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Abstract

High-performance materials such as stainless steels and nickel based super alloys are widely used
in demanding applications where high mechanical and thermal properties are required. The
applications of super alloys are mainly found in jet engines, power plants and gas turbines
demanding high fatigue strength. corrosion and oxidation resistance as well as wear resistant
properties. In order to use them, they go through various machining processes such as milling,
turning, cutting, polishing etc. until the final product is achieved. Modemn manufacturing industries
employs various machining tools and technologies to improve the machining process of heat
resistant super alloys. However, there are still challenges which needs to be addressed. Among
them, adhesive wear of the machining tools is one of the main wear mechanism during the
tribological interaction of tool and workpiece, preventing them to achieve the desired quality and
surface finish of the end product, Moreover, it damages the tool reducing its lifecyele and in return,
increasing the production cost. Among the cutting tools tungsten carbide (WC/Co) tools coated
with TiAIN coating due to their good high temperature performance are extensively used.
Nonetheless. these coatings still face issue like adhesive wear, abrasion. oxidation at higher
temperature damaging the tools and subsequent machining. Therefore, it is imperative to
understand the initiation mechanism of adhesive wear during the tribological interaction of super
alloys and coated cutting tool material.

In this research work, the tribological response of two coatings deposited by physical vapour
deposition (PVD), having the composition TiseAlioN and TisAlsoN have been studied against two
super alloys material, ie. Inconel 718 and stainless steel 316L. A high temperature SRV
(Schwingung (Oscillating), Reibung ( Friction), Verschleifl (Wear)) reciprocation friction and wear
test set up was employed to investigate the friction behaviour, wear rate and dominant wear
mechanisms.

For TismAlwN coating, the experimental results revealed that generally, friction increases in case
of sliding against Inconel 718 up to 400 °C and drops at 760 °C. A high wear volume at room
temperature and a decrease to 4 minimum at 760 *C has been observed for Inconel 718, On the
other side, Stainless steel 3161 (S8 316L) faces a continuous rise in friction coefficient with
highest value at 760 °C during sliding against TiwAlLgN coating. Wear is highest at 400 °C for §S
316L pin. The worn surfaces shows that both workpiece materials experience increase in material
transfer due to adhesive wear with rise in temperature. At 400 °C, adhesion is the primary wear
mechanism for both workpiece materials. A further rise in remperature to 760 °C promaotes the
adhesive wear through oxides formation on both material surfaces.

Similarly, TunAlsoN coating shows the same friction behaviour with change in average steady state
friction values for both material of Inconel 718 and 88 316L. Both workpiece materials responds
in a similar way to wear volume loss, i.e. lowest at room temperature and highest at 760 °C. For
Inconel 718, transier of coating constituents on (o the Inconel 7IR pin surface was detected and
asspciated with coating rupture and peeling, exacerbating with rise in temperature. Adhesion,
abrasion, and oxidation are primary wear mechanisms at 400 °C and 760 *C. For 55 316L. coating




transfer only happen at 400 °C. No damage of coating at 40 °C, a complete damage at 400 *C,
and formation of dense porous oxides layers at 760 °C have been noticed. At 400 °C,
adhesion, abrasion, and chipping while at 760 °C. adhesion, three body abrasion, ploughing

and oxidation arc the main wear mechanisms.

Additive manufacturing has revolutionized component fabrication by enabling the production of
complex geometries and tailored surface textures unachievable by traditional methods. However,
AM surfaces often exhibit intrinsic roughness, porosity, and microstructural heterogeneity, which
can detrimentally affect frictional characteristics and accelerate wear under operational stresses.
To miligutc these drawhacks, laser surface treatment 1s cmp]()}'cd as an cffective pnst-pmi:csxing
technigue to modify surface hardness, induce compressive residual stresses, and homogenize
surface microstructure, thereby improving wear resistance and mechanical integrity, The
incorporation of advanced smart coatings—such as magnetorheological fuids and shape-
memory polymers—further enhances the tribological system by providing adaptive vibration
damping and frictional modulation capabilities, which are particularly advantageous in high-
frequency vibrational environments.

The research methodology involves detailed finite element analysis (FEA) using ANSYS
Workbench, simulating a representative pin-on-disk tribological configuration under dry sliding
conditions coupled with various vibrational load profiles. Comparative simulations across three
primary surface conditions—untreated AM, laser-treated, and smart-coated laser-treated
surfaces—are conducted to quantify and analyze key tribological metrics including coefficientof
friction, wear depth, contact pressure distribution. and vibrational response characteristics. The
simulation results reveal a marked improvement in tribological performance for laser-treated and
smiart-coated surfaces, exhibiting reduced frictional forces, diminished wear rates, and superior
vibration attenuation compared to conventional AM surfaces. These findings elucidate the
synergistic effects of combining advanced manufacturing, surface engineering, and smart
material technologies to realize robust, adaptive, and long-lasting tribological systems.

Vi
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Chapter 1
1. Introduction

From the beginning of the history and initial days of the human evolution, materials have been of
crucial importance for making development in our society. The slow and gradual improvement has
not only carved society as we know it today, but also made us pave the way towards various
technological advancements in different scientific domains such as space lechnology, energy,
transportation, medicine, and communication.

