
required. Typical instances include strut bars that link the strut towers supporting
the left and right suspension systems, as well as under braces that connect various
elements beneath the vehicle chassis; these components are primarily fabricated from
steel. Conversely, to mitigate the weight increase associated with adding new parts,
weight reduction strategies are essential. Given that these components must fit
within confined spaces, materials exhibiting high Young's modules and excellent
formability are essential. In this context, titanium emerges as an ideal choice due to
its relatively high Young's modulus combined with favorable formability
characteristics among lightweight materials. Recently, there has been an uptick in the
use of titanium for strut bars (refer to Figure 1.15. by Okuyama Co., Ltd.).
Additionally, as the urgency for reducing environmental impact grows, titanium
offers benefits such as diminished painting requirements due to its superior corrosion
resistance. Consequently, we anticipate a broader adoption of titanium in lower body
components like subframes and braces.

Body Panels: As the automotive industry increasingly prioritizes weight reduction,
optimizing the weight of body panels—such as roofs, hoods, and doors —emerges as
a critical strategy due to their substantial mass. Notably, reducing the weight of the
roof, positioned at the top of the vehicle's structure, can enhance dynamic
performance by lowering the vehicle's center of gravity.

During vehicle assembly, the roof is attached to a frame primarily constructed from
steel and subsequently undergoes a painting process. This process involves baking
paint at approximately 170°C; however, if materials have a high coefficient of linear
expansion, distortion may occur. Titanium possesses a coefficient of linear expansion
of 8.4 x 10-6, which is relatively close to that of steel (12 x 10-6).
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Thus, incorporating titanium into roof designs could facilitate weight reduction
while minimizing distortion risks. Looking ahead, advancements in technology are
needed to address challenges associated with bonding dissimilar metals and
achieving mass production; therefore, integrating titanium into body panels is highly
desirable.

Fuel Cell and Electrification Components: Proton Exchange Membrane Fuel Cells
(PEEC) are utilized not only in vehicles but also as distributed energy sources for
residential applications due to their high-power density, lightweight nature, and
compact design. As illustrated in Fig. 1.15, a PEFC consists of multiple layers within
membrane electrode assemblies (MEA), which include a solid polymer membrane,
electrodes, and gas diffusion layers, all encased in a structure featuring separators
that secure both sides of the MEA. These separators are engineered with gas flow
pathways that facilitate the supply of hydrogen and oxygen while effectively
conducting current externally without permitting gas leakage.

The polymer membrane incorporates numerous sulfate groups to enhance
conductivity; however, as degradation occurs over time, sulfate ions may leach into
the generated water. Consequently, when selecting metal materials for separators, it
is essential to ensure formability for the gas flow path, minimal contact resistance
with electrodes, and resistance to corrosion in an acidic sulfuric acid environment.
Titanium emerges as a suitable candidate due to its excellent formability and inherent
corrosion resistance along with electrical conductivity.

Nonetheless, the passivation layer on titanium surfaces exhibits high electrical
resistance, necessitating improvements in contact resistance between the separator
and electrodes. To address these challenges, research has focused on technologies
that balance corrosion resistance with low contact resistance through methods such
as precious metal plating (including Au and Pt) and carbon layer deposition.
Notably, advancements in these areas have led to the incorporation of titanium
separators in Toyota Motor Corporation’s MIRAI Fuel Cell Vehicle (FCV).
Furthermore, there is growing interest in applying titanium to electric motors due to
rising electrification demands. Similar to engines, motors feature rotating
components where titanium alloys excel because of their lightweight yet robust
characteristics.

Building on titanium's exceptional material properties, its use in automotive parts
has progressively broadened from racing cars to mass-produced vehicles.
Applications now encompass engine components such as connecting rods and valves
as well as exhaust systems, fuel tanks, and even fuel cell elements.
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As mobility evolves towards greater diversification in the future, we aim to further
advocate for expanded utilization of titanium among automotive manufacturers as
well as parts producers and material suppliers—all aimed at enhancing the benefits
associated with automotive components. Despite these significant advantages
offered by titanium, various challenges impede its widespread adoption for mass
production purposes. The main hurdles include elevated costs associated with
manufacturing complexities and limited availability of raw materials [60].

Figure 1.15. Schematic diagram of PEFC [F14]

In conclusion, titanium's unique combination of lightweight properties, exceptional
strength, and corrosion resistance positions it as a highly advantageous material
across various automotive applications. Its integration into components such as fuel
tanks, exhaust systems, and engine parts not only enhances performance by reducing
weight but also improves durability and efficiency. The ongoing development of
advanced titanium alloys, such as Super-TIX™ variants, addresses the specific
demands of high-temperature and high-stress environments, further broadening its
applicability. Despite challenges related to manufacturing costs and raw material
availability, the potential for titanium to contribute to the evolution of automotive
design and engineering is significant, promising advancements in both performance
and sustainability as the industry continues to prioritize weight reduction and
efficiency.
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1.4.1. High Cost and Economic Constraints

One of the major obstacles hindering the extensive adoption of titanium in the
automotive sector is its elevated production expenses. The conventional Kroll
process, commonly employed for extracting and refining titanium, is both energy-
intensive and costly. Specifically, the high-temperature reduction phase necessitates
heating titanium tetrachloride (TiCls) with magnesium at temperatures ranging from
800 to 1000°C, which consumes substantial amounts of energy. The chlorination
stage, where titanium ore (TiO,) is transformed into TiCl, using chlorine gas at
elevated temperatures, further exacerbates these energy requirements. Moreover, the
batch processing characteristic of this method entails repeated cycles of heating,
cooling, and handling, resulting in inefficiencies. The process also incorporates
magnesium recycling; magnesium chloride (MgCl,) must undergo electrolysis,
adding to the overall energy expenditure. Furthermore, intricate handling and
purification procedures—such as vacuum distillation and the melting of titanium
sponge—contribute to increased energy consumption. These combined factors
render the Kroll process both costly and inefficient, thereby elevating the price of
titanium production. In contrast to steel and aluminum —which can be produced
through more economical methods—titanium manufacturing involves several
complex stages that considerably inflate its cost. On average, titanium may be up to
twenty times more expensive per kilogram compared to steel, making it less feasible
for use in mass-market vehicles [61].

In addition to production costs, the price of raw materials further complicates
titanium's economic viability. The extraction and processing of titanium ores like
rutile and ilmenite entail expensive refining techniques. Fabrication methods such as
forging, casting, and machining are also costly due to titanium’s distinctive
attributes, including high chemical reactivity and low thermal conductivity. While
innovations in titanium processing have enhanced efficiency levels, overall
production expenses continue to pose a significant barrier to its widespread
implementation within the automotive industry [62].
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1.4.2. Manufacturing and Processing Challenges

Titanium presents significant challenges in the manufacturing process due to its
distinct physical and chemical characteristics. Its low thermal conductivity causes
heat build-up during machining, which can lead to quick wear of tools and increased
production costs. Conventional machining methods such as milling, drilling, and
turning require specialized tools and cooling systems to manage the heat produced
during processing. As a result, manufacturers face higher operational expenses when
working with titanium compared to more traditional materials like steel or
aluminum [63].

To address these challenges, new manufacturing techniques such as electrical
discharge machining (EDM), laser cutting, and additive manufacturing (3D printing)
have been explored. These advanced approaches improve the efficiency of titanium
processing by reducing material waste and enhancing accuracy. However, they are
still costly and not commonly employed for mass production due to their specific
needs. Additionally, the forging and welding processes for titanium alloys
necessitate high temperatures and sophisticated equipment, further limiting their use
in large-scale automotive manufacturing [64].

1.4.3. Limited Availability of Raw Materials

Titanium extraction and processing are intricate processes. In contrast to aluminum
and steel, which benefit from established supply chains, titanium production is
contingent upon particular ores like rutile and ilmenite. These ores are sourced from
specific locations such as Australia, Canada, and South Africa, resulting in
constraints within the supply chain and fluctuations in pricing [65]. Furthermore,
geopolitical considerations can affect both titanium mining operations and its global
distribution, leading to market instability. The dependence on a limited number of
mining areas coupled with the high costs associated with refining poses challenges
for incorporating titanium into large-scale manufacturing.

Nonetheless, recent research indicates that titanium presents a low supply risk for
electric vehicle (EV) production, positioning it as a viable option for future
sustainable automotive uses [66].
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1.4.4. Prospects and Potential Solutions

To address these challenges, researchers and manufacturers are actively investigating
new techniques for cost reduction and innovative production methods. These
include:

Alternative Extraction Methods: Emerging technologies such as the FFC Cambridge
process and Hydrogen Sintering and Phase Transformation (HSPT) seek to decrease
titanium production costs by minimizing energy usage and streamlining the
extraction process. These advancements could enhance titanium's competitiveness
against traditional materials like aluminum and steel [67].

Advancements in Additive Manufacturing: Techniques like 3D printing and powder
metallurgy facilitate the effective creation of lightweight titanium components while
generating minimal material waste. These methods improve manufacturing
accuracy, lower costs, and provide greater design flexibility. However, the high
initial investment associated with additive manufacturing poses a barrier to its
widespread use in mass-market vehicles [68].

Development of New Titanium Alloys: Ongoing research is aimed at enhancing the
machinability of titanium and creating cost-effective alloys with superior processing
properties. By refining titanium compositions, manufacturers hope to lower
fabrication costs and increase the material’s applicability in automotive settings [69].
With persistent progress in material science and manufacturing technologies, it is
anticipated that titanium will assume a more significant role within the automotive
sector, especially in applications involving high-performance, electric, and luxury
vehicles. Although cost-related challenges remain, continuous research and
development initiatives are setting the stage for more affordable and efficient
titanium solutions moving forward [70].

In summary, while titanium offers exceptional properties such as lightweight
strength and corrosion resistance, its widespread adoption in the automotive sector
is hindered by high production costs and complex manufacturing processes. The
conventional Kroll process for titanium extraction is energy-intensive and costly,
resulting in prices significantly higher than those of steel and aluminum.
Additionally, titanium's unique characteristics necessitate specialized machining and
fabrication techniques, further inflating operational expenses. Emerging
technologies, including alternative extraction methods and advancements in additive
manufacturing, show promise in reducing costs and enhancing efficiency.
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1.5. Protection of titanium against high temperature
oxidation

Titanium and its alloys, while known for their remarkable resistance to corrosion,
experience accelerated oxidation when exposed to temperatures exceeding 600°C.
This phenomenon leads to embrittlement and a deterioration of mechanical
properties [71]. Such issues are particularly critical in industries like aerospace,
automotive, and power generation, where materials frequently encounter high
temperatures [72]. In contrast to stainless steel or nickel-based superalloys, titanium
develops a non-protective and porous layer of titanium dioxide (TiO) upon extended
thermal exposure. This facilitates the diffusion of oxygen into the substrate [71],
resulting in the creation of brittle a-phase layers that are stabilized by oxygen, thus
undermining the material's mechanical strength [73]. To mitigate the effects of high-
temperature oxidation, a variety of surface protection methods have been introduced,
including coatings based on silicon, aluminum, and glass-ceramics [70]. These
sophisticated coatings act as barriers against diffusion, preventing oxygen from
penetrating while preserving the essential characteristics of titanium alloys in harsh
conditions. Table 1.3 shows, silicon, aluminum, and glass-ceramic-based coatings
with an emphasis on enhancing adhesion and thermal stability specifically for
automotive exhaust systems.

Table 1.3: Comparison of coating methods [3].

Adhesi
Coating T Deposition Oxidation Sfr :181:); Cost-
oatthg Type Method Resistance (°C) eng Effectiveness
(MPa)
Aluminide
CVD 800-1000 45-60 Moderate
(ALO3)
Pl
Silicide (TisSis) asma 700-900 30-45 High
Spraying
Glass-Ceramic | Slurry Coating 600-800 20-35 Low
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1.5.1. Surface Protection Using Silicon

Silicon-based coatings significantly improve the oxidation resistance of titanium. By
integrating silicon into titanium's surface, a protective silica (5iO) layer is created,
which acts as a barrier against oxygen penetration and degradation at elevated
temperatures. Coatings like TisSiz and TiSi, are known for their excellent thermal
stability and oxidation resistance, effective up to 1000°C. These coatings are usually
applied using methods such as pack cementation, chemical vapor deposition (CVD),
and slurry techniques. The primary benefit of silicon coatings is their ability to
produce a dense, adherent oxide layer that inhibits further oxidation, making them
particularly advantageous for aerospace components, turbine blades, and high-
temperature industrial uses [70-75].

The SiO;, layer exhibits remarkable stability in oxidative environments and avoids the
spallation problems that can occur with pure TiO, layers. Moreover, silicide coatings
have shown improved performance under cyclic oxidation conditions when
compared to uncoated titanium alloys. Nevertheless, issues like brittleness during
thermal cycling persist, prompting researchers to investigate composite silicide
coatings that offer better ductility. Recent developments in nano-structured silicide
coatings and multi-layered diffusion barriers made of silicon aim to enhance
mechanical durability while preserving excellent oxidation resistance [70-74].

1.5.2.  Surface Protection Using Aluminum

Aluminum-based coatings present an effective method for protecting against
oxidation by creating a stable layer of aluminum oxide (Al:Os) on the surface of
titanium. This oxide layer plays a crucial role in significantly limiting the diffusion of
oxygen into the underlying metal, thereby preventing the development of embrittling
oxygen-rich phases within the titanium structure.

Aluminide coatings are typically created using techniques such as pack
aluminization, chemical vapor deposition (CVD), plasma spraying, and thermal
diffusion processes. These coatings not only improve resistance to oxidation but also
enhance wear and erosion resistance, making them suitable for components in
aerospace engines, heat exchangers, and high-temperature industrial settings.
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The generation of ALO; is particularly advantageous due to its greater
thermodynamic stability compared to TiO,; it forms a continuous and dense barrier
that reduces oxidation at elevated temperatures. Furthermore, aluminum-modified
titanium alloys (Ti-Al alloys) demonstrate improved thermal stability and
mechanical strength, broadening their use in harsh environments. However,
aluminide coatings have a potential drawback: they may lead to the formation of
intermetallic compounds like TiAl and TisAl, which can affect the mechanical
properties of the coated materials. To mitigate this issue, researchers are exploring
graded aluminide coatings and hybrid aluminum-ceramic composites aimed at
maximizing oxidation resistance while maintaining mechanical performance.

1.5.3.  Surface Protection Using Glass and Glass-Ceramics

Glass and glass-ceramic coatings offer an alternative method for oxidation protection
by creating a dense layer that obstructs oxygen infiltration. These coatings are
generally made from borosilicate or phosphate-based glass, which bond effectively
to titanium and demonstrate remarkable thermal stability. Acting as diffusion
barriers, glass-ceramic coatings significantly restrict the movement of oxygen while
preserving surface integrity in high-temperature environments. They are particularly
advantageous for protective cladding in aerospace and energy sectors where extreme
temperatures are frequently encountered.

A notable benefit of glass coatings is their capacity to autonomously repair minor
cracks, providing sustained oxidation protection even amidst fluctuating thermal
conditions. Furthermore, these coatings possess excellent chemical resistance,
making them appropriate for demanding operational environments that involve
exposure to corrosive gases and molten metals.

Nevertheless, issues such as mismatches in thermal expansion between the coating
and titanium substrate need to be resolved to ensure long-lasting durability. Recent
advancements in glass-ceramic formulations and multilayer hybrid coatings have
shown potential in enhancing adhesion, resistance to thermal shock, and overall
performance in high-temperature scenarios [72-75].
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Figure 1.16. Structure of Bioglass 4555 as determined by Molecular Dynamics (MD)
simulation: a) the silicate backbone (5iO4), and b) a seven-membered silicate ring that
illustrates short silicate units (with oxygen in red, silicon in yellow, and phosphorus in
purple) [F15].

1.6. Conclusion

The topics highlight the critical role of advanced coatings in enhancing the high-
temperature oxidation resistance of titanium and its alloys, particularly for
applications in automotive exhaust systems. Silicon-based coatings, such as silicides,
effectively create a protective SiO, layer that inhibits oxygen penetration,
demonstrating excellent thermal stability and oxidation resistance up to 1000°C.
Glass-ceramic coatings provide an alternative by forming dense barriers against
oxygen infiltration and exhibiting self-repair capabilities, although challenges related
to thermal expansion mismatches remain.

Aluminum-based coatings, particularly aluminide layers, offer significant oxidation
protection by generating a stable AlOs; layer, enhancing wear resistance, and
improving thermal stability. However, they may also lead to the formation of
intermetallic compounds that could affect mechanical properties.
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Ongoing research into composite and graded coatings aims to optimize performance,
addressing both oxidation resistance and mechanical integrity in high-temperature
environments. These advancements are essential for expanding the application of
titanium in demanding industries, ensuring its durability and functionality under
extreme conditions.

2. Theories and mechanism of
adhesion

The term "coating" refers to solid or liquid material applied to a substrate as either a
continuous or discontinuous film. Coatings can serve functional, aesthetic, or
combined purposes. They are employed to enhance or modify the surface
characteristics of the substrate, such as its wettability, resistance to corrosion or wear,
and may even impart entirely new properties like magnetic or electrical behavior. In
contrast, aesthetic coatings focus solely on improving visual appeal. Coatings can be
categorized into two types: all-over coatings that cover the entire surface of the
substrate and non-all-over coatings that only cover specific areas [76].

2.1. Coating deposition process and techniques

Coating deposition methods can be categorized into various groups based on the
mechanisms used for applying the coating:

Vapor Deposition: This technique involves the application of coating one atom or
molecule at a time. The resulting thickness can range from a single atom to several
millimeters, and it allows for the creation of multiple layers by using different
materials.

There are two primary approaches within vapor deposition: Physical Vapor
Deposition (PVD) and Chemical Vapor Deposition (CVD). In the PVD process,
depicted in Figure 2.1, material is vaporized from either a solid or liquid source. The
resulting atoms or molecules are then transported as vapor to the substrate, where
they condense.
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This procedure typically takes place under vacuum conditions or at low pressure.
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Figure 2.1. Scheme of Physical Vapor Deposition (PVD) process [F16]

This method enables the deposition of thin films ranging from a few nanometers to
several nanometers in thickness. It is feasible to deposit either a single element or an
alloy through a reactive deposition process, where a reaction occurs between the
depositing materials and the surrounding gas or with a co-depositing material,
resulting in compound formation. Various materials can serve as coatings or
substrates; for instance, Figure 2.2 illustrates a PVD deposited coating on a carbon
fiber substrate, which is coated with AIN.

The differences in surface characteristics between the uncoated fiber (b) and the fiber
that has been coated with AIN (a) are clearly visible. There are several categories of
PVD processes summarized in Figure 2.3: vacuum deposition, sputter deposition, arc
vapor deposition, and ion plating. In vacuum depositions, also referred to as vacuum
evaporation, the material intended for deposition is evaporated from a thermally
heated source and travels to the substrate with minimal collisions against gas
molecules. The vacuum environment helps reduce contamination within the
deposition system. This process operates at a significantly higher rate compared to
other methods.
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Another method is electron-beam physical vapor deposition (EBPVD), which
employs an electron beam to strike a target anode. This interaction causes atoms to
be released from the target and enter a gaseous state, eventually condensing into solid
form on the substrate to create a coating.

Figure 2.2. (a) Aluminum nitride (AIN) coating applied to carbon
fibers, (b) fiber without coating [F17].

Ion plating, also referred to as ion-assisted deposition (IAD) or ion vapor deposition
(IVD), involves either current or bombarding particles that facilitate the deposition
of material vaporized through processes such as evaporation, sputtering, erosion, or
decomposition of a chemical vapor precursor [77].

Chemical vapor deposition (CVD) is a technique that employs chemical vapor
precursors, which are converted into atoms or molecules through reduction or
decomposition processes. These transformed entities then react with one another on
the surface to form a coating. Additionally, the atoms may interact with gases present
in the system, leading to the formation of compounds that get deposited onto the
substrate [76].

Figure 2.4 illustrates a TiO2 coating applied to a glass substrate using the CVD
technique. This process can be categorized based on pressure levels into atmospheric
pressure CVD, low pressure CVD, and high-pressure CVD. Furthermore, it can also
be differentiated as hot wall and cold wall CVD depending on how heat is supplied:
in hot wall configurations, the chamber is heated externally while in cold wall setups
only the substrate is heated via induction or electric current, with the chamber
remaining at ambient temperature [76-77].
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Figure 2.3. Techniques for PVD processing: (a) Vacuum Evaporation, (b) Electron Beam
Deposition, (c) Sputter Deposition in a Plasma Environment, (d) Sputter Deposition
under Vacuum Conditions, (e), (f), (g) Ion Implantation in a Plasma Environment
utilizing a Thermal Evaporation Source, a Sputtering Source, and an Arc Vaporization
Source respectively, (h) Ion Beam-Assisted Deposition (IBAD)[F18].

Figure 2.4. Deposition of TiO2 coating on a glass
substrate utilizing the CVD method [F19].
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Figure 2.5. Plasma-Enhanced Chemical Vapor Deposition
(PECVD) System [F20]
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Figure 2.6. Outline of the Thermal Spray Procedure [F21]

An essential method is Plasma-enhanced chemical vapor deposition (PECVD) (refer
to Figure 2.5). This process involves chemical reactions that take place following the
generation of plasma formed from the reacting gases. Typically, this plasma is
produced using radio frequency (RF) technology. The PECVD technique enables
deposition at reduced temperatures, which is frequently vital for the production of
semiconductors and organic coatings, including plasma polymers that have been
utilized for functionalizing nanoparticle surfaces [78].

Spraying involves applying a coating to a surface using a device that utilizes
compressed gas, typically air, to atomize and direct the particles. This method is
primarily employed to achieve an even liquid coating over extensive areas. The
materials used for coating can be in the form of powder, wire, or rod, which are
supplied to a torch or gun where they are heated close to or slightly above their
melting point.
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Figure 2.7. Scheme of Plasma spray process [F22]

There are various forms of this process. Generally, thermal spraying is a method
whereby coating materials are melted through electrical or chemical means and then
sprayed onto surfaces as micrometer-sized particles (see Figure 2.6).

The resulting coating can vary in thickness from a few microns to several millimeters.
The plasma spray process (refer to Figure 2.7) employs a direct current electric arc to
produce a stream of high-temperature ionized plasma gas, which serves as the heat
source for the spraying operation. The powder intended for deposition is injected
into the plasma outside the gun nozzle, where it melts and is propelled by the gas
onto the substrate's surface. Upon reaching the substrate, these droplets flatten and
solidify, forming the coating.

Fuel

Oxygen Laval nozzle

Coating —= i

Shock diamonds

Powder with nitrogen carrier gas
Compressed air

Substrate ——»-

Figure 2.8. Scheme of High-Velocity Oxy-Fuel spray technique HVOF [F23]
By adjusting various parameters—such as the composition of the plasma gas, flow

rate, type of feedstock, and the distance between the substrate and nozzle—it is
possible to create coatings with specific desired properties.
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A variant of the process is known as Vacuum Plasma Spraying, which occurs in a
low-pressure chamber where the plasma is activated by an electrical field. Typically,
any volatile plasma by-products are removed using a vacuum pump. This low-
pressure plasma method offers several advantages, such as enhanced bonding and
deposit density, better control over the thickness of the coating, and increased
efficiency in material deposition.

The high velocity oxy-fuel (HVOF) spray process, illustrated in Figure 2.8, is a
relatively modern technique. This method utilizes a combustion chamber where a
mixture of gaseous and liquid fuel along with oxygen is ignited. The resulting
combustion generates high temperatures and pressure within the chamber. As the
hot gases flow through the nozzle, powdered feedstock is injected into this gas
stream, causing it to accelerate toward the surface intended for coating. Due to the
rapid speed of the particles, the coatings produced are typically very dense, well-
adhered, and may contain various inclusions [79].

An illustration of the surface produced using spraying techniques is presented in
Figure 2.9. In this instance, Ni2oCr is utilized as the coating material, which is applied
via the plasma spray method.

Figure 2.9. Morphology of plasma spray Ni20Cr coating deposited by plasma
spray method [F24]

Additional techniques include conversion coatings, where the material's surface
undergoes chemical and electrochemical reactions with the coating substance.
Another notable method is plating, where a metal layer is deposited onto a
conductive substrate. Various approaches exist for this process; one such technique
involves placing a metal sheet on a solid base, followed by melting it through the
application of heat and pressure.
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Figure 2.10. Phosphate coating [F25]

Examples of these methods encompass chromate conversion coatings, phosphate
conversion coatings, and blue or black oxide coatings applied to steel (refer to Figure
2.10).

Another approach involves electroplating, a process where metal in ionic form
generates a non-ionic coating through the assistance of electrons. This system
comprises a chemical solution containing the ionic metal, along with an anode and a
cathode, where electrons are provided to facilitate the formation of the non-ionic
layer. Additionally, one can achieve non-galvanic plating by leveraging concurrent
reactions within an aqueous solution [76]. This method is employed to enhance
aesthetic attributes or improve the properties of various substrates.

For instance, Figure 2.11 illustrates an aluminum substrate that has been
electroplated using bromide salts to enhance its resistance to corrosion.

(a) (b)

Figure 2.11. Aluminum Electroplating Utilizing Bromide Salts [F26]

In industrial applications, dip coating serves as a means to create thin films from sol-
gel precursors. The procedure consists of several stages: the substrate is submerged
in a coating material solution for a designated duration. As it is withdrawn from the
solution, a thin layer adheres to the substrate.
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Any excess liquid drains off the surface; subsequently, solvent evaporation leads to
the formation of the thin layer. An example of this process is depicted in Figure 2.12,
showcasing rhodium being dipped onto yellow gold.

Before After

Figure 2.12. Rhodium dipping on yellow gold [F27]

In conclusion, coating deposition methods are essential for enhancing material
performance and durability across various applications. These techniques are
categorized into vapor deposition, thermal spraying, and electrochemical methods,
each with unique advantages. Vapor deposition methods, such as Physical Vapor
Deposition (PVD) and Chemical Vapor Deposition (CVD), enable precise atomic-
level coatings, producing thin films from nanometers to micrometers in thickness.
Thermal spraying techniques, like plasma spraying and High Velocity Oxy-Fuel
(HVOF) spraying, create robust coatings that withstand extreme conditions,
enhancing wear resistance. Electrochemical methods, including electroplating and
conversion coatings, improve surface properties and corrosion resistance through
chemical reactions.

In the automotive industry, thermal spraying, particularly High Velocity Oxy-Fuel
(HVOF) spraying, is particularly suitable due to its ability to produce dense, durable
coatings that can endure high wear and thermal stress, making it ideal for
components like engine parts and exhaust systems. Additionally, electroplating is
commonly used to enhance corrosion resistance and aesthetic appeal on automotive
surfaces. Choosing the appropriate coating method is crucial for optimizing
performance in industries such as aerospace, automotive, and electronics. Ongoing
advancements in these techniques, including hybrid and composite coatings, will
enhance their effectiveness and broaden applications, meeting the growing demands
for performance and sustainability.
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2.2. Theory of adhesion

In a coating/substrate system, adhesion occurs between two distinct materials at their
interface, necessitating the generation of intrinsic adhesive forces. The understanding
of this adhesive phenomenon incorporates various fields, including surface
chemistry, fracture mechanics, rheology, and materials mechanics.

When discussing adhesion theory, it is crucial to differentiate between intrinsic
adhesion and measured adhesion. Intrinsic adhesion pertains to the direct molecular
attractions between the coating and substrate, while measured adhesion refers to the
bond strength that can be quantified through specific methods outlined later.
Numerous models exist that elucidate the mechanisms of adhesion [80].

2.21. Mechanical interlocking theory

This model suggests that adhesion occurs due to the mechanical interlocking of the
coating with the surface irregularities and pores of the substrate. Key factors
influencing this theory include the substrate's roughness, porosity, and wettability.
The tensile strength is influenced by the angle of crevices on the adhered surface,
while an increase in roughness enhances shear strength.

Leeden and Frens identified three types of surface irregularities (see Figure 2.13),
with only defect "b" being significant for interlocking adhesion.

L " ‘

d
il

Figure 2.13. Three types of superficial defects [F28]

n_n

The impact of defects "a" and "c" varies based on the direction of the applied force.
Furthermore, it is essential that the coating material possesses adequate viscosity to
effectively fill the pores [43].

Mechanical interlock serves as the primary mechanism for explaining adhesion
strength within a system comprising a metal substrate and a polymeric coating.
Research conducted by Won-Seock et al. focused on a steel and carbon fiber
reinforced polymer system (refer to Figure 2.14).

46



- SN

v /2% Politecnico
i di Terino Master’s Degree Thesis
B AUTOMOTIVE ENGINEERING - A.Y. 2024/2025

Their findings indicated that greater roughness enhances adhesion strength, while
mechanical interlock leads to energy dissipation processes during the fracture phase
[81].

3x Bix 160 steel
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Figure 2.14. Cross section of a steel/composite bonded interface [F28]

2.2.2.  Chemical/adsorption theory

This framework, introduced by Sharpe and Schonhorn, relies on the interatomic and
intermolecular interactions between the atoms and molecules present on the two
surfaces. These interactions encompass secondary bonds, including Van der Waals
and hydrogen bonds, as well as primary bonds such as covalent, ionic, and metallic
bonds.