Arguably. sieel has been deemed as the most central material in the expansion and development
of humanity. This versatile and multi-functional material has not only plaved a pivotal role in our
civilization and economic growth but also prompted the industrial revolution since the first
inexpensive method of mass production of steel was revealed in 1855 by Henry Bessemer [1].

Now a days, most of the materials used in the manufacturing industry comprises of steel. In
manufacturing indusiry, the ability to change the shape of steel according to requirements is one
of the key aspects of its widespread utilization, For example, steel usage in construction industry,
heavy machinery, bridge consiruction against heavy floods, power plants and automolive sector
makes it one of the most promising and reliable material being justified with its longer life and
durability, Therefore, steel due to its robust strength, toughness and stiffness is not only the
backbone of various technological advances that has been witnessed in today’s era but also have
played vast role in rising up our living standards [2, 3].

Over time, it has been realized by engineers that addition of different elements to the composition
of metals for producing alloys can change its properties significantly. Traditional metal alloys such
as steel or aluminium when used in different areas such as automotive, heat treating, nuclear power
generation, gas turbines, and jet engines makes them prone to failure at very high lemperatures.
Therefore, high temperature capability alloys which are resistant to failure at very high temperature
with very good corrosion and creep resistarggg as well as significant fatigue strength are required.
The super alloys can mainly be categorized into three classes; nickel based, cobalt based . and iron
based super alloys are prominent for applications at severe conditions, However, each category
has different subsections depending on the composition of the added elements as well as the
specific requirement for application [4, 5].

Until the end of the 3" decade of the 20" century, engineers and designers realized that stainless
steel utilization is limited by the high temperature requirement aa they need to come up with
another solution for high temperature applications from where the nickel based super alloys usage
originated. Nickel based super alloys are extensively used for harsh operating conditions, e.g. in
jet engines as depicted in Figure 1, where high stability against acid attack, oxidation, corrosion,
fatigue. and creep is required [6]. The ability to withstand high temperature in nickel based super
alloys comes from the precipitation of high-volume fraction of nitrogen triiodide (Nis) [7].




Low and high-pressune compressor
sections Ti or Ni alloy Low and high pressure turbine
sections

B -y
»

)

Figure 1: Use of the nickel alloys in jet engine is around 45-50% of its total weight [8]

Among the super alloys, as each group has variation in chemical and mechanical properties
controlled by varying the alloying element and heat treatment process. Stainless steel and Inconel
are the famous ones holding the mark for standing robust at high temperature application by
retaining excellent mechanical propertigg) It is important to mention here that sometimes Inconel
is employed in place of stainless steel due to its high resistance to creep and corrosion and acid
attack at very high temperatures [9]. The classification of super allovs has been shown in Table 1.

Tahle 1: Super alloys classification [10]

SUPER ALLOYS
7 NICKEL BASE TRON BASE C

LT BASE

Inconel (587, 597,600,601,  Incoloy (800 801, 802 807, Haynes 188
617, 625, 706, 718, X750) §25.903.907, 909)
Nimonic (75, 80A. 90, 105, A-286 L-605
115, 263,942, PE.11, PE. 16,
PK.33)
Rene (41, 95) Alloy 901 MAR-M918
Udimet (400, 500.520, 630, Discaloy MP35N
700,710, 720)
Pyromet 860) Haynes 556 MP159
Astroloy H-155 Stellite 6B
M-252 V-57 Elgiloy
Hastelloy(C-22, G-30. 8, X)
Waspaloy
Unitemp AF2-IDAG
Cabot 214

Haynes 230

[}




The evolving world and developing societal reguirements have completely shaped the
manufacturing industry. Multiple driving forces are considered behind this change including
environmental change, access of technology, globalization, customer requirements, and
enhancement of knowledge. The manufacturing of quality products to achieve sustainability and
less pollution due to environmental concerns has increased the machinability of matenals. In these
engineering materials, machining of super alloys causes inordinate generation of heat,
compromised surface features, wear in sufficient amount, and also residual stresses specifically
corresponds to materials which are not easy to machine [11].

1.1. Machining of Super alloys

Machining of materials is usually dictated by the chemical and mechanical properties governing
the difficulty level of machining process. Researchers have classified the engineering materials
into small category-based nature of machining process, i.e. (i) easy machining materials, (ii)
machining of the ordinary iron and wrought steel, and (iii) materials which are difficull to machine.
With the growing demand of customer satisfaction, challenges are often encountered in order to
ameliorate machining efficiency without compromising the final product quality and reducing the
cost [12].

The competitive market of today’s industry considers machining of materials as one of the key
manufacturing processes. This leads to the development of the state-of-the-ant standards for
machining processes. As the innovation is taking place with fast pace with new methods entering
into the market, different techniques, for example, high speed machining, micro machining, and
ultra-precision machining offer wide varieties in the machining processes. In the current industrial
market. the machining process not only aims for efficiency and high production rate but also
improved suitability, reliability, and economy (5, 9].

1.2, Challenges in Machining of Super alloys

In the machining of materials, super alloys are considered to be the most difficult to gu:hinf:.
Nickel and iron based super alloys have high resistance to corrosion and oxidation, and are used
in high temperature applications in various industrial sectors. Besides the super alloys, stainless
r.reeﬁL is a difficult to machine material as it poses various challenges during its machining.
The work hardening characteristics combined with low thermal conductivity as shown in Figure 2
and high ductility renders stainless steel 3161 to wear oot the tool by chipping out the material
from cutting tool. As a result, the toal life reduces and guality of the product gets compramised
leading 1o increased cost of machining process [14]. Many researchers like Ranganathan et al. [15]
has made efforts to investigale low cost methods for machining of the materials e.g. duplex
stainless sieel and AISI 316L. Researchers such as Nomani et al. [16] have found out and reporied
that low thermal conductivity is the main reason behind the poor machinahility of stainless steel.
Similarly, different machining techniques and methods were used (o improve the machinability of
stainless steel involving cryogenic treatment for increasing the tool life. For example, Gill et al.