Paint formulations that include reactive functional groups like hydroxyl or carbonyl
exhibit stronger adhesion to substrates that possess similar features. Consequently,
bi-functional molecules are utilized as promoters of adhesion; one end is designed to
react with the paint while the other end interacts with the substrate, resulting in
robust and long-lasting connections. These molecules are typically silane-based and
serve both as additives in paint compositions and as primers for glass and metal
surfaces. Anillustration of a covalent bond formed at the interface with a steel surface
via chemisorption is depicted in Figure 2.15 [82].

Adsorption theory, often referred to as thermodynamic theory, encompasses
knowledge related to wetting, rheology, and chemistry. To achieve effective wetting,
the surface energy of the substrate needs to exceed that of the liquid coating, as will
be elaborated upon later. Materials such as metal, glass, and certain polymers possess
a higher surface energy than paint binders, making them suitable for use as
substrates.

In some instances, specific plastic substrates with very low surface energy —like
polypropylene, silicone rubber, and fluoroplastics—can serve as substrates if they
undergo surface treatment processes (such as chemical treatment, flame treatment,
or corona treatment) that enhance their surface energy. [82].
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Figure 2.15. Chemical Interaction of Silane Adhesion Promoter with Steel Surface [F29]

2.23. Acid-base theory

Fowkes et al. identified acid-base interactions as a significant category of intrinsic
adhesion forces. The two surfaces can function as an acid by either accepting
electrons (a Lewis acid) or donating protons (a Brensted acid), or they may act as a
Lewis base by donating electrons or accepting protons, potentially exhibiting both
acidic and basic characteristics [80][83].

Neubauer et al. investigated these mechanisms by examining the acid-base
interactions of aromatic sulfur heterocycles adsorbed on Ag-Al203. As illustrated in
Figure 2.16, three types of bonds are formed: m-Ag, S-H, and S-Ag. The first bond
type, m-Ag, exhibits high adsorption energy and is generated through two
mechanisms: silver cations form typical o-bonds using their s orbitals, while the d
orbitals of these cations can back-donate electron density to the antibonding mt-orbital
of the sulfur heterocycles. The S-Ag interaction is explained by hard and soft acid-
base (HSAB) theory; specifically, the silver cation in Ag-Al203 acts as a soft acid,
while the sulfur heterocycles serve as Lewis bases with two lone pairs of electrons —
one o lone-pair and one 7 lone-pair electron. Additionally, this S-Ag interaction
aligns with HSAB theory: here, the silver cation behaves as a soft acid interacting
with the sulfur heterocycle regarded as a soft base [84].
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Figure 2.16. Creation of t-Ag, S-H and S-Ag bonds [F32]

2.24. Diffusion or interdiffusion theory

In this theory, adhesion arises from the interdiffusion of macromolecules between
two materials (see Figure 2.17). Several conditions must be met: the molecules at the
interface should possess sufficient mobility to intermingle, the materials need to have
comparable solubility parameters, and they must be both miscible and compatible.
Typically, this type of adhesion is observed between two polymers, where a transient
zone develops due to the interaction of macromolecules in the outer layers.
Macromolecules are crucial in determining bond strength, which is affected by
tactors such as chain length, polymer structure, contact duration, concentration, and
temperature [80].

Interface

t=0

Figure 2.17. Diffusion theory of adhesion [F29]
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2.2,5. The electrostatic attraction theory

The theory of electrostatic attraction is grounded in the shared interaction of electrons
at the boundary between two different materials. Here, an electrostatically charged
double layer of ions develops at the interface, allowing the system to be
conceptualized as a capacitor. This framework is relevant for pairs of incompatible
materials, like metal and polymer, illustrated in Figure 2.18. Attractive forces arise
when one surface possesses a net positive charge while the other exhibits a net
negative charge. The strength of these forces at the interface is influenced by charge
density [80]. For instance, such adhesion bonds are formed between low-density
polyethylene (LDPE) and an aluminum substrate. Furthermore, the presence of this
electric double layer significantly impacts the mechanical properties observed at the
interface. This model proves useful when dealing with incompatible materials,
including polymers and metals.

Figure 2.18. Electrical double layer formed at the
interface between a polymer and a metal [F29]

2.3. Thermodynamic theory of adhesion

From a thermodynamic point of view, the adhesion of a coating to a substrate depend
on different parameters, such as free energy of the surface, wettability, forces of
attraction. When a liquid drop is deposited on a surface, the liquid can spontaneously
spread on the surface forming a thin film or can form a sessile droplet on the surface.
In the first case, an intimate molecular contact is established and results in the
elimination of air pockets and in the penetration of the liquid in the asperities of the
surface. In the second case, the adhesion of the Im to the substrate is worse. The
behavior depends on the surface tension of the two components, and it is possible to
de ne a contact angle by the Young's equation:

vs=7vysl +vyl cos O
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where In this equation, ys represents the surface tension of the solid substrate in
equilibrium with the saturated vapor of the liquid; ysl denotes the interfacial tension
between solid and liquid; yl indicates the surface tension of the liquid in equilibrium
with its own saturated vapor; and O signifies the contact angle at the solid-liquid
interface (see Figure 2.19).

The value of superficial tension—and consequently that of the contact angle—
determines whether a liquid will wet a given surface. This characteristic is crucial for
establishing adhesive bonds: coatings with lower surface energy than that of their
substrates will effectively wet those surfaces. If sufficient intimate contact is made
between coating and substrate, strong physical interactions develop that lead to
robust bonding. It is important to note that while spreading enhances adhesion by
maximizing contact area and reducing interfacial flaws or defects, it is not the sole
requirement for good adhesion.

When molten powders are applied to a surface, coalescence must take place (refer to
Figure 2.20). This process depends on factors such as surface tension, particle
curvature radius, and viscosity of the molten material.

b{

TTTTE TTIT

Figure 2.19. Liquid drop on solid surface in equilibrium [F29]

To reduce coalescence time effectively, conditions such as low viscosity, small
particle size, and low surface tension are essential.

Solid Molten

Coalescence

—_—

Figure 2.20. Coalescence of molten powders [F30]
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Another significant factor to consider is the role of attraction forces, known as Van der
Waals forces. When atoms or molecules come sufficiently close together, they exhibit
an attractive interaction. However, under certain conditions, repulsion may occur,
particularly when there are fixed distributions of electrical charges or magnetic
polarization, or when matter is compressed to the point that outer electron shells start
to overlap. Van der Waals forces consist of three main components. The first
component is referred to as London forces or dispersion forces, which arise from
fluctuations in electron density leading to temporary electric dipoles that create
attraction (see Figure 2.21 a).

These interactions are ubiquitous across all types of matter; despite their relatively
weak nature, their cumulative impact can be substantial. The second component
involves Keesom forces, which describe the attraction between permanent dipoles and
rely on the dipole moments of the interacting molecules (see Figure 2.21 b).

The third contribution comes from Debye forces, which are the dipole-induced dipole
interactions. These forces occur when a permanent dipole induces a dipole in an
adjacent molecule, resulting in a potential energy of interaction that is proportional
to the molecular polarizability (refer to Figure 2.21 c).

Additionally, acid-base interactions result in robust bonding. Examples include
hydrogen bonding, Lewis acid-base interactions, and Bronsted-type acid-base
interactions [80][83][85].

a London Dispersion Force b
No polarization Instantaneous dipole Induces instantaneous Keesom lnteraCtlon
created dipole Ne
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Figure 2.21. a) London forces, b) Keesom forces c) Debey forces [F31]

2.4. Macroscopic adhesion testing

As previously mentioned, coatings are applied to enhance or impart specific properties
and characteristics to the substrate. To achieve this objective, it is crucial that the
coating adheres well to the substrate without compromising the overall performance
of the system. To assess adhesion, tests are conducted on both the coating and the
substrate to analyze the level of adhesion. By evaluating how well coating adheres, one
can investigate the pre-treatment processes of the component and examine how
various parameters influence coating performance.

The American Society for Testing and Materials (ASTM) defines adhesion as "the state
in which two surfaces are held together by interfacial forces which may consist of
valence forces or interlocking forces or both." [86]. Experimental adhesion can be
characterized as the maximum force per unit area applied when separating two
materials, or as the work required to disconnect them. In practice, plastic deformation
often occurs, complicating the assessment of true adhesion work [87].

The weak boundary layer theory elucidates that bond failure at an interface may arise
from either cohesive failure or a compromised boundary layer. Such failures can take
place in either the adhesive or adherend if impurities accumulate near the bonding
surface, leading to weak connections with the substrate.

Bikerman identified seven distinct categories of weak boundary layers (see Figure
2.22), including air pockets, interface impurities, and chemical reactions between tw
components [80][88].
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Alir pores Impurities Reactions

Figure 2.22. Theory of weak boundary layers. (1) air pores, (2) and
(3) impurities at the interface, (4), (5), (6), and (7) reactions
between the two materials [F29]

2.4.1. Cause of failure

Different elements, whether acting individually or together, can stress the bond
between a coating and its substrate, potentially leading to system failure (Figure 2.23).
One of the primary causes of such failure is mechanical stress, which can affect both
the bulk material and the interface zone. In this context, two prevalent types of stress
are tensile stress, which acts perpendicular to the surface, and shear stress, which
occurs along the plane of contact. Additionally, variations in temperature may also
lead to system failure; when materials possess differing coefficients of thermal
expansion, stress can develop at the interface. This situation is particularly problematic
since the impact of temperature changes is often less noticeable compared to
mechanical or chemical factors. Furthermore, a chemical cause for failure may arise if
molecules like water, gases, or ions infiltrate the coating and reach the interface zone,
resulting in diminished adhesion.

The nature of potential failures that can manifest during adhesion testing will vary
based on the properties of both substrate and coating. Failure may initiate from the
surface and propagate into the substrate (Figure 2.24) [85].
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Figure 2.23. Cause of failure of coating/substrate system [F30]
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Figure 2.24. Types of failure of coating/substrate system [F33]

Adhesion test

Adhesion testing techniques can be categorized into three main groups: nucleation
methods, mechanical methods, and miscellaneous methods. Nucleation methods
assess the failure of individual atomic bonds between the coating and substrate; the
collective strength of these atomic forces results in overall macroscopic adhesion. These
approaches rely on measuring factors such as nucleation rate, critical condensation,
and the residence time of atoms during deposition. In contrast, mechanical methods
involve various techniques to detach the coating from the substrate.
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These can be further classified into two subcategories based on whether there is a
normal detachment from the film’s lateral surface relative to the substrate. Lastly,
miscellaneous methods refer to techniques that do not qualify as practical tests but may
hold academic significance [87][89].

The most widely utilized methods include:

Pull-off Test: This is the most straightforward and commonly employed assessment
for determining the adhesion between a coating and its substrate. The ASTM D4541
standard outlines the necessary equipment and procedures: a dolly is affixed to the
coated surface, which is then subjected to a perpendicular pulling force to detach the
coating (see Figure 2.25) [89].

Typically, a two-component epoxy adhesive is used for bonding the dolly to the
coating. This test allows for an evaluation of:

1. The maximum perpendicular force that can be applied to the surface area before
material detachment occurs.

2. Whether the coating remains intact at a specified load.

However, this method has several drawbacks: it combines tensile and shear forces,
making it challenging to differentiate and interpret them; perfect alignment at the
interface is crucial for achieving uniform loading; and there is a risk that either the
adhesive or solvent used during testing may infiltrate the coating, altering its
properties and performance.

A pull-off test was carried out by Yanli Cai et al. on magnesium-containing
hydroxyapatite (MgxFHA) coatings applied to a Ti-6Al-4V substrate. An aluminum
rod was adhered to the coating surface with epoxy resin and allowed to cure at room
temperature for 24 hours. Scanning Electron Microscopy (SEM) analysis was
conducted to assess the mode of failure at the fracture interface. The outcomes of the
pull-off tests on MgOFHA (a) and Mg2FHA (b) coatings on Ti-6Al-4V are illustrated in
Figure 2.26, revealing cohesive fractures in both instances [90].

A variation of this approach is the tangential shear or lap shear method, which involves
applying a parallel force to the surface. The measured shear stress indicates the
tangential force per unit area necessary to disrupt the bond between the coating and
the substrate.

» Ultra centrifugal method: This technique eliminates the need for adhesives or
solder by spinning the sample at extremely high velocities. Once a critical
rotational speed is reached, the coating detaches from the substrate due to an
inability to endure the centrifugal forces.
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» Cross-cut test: To assess coating adhesion in this method, a lattice pattern is cut
into the coating using various cutting tools. The evaluation relies on measuring
how many flakes of coating detach from the substrate [85]. An illustrative
example can be found in Figure 2.27.

= Scratch test: According to standard ASTM C1624-05 for scratch adhesion
testing, different modes are defined for assessing both strength and failure of
coatings applied on metallic or ceramic substrates. This test employs a diamond
stylus to create a scratch on the coating's surface while applying a gradually
increasing normal force at a consistent speed. Typically, a Rockwell C geometry
stylus is utilized with varying radii to adjust contact pressure (Figure 2.28).

Upon completion of the scratch, microscopic examination of the surface reveals
damages such as delamination, buckling, and deformation [91]. A critical load is
established; this load signifies when separation between coating and substrate occurs
consistently and correlates with both adhesion strength and damage resistance of the
system. This value depends on characteristics of both the stylus and properties of the
coating [87].

Pull Force

!

Test dolly
Coating and
adhesive cut
downto
Subgtrete Adhesive
Coating
4 B T L

Substrate

Figure 2.25. Pull-o test [F34]
As previously mentioned, the starch test can be conducted using three distinct
methods:

1. Constant Load: In this approach, scratches are created by applying a uniform
load. Additional scratches are produced by progressively increasing the load
each time to identify the specific load that results in damage.

2. Progressive Load: This method involves applying a normal force with a linearly
increasing load to create scratches. The critical load is defined as the threshold
at which initial damage occurs.
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3. Incremental Load: Here, scratches are formed by gradually increasing the
applied load over time [91].

Figure 2.26. Cross-sectional view of (a) MgOFHA and (b) Mg2FHA
coatings on Ti6Al4V substrate [F35]

1l
Appearance of —4
Cross-cut Area [=
1
Percentage of Flaking 0% <5% <15% <35% <65%
Figure 2.27. Cross-cut test [F36]
Normal lead
Rounded stylus
‘/Sl:ratch
Coating

Figure 2.28. Scratch test [F37]
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Figure 2.29 illustrates the scratches produced by various techniques. An acoustic
emission sensor can be utilized to identify high-frequency elastic waves occurring
within the coating/substrate system, signaling potential issues such as delamination,
cracking, or chipping.

wlm

- -

Fig. 3 — The three main scratch modes are constant load, progressive load, and incremental load (from left to right).

Figure 2.29. Three distinct scratch patterns were created through the
application of constant load, progressive load, and incremental load. [F38]

Choudhary and Mishra investigated the adhesion properties of Aluminum Nitride
coatings applied at various temperatures on a stainless-steel substrate, employing
acoustic emission techniques during scratch testing. In Figure 2.30 (a), the acoustic
emission curves obtained from scratch tests conducted at three distinct substrate
temperatures are presented.

The recorded acoustic emissions remained relatively low, below 1.5%, indicating that
the coating exhibits ductile characteristics and has a lower density of defects such as
voids and cracks, along with minimal intrinsic stresses. The ductility of the AIN coating
enhances with increased temperature; indeed, as depicted in Figure 2.30 (b), the
penetration depth of the indenter rises when tested on coatings at elevated
temperatures. Figure 2.31 displays optical images from a progressive scratch test
performed on a coating developed at 400°C. Observations reveal that there is no
adhesive delamination up to the maximum load of 20 N; furthermore, only minor
pores appear along the scratch path after reaching this load [92].

Regarding indentation and shockwave-loading methods: a crack is induced at the
interface between the coating and substrate through conventional indentation
techniques. In this scenario, most deformation occurs within the film itself; however,
there is some degree of debonding at the interface. The adhesion quality correlates with
resistance to crack propagation. The bond between the coating and substrate is
specifically linked to fracture resistance factors such as residual stress and defect
strength control mechanisms.
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This testing indicates that if cracks develop in the plastic zone created by indentation
at the interface, this region will have reduced thickness compared to both coating and
substrate layers involves residual stress and strength controlling defects. According to
this test, should either the coating or substrate fail prior to interface separation
occurring, then it can be concluded that the toughness of the interface is at least equal
to that of its weaker component. Figure 2.32 illustrates a schematic representation of
indentation adhesion for coatings and how crack size varies with increasing load
levels. Certain methods aim to induce delamination through shockwave loading
techniques using erosive particles or laser beams; outcomes depend significantly on
how much energy is absorbed by the coating.

The laser technique utilizes a laser to examine the surface of a coating, where the
energy absorbed creates a stress wave that can be detected. When the probing laser is
pulsed, the movement of thermal waves aids in identifying areas with cracks or regions
that have lost adhesion [87]. This investigation was carried out by Campos-Silva et al.
to assess the adhesion between FeB and Fe2B on the boride surfaces of AISI 316 steel.
Boriding is a thermochemical process aimed at enhancing hardness by diffusing boron
into the clean surface of metal steel at elevated temperatures. Vickers interfacial
indentation tests were conducted with loads ranging from 0.49 to 2.9 N, chosen
according to the thickness of the FeB layer.

The results, illustrated in Figure 2.33, indicate that fracture resistance at the interface
correlates with FeB layer thickness: an increase in this thickness enhances resistance
against crack initiation and propagation at the interface. Similar trends were observed
under various boriding conditions for the adherence of the FeB/Fe2B system.
Furthermore, it was found that both compressive behavior and residual stress intensity
diminished as the thickness of the FeB coating increased [93].

Impact Test: This test is crucial for assessing the resistance of coatings to stone chips.
A steel ball strikes the surface, causing force transmission through the coating that
results in debonding. Within the debonded region, two types of stress occur:
compressive stress at the center of the circular detachment area and shear stress in the
surrounding annular zone. By analyzing the dimensions of this debonding region, one
can evaluate the adhesive forces of the coating (see Figure 2.34). Several factors must
be considered in this assessment, including coating thickness, mass, diameter and
velocity of the steel ball, as well as impact duration [85].
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Figure 2.30. (a) acoustic emission and (b) penetration depth curves obtained
by scratch test on AIN coatings formed at different temperatures [F38].

Figure 2.31. Optical scratch images obtained on AIN coating
at different loads [F43]

Bouzakis et al. investigated the adhesion properties of TiAIN coatings produced via
PVD using a nano-impact testing method. In this process, an indenter approaches and
then re-accelerates from a short distance towards the film's surface. The automation
used allows for repeated impacts at a designated location on the sample surface at a
predetermined frequency. The progression of indentation depth during these
successive impacts is monitored continuously.
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The findings were compared with results derived from Finite Element Method (FEM)
calculations. These comparisons indicate that the developed FEM simulation model
can accurately describe loading conditions, fracture initiation, and subsequent
evolution within the film [94].

Thermographic Detection of Defects: This technique enables the creation of a
temperature distribution map on the surface. It allows for the identification of defects
and areas of debonding, as the heat flux moves towards the surface uniformly unless
interrupted by a defect or debonded section, which leads to variations in surface
temperature, as illustrated in Figure 2.35 [85].

Blister Method: This approach involves injecting a fluid at the junction between the
coating and substrate. The resulting increase in hydrostatic pressure causes the coating
to detach from the underlying surface.

X-ray Method: This non-destructive technique utilizes X-ray spectroscopy to
qualitatively assess the adhesion of epitaxial coatings applied to single-crystal
substrates and evaluate bond strength. However, this method is applicable only under
specific conditions and does not yield quantitative results.

| Indenter
Coatini
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Start Phase

Y2
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Deformation
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% Indentation

Debonded Area

Figure 2.32. Indentation coating [F43]
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Pulsed Laser or Electron Beam Method: In this process, only part of the substrate is
coated while a laser or electron beam generates a compressive stress wave on the
uncovered surface. This wave travels through the material, reflects off the coated
surface, and transforms into a tensile wave [95].

2.5. Influence of different factors on coating adhesion

In any application, the effectiveness of the end product hinges on the bond established
between the coating and the substrate. Consequently, numerous studies have been
conducted to identify the factors influencing adhesion and enhancing system
characteristics.

For instance, surface treatments can significantly improve interfacial adhesion between
coatings and substrates. A well-prepared surface is crucial for achieving optimal
adhesion and forming a robust bond at the interface. Primarily, it is essential that the
surface is free from contaminants; any absorbed molecules must be removed as they
can evaporate upon contact with the coating, leading to splattering and pore formation.
This ultimately results in reduced mechanical performance of both the coating and
substrate along with diminished adherence [96].

Moura e Silva et al. [97] investigated adhesion issues in two systems: coatings of W-Ti-
N and W-DLC:H (W-Diamond Like Carbon), applied using reactive unbalanced
magnetron sputtering on (111) mono-oriented silicon and AISI M2 high-speed steel
substrates. The substrates underwent cleaning in ultrasonic baths containing acetone
and ethanol before being placed into the deposition chamber. Prior to deposition, they
were subjected to ion bombardment for additional cleaning. The findings were
compared against earlier analyses conducted at a laboratory level on similar types of
coatings. Results from scratch tests indicated that the critical load, which depends on
the partial pressure of reactive gas, was lower for industrially deposited W-Ti-N
coatings compared to those deposited in laboratory conditions.
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Figure 2.33. Vickers interfacial fracture toughness on FeB/F e2B
system: (a) 0.98 N, (b) 1.96 N, and (c) b2.94 N [F44]
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Figure 2.34. Schematic representation of thermographic detection
of debonding area [F45]
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Figure 2.35. Impact test and stress involved [F45]

The findings for W-DLC:H coatings are consistent with previous results. To investigate
the adhesion issue, an elemental spectrum obtained through RBS/ERDA (Rutherford
Backscattering Spectrometry/Elastic Recoil Detection Analysis) was performed on W-
DLC:H, which indicated a buildup of W at the substrate/interlayer boundary. For the
W-Ti-N coating, Auger spectroscopy was conducted to determine whether
contamination at the interface could be attributed to oxygen present in the residual
atmosphere within the deposition chamber.

A very thin layer of W-Ti-N was applied to facilitate in-depth step analysis through
Auger spectroscopy following the ion bombardment etching of the sample surface
(Figure 2.36). The findings indicate that there is no marked increase in oxygen at the
interface; however, an unexpected rise in W and Ti has resulted in the formation of a
sub-layer between the coating and substrate. This is corroborated by the presence of a
contamination layer, which is amorphous and exhibits uniform thickness, identified as
the reason for adhesion failure, as illustrated in Figure 2.37 from TEM analysis.
Another crucial factor influencing coating adhesion to a substrate is surface roughness:
it enhances the contact area for particle-to-substrate interaction and improves coating
anchorage. To achieve an appropriate surface profile while reducing grease and
facilitating chemical and morphological alterations, degreasing and sandblasting
techniques are employed.
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The resulting surface features peaks and valleys created by high-velocity abrasive
particles' impact. Following sandblasting, residual dust must be eliminated from the
substrate using a solvent, after which it should be dried with clean compressed air. It
is essential to apply the coating immediately after preparation to avoid oxidation and
contamination [98].

Varacalle et al. [99] investigated the adhesion properties of Al and Al-Zn coatings on
A36/1020 steel deposited via twin-wire electric arc (TWEA). The substrates were
prepped using grit-blasting with both conventional grit (copper slag, coal slag, and
chilled iron) and metallic grit.
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Figure 2.36. Auger in-depth pro le chemical composition
results of a W Ti coating [F46]

They measured bond strength of the coatings and found that metallic grit generated
greater surface roughness compared to conventional options. For Al coatings
regarding their deposition method, they discovered correlations between bond
strength and various factors: increased current significantly enhances bond strength,
while spray distance and lower pressure have a lesser impact on adhesion force
enhancement. In cases involving Al-Zn coated substrates, higher bond strength was
also observed on surfaces treated with metallic grit, consistent with earlier findings.
However, grit-blasting has its drawbacks: it can induce microcracks in the substrate
leading to reduced mechanical properties, alongside concerns regarding chemical
waste disposal [100]. As previously mentioned, sand inclusion on surfaces may yield
counterproductive effects by diminishing coating adhesion. To mitigate these issues,
physical and chemical modifications necessary for improved adhesion are achieved
through innovative pretreatment solutions.
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Figure 2.37. HR-TEM micrographs of the interface
substrate/interlayer zone of a W DLC:H coating [F46]

Danlos et al. [100] explored an alternative approach for cleaning and preparing
substrate surfaces utilizing a laser. This innovative technique merges the processes of
cleaning and heating via lasers, which takes place prior to applying a coating using
thermal spray methods. The process employs two lasers: a millisecond laser that heats
the surface and a nanosecond ablation laser that cleans it (Figure 2.37). To enhance
efficiency and achieve optimal surface temperatures, a delay is strategically
implemented between the activation of the two lasers.

Preheating with laser technology is crucial to prevent substrate distortion or soot
accumulation that often occurs with conventional methods. In their study, they
examined two types of substrates: Aluminum alloy 2107 and titanium alloy Ti-6Al-4V,
both of which were polished to a mirror finish before undergoing laser treatment. A
scanning electron microscope (SEM) was used to analyze the morphologies of the

surfaces, as depicted in Figure 2.39.
|N Sllbsll‘all':
| 1)

i | |
Plasma

Heating

Ablation laser
Figure 2.38. Representation of the device for laser treatment and thermal

spray [F47]
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This figure illustrates the differences between Aluminum 2107 (1) and Ti-6Al-4V (2)
substrates at various stages: prior to treatment (a), after sandblasting (b), post-laser
preheating (c), and following laser ablation (d). It is evident from the figure that the
surfaces after sandblasting exhibit greater roughness compared to those before
treatment due to high-velocity particle impacts on the substrates.

This figure illustrates the differences between Aluminum 2107 (1) and Ti-6Al-4V (2)
substrates at various stages: prior to treatment (a), after sandblasting (b), post-laser
preheating (c), and following laser ablation (d). It is evident from the figure that the
surfaces after sandblasting exhibit greater roughness compared to those before
treatment due to high-velocity particle impacts on the substrates.

20.0 gm

Figure 2.39. SEM observations of Aluminum 2017(1) and Ti-6Al-4V (2) surfaces, (a)
reference; (b) sand- blasted; (c) preheated by laser and (d) ablated by laser [F47]

Significant differences are observed between Aluminum 2107 and Ti-6Al-4V following
laser treatments: Aluminum 2107 displays an irregular surface with numerous craters,
while Ti-6Al-4V achieves a smoother plane surface after preheating and ablation
procedures. These variations relate to their differing thermal properties; Aluminum
2107 possesses higher mass heat capacity and thermal conductivity than its titanium
counterpart, allowing it to dissipate thermal energy more effectively. Although Ti-6Al-
4V has high absorptivity, it requires more energy to melt compared to Aluminum 2017,
making the latter more responsive to temperature increases.
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Furthermore, thermal diffusivity differs between the two materials: in Aluminum
2107, it is sufficiently high to promote thermal energy dissipation throughout its
volume, leading energy concentration not just on surface defects but also deeper
imperfections. Consequently, this results in increased crater formation; conversely,
fewer craters appear on Ti-6Al-4V as energy remains focused on the surface, resulting
in melting.

Figure 2.40. Cross section of Ni Al coatings on Aluminum 2107
surfaces sandblasted (a) and preheated (b) [F47]

To assess adhesion properties, a Ni-Al coating was applied on both sandblasted (a) and
laser-treated (b) surfaces of Aluminum 2107 as illustrated in Figure 2.40, along with
samples of Ti-6Al-4V. The results reveal that while the sandblasted surface's roughness
allows molten particles to infiltrate its asperities—slowing crack propagation—the
coating does not fully adhere at all points due to voids and grain inclusions present at
the interface. In contrast, the irradiated surface demonstrates smoothness with
effective contact between coating and substrate.

Adhesion assessments via interfacial indentation reveal a direct correlation between
adhesion strength and roughness; specifically, interfacial adhesion is greater on
sandblasted surfaces. Morphologically speaking, under identical laser treatments, Ti-
6Al-4V exhibits smoother surfaces than those of Aluminum 2107. Regarding adhesion
values, findings indicate that beyond mechanical anchorage factors play an important
role through chemical affinity as well. An oxide layer has been identified on aluminum
surfaces enhancing wettability and thereby increasing coating adhesion; however, no
oxygen presence was detected on Aluminum 2107's surface. Therefore, a combination
of mechanical anchorage along with chemical affinity appears most conducive for
enhancing interfacial adhesion. Another laser technique aimed at enhancing the bond
strength at the interface is the texturing laser. This method involves creating holes of
specific diameters on the surface in accordance with a predetermined pattern (see
Figure 2.41).
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The effectiveness of this approach relies on parameters related to the laser and scanner,
including hole geometry, as well as the frequency and power of the laser. These
induced chemical and mechanical alterations expand the contact area between the
coating and substrate.

Surface ,__.? ] ‘|. _.-.|’ _ ’|\> Textured
_?_?_,l._.l/ holes
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Figure 2.41. Schematic representation of laser textured surface [F48]

In their research, Kromer et al. examined how a Ni-Al coating, applied via atmospheric
plasma spray, adhered to aluminum surfaces treated in two distinct manners: one
through grit-blasting and another utilizing a laser surface texturing technique.