[17] used the cryogenigggyeatment method for the uncoated WC-Co tool at two different
temperatures i.e. shallow treatment at -110 °C and deep treatment at -190 °C, and has observed

3




increased cutting tool life and machining perform@fge as compared to the untreated tool WC-Co
cutting tool. Laizhu Jiang et al. [ 18] investigated the mucliing of the stainless steel and duplex
steel and found that serration of the chips leading to the vibration of the cutting forces enables
attrition wear on the cemented cmide l:ulting tools. Little work has also been repnrlcd that the
excessive heat generation causes the strong bonding between the workpiece and the ool material
causing the adhesive wear.

by

(a) (b)

Non - Heat-Resistant Super Alloy Heat-Resistant Super Alloy

Figure 2: Machining of super alloys ( nsfer of heat to work material leading to less heat accumulation
at the contact point (b) back transfer of to the tool surface resulting in rise of tool temperature enabling
wear [19]

Adding more to it, some scientific studies conducted by researchers have reported different
ErEllenges during their experimental study which they believed could be the plausible reason for
the poor machinability of the austenitic stainless steel. Enggino et al. [20] mentioned in his findings
that the poor machinability of austenitic stainless steel can be atiributed 1o the presence of the
macro particles on the surface of the AIggY. AICN PVD coated wol. The non-homogencous
formation of the chip during the machining of the AISI 304 austenitic stainless steel has been found
to be the leading cause of its poor surface finish as being reported by Korkut et al. [21]. Also, the
work by Akasawa et al. [22] on machining of austenitic stainless steel accounts for achieving a
high surface roughness when re-sulfurized steel is used and this generate further built-up edge
(BUE). Lin [23] looked at the machining of austenite stainless sieel from the perspective of grain
size and found out that increase in grain size results in poor machinability. He also studied the
machining of quenched austeniie stainless steel bar and reported that increase in iemperature for
quenching reduces the quality of machining along with the tool life, Rodriguez et al. [24] analyzed
the effect of coated and uncoated tool on machining quality of stainless steel and came to the
conclusion that single coated and uncoated tools suffers carly failure enabled by the cutting forces
which were pretty high during the machininggggocess. Similarly. some researchers like Khan et al.
[25] investigated texturing of the surface of the flank and rake face of the cutting tools which has
significantly reduced the friction and cutting forces between the tool and work piece that will
eventually prolong the tool life. It is observed that emploving the texturing technique can enhance
the lubrication between the tool and workpiece and affects the chip adhesion phenomenon, It has
also been reported that laser rgg§hining used for creating the texture on rake face of carbide tools
makes them outperform plain carbide tools during the machining of AISI 316 stainless steel [ 26].
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The resistance against oxidation and creep rupture comes from the additiofgpf aluminium and
titanium [#]. With all these strengths and characteristics, there are different problems associated
with the machining of nickel based super alloys. Many researchers have looked into the dry
machining problems and presented them in the literature. For example, Dudzinski et al. [27]
presenied in their review that plastic deformation, increase in micro-hardness, residual teng
stresses, and metallurgical changes as well as high surface roughness are the leading causes of the
poor machinability of the nickel based super alloys. Similarly, Devillez et al. [28] in his
experimental investigation about the dry cutting of Inconel 718 explored that Inconel 718 affinity
to weld leading to formation of buili-up edge (BUE), its increased shear sirength, and chemical
affinity are m.ﬂ' difficulties during its machining process. Likewise, Arunachalam and Mannan
[29] analyzed the machining of nickel based super alloys with respect to the nickel (Ni) content in
the material and found interesting results. As demonstrated in Figure 3, the cutting temperature
during the machining gets pigh with the rise in the nickel (Ni) content in the super alloys. They
also found that notch wear associated with machining of nickel based super alloys also increases
when an increase in material hardness has been ol'Eved. The machining conditions should always
be determined based on the microstructure and chemical composition of the material which is
directly linked with the hardness of the material,
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Figure 3: Change in cutting heat and Moteh wear with rise in nickel content [29)