BEFORE AFTER
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Figure 2.42. Different interface characteristics before and after tensile test for grit-
blasted surface, 100 um distant holes and 200 300 pm distant laser holes [F48]
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Both types of surfaces were analyzed both prior to and following the application of the
coatings. For the laser-treated method, coating adhesion is influenced by factors such
as pattern geometry and surface roughness; specifically, hole dimensions must
correspond to both the average size of the sprayed powder and its viscosity.
Additionally, optimizing hole depth and shape is crucial for minimizing stress
concentration effects. Adhesion was assessed through two different tests: pull-off and
LASER adhesion test (LASAT). Plasma-induced surface compression leads to
relaxation that propagates throughout the sample, resulting in volumetric movement
toward the rear surface. Damage detection can be achieved by measuring rear free
surface velocity, which correlates with shock wave propagation as well as adhesion
force. Results from pull-off testing indicate that surfaces treated with lasers yield
stronger bonds compared to those treated conventionally via grit blasting; however, it
was also observed that hole angle does not significantly affect adhesion values.
Figure 2.44 displays surfaces subjected to grit blasting versus those treated with lasers
(with varying distances between holes) before and after testing.

The anchoring effect of these holes is clear; moreover, the morphology produced by
laser treatment enhances crack energy release rates. Figure 2.45 illustrates results from
LASAT testing. Both pull-off tests and LASAT results consistently show that bond
strength on laser-treated surfaces surpasses that on grit-blasted ones. It has been noted
that tighter patterning increases the energy required to separate the coating from its
bond.
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Figure 2.43. Debonding strengths determined from LASAT of different surfaces [F48]
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Laser surface texturing allows you to obtain a better coating adhesion to the substrate.
Is it possible to explain this considering that the crack propagating follows the surface.
Holes represent obstacles, which increase the necessary energy for a crack to
propagate. With tightened surfaces, the energy required to propagate at the interface
is too high due to the irregularities, and crack propagates through coating [101].
Another crucial parameter in this process is the temperature during substrate
treatment. Rahmati et al. investigated its influence by analyzing Ti-6Al-4V substrates
coated with Ta-O that were subjected to heat treatments at 300°C, 400°C, and 500°C.
The bond strength was assessed using scratch tests. Figures 2.44 and 2.45 illustrate
FESEM images of Ti-6Al-4V samples: (a) untreated, (b) treated at 300°C, (c) treated at
400°C, and (d) treated at 500°C. These images reveal that varying treatment
temperatures result in distinct morphological changes; specifically, higher
temperatures lead to denser and smoother coatings temperatures result in distinct
morphological changes; specifically, higher temperatures lead to denser and smoother
coatings. Energy dispersive X-ray analysis indicates that surfaces treated at elevated
temperatures exhibit a greater percentage of oxygen content, while untreated surfaces
show the lowest levels of oxidation

a b c d
TaO Ts0
s = —— =

Figure 2.44. FESEM cross-sectional micrographs of coated samples: (a)
untreated surface, (b) treated surface at 300°C, (c) treated surface at 400-C,
and (d) treated surface at 500°C [F49]

This suggests a gradual increase in oxidation during thermal treatment. Scratch test
results demonstrate that adhesion values are highest for the system treated at 500°C,
indicating an overall trend where adhesion improves with rising temperature.

This enhancement is attributed to the denser morphology achieved at higher
temperatures, which strengthens adhesion to the substrate. Additionally, increased
oxygen presence plays a significant role; free oxygen in the furnace reacts with
tantalum to form Ta205 [102].
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2.6. Other considerations

During the coating deposition process, various challenges can arise. To achieve a
strong bond at the interface, it is crucial to be aware of potential issues and to identify
solutions. One such issue involves sagging and slumping, which typically occurs in
coatings applied to sloped surfaces, especially vertical ones. The influence of gravity
causes a downward flow that can result in either sagging or slumping, depending on
the characteristics of the coating fluid. To address this problem, managing the viscosity
of the coating is essential; specifically, utilizing either a purely Newtonian or sheer-
thinning system is recommended.

Additionally, during deposition, the applied material often lacks uniformity, leading
to defects like waves or furrows. In this context, surface tension and coating viscosity
play significant roles. The solution lies in leveling the coating, which helps reduce the
film's surface tension. When a film is deposited around a corner, changes in surface
tension may affect the thickness of the coating (see Figure 2.46) [87].

Figure 2.45. FESEM surface topography of Ti-6Al-4V: (a) untreated
surface, (b) treated surface at 300°C, (c) treated surface at 400°C, and (d)
treated surface at 500-C [F49]

If there is a gradient in surface tension across the surface, it can lead to local distortions.
The movement of liquids from areas with lower surface tension to those with higher
tension, driven by this gradient, results in the creation of depressions on the liquid's
surface.
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As polymer concentration increases and solvent evaporation leads to cooling, both the
surface tension and density at the surface rise above those found in the bulk liquid.
This situation establishes an unstable arrangement that seeks a more stable one where
the surface material exhibits decreased surface tension and density.

(7 7

(a) {kh

Figure 2.46. (a) Newly applied thick film at a corner; (b) decrease in the film thickness at
the corner due to surface tension at a corner; (c) newly applied thin film at a corner; (d)
increase in the film thickness at the corner due to surface tension [F50]

Additionally, craters—circular depressions on a liquid's surface—can form due to a
low surface tension component present at the film's upper layer. The dispersion of this
low-surface-tension component induces a bulk transfer of film materials, ultimately
resulting in crater format.

2.7. Application of coated titanium in the automotive
industry

To overview the actual combustion process generates exhaust gases. The exhaust
system's main role is to bring the combustion gases or waste gases from the combustion
process away from the engine to an exit point, generally at the rear of the vehicle, the
tailpipe. The gases are toxic, hot, and corrosive, so they need to be removed from the
occupants and also away from any sensitive mechanical components. It begins after
the engine, where the heat shield protects areas near the air cleaner.
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Underneath, we have the exhaust headers or manifold. The manifold’s main function
is to gather the gases. Exhaust gases come out of the cylinder head through exhaust
ports into the manifold. In the exhaust header, the temperature is about 800°C.

The gases make their way along the pipe as they move and cool down. Once we reach
the catalytic converter, the temperature is around 400-450°C. At the end of the tailpipe,
the temperature is around 100-200°C. Thus, we have studied the cooling of the gases
as they move through this system.

An automobile's exhaust system consists of multiple components. This system includes
tubing designed to channel waste gases resulting from controlled combustion within
the engine. The burnt gases are expelled through one or more exhaust pipes. Various
devices, such as the cylinder head, exhaust manifold, turbocharger, catalytic converter,
muffler, and silencer, facilitate the expulsion of these gases [111].

Exhaust Manifold

Flange

Typical Exhaust System of Passangrer Car

Figure 2.47. Typical Exhaust System model used in
passenger cars and its components [F51]

Foundational Concepts
Coated titanium has become a vital component in the automotive industry due to its
unique properties, which include:
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High Strength-to-Weight Ratio: Titanium is known for being as strong as steel but
much lighter, making it ideal for automotive applications where reducing weight is
crucial for fuel efficiency [103].

Corrosion Resistance: Titanium exhibits excellent resistance to corrosion, particularly
in harsh environments, which is beneficial for automotive components exposed to
various chemicals and weather conditions [104].

Thermal Stability: With a high melting point and thermal conductivity, titanium can
withstand extreme temperatures without losing its structural integrity [105].

Current Impact

Today, glass ceramic coatings are integral to exhaust systems, offering several
advantages:

Enhanced Durability: These coatings significantly increase the lifespan of exhaust
components by providing a protective layer against oxidation and thermal fatigue
[106]. Improved Performance: By insulating exhaust components, glass ceramic
coatings help maintain optimal operating temperatures, improving overall engine
efficiency [107].

Aesthetic Appeal: Glass ceramic coatings can provide a visually appealing finish,
enhancing the vehicle's appearance [108].

Potential Future Implications

Looking ahead, the implications of using glass ceramic coatings in exhaust systems
include:

Advancements in Engine Technologies: As automotive technologies evolve towards
hybrid and electric vehicles, the demand for lightweight and efficient exhaust
systems will increase, making coatings like glass ceramic even more essential [109].
Sustainability: Research into eco-friendly coating materials may lead to more
sustainable production processes, aligning with the automotive industry's shift
towards greener technologies [110].

In conclusion, the application of coated titanium and glass ceramic coatings in the
automotive industry represents a convergence of material science and engineering
innovation. Together, they enhance vehicle performance, durability, and efficiency,
addressing the industry's evolving challenges and opportunities. As research
continues to advance, the potential for new applications and improved technologies
remains significant, paving the way for a more sustainable and efficient automotive
tuture.
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2.7.1. Cost and Feasibility Analysis

This report outlines the cost and feasibility of applying glass-ceramic coatings to
titanium alloy exhaust systems in high-performance automotive applications. The
analysis focuses on the application method, coating material, and thickness,
alongside a comparative study of Chemical Vapor Deposition (CVD) and thermal
spray techniques. The findings indicate that while CVD offers superior performance,
cost and scalability challenges must be addressed for broader application [112].

The automotive industry continually seeks innovative solutions to enhance
performance, durability, and weight efficiency. Titanium alloys, known for their
excellent strength-to-weight ratio, are increasingly used in exhaust systems.

This report evaluates the economic and practical aspects of applying glass-ceramic
coatings via CVD to titanium exhaust systems, focusing on cost implications, lifecycle
benefits, and comparative analysis with alternative coating methods [113].

To determine the cost per square meter, three essential elements should be taken into
account: the method of application, the type of coating material, and the thickness of
the coating. In practical applications within high-temperature automotive settings,
an assessment of costs and feasibility was performed for a glass-ceramic coating
applied through chemical vapor deposition (CVD) on a titanium alloy exhaust
system [112].

The thickness of titanium alloy utilized in sports car exhaust systems may vary based
on design, manufacturer specifications, and specific components. Generally, exhaust
pipes have a thickness ranging from 0.5 mm to 1.5 mm to ensure mechanical strength
and weight optimization. Conversely, flanges, brackets, and smaller parts can be
thicker, typically between 2 mm to 4 mm depending on structural demands. Heat
shields or liners made from titanium are generally thinner as well, falling within the
range of approximately 0.3 mm to 1 mm. Sports cars frequently utilize thinner
sections of titanium compared to heavier vehicles due to titanium's favorable
strength-to-weight ratio that permits durability at reduced thicknesses while
contributing to overall weight reduction [113-115].

For high-performance or racing uses where thermal resistance is paramount, thicker
coatings (around 75-100 pum) may be employed. Leading providers like Jet-Hot and
Cerakote usually apply ceramic coatings for exhausts in a range between 50 um and
75 um depending on specific requirements [114-115].
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In the experimental phase, two samples of titanium were analyzed: one sourced from
Titanium substrate (China) with a base thickness of 171 um and a minimum coating
thickness of 75 um; another Ti substrate grade 2 sample had a base thickness of 491.3
pum with a minimum coating thickness set at 100 pm. When protective or oxidation-
resistant coatings are added to titanium alloys—such as those used in exhaust
systems—the substrate's thickness typically remains unchanged while the coating
forms an additional layer atop the surface.

To approximate the surface area that requires coating, simplified geometric shapes
can be utilized; in this case, it is estimated at approximately 1.5 m2. To calculate the
area for cylindrical pipes (or mufflers), use the formula:

A =27mtrh + 272

* To analyze the costs associated with CVD-applied glass-ceramic coatings on
titanium exhaust systems.

* To compare the economic feasibility of CVD with thermal spray methods.

* To assess the lifecycle benefits and return on investment (ROI) for coated
exhaust systems.

The analysis is based on a cost model that considers:

To assess the economic and practical feasibility of using a CVD-applied glass-ceramic
coating on a titanium exhaust system, a cost model was developed. The coating is
applied over an area of approximately 1.5 m? with a substantial thickness 75 um
glass-ceramic coating is estimated at 180/m?. This yields a base coating cost of €270.
Including processing overheads such as surface cleaning, masking, energy
consumption, labor, and post-coating inspection, the total cost per exhaust system is
approximately €330 (Table 2.1.).
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Table 2.1. Cost analysis of CVD coatings (thickness 75 pum) for titanium exhaust systems

Parameter Value Notes
gz}li)iﬁilz)enr;lical Vapor Suitable for glass-ceramic coatings
Coating material Glass-ceramic High-temperature protection
Coating thickness 75 um Thin layer — cost-effective
Estimated surface area 1.5 m? Total surface of exhaust system
Coating cost per m?2 €180 Typical for thick CVD coatings
Base coating cost €270 1.5 m?2 x €180/m?

Estimated based on pre-treatment,

Labor + head

u?litor Overhead per €60 masking, energy consumption, and
quality control measures

Total estimated cost €330 Cost per coated exhaust system

Table 2.2. Cost analysis of CVD coatings (thickness 100 pm) for titanium exhaust systems

Parameter Value Notes
Coating method CVD Suitable for dense, adherent coatings
Coating material Glass-ceramic High thermal stability

1 i ial
Coating thickness 100 um Balanced protection and materia
usage

Surface area 1.5m? Full exhaust system coverage
Estimated cost per m? €200 Adjusted for moderate thickness
Base coating cost €300 1.5 m? x €200/m?

Estimated based on pre-treatment,
€65 masking, energy consumption, and
quality control measures

Labor + processing
overhead

Total cost per unit €365 For one coated exhaust system

The second sample coating thickness of 100 um. Due to the increased material
volume, the estimated coating cost is approximately €200/m?, leading to a base
coating cost of €300.
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Table 2.3. Property of Titanium sample
Titanium Grade 2 (per ASTM B348)
Property Value
Standard ASTM B348
Grade 2 (Commercially Pure Titanium)

Tensile Strength (min) ~345 MPa

Yield Strength (min) ~275 MPa

Elongation ~20%

Corrosion Resistance Excellent (especially in saline/body

fluids)
Biocompatibility Excellent
Used in Dental implants, bone plates, screws

Additional process-related costs, including surface treatment, masking, and quality
control, bring the total per-part cost to approximately €365 (Table 2.2.).

Lifecycle Cost and ROI

Return on Investment (ROI) is a financial metric used to evaluate the profitability or
efficiency of an investment. It measures the return relative to the investment cost,
expressed as a percentage. A higher ROI indicates a more profitable investment.
The formula for calculating ROl is:

Net Return (or Benefit} — Investment Cost
Investrent Cost

ROI = x 100

Where:

Net Profit is the total savings or gains from the investment minus the initial
investment cost.

Investment Cost is the cost incurred to make the investment.

Lifecycle Cost and ROI Considerations. Assuming an untreated titanium exhaust
system requires replacement after 3 years due to oxidation-related degradation,
while the CVD glass-ceramic coated system extends lifespan to 9 years, the coating
yields a 3x durability improvement.
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If exhaust system replacement costs €700 (materials + labor), this translates into
savings of €1400 over two avoided replacements. Subtracting the €330 coating cost
results in net savings of €1070, indicating a strong return on investment.

Number of replacements = 9 years/3 years=3 times
Replacement cost of exhaust system:
Total replacement cost=3 x €700 =€2100

Thus, the total replacement cost for the untreated exhaust system over the 9-year
lifespan of the CVD-coated system is €2100. This figure is essential for calculating the
net profit and ROI when comparing the costs of untreated versus CVD-coated
exhaust systems.
* Net Return (Benefit) = Total savings or cost avoided = €2100 (cost of 3
replacements avoided by using coated system)
* Investment Cost = €330 (coated exhaust system)

2100 — 330 1770

ROI = —330 % 100 = 330 * 100 =~ 536.36%
Table 2.2. Also calculated and result is ROI = 475%.
It means, for every €1 you invest in the coated exhaust system, you are effectively
saving or gaining about €5.36 in avoided maintenance or replacement expenses. So,
instead of spending money repeatedly on replacements, this one-time investment in
the coating yields substantial long-term savings—making it economically efficient,
sustainable, and cost-effective.
CVD stand out for their excellent thermal and oxidative stability. Compared to
traditional TiN or TiAIN coatings applied by PVD, glass-ceramic coatings can
withstand temperatures above 1000 °C and form a stable, adherent barrier on
titanium substrates. While ceramic coatings such as yttria-stabilized zirconia (YSZ)
also offer high-temperature performance, they often rely on thermal spray methods,
which can lead to thicker, less uniform coatings [112-113].
The use of CVD allows for uniform deposition even on complex geometries but
comes at the cost of longer processing times and higher energy consumption.
Thus, glass-ceramic CVD coatings offer a technically superior solution for extreme
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environments, albeit with cost and throughput constraints that must be considered
for volume manufacturing.

Cost vs. Max Operating Temperature of Coating Types

YSZ (Plasma Spray)
200 prRY.

Glass-Ceramic Glass

100
Doo +
300

TIAIN (PVD)

400

TiN (PVD)

Uncoated Ti Alloy

0 50 100 150 260 250 300
Cost per m? (€)

Figure 2.48. Coating cost vs. max operating temperature of coating types [F52]

The total cost of the coated exhaust system includes both the titanium substrate and
the glass-ceramic coating. For a CP titanium sheet of 0.23-0.49 mm thickness, the
estimated raw material cost is €81-€98 per m?. When combined with the CVD coating
cost (~€365 per part), the total cost of a coated 1.5 m? exhaust system ranges between
€486.5 and €512. This value excludes machining, welding, and other component-level
operations.
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Table 2.4. Titanium substrate cost estimation

Parameter Value
Titanium type Commercially Pure Titanium (Grade 2)
Thickness range 0.23-0.49 mm
Average thickness used 0.36 mm (mean of range)
Density of Ti 4.51 g/cm?3
Area 1m?2
Volume 0.00036 m? =360 cm?
Mass 360 cm? x 4.51 g/cm?® =1.624 kg
Titanium market price ~€50—€60/kg (Grade 2 sheet, 2024-2025)
Material cost per m? €81-€98
Total titanium cost (1,5 m?) | €121.5€147

An alternative coating technique considered is thermal spray (specifically plasma
spray) using a glass-ceramic material. With a target coating thickness of 100 um over
a 1.5 m? surface area, the total estimated cost is between €245 and €265 per exhaust
system.

Table 2.5. Total cost of Titanium sample

Component Estimated Cost (€)
Titanium (1.5 m?) €121.5-€147
Coating 1 (75 pm) 330

Total cost €451,5—€477
Coating 2 (100 pm) 365

Total cost €486.5€512

Thermal spray offers faster processing than Chemical Vapor Deposition (CVD) and
is more scalable for industrial use.
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However, due to the brittle nature of glass-ceramics and thermal expansion mismatch
with titanium alloys, delamination or cracking may occur. Proper surface
preparation, including grit blasting and temperature control, is critical for adhesion
and coating integrity.

While thermal spray reduces cost and improves throughput, further experimental
validation is required to confirm adhesion, oxidation resistance, and thermal cycling
behavior of the glass-ceramic layer on titanium substrates.

In conclusion, this report evaluates the cost and feasibility of applying glass-ceramic
coatings to titanium alloy exhaust systems in high-performance automotive
applications. The analysis highlights the advantages of Chemical Vapor Deposition
(CVD) for achieving superior adhesion and thermal resistance, with coatings of 75
um and 100 um thicknesses costing approximately €330 and €365 per exhaust system,
respectively. While CVD offers excellent performance, challenges such as higher
costs and longer processing times compared to thermal spray methods must be
addressed for broader application.

Thermal spray techniques present a more scalable option, with estimated costs
ranging from €245 to €265 per unit. However, they may encounter issues related to
coating integrity, such as delamination due to thermal expansion mismatches. The
lifecycle benefits of CVD-coated systems are significant, as they extend the lifespan
of exhaust components from three years to nine years, resulting in substantial cost
savings and a return on investment (ROI) of 475%. Ultimately, while CVD glass-
ceramic coatings provide a technically superior solution for high-performance
applications, careful consideration of cost, scalability, and processing challenges is
essential for their successful implementation in the automotive industry.

Table 2.6. Thermal spray with glass-ceramic on titanium

Value
Coating method Thermal spray (plasma preferred)
Coating material Glass-ceramic
Coating thickness 100 pm
Area to be coated 1.5 m?
Material + processing cost ~€130/m? (typical for ceramic TS)
Base coating cost €195
Labor, surface prep, QC €50—€70
Total cost per unit €245—€265
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Table 2.7. Comparison: CVD vs thermal spray for class-ceramic coating on titanium

CVD (Chemical Vapor Thermal Spray (Plasma
Parameter .
Deposition) Spray)
Coating material Glass-ceramic Glass-ceramic
Possibl isk of
Feasibility on titanium | Excellent adhesion OSSlb, © b,Ut risk o
delamination

Coating thickness

Uniform, controllable (100 pm)

Controllable, may require
post-processing

Surface preparation

Clean and smooth

Grit blasting usually
required

Adhesion strength

Very high

Moderate, depends on
spray parameters

Coating uniformity

Excellent, even on complex
shapes

Moderate — limited by
line-of-sight geometry

Thermal stress risk

Low (slow deposition,
controlled heating)

High (thermal mismatch,
rapid cooling)

Processing time

Long (slow deposition rates)

Short (fast application
rates)

Scalability for Limited — better for More scalable for
production prototypes, R&D industrial production
TyPlcaI cost per 1.5 m? €365 €245 €265

unit

Equipment High — vacuum system, gas Moderate — spray gun,
cost/complexity handling plasma torch

Oxidation resistance

Excellent (dense, uniform
layers)

Good, but depends on
porosity and cracks

Best use case

High-performance, low-
volume (e.g., motorsport)

Mass production with
cost constraints
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2.8. Conclusion

The exploration of coating deposition methods, adhesion mechanisms, and the
application of advanced coatings in the automotive industry underscores the critical
role these technologies play in enhancing material performance and durability.
Coating methods, including vapor deposition, thermal spraying, and electrochemical
techniques, each offer unique advantages tailored to specific applications. Vapor
deposition techniques, such as Physical Vapor Deposition (PVD) and Chemical
Vapor Deposition (CVD), provide precise atomic-level coatings, while thermal
spraying methods, like High Velocity Oxy-Fuel (HVOF) spraying, deliver robust
coatings capable of withstanding extreme conditions.

Electrochemical methods enhance surface properties and corrosion resistance,
making them valuable in various industrial contexts.

Adhesion in coating/substrate systems is a multifaceted phenomenon influenced by
surface chemistry, mechanical interlocking, and thermodynamic principles. Effective
adhesion is critical for the longevity and performance of coatings, necessitating
careful surface preparation and the use of appropriate adhesion testing methods.
Ongoing research into adhesion mechanisms and surface treatments aims to improve
the durability and effectiveness of coatings, particularly in demanding sectors such
as automotive and aerospace.

The application of glass-ceramic coatings on titanium alloy exhaust systems
exemplifies the intersection of material science and engineering innovation within
the automotive industry. While Chemical Vapor Deposition (CVD) offers superior
adhesion and thermal resistance, its higher costs and longer processing times present
challenges for broader adoption. Conversely, thermal spray techniques provide a
more scalable solution, albeit with potential issues related to coating integrity. The
lifecycle benefits of CVD-coated systems, which significantly extend component
lifespan and yield substantial cost savings, highlight the importance of evaluating
both performance and economic factors in coating selection.

To sum up, the continued advancement of coating technologies and a comprehensive
understanding of adhesion principles are essential for optimizing performance across
various applications. As the automotive industry evolves, the integration of
innovative coating will be pivotal in addressing emerging challenges, promoting
sustainability, and enhancing overall efficiency.
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3. Experimental parts

3.1. Cutting, marking, and polishing titanium samples.

Commercially pure titanium of Grade 2 (ASTM B348) was used as the substrate
material for this study —in this study and named as Ti substrate in further discussion.
The initial raw titanium sheets were acquired in dimensions of 140 mm x 30 mm.
The preparation process consisted of the following sequential steps (Figure 3.1):
1. Polishing:
The surfaces of the titanium sheets underwent mechanical polishing with a
wheel polisher fitted with abrasive papers of varying grit sizes, from P240 to
P1000. This procedure effectively eliminated surface imperfections and
resulted in a consistent finish suitable for further coating and treatment
processes.
2. Sectioning:
Following the polishing step, the sheets were cut into smaller rectangular
substrates measuring 10 mm x 10 mm utilizing a manual cutting machine
specifically designed for metal foils. This approach ensured uniformity in
sample size for testing and characterization purposes (illustrated in Figure
3.2).

Raw Substrates Polishing Sectioning Cleaning Prepared Ti
substratesat 700 °C
i Ph wash

PR
— N’ = g Acetone ~
1 wash w—
| T
| °°®. } 1 Ultrasonic
I N - bath
10x10mm

Figure 3.1. Preparation stage for Ti substrates prior to coating glass

The target of this study is to prepare uniform titanium substrates that are free from
surface imperfections, ensuring a consistent substrate for further experimental
processes, including coating and characterization.
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For grinding and polishing Machine LS1 was used (Fig. 3.3).

Figure 3.2. Q11-1x1000 Cutting Machine Figure 3.3. Grinding and polishing
with Foot Power in TTPU. Machine LS1 (Remet) in TTPU lab.

3.2. Cleaning and preparation procedure of Ti substrates.

1. Cleaning;:
The sectioned samples underwent a comprehensive three-stage cleaning process
designed to remove surface impurities:

* Rinsing with pH-balanced water

* Washing with acetone (referred to as acetone wash)

* Immersion in an ultrasonic bath containing Isopropyl Alcohol (IPA) to eliminate

any residual particles or surface oils.

To address potential contamination from previous treatments, the titanium coupons
were subjected to an exhaustive cleaning regime. Initially, the samples were placed
in a beaker filled with acetone, ensuring that the marked surface was in direct contact
with the bottom of the vessel. The beaker was placed in an ultrasonic bath for a
duration of 5 minutes (Fig. 3.4).
In the next phase, the samples were transferred to a separate beaker containing a
sufficient volume of ultrapure water, while the used acetone was set aside for
disposal. The water-filled beaker underwent sonication for 10 minutes; this
procedure was then repeated using fresh ultrapure water for another 10 minutes.
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Ultrasonic cleaning is essential for dislodging surface contaminants and residues.
This process utilizes high-frequency mechanical vibrations (~20 kHz) produced by
electric currents, which are converted into acoustic energy, creating microscopic
cavitation effects between the cleaning solution and the sample surfaces.

After completing the cleaning cycle, the samples were dried under a laminar flow
cabinet and subsequently sealed in appropriate packaging for storage.

Figure 3.4. Ultrasonic bath
in TTPU lab.

3. Thermal treatment:

To enhance the structural stability and surface integrity of Ti substrate tempering at
700°C for 30 minutes was done in Carbolite™ CWF Chamber Furnace (Fig. 3.5). This
thermal treatment occurred within a chamber furnace, where samples were carefully
positioned on a ceramic tray to ensure homogeneous heat distribution (Fig.3.6).

The furnace was preheated to reach the target temperature of 700°C, and samples
were maintained at this temperature for 30 minutes to stabilize their internal
microstructure. This step is crucial for alleviating residual stress introduced during
earlier mechanical processing and polishing operations while fostering a uniform
surface condition favorable for subsequent modifications.

Upon completion of the tempering cycle, the furnace was turned off, allowing the Ti
substrates to cool naturally in ambient air until they reached room temperature.
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This gradual cooling process is vital in preventing thermal shocks or microcracks that
could otherwise affect both mechanical strength and chemical performance during
high-temperature applications.

Figure 3.5. Carbolite™ CWF Figure 3.6. Several cutted
Chamber Furnace in TTPU lab. Ti substrates heat treated at
700 °C

3.3. Glass powder preparation

The glass powder utilized for coating was created through a melt-quench technique,
designed according to a specific batch composition aimed at achieving optimal
characteristics for high-temperature uses. The preparation involved several essential
stages: formulation of the batch, mixing, melting, quenching, and processing into
powder, which are outlined below.

1. Batch Composition
As precursors higher purity oxides, other chemical regions were applied including
silicon dioxide, calcium carbonate, magnesium carbonate, sodium carbonate,
ammonium hydrogen phosphate, calcium fluoride and others. (Table 3.1).

These chemical reagents were selected to facilitate the formation of the glass network,
improve bioactivity, and customize thermal and chemical stability. Modifiers like
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calcium oxide, magnesium oxide, sodium oxide were added as needed to modify
properties such as thermal expansion and viscosity.

Table 3.1. Chemical compositions (batches) of the investigated glasses G-1d and G-1e
(the composition of glassG-1b is presented for comparison purposes)

Glass SiO, B.O; CaO MgO P,Os Na,O CaF,
G-1b
wt% 40,08 5,16 29,10 8,96 6,32 4,59 5,79
mol% 39,82 4,43 30,97 13,27 2,65 4,43 4,43
mol ratio 9 1 7 3 1 1 1
G-1d
wit% 46,60 - 28,66 8,83 6,22 4,53 5,70
mol% 45,45 - 30,30 12,99 2,60 4,33 4,33
mol ratio 11 - 7 3 1 1 1
G-le
wt% 43,48 - 30,44 8,75 7,19 4,49 5,65
mol% 43,10 - 32,33 12,93 3,02 4,31 4,31
mol ratio 10,00 - 8 3 1 1 1
2. Mixing

The chemical reagents were precisely weighed according to the desired composition
and thoroughly combined to achieve uniformity. This mixing occurred in a clean,
inert vessel using either manual stirring or mechanical mixing based on the batch
size. Consistent mixing is crucial to avoid compositional variations and ensure
reliable melting behavior.
3. Melting

The homogeneous mixture of powders was placed into a crucible resistant to high
temperatures (usually made from platinum or alumina). This crucible was then
positioned inside a preheated muffle or resistance furnace where the temperature
gradually raised to between 1250°C and 1400°C. Once this target temperature was
attained, the melt was maintained at that level for 1-2 hours to guarantee complete
fusion and chemical homogeneity among the glass components. Intermittent stirring
of the melt may be conducted when feasible to improve uniformity and eliminate any
trapped bubbles.
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4. Quenching
After reaching a fully molten and homogeneous state, cooling of the glass occurred
swiftly utilizing one of two quenching methods:
= Metal Plate Quenching: The molten glass was poured onto a preheated steel
or graphite plate, allowing it to spread rapidly and solidify into a brittle glassy
mass.
* Water Quenching: Alternatively, the melt could be poured into deionized
water, resulting in thermal shock that fractured it into small granules.
Both techniques were employed with the aim of preventing crystallization by quickly
lowering the temperature, thereby maintaining the amorphous nature of the glass.
5. Grinding and Sieving
For samples obtained through water quenching, initial drying ensured removal of
any residual moisture from the resulting granules. Subsequently, this solidified glass,
whether frit or granules, was ground into fine powder using either a ball mill or
mortar and pestle. To achieve a consistent particle size distribution suitable for,
sieving was performed typically selecting particles within the range of 10-20 microns.
The typical appearance of glass powder after grinding is shown in Figure 3.7.