chide@c nickel content. it has also been studied by Olovsji et al. [30] that grain size greatly
affects the machining quality of the nickel based super alloys along wighjthe tool wear. They
proposed that large grain size in wrought Inconel 718 has almost no effect on the flank wear of the
tool, however, it greatly influence the notch wear on the tool and undermines the machining quality
and tool life. Hayama et al. [31] fOClISElW‘l the initial tool wear relation with the feed rate and
grain size ratio. It was mentioned that if feed rate to grain size ratio is less than 1. flank wear on
the tool progresses very fast and relies completely on the mean grain size.
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According to Thakur et al. [31], the compression ratio of the chip can also be a good indicator
about the machining quality of the Inconel 718. This is due to the fact that it is related to the plastic
deformation and the energy consumption during the process of metal cutting. Their studies
proposed that for Inconel 718, the p]aslic deformation was significantly higher h is enabled
by work hardening during the turning process. Xavior et al. [32] describes that presence of g
abrasive carbides in microstrueture and along with the very high work hardening characteristic are
the leading cause of inconvenience faced during machining ol the nickel based super alloys. Soggg
other researchers also demonstrated their finding regarding challenges faced while machining the
nickel basegfguper alloys. The performance efficiency of the carbide tools were tested by Noor et
al. [33] for mac@ing of nickel based super alloys. Their investigations confirmed the plastic strain
and crater wear of the cutting tool edges resulting from the low thermal conductivity, accumulating
the generated heat on the tool edge surface, and not transforming it to the workpiece chips. It has
also been reported that @lamination of the coating occurs with coated tools due to the chemical
reaction as well as gggtal pick-up on the tool surface reducing the life of tool and machgfjng quality.
While performing the turning operation of Inconel 718, Ibrahim et al. [34] explained the excessive
chipping of the wol along with flank and rake wear due to the brittle nature of the Inconel 718
combined with high speed cutting,

13. Tribology

The word Lrihnlngyn typically not familiar to the common peggon although it has a very crucial
role in our lives. It plays an important part in the behavior of two surfaces in contact when they
move relative o each other. Besides the technology-based applications, which are highly
dependent on the tribology (ie. friction, lubrication, and wear), everyday walking also needs
proper friction between the ground and the shoe sole to prevent from slipping. Also, the knife blade
aarptning is another form of tribology that falls into the category of controlled wear. Similarly,
lubrication is also equally important for the proper performance of the working systems, for
example, human knee and hip joints.

The scientific definition offjtribology is the study of two interacting surfaces th@are in relative
motion. Tribology entails friction, wear, and lubrication. The origin of the term tribology comes
from the Greek word “tribos™ meaning "to rub™. The word tribology was first mentioned by the
Jost report in 1966, which was published by the Education and Science department of United
Kingdom, This report highlighted the importance of the tribology and lubrication research in UK’s
education department with a conclusion that almost 1% of the UK gross product can be saved with
decrease in friction as well as wear [35]. Such initiative was also taken by other countries depicting
much higher savings resulting from reduction in friction and wear. However, a closer look into
history shows that role of tribology and lubrication was also considered even around 2500 B.C
during the construction of pyramids and they might have used oil and water mixture as lubricant
for reducing the friction.

The modern tribology research is primarily focusing on improved performance and reliability;
saving raw materials: energy savings; and cost savings. Figure 4 demonstrates a tribological system
from the perspective of different real-life applications. A tribological system mainly consist
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of four main components L.e. two interacting surfaces (tribo-element | and 2), interfacial material.
and surrounding medium. Elements 1 and 2 are basgguly two surfaces which are close to each
other during the actual operating conditions. While the third element is the interfacial medium

ling as a lubricant which can be oil, some gas OF any 1u}rcr s.crving as to reduce friction and wear.
The fourth element is the surrounding medium which is usually air entailing humidity as its main
impacting faqEf. Gaseous environments, some fluid or vacuum depending upon the specific
requirements and operating conditions of the wibological system can also be the surrounding
medium. All the above mentioned four elements serves as the decisive factor concerning the
friction and the wear in the tribological system. Therefore, it can be said thai friction and wear
involved in a tribological system g not its intrinsic material properties but solely depends on the
configuration and environment of the tribological system [36].
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Figure 4: Schematic diagram of & tribological system for various practical configuration [37]




Friction between the two contacting bodies can be attributed to the resistafy against the sliding
motion. In reality, it is actually the force which tend to oppose or opposes the relative motion
between the two mating surfaces. The refore, it can be said that the frictional force is an energy
dissipative force. The sliding friction originates from the combined etffect of two components of
friction i.e. ploughing and adhesion. Tiggploughing form of friction occurs between two materiuls
of different hardness. In other words, when asperities of the gy d surface plough through the soft
mating surface. This form of friction can also result from the hard pa.rticles entrapped between the
two surfaces that are in relative mfmn_ (n the other hand, the adhesive form of friction results
from the atomic junction formation between the two mating surfaces. The higher chiggjeal affinity
of the materials plays significant role to increase this sort of frictional component. For example,
two steel surfaces will form atomic bonds during dry sliding contact if there are no oxides layers

the surfaces in contact. It is important to have no oxide layers as oxides reduces the formation
of the atomic junctions preventing the adhesive form of friction.

E
Wear can be described as the loss of material from the surfuce of the contacting bodies. This does not
impart that material should be removed from the tribological system but can transter from one surface
to the other opposite surface. Wear in the tribological system does not favor smooth operation of the
system and can result in deterioration of the performance and eventually failure of the system.
Therefore, it is always desired to keep the wear as minimum as possible through selection of the
appropriate material and lubricants for the required operating conditions. However, wear is not always
undesirable as there are manufacturing processes where controllable wear is preferred. Examples of
such systems are milling, turning, cutting, and grinding as well as polishing.

There are four main types of the wear as being standardized by the German standards DIN 50320
shown in Figure 5.

— Adhesive wear: sometimes also termed as sliding wear. This happens when the formed atomic
junctions between the two mating surfaces breaks and the material loss oceurs.

— Surface fatigue wear: resulting from sub surface cracks formation and fatigue generated from
the repeated stress cycles in the tribological system enabling the removal of the material from the
contacting surfuces.