Figure 3.7. Glass powder (G1-d) after grinding
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3.4. Characterization of glass

The dilatation curves of the experimental glass compositions are plotted in Fig. 3.8.
A thorough examination of these curves reveals critical insights regarding the
transition temperature (Tg) and softening points (Ts), as well as the coefficients of
thermal expansion (CTE).

These findings are comprehensively summarized in Table 3.2. The results indicate
that the transition temperatures (Tg) for the analyzed glasses range between 580°C
and 600°C, while the softening points (Ts) vary from 644°C to 672°C. Such
temperatures are pivotal in understanding the thermal behavior and stability of these
glass materials, especially in applications where thermal stress could impact their
performance.

Furthermore, the CTE values, which were generally observed to be at a high level,
play a significant role in assessing how these glasses will respond to temperature
fluctuations in real-world scenarios. Notably, the coefficient of thermal expansion for
glass G-1le is slightly lower than that of G-1d, suggesting a nuanced variation in
thermal stability and expansion characteristics that could impact their suitability for
various technological applications.

In further exploration of the impact of heat treatment on these glass compositions, it
was observed that when the glass powder compacts were subjected to heat treatment
at 700°C—which is notably above the transition temperature (Tg)—the samples
retained their amorphous nature while achieving complete density. This finding
indicates that sintering, a process where particles adhere and densify without
melting, precedes crystallization in these glass systems. The implications of this
behavior are profound, particularly as the future of glass technology increasingly
leans towards enhancing performance through controlled thermal processes.
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Figure 3.8. Dilatation curves of the glasses
Table 3.2. Characteristic temperatures (Tg and Ts) of the glasses G-1b, G-1d and

G-1e and their thermal expansion coefficients (CTE) for the temperature ranges of
200-400°Cand 200-500°C determined from the dilatometry curves of Fig. 3.8.

Property G-1b G-1d G-le
Tg (°C) 580 600 595
Ts (°C) 644 669 672
CTE (x10° K1)
200-400°C 10,67 10,44 9,18
200-500°C 11,11 10,87 9,56
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3.5. Coating deposition and functionalization

As the coating material deposition of Ti substrate, glass powder is composition G1-d
was used. The coating procedure utilized a slurry-based method that combined
G1-d with glycerol at room temperature. This approach enabled an even distribution
of the glass material over titanium substrates, followed by a carefully controlled
heating process to promote bonding and densification.

1. Slurry preparation and deposition
To assess how composition influences coating efficacy, two distinct mass ratios of
glass powder to liquid glycerol were prepared:

e 70:30 (Glass G1-d: glycerol)

e 50:50 (Glass G1-d: glycerol)

Figure 3.9. Glass powder-glitserol slurry is deposited
on surface of Ti substrate

95



Master’s Degree Thesis
AUTOMOTIVE ENGINEERING - A.Y. 2024/2025

Figure 3.10. Preparation of coating using glass powder-
glycerol in proportion a) 70/30 b) 50/50 mass % ratio

Each mixture was thoroughly stirred to achieve a uniform slurry. A micropipette was
then employed to precisely fix a small droplet of the slurry onto each substrate’s
surface. This drop-casting method ensured consistent thickness and coverage of the
substrate (Fig. 3.9 and 3.10).
2. Drying Process

After deposition, the coated samples were placed in a Memmert UN55 plus drying
oven, where they underwent drying at 80 °C for four hours. This phase was crucial
for the gradual evaporation of glycerol and the initial solidification of the glass layer
before thermal treatment (Fig. 3.11).

Figure 3.11. Drying was performed in a Memmert
UNDb55plus drying cabinet
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3.6. Heat treatment process optimization

Heat Treatment (Sintering)
Following drying, the samples were moved to a Carbolite™ CWF chamber furnace
for sintering under controlled temperature conditions (Fig. 3.5).

Two different sintering profiles were implemented to examine how peak
temperature affects the final morphology and adhesion of the coating:

1. In the first profile, temperatures similarly increased to 300 °C at a rate of
2 °C/min before reaching 700 °C at 2.5 °C/min, with a subsequent dwell time
of 30 minutes at this lower temperature level. This protocol aimed to
investigate potential variations in coating densification and interaction with
the substrate (Fig. 3.12 a).

2. In the second profile, the furnace temperature was gradually raised from
ambient levels to 300 °C at a rate of 2 °C/min, followed by an increase to 750 °C
at 2.5 °C/min. A dwell time of 30 minutes at this peak temperature facilitated
viscous flow and enhanced bonding between the glass and titanium substrate
(Fig. 3.12 b).

3. In the third profile, the furnace temperature gradually rose from ambient
levels to 300 °C at a rate of 2 °C/min, followed by an increase to 800 °C at
2.5°C/min. A dwell time of 30 minutes at this peak temperature facilitated
viscous flow and enhanced bonding between the glass and titanium substrate.
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Heating Profile for Coating Process
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Figure 3.12. The graph showing the heating profile at (a) 700 °C and (b) 750°C. Cooling profile of
samples followed the cooling profile of furnace after switching off.
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The appearance of samples after treatment at 700, 750 and 800 °C are shown in Fig.
3.13-3.15.

lal u b. .

Figure 3.13. Coated sample. The finished product from the
furnace temperature at 700 °C (a) and 750 °C (b).

Figure 3.14. Individual images of coated samples
heat treated at at 700 °C(a) and 750 °C(b).

n] A v

Figure 3.15. Glass coating at round shape surfaces at heat treated at 750 °C
concave(a) and convex(b).
99



Master’s Degree Thesis
AUTOMOTIVE ENGINEERING - A.Y. 2024/2025

Preparation of sample cross section for microstructural analysis

After mounting, systematic grinding and polishing of cross section coating-substrate
was carried out using the LS1 machine (Fig. 3.5).

180#

2408

B80#

400#

1000#

Figure 3.16. Surface grinding and polishing, the type
of carborundum surface (grit size)

The grinding process employed water-assisted techniques to mitigate overheating,
commencing with coarse abrasive papers (240 grit) and advancing through
progressively finer grits up to 1000 or 1200 (Fig. 3.16).

This approach effectively eliminated surface irregularities and distortions caused
during sectioning. Following grinding, polishing commenced using diamond
suspension or an alumina slurry applied on a polishing cloth to achieve a smooth,
reflective surface. The final polishing stage was crucial for removing any remaining
scratches and revealing the material's true microstructure.

Upon completion of polishing, thorough cleaning of the sample was performed using
ethanol or isopropyl alcohol to eliminate surface contaminants. To ensure all
particulates were fully removed, the sample also underwent treatment in an
ultrasonic bath for final cleansing.
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In certain instances, etching was employed as an additional step to enhance contrast
in microstructural features; appropriate chemical reagents like ammonium persulfate
selectively attacked grain boundaries. The prepared—and where applicable,
etched —sample was then examined under scanning electron microscopy (SEM) for
detailed analysis of its microstructure.

3.7. SEM analysis

Cross sections of glass coating — Ti substrate were analyzed using analytical SEM-
EDS: JEOL JSM-IT200LA apparatus (Fig. 3.17).

Figure 3.17. Analytical SEM-EDS: JEOL JSM-IT200LA apparatus

Figure 3.18. Shows microstructure of polished cross section of glass coating — Ti
substrate after heat treatment at 700 °C and at 750 °C. In both cases uniform glass
coating on Ti substrate was achieved, no cracks and gaps were observed.
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Figure 3.18. Microstructure of polished cross section of glass coating — Ti
substrate after heat treatment at (a) 700 °C and (b) 750°C

The microstructure of glass coating and the microstructure of Ti substrate heat treated at
700 °C for 30 minutes are shown in Fig. 3.19 and 3.20 respectively.

Figure 3.19. The microstructure of glass Figure 3.20. The microstructure
coating at 700°C surface of Ti substrate
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3.8. EDS analysis
3.8.1. EDS analysis of Ti substrate

Energy-Dispersive X-ray Spectroscopy (EDS) analysis of Ti substrate as presented in
Table 3.3.

The spatial distribution of Ti was analyzed using elemental experiments, as shown

in Fig. 3.21. From this experimental data the Ti substrate was found to be pure
titanium.

EDS elemental mapping experiment of Ti substrate is shown in Fig. 3.22.

Table 3.3. The mass and atomic ratio of Titanium sample

Element |Line [Mass% Atom%
Ti K 100.00+0.28 1100.00+0.28
Total 100.00 100.00
20,000 —_ - Map_003_wholespectrum
15,000 —
% 10,000 —-
5000 __, x
1 E =
0 \IIIJU}II[\
0 1 2 3 4 5 6 7 8 9 10
Energy [keV]

Figure 3.21. EDS of Ti substrate
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Figure 3.22. EDS elemental mapping experiment of Ti substrate

1 100um

Ti-K

"~ 100pm

A

Data from EDS analysis of Ti substrate confirms that distribution of elements
corresponds to its chemical composition.

3.8.2. EDS analysis of glass coating

EDS of glass coating after heat treatment at 700°C for 30 minutes is presented in Table

3.4 and shown in Fig. 3.23.

The spatial distribution of elements in glass coating was analyzed using elements
mapping as presented in Fig.3.24.

Data from EDS analysis of glass coating confirms that distribution of elements
corresponds to chemical composition of the parent glass.

Table 3.4. The mass and atomic ratio of the front and back sides of the coated sample

Element Mass% Atom%

O 48.954+0.17 65.15+0.23
Na 3.3640.04 3.1140.04
Mg 4.45+0.04 3.90+0.03
31 19.71+0.07 14.94+0.05
P 2.534+0.03 1.74+0.02
Ca 21.00+0.08 11.16=0.04
Total 100.00 100.00
Element Mass% Atom%

Ti 100.00+0.28 100.00+0.28
Total 100.00 100.00
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Figure 3.23. EDS of the powders of the investigated coating glass
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Figure 3.24. Spatial distribution of elements in glass coating

106



Master’s Degree Thesis
AUTOMOTIVE ENGINEERING - A.Y. 2024/2025

3.9. Fourier Transform Infrared spectroscopy analysis (FTIR) analysis
of glass coating

) Ti glass ceramic coating (M)

700 °C

Transmittance (a.u)

0,9

0,8

T T T T T T T T T T T
400 600 800 1000 1200 1400 1600
Wavenumber (cm™)

Figure 3.25. FTIR for coating at 700°C and 750°C

FTIR spectra of the BG glass (Fig.3.25) exhibit three broad transmittance bands in the
region of 300-1300 cm™ that is indicative of the general disorder in the silicate and
phosphate network mainly due to a wide distribution of Q» (polymerization in the
glass structure, where n denotes the number of bridging oxygens) units occurring in
these glasses. The most intense bands in the 800— 1300 cm™ region correspond to the
stretching vibrations of the SiOs tetrahedron with a different number of bridging
oxygen atoms. Thus, the band around 1030 cm™ indicated the distribution of silicate
Q" units centered on Q°® while the transmittance band near 916 cm=! may be attributed
to the polymerization in silicate network structure with two bridging oxygens as Q2
units along with some Q! units. Supporting information and extended results are
provided in Annex A (Figure 5.1-5.5 A)
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3.10. X-ray diffraction analysis (XRD) of Ti substrate and glass
coating.

Fig. 3.26 shows XRD pattern of titanium substrate after heat treatment at 700°C for
30 minutes.

2000 —
1800
1600

1400 4

a.u

~— 1200

1000

Intensity

800

600

400

200 T i T : T : T T 1
20 30 40 50 60

Cuk 26°

Figure 3.26. XRD pattern of Ti substrate after heating at 700 °C
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Figure 3.27. XRD patterns of glass coatings heat treated at 700°C, 750
°C and 800 °C

Fig. 3.27. demonstrate XRD patterns of the coatings subjected to heat treatments at
700 °C and 750 °C. No evidence of crystallization was observed at these temperatures;
the glass retains amorphous structure. The glass matrix remains disordered,
indicating that the thermal energy provided was insufficient to initiate
crystallization. This suggests that the glass preserved its amorphous nature and did
not undergo any significant structural rearrangement.

In contrast, after heat treatment at 800 °C, clear signs of crystallization were observed.
X-ray diffraction analysis revealed the appearance of distinct diffraction lines
corresponding to crystalline phases such as diopside, wollastonite, and fluorapatite.
These findings confirm that the higher thermal energy at 800 °C was sufficient to
overcome the energy activation barrier for nucleation and crystal growth within the
glass structure in Fig. 3.27. Additional data related to this analysis can be found in
Annex A (Figure 5.6-5.14).
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3.11. Metallographic analysis of glass coating.

Morphology of glass coating after treatment at 750°C obtained using metallographic
microscope are shown in Fig. 3.28. The absence of well-defined grain boundaries or
crystalline patterns indicates that the coating remains amorphous after heat
treatment at this temperature. It shows the coated surface with a relatively uniform
distribution of pores or microbubbles. Fig. 3.29 shows the morphology of Ti substrate.
That is typical for heat treated at 700°C shows clusters separated from each other by voids.
That apparently will be important to get adhesion between glass and substrate.

Figure3.28. Morphology of coating at 750 °C
(magnification 12.5x)

Figure 3.29. Morphology of pure Ti substrate
(magnification 12.5x)
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3.12. Thermal shock analysis of glass coating Ti substrate

To assess the thermal shock resistance of coatings on Ti substrate the tests were
performed involving rapid temperature cycling (result illustrates in Table 3.5).