— Corrosive offribochemical wear: The consumption of material resulting from chemical
reactions on the surface of contacting bodies. In this type of wear, the tribological actions
triggers the chemical reaction among the iribological elements of the tribological sysiem.

— Abrasive wear: A 2-body abrasive wear occurs when asperities on a hard material surface
plough through the surface of a sofier material and make scraiches on opposite surface. A 3-
body abrasive wear is generated by the hard entrapped particles that scratches and plough on one
or both of the mating surfaces,
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Figure 5: A schematic diagram of four main wear types according to German DIN 30320 Standard [38]
Adding more to it, researchers describe two more wear mechanisms as follows:

— Erosive wearggprocess in which impact of liguid, solid and gases or a combined effect of
these removes the material from the surface of the solid material,

— Fretting wear: small amplitude oscillatory movement under high loads generates this type of
wear between the contacts of tw surfaces. The resulting wear particles from the fretting wear
don't find any way to get out of the contact region and consequently exacerbate the wear
behavior [36].

14. Tribology in Machining

The challenges about the machining of the super alloys has previously been discussed in section
1.2. Tribology is also an iWul part in the machining process of super alloys e.g. milling, turning,
and cutting, as it involves the interaction of the ol and workpiece surfaces when the ool is loaded
with high forees during the process of chip formation. The generation of heat at the deformation
zones leads to overheating the chip, tool surface, and workpiece. Since all the surfaces are clean
and chemically active, therefore compligpd physical and chemical processes are linked with
cutting process. These processes enable wear of the tool surface which reflects in the form of
progressive wear of the particles from the surface of tool. However, defining it in more simple
words, tool wear usually comes from the mechanical interaction (thermodynamic wear, in most
cases abrasion) and chemical interaction (thermochemical wemeJsIly diffusion). The
temperature due to excessive heat generation may exceed the limit of the ool and workpiece
material resulting in enhanced crater wear, cutting edge chipping or severe damage to the tip of
tool [7].

During the machining of Lheazcl and nickel based super alloys, different ool wear mechanisms
have been observed such as abrasive wear, adhesive wear, oxidation wear, and diffusion wear.




Among the above @ntioned wear mechanisms, adhesive wear is the most frequently oggRrring
one resulting from the combined effect of high temperature and stresses leading to the @lt-up
edge (BUE). The formation of the built-up edge accounts for failure of the tool through attrition
phenclrnem:m at mediam cutting-spaeds_ Flaking and (:hipping as well as plastic' deformation are
more prominent al higher cuiting speed. Figure 6 describes the different wear mechanism along
with the wear types.

Efpm literature, it has been observed that adhesion and abrasion are the most frequently occurring
tool wear mechanism during the machining of the nickel based super alloys. The leading cause of
this are the high cutting forces which enables this mechanism not only at low temperature but also
at high temperature as well [39]. A brief vet compact summary of the various wear mechanisms
has been described during machining of the super alloys.
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Figure 6: Schemutic disgram of wear causes, mechanism, and types in nickel based super alloys cutting
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[40]

— Adhesive wear: This form of wear oceurs usually due to the flow of the work piece material
at high temperature and pressurc cnabling the formation of the built -up cdge (BUE). The
unsiable buili-up edge or layer sticks to the flank face or rake face of the tool and will
eventually get damaged. During this process, the workpiece material and residual chips are
continuously getting removed due to a work hardening effect. The tool gets damaged when the
adhered material from the tool surface is peeled off due to the removal of the built-up edge
(BUE). The cuiting temperature at low cutting speed is relatively low which makes it difficult
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for the tool and the work piece material to plastically deform. On the other hand. the cutting
temperature is relatively very high at higher cutting speed favoring the conditions of chemical
and diffusion wear. As a result, the moderate speed of machining still favors the high
temperature circumstances which are helpful for the adhesive wear.

Liet al [41] performed cutting tests of the Inconel 718 with CVD and PVD coated carbide
tools and observed different wear mechanism while using the ceramic cutting tools. They found
that wear of the cutting edge was not significant however, the coating peeled off and adhesion
phenomenon was mainly on the cutting edge. When they tried to cut Inconel 718 with ceramic
SIAION tool and, tool chipping was noticed. The increase in cutting speed (240 m/min to 300
m/min} has shown profound changes to the flank and nose concerning the adhesive wear,
Furthermore, a further increase in cutting speed and feed rate has depicted cracks on the rake
face and at some poinis even breakage as well.

Hao et al. [42] performed the tuming of Inconel 718 with PYD TiAIN coated carbide tools and
found that when the cuiting speeds are low as of the value 20 m/min, the adherence and
accumulation of the work picce material on wol surface is noticeable in form of built-up edge
(BUE). The buili-up edge was not stable enough and keep on removing with the flow of chips
as the process of machining progressing leading towards the chipping and spallation of the
tool-material complemented through very small cracks on tool surface as shown in Figure 7.
Nonetheless, an increase in the cutting speed [28] increases the temperature which eventually
will soften the workpiece material conducive to quickly adhere to the toel and as a result, the
adhered area expands on the tool surface. Liv et al. [43] proposed that under very high
temperature and pressure conditions, the plastic deformation of the rake face has been
confirmed showing formation of a new surface where atoms from the tool and workpiece
material surface absorb in such a way that they form an absorption point. The relative
movement of the workpicce and tool breaks the adhesion point resulting in shearing of the gain
group by the other side. Wang et al [44] conducted a study with coated carbide tools and
witnessed that employing the PVD TiAIN or TiN coating on the carbide tools can have
considerable reduction in chipping phenomenon. Zhu et al [45] analyzed the cBN tool wear
mechanism against nickel based alloys and observed diffusion and adhesion as the prominent
wear mechanisms.
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Figure 7: SEM image showing the adhesive wear in tool at 20 m/min of cutting speed (a) built-up edge

(b} wear-debris [42]

Abrasive wear: Scientific studies have disclosed that the friction phenomenon between the
hard particles of carbides present in nickel based super alloys and the flaking off coating or
carbide particles from the tool matrix are the primary reason behind the abrasive wear when
machining of nickel based super alloys is performed with different tool materials, [t has also
been observed that when machining is performed, the material tends to flow on both sides af
the tool and due to the hardening effect, it leaves burrs on the surface of the tool which are
contributing to the abrasive wear. The presence of the deep grooves on the tool rake and flank
face are a mark of the abrasive wear as well as the notch depth at the point of contact between
workpiece and tool material [46-48].

Ezugwu et al. [49] investigated ceramic tools for machining of nickel based alloys and
proposed that ceramic tools have shown good stability in their hardness at high temperatures
and abrasive wear has been depicted as the main wear mechanism, The wear happened due to
the shredding of fine carbide particles between the workpiece chips and tool material under
extreme pressure accompanied by the increased strength of workpiece material due to
hardening effect during the machining process. They poainted out that low culting speed
mcreases the built-up edge while at medium speed, it softens the built-up edge and its height
get decreased. However, high cutting forces renders the too] cutting edge to collapse resulting
in fracture of the tool cutting edge [43].

While drilling the Inconel 718, Chen et al. [30] proposed that carbide wols coated with TIAIN
have undergone primarily abrasive wear mechanism, Similarly, Olufayo et al. [51] conducted
drilling test study on nickel based super alloy Rene 63, and described flank wear as the
primarily occurring wear phenomenon due to high value of abrasive forces enabled by the
corrosion at the tool cutting edge. Moreover, Deng et al. [52] used AlLO:; ceramic tool
reinforced by SICW particles and TiB» particles. and noticed the formation of the grooves in
the sliding direction of the workpiece and tool material indicating the flank wear on the tools
surface. They also proposed that abrasive wear was caused by the frictional force between the
falling off hard debris, tool, and hard particles present in the workpiece material,




— Other wear mechanisms:

Apart Irom the adhesion and abrasive wear, diffusion wear is another commonly occurring
wear mechanism during the machining of super allovs due to the high temperature. The very
high temperature at the tangent point of woarkpiece and tool material, e.g. during high speed
cutting, both the workpiece and the tool material are activated and tend to diffuse into each
other leading to the diffusion wear [49]. Zhu et al. [40] analyzed during cutting of nickel based
super alloys that high cutting temperature is an ideal environment for the close contact of the
tool, workpicce, and chip for diffusion of atoms via the interface of the chip. Therefore, for the
cemented carbide tools, cobalt {Co)is highly likely to be lost throngh diffusion, thus, the cobalt
content presence in the cemented carbide tools can give an indication about the diffusion wear.
Kasim et al. [53] has reported that tool performance of the carbide tools during machining of
Inconel 718 has been limited by the diffusion wear, On the other hand, for the ceramic tools
with high cutting speed, an increase in temperature has been noticed. Under high pressure and
temperature, it is very likely for the diffusion wear to occur. This notion has been fortified by
Ezugwu et al. |54] that it is highly possible that diffusive wear will occur on the smooth
surfaces probably due to the fact that when cutting of the Inconel 718 is performed with help
of ceramic tools. not only elements of the workpiece and tool material got transferred on
surfaces but can also damage the tool by penetrating into its surface,

Chemical wear is another form of the most frequently occurring wear at the contact area of
the workpiece and tool material. The tool material is prone to chemical reaction with the
surrounding environment such as air (in case of dry machining) or cutting fluid, oxidizing the
tool surface leading to impurities generation followed by the bond looseness in the tool and
eventually cansing an irreparable damage to the surface of tool [55]. Chemical wear is mostly
noticed at high or extremely high temperature, as at low temperature, the tool material has quite
stable interatomic structure which is not easy to destroy [49]. The chemical reaction of the tool
material with surrounding environment decreases its strength by softening and also reduces its
hardness thereby opening the channel for excessive damage through other wear mechanisms.
Pawade et al. [56] used the PCBN twols (uncoated generic and TiN coated) for high speed
turning of Inconel 718 (HRC 45), and dense craters has been observed as the leading cause of the
tool failure at 250-350 m/min of cutting speed. The chemical wear resuliing from the chemical
reaction of the abrasive wear particles on the surface of tool has been noted as the cardinal
wear mechanism. As cBN tools has special chemical attraction for Ni, Fe, Cr, and Nb elements,
s0 when high speed cutting is performed at high temperature, cBN tool material coating is
damaged.