Table 3.5. Results of Thermal shock resistance tests

Picture . . ' -
Time interval o Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
Ne minutes)
1 11:10-11:20 Crack defined X X X X X
2 11:25-11:35 Crack defined X X X X X
3 11:40-11:50 Crack defined X X X X X
4 11:55-12:05 Crack defined X X X X X
5 12:10-12:20 Crack defined X X X X X
6 12:20-12:30 Crack defined X X X X X
7 12:30-12:40 Crack defined X X Yes Yes X
8 12:45-12:55 Crack defined X X X
9 13:00-13:10 Crack defined X X X
10 13:20-13:30 Crack defined X X Yes

The samples were subjected to alternating conditions between room temperature
(20 °C) and 250 °C. The main aim of this evaluation was to observe the initiation and
development of crack formation under these extreme thermal variations.

The experiment lasted for 2 hours and 20 minutes, five samples (Samples 1 through
5) were analyzed under uniform cycling conditions (Table 3.5).

During the initial phase of testing (Intervals 1 to 6, 10 minutes duration each sample),
no cracks were observed in any of the samples. This indicates that all five specimens
successfully maintained their structural integrity while undergoing repeated cycles
of thermal expansion and contraction during the first 70 minutes.

Evidence of degradation first emerged during Interval 7, when both Sample 3 and
Sample 4 showed visible cracks (Fig. 3.32).

The simultaneous appearance of these cracks implies a possible threshold
temperature or time-dependent mechanism contributing to material failure. In
contrast, Samples 1, 2, and 5 remained free of cracks at this stage.

Notably, during Interval 10, a new crack was identified in sample 5, indicating a
delayed failure response due to prolonged thermal exposure (Fig. 3.31).
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These findings suggest that while all coatings initially resisted damage, their
durability under extended thermal cycling varied among different samples. Such
insights are essential for assessing the reliability of coated components subject to
fluctuating high-temperature conditions, particularly in applications like exhaust
systems and thermal barriers.

Figure 3.30. Morphology of coating Figure 3.31. Fracture occurs after
before the thermal shock test (sample 5)  10th cycles (sample 5)

Figure 3.32. Fracture occurs after 7th cycles in (a) sample 3 and (b) sample 4

The result of thermal shock experiments demonstrated that all tested samples can
resist to 6 cycles of temperature change in the interval 250°C - 20 °C  while 40% of
samples to 10 of similar cycles.
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Discussion:

The thermal shock test can serve as a practical method for testing the thermal
compatibility of all ceramic crown systems. It can be used to identify systems where
residual stresses are not of sufficient magnitude to cause failure upon completion of
the initial firing cycle, but which could cause failure at it can be used to identify
systems where residual stresses are not of a sufficient magnitude to cause failure
upon completion of the initial firing cycle, but which could cause failure at a where
the critical temperature difference (ATr) that a coating can withstand without failure
is often estimated using the following equation:

os(l—p)
L R
ATt is temperature difference when fracture occurs, otis the fracture stress, p is
Poisson's ratio, E is modulus of elasticity, a is linear Coefficient of Thermal Expansion
(CTE), and S is a shape factor. This equation highlights the relationship between
mechanical properties and thermal mismatch. A high CTE mismatch between the
glass coating and the titanium substrate increases internal stress during cycling,
making crack formation more likely.
o After 7 cycles, microcracking begins to appear (Sample 3/4).
o After 10 cycles, distinct, continuous cracks are visible (Sample 5).
These cracks likely propagate due to the thermal expansion mismatch and the brittle
nature of the glass, especially under rapid thermal gradients. This aligns with the
theoretical prediction that coatings with low fracture toughness and high stiffness are
more prone to thermal shock-induced damage.
This relationship applies when the quench is so rapid that the surface temperature
reaches its final value before the average temperature changes. By this criterion of
failure, a material with high fracture stress, low modulus of elasticity, and low
thermal expansion coefficient will likely be resistant to thermal stress failure.
Therefore, glass sample characterized by a low thermal expansion coefficient
typically exhibit a high resistance to thermal shock, as demonstrated by the findings
of this study. Nonetheless, these systems showed sufficient resilience against thermal
shock since occurrences of thermal shocks exceeding 200-250°C are unlikely. The
stresses generated by thermal shock are temporary; however, they can lead to failure
if they induce tensile stress on the surface, which is likely during rapid cooling.
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If these surface stresses reach significant levels (where AT is large in the equation
referenced), cracks may form on the surfaces of brittle materials. In the system
examined in this study, it is anticipated that such surface cracks would emerge
because this material possesses lower strength compared to the core material, and the
outer surface of a crown experiences greater thermal shock than the inner surface
adjacent to the core material. These surface cracks will extend into the material and
interact with existing internal residual stresses. The characteristics of these residual
stresses will influence how the thermally shocked induced cracks progress inward.
Although a crown represents a complex system, some general observations can be
made regarding residual stresses. When the core's coefficient of thermal expansion
exceeds that of the glass sample, radial tensile stresses will affect the body porcelain
while hoop stresses will manifest as compressive following cooling post-firing. These
residual stresses will be most prominent at the core interface. As a crack propagates
inward from the surface, it will be redirected towards areas experiencing higher
tensile stress—specifically along a path tangential to the core interface. This type of
crack often appears deflected and runs parallel to the core due to prevailing tensile
forces. Such fractures typically present as curved lines or half-moon shapes extending
in a mesial/distal orientation (see Fig. 3.31). In cases of complete failure, opaque
fragments would detach from the core material.

Conversely, when the core's coefficient of thermal expansion is less than that of either
opaque or glass materials, tensile hoop stresses arise within those materials while
radial stress remains compressive. In this scenario, surface cracks induced by thermal
shock are propelled radially inward due to residual tensile hoop stresses. These
fractures typically manifest as vertical lines aligned in an occlusal/gingival direction
(see Fig. 3.32).

By rotating crowns under light illumination, one can observe both crack orientation
and whether they penetrate through or run tangentially along with the core. This
observation aids in determining whether cracks result from radial tensile (vertical) or
radial compressive (horizontal) stresses and helps identify potential mismatches in
thermal expansion of glass components.

Factors such as thermal conductivity and interfacial bond strength between glass
coating layers also play roles in influencing thermal shock resistance: increased
conductivity tends to reduce resistance to shocks. Furthermore, differences in elastic
moduli among glass samples alongside variations in restoration dimensions
contribute significantly as well —varying thicknesses across different layers alters
stiffness and consequently modifies residual stress profiles.
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3.13. Simulation of exhaust system at high temperatures

In this research, the thermal characteristics of an exhaust system designed for high-
performance automotive applications were modeled using specific boundary
conditions to assess the efficacy of protective coatings on titanium substrates (Fig
3.33).

Figure 3.33. Dual-exit performance exhaust system for Inline-4 engine

To evaluate how well a glass-ceramic coating insulates the exhaust pipe and prevents
heat transfer from the hot exhaust gas to the cooler ambient air. Figure 3.34 represents
a thermal contour plot from a simulation (CFD) analyzing the temperature
distribution across a coated titanium exhaust pipe exposed to high-temperature
exhaust gas and ambient air. The exhaust gas entering the system was assigned an
inlet temperature of 1273 K and a velocity of 50 m/s, reflecting the operational
conditions typical of sports car engines under high-load regimes. The ambient air
surrounding the exhaust pipe was represented at a temperature of 300 K with a
convective flow velocity of 5 m/s, mimicking the external airflow produced during
vehicle operation. The exhaust pipe was presumed to be constructed from
commercially pure titanium due to its advantageous high-temperature mechanical
properties and resistance to oxidation. This pipe featured an outer diameter of 60 mm
and a wall thickness of 2 mm.
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Ambient air
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Exhaust pipe (1120 K)

>

Coating =~
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Figure 3.34. Thermal contour analysis (CFD by Ansys 2025 R1) of an
exhaust system temperature value in Kelvin (K)

To improve oxidation resistance and thermal protection for the titanium against
prolonged exposure to elevated-temperature gases, it was externally coated with a
0.1 mm-thick layer of fused silica (SiO,) glass, which was applied through an
appropriate chemical vapor deposition (CVD) technique. The selection of glass-silica
coating stemmed from its low thermal conductivity, chemical inertness, and superior
thermal stability, positioning it as an effective barrier against high-temperature
oxidation. The purpose of the analysis is to evaluate how well a glass-ceramic coating
insulates the exhaust pipe and prevents heat transfer from the hot exhaust gas to the
cooler ambient air (Fig.3.34).
The provided thermal contour plot depicts the temperature distribution across an
exhaust system component, simulated under high-temperature operating conditions.
Key temperature zones include:
= Exhaust gas core: 1273 K (typical of turbocharged or high-load engine
conditions).
= Exhaust pipe surface: 1120 K, indicating significant thermal retention by the
pipe material.
= Coating layer: Sharp gradient from ~700 K to 300 K, suggesting active thermal
insulation (Fig.3.36).
= Ambient boundary: Stabilizes near 300 K, confirming effective ambient
cooling.

116



\’\
_,.:‘*‘!l Politecnico
\ ' di Torino Master’s Degree Thesis

iaanddl AUTOMOTIVE ENGINEERING - A.Y. 2024/2025

The contour labels (e.g., 1.253e+03 K to 3.000e+02 K) demonstrate a non-linear
temperature decay from the pipe interior to the coating-air interface, characteristic of
systems with high heat flux and insulating layers.

Figure 3.35. Thermal distribution in a coated exhaust system
simulated under steady-state operating conditions
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Figure 3.36. Temperature change along the Y-axis from
the center of the pipe circumference radially outwards
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4. Conclusion

1. The topics highlight the critical role of advanced coatings in enhancing the
high-temperature oxidation resistance of titanium and its alloys, particularly
for applications in automotive exhaust systems. Silicon-based coatings, such
as silicides, effectively create a protective SiO, layer that inhibits oxygen
penetration, demonstrating excellent thermal stability and oxidation
resistance up to 1000°C. Glass and glass-ceramic coatings provide an
alternative by forming dense barriers against oxygen infiltration and
exhibiting self-repair capabilities, although challenges related to thermal
expansion mismatches remain.

2. Adhesion in coating/substrate systems is a complex phenomenon influenced by
various factors, including surface chemistry, mechanical interlocking, and
thermodynamic principles. Intrinsic adhesion arises from molecular attractions
at the interface, while measured adhesion quantifies bond strength through
specific testing methods. Surface energy and wettability are critical for effective
adhesion; substrates with higher surface energy promote better wetting and
bonding. Various adhesion testing methods, including pull-off tests, scratch
tests, and impact tests, help evaluate the performance of coatings.

3. The cleaning and thermal treatment processes employed for the Ti substrate
are critical in ensuring the integrity and performance of the samples for
subsequent applications. The multi-stage cleaning regimen, which includes
washing with pH-balanced water, acetone washing, and ultrasonic immersion
in isopropyl alcohol, effectively removes surface impurities and contaminants
that could compromise the quality of the titanium. The use of ultrasonic
cleaning enhances the removal of residual particles and oils, ensuring a
pristine surface condition.

4. The cleaning and thermal treatment processes employed for the Ti substrate
are critical in ensuring the integrity and performance of the samples for
subsequent applications. The multi-stage cleaning regimen, which includes
washing with pH-balanced water, acetone washing, and ultrasonic immersion
in isopropyl alcohol, effectively removes surface impurities and contaminants
that could compromise the quality of the titanium. The use of ultrasonic
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10.

cleaning enhances the removal of residual particles and oils, ensuring a
pristine surface condition.

Experimental results demonstrated that following the cleaning process, the
tempering heat treatment at 700°C serves to enhance the structural stability
and surface integrity of the titanium substrate. This thermal treatment not only
alleviates residual stress from prior mechanical processing but also promotes
a uniform microstructure that is essential for the performance of the material
in high-temperature applications. The careful management of the heating and
cooling processes minimizes the risk of thermal shocks and microcracks,
thereby preserving the mechanical strength and chemical performance of the
titanium.

Overall, these meticulous procedures ensure that the titanium substrate are
optimally prepared for further modifications, such as coating applications or
oxidation testing, thereby enhancing their reliability and effectiveness in
practical applications.

The glass powder was produced using a melt-quench technique with a
carefully formulated batch composition. The process involved several key
stages: designing of glass compositions, glass batch preparation mixing,
melting, quenching, grinding and sieving process. This meticulous process
ensures the production of glass powder with optimal properties for high-
temperature applications.

The important finding from this experiment is matching the CTE values of
experimental glasses (9.5-10.5) x10® K 1 and Ti substrate
(9.5-10.0) x10° K -1. Various factors can impact all-ceramic systems resistance
to thermal shock; notably, any substantial difference in thermal expansion
between glass coating layers can generate residual stress.

The study implemented three distinct sintering profiles to investigate the
impact of peak temperature on the morphology and adhesion of glass coatings
on titanium substrates. The first profile reached a peak temperature of 700 °C,
promoting enhanced bonding through viscous flow, while the second profile,
with a peak of 750°C and 800°C allowed for examination of coating
densification at a higher temperature. Both approaches utilized a slurry-based
application of glass powder with glycerol, facilitating uniform coating and
effective heat treatment for improved adhesion and densification.

Data from EDS analysis of Ti substrate confirms that distribution of elements
corresponding to chemical composition. Data from EDS analysis of glass
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coating confirms that distribution of elements corresponds to the chemical
composition of parent glass.

The microstructure of polished cross section of glass coating — Ti substrate after
heat treatment at 700 °C and 750°C uniform glass coating of Ti substrate was
achieved no cracks and gaps were observed.

11. XRD pattern of substrate confirms presents of Ti diffraction lines only. that
confirms the result of EDS analysis.

12. The study of microstructure of polished cross sections of samples after heat
treatment at 700 and 750°C evidenced that uniform glass coating on Ti substrate
was achieved with no cracks and gaps.

13. XRD patterns of coatings after heat treatment at 700 and 750°C showed that no
crystallization of coating occurred and glass remains in its amorphous nature.
It means that glass keeps its disordered structure. However, after heat treatment
at 800°C crystallization is evident:

Diffraction lines corresponding to crystalline phases such as diopside,
wollastonite, and fluorapatite were recorded.

14. The result of thermal shock experiments demonstrated that all tested samples

could resist 6 cycles of temperature change in the interval 250°C - 20 °C  while
40% of samples to 10th of similar cycles 12.
Rotating crowns under light reveals crack orientation and penetration,
indicating whether cracks arise from radial tensile or compressive stresses, and
helps identify thermal expansion mismatches in glass components. Factors like
thermal conductivity and interfacial bond strength impact thermal shock
resistance, with higher conductivity reducing resistance. Variations in elastic
moduli and restoration dimensions also affect stiffness and residual stress
profiles. To ensure consistency, an incisor crown shape was uniformly applied
across samples.

15. The results of this study can be used as the first approach for the development
of reliable coatings on titanium for protection against high-temperature
oxidation in the automotive industry. The contour analysis highlights critical
thermal management challenges in exhaust systems, emphasizing the balance
between insulation  efficiency and material ~ survivability under  extreme
conditions.
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FTIR analysis of glass coating
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