Stainless Steel machining also poses various challenges for the tools as being reported by various
scientific studies. For example, Diniz et al. [57] conducted turning experiments with cemented
carbide tool material having grade 180 P15 (coated with TiCN, TiN, and Al:Os triple layer) for
AISI 1045 steel, The observations have revealed that the rake face had the adhered material on its
surface with very shallow crater wear owing to the protection given by chemically stable triple




layer coating. However, the flank wear was caused by the attrition and abrasion without taking
(o consideration the cutting speed. Likewise, Rosa et al. |58] performed drilling of AISI 1548
steel with PV D coated cemented carbide drill, and proposed that the primary wear mechanism has
been seen as the attrition wear. The hard panicles ge:neraled from the attrition wear serves as the
source of abrasive wear o damage the ool concomitanily. The presence of the parallel ridges
confirms the mechanism of abrasive wear. Through their experimental study with different tool
substrate material, Rosa et al. [58] confirmed the flank wear from the attrition and abrasive wear.

Super duplex stainless stegijurning studies by Oliveira et al. [39] with physical vapor deposition
coated (TiN and TiAIN) cemented carbide tools has demonstrated flank wear and notch wear
(present at the end of depth of cut) ggthe main tool wear mechanism with the later one responsible
for ending the tool life. Mﬂmver, Braghini Junior et al. [60] tested the tool life of carbide inserts
@0 grade M20-M40) of tungsten carbide cobalt (WC-Co) subsu coated with TIAIN coating
during dry milling of martensitic stainless steel. They found out that the flank wear due to abrasion,
and adhesion of the workpiece mamri@n the toal flank surface as shown in Figure 8, was the
dominant wear mechanisms. Attrition wear has b picted as the main wear mechanism with
dry milling and mechanical fatigue led to the failure of the tool culting edge.

In simple words, it has been stated that ductile materials like steel (before tempering and
quenching), and stainless-steel show attrition weags the main wear mechanism. However, the
high rate of work hardening creates hard burrs on the end of depth of cut resulting in furrowing
effect conducive for removing the coating. As a result, this removal of coating layers promotes the
attrition wear which also facilitates the notch wear.

Figure 8: Abrasive wear along the cutting edge during dry milling of PH martensitic stainless steels [60]

Types of Tool Wear:

The aboviggentioned wear mechanisms give rise to some certain type of wear characteristics and
feature to the tool surface during the machining process which are termed as wear types. As wear
mechanism has specific description, wear types also have a number of denotations to explain the
wear types in machining tools, These wear types have a common feature used to categorize them
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on account of their ability to change the tool geometrical accuracy. Below. the most commonly
occurring wear types during machining of stainless steel and nickel based alloys can be found.

— Flank wear: It is found on the clearance side of the cutting tool inserts, critically affecting the
quality of the cutting process. Workpiece surface finish highly correlates with the flank wear
as experimental studies has shown a decrease in surface finish with increase in flank wear, It
is impossible to avoid flank wear in cutting process. in fact is the desired wear type as it is
predictable, hence allowing insert change in a controlled manner. From experimental analysis,
it has been revealed that harder material results in less flank wear being compensated by other
wear types such as chemical or chipping as it is highly likely to occur depending on the cutting

@'a:neters. as speed, feed, and depth of cut.

— Crater wear: Craier wear or cratering looks like a concave pattern occurring on the rake face
near the cutting edge. High temperatures are generated, when the chip are flowing over the
insert face, the chemical reaction between the tool and workpiece material results in crater
wear. This wear type is commonly found in ductile materials where continuous chips during
the machining process are formed. Softer ool material experience high crater wear and
materials with low thermal conductivity as for example Nickle base super alloys, however,
increasing the hardness can diminish this problem effectively. Similarly, a decrease in this sort

wear can be expected with reduced and controlled speed as well as the feed rate.

— Built-up edge (BUE): The buili-up edge is the material adherence to the surface of the cutting
tool insert which keeps on building during the machining process. This form of tool wear is
prevalent in machining of stainless steel. nickel based super alloys, and aluminum. The
chemical affinity plays important role for starting the built-up edge and it gets worse later in
the machining process in such a way that thick adhered layver of material prevenis the actual
cutting process and breaks the inseri eventually. Adding more heat into the cut, by for example

increasing the speed, can reduce it significantly.

— Notching: Notch wear of tool occurs whilst the base material is having more hardness as
compared to the surface material hardness. Notching is common during machining of nickel
based super alloys and stainless steal. Also the stress concentration at the contact zone of the
tool and the workpiece material can lead to localized notching. The disruption, small impacts,
and inclusion in the form of hard particles in workpicce material can also create notch wear,
Selection of a tough carbide grade tool materials and reducing the feed rate can reduce notch
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— Thermal cracks: are present in perpendicular direction to cutting edge as the changes in
temperature are noticed. These cracks appear when hard materials are machined or when
interrupted cutting is performed. Tough tool materials having high resistance to wear could be

better choice to prevent thermal cracking.

— Plastic deformation: High temperature and increased cutting forces are the leading cause of
the plastic deformation of the tools. Softening of the hard metal at the cutting edge can leads
to plastic deformation during machining operation. It is associated with machining conditions
where local temperature and/or loads are high, as for example, in machining hardened steel or

materials with low thermal conductivity which gives intense heat generation. The side effect
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of plastic deformation is the intensive heating of the cutting-edge combined with the high
cutting pressure compressing the cutting-edge nose, As a result, the areq of wear zone increases
compromising the control on chip formation and surface finish and in the end, poor tool life.
Howewver, thanks to the advances in malings and carbide ulloying helps to reduce this failure
mode.

— Chipping: Heavy mechanical shocks and vibrations from the interrupted cutting leads to
chipping which is a very unpredictable edge failure of the tool. Reducing the feed rate. an
increase in cutting speed can serve as beneficial factor to reduce chipping phenomenon.
Alternatively, inserts of tough grade with strong cutting edge can be employed o avoid this
failure mode [61],

Figure 9 shows different types of the tool wear during machining of heat resistant super alloys.

Figure %: Types of wear (a) Flank wear (b) Crater wear (c) Built-up edge (d} Notching/Notch wear
(e} Thermal cracks (f) Plastic deformation {g) Chipping [62]

1.5. High Temperature Tribology

There are various mechanical systems that work at very high temperatures. For example, machines
in power plants, hot metal working. echining of super alloys as well as in the aerospace industry.
From the perspective of tribology, a system can be thought to operate at high temperature if
conventional lubricants are unable to provide lubrication (o the operating system. The temperature
range for this starts from 300 °C as it is very difficult to withstand against this high temperature
for the conventional lubricants (eg, greases and oils) and they lose their effectivencss by
decomposing. Other changes imparted by the high temperature are the variation in mechanical
characteristics and enhanced tribo-chemical reactions leading to change in tribological behavior of
the contacting surfaces. Due to the challenges and changes imposed by high temperature, it is very
important to consider tribology at elevated temperatures [36].

2

elachining processes are typical examples where high temperature tribology conditions prevails

since operating temperatures are over 1000 °C and pressure ranges from MPa 1o several GPa along
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withglany hundreds of the m/min sliding speed in a gry small localized area of few mm® [63, 64].
During the machining process, the effective lifespan of the tool is governed by the high temperature
friction and wear mechanism between the too] coating and the workpiece. Typically, these tools
are made from the cemented carbide substrate (WC/Co {:nmpnﬁlte) coated with a functional coating
to increase the tool robustness and durability. The most commonly used coating is the family of Ti.
<AlMN. This class of coating provides very high wear resistance properties to the tool surface along
with superior performance as compared to TiN coating at elevated temperatures [63]. It has been
observed that TIAIN coatings enables high speeds and cutting forces resulting from the reduced
Mlank wear. Despite the good performance of TiAIN coatings, there are still challenges and
difficulties being faced during the machining of the heat resistant and difficult to machine super
alloys with coated tools [66].

e most challenging and tool damaging mechanism is the adhesive material transfer when
machining of difficult to machine super alloys such as nickel-based alloy (Inconel 718) and
stainless steel (S5 3ggl) is performed [67, 68]. This is found mostly in the sliding and sticking
transition zone and at the rake fac@yl the cutting tool where high temperature conditions are
prevailing [69]. The adhesive wear leads to the phenomenon af buili-up edge on the edge of the
cuiting tool and varying the shape of the tool folgwed by cutting edge breaking. Inconel 718 and
stainless steel are materials which promotes the adhesive wear in the tribological contact. In the
study conducted by Grzesik et al. [70]. they noticed a quite easy adhesive transfer of the material
in the dry sliding tribological contact of AISI 304 stainless smﬂ and TiAIN coating. It was
observed that surface texturing of the substrate before depositing the TiAIN maringald use of
solid lubricant such as MoS: proved to be ineffective in preventing the complete transfer of
stainless steel on TiAIN coating [71]. However, the change in the adhesive wear behavior of TiAIN
coatings with variation in temperature has not yet been explored despite its intensive use in the
machining industry. Earlier work conducted by Hardell et al. [72] with ferrous and non-ferrous
maierials showed a readily occurring transfer of the materials on the TIAIN coatings in sliding test
conditions al high temperatures, The reported work also confirmed the presence of the coating
constitutes on the opposite/counter surface. Adding more to it, sliding contact of TiAIN PVD
coatings with carbon steel demonstrated an easy transfer of carbon steel on the counfiy coated
surface at high temperature as being investigaied by Courbon et al. [73]. Moghaddam ef al. [74]
@rricd out research on the sliding response of TIAIN coating with stainless steel 3161 (SEB16L)
and carbide-free bainitic steel at three different temperatures (i.e, 40 °C, 400 °C, and 800 °C). The
coefficient of friction (COF) continuously increased with rise in temperature for §S 316L while a
decreges in COF with increase in temperature has been noticed for ca.mc-fmc bainitic steel.
More material transfer for carbide- free bainitic steel at 800 °C was noticed due to its lower strength
at high temperature. The formation of a porggs oxide layer that acts a solid lubricant and thus
reduces the friction coefficient was found in case of the carbide-free bainitic steel. On the other
hand, material transfer is of more si,gnificancgr 40 °C and 400 °C for S5 316L. The formation of

aluminium oxide tribo-film helps in reducing the wear of the TIAIN coating.
27
Similarly, keeping in mind the applications@) nickel based super alloys, researchers have tried to

explore the tribological characteristics and effect of temperature on the variation of mechanical
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pmpcmb Figure 10 shows the variation of specific strength and compressive yield strength of
super alloys as a function of temperature.
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Figure 18: The variation of (a) specific strength [75] and (b) compressive yield strength [76] with
temperature for super alloys

The work in literature conducted by Hong et al. [77] about microstructyge effect (changed through
heat treatment process) on Inconel 690 wear properties states the abrasive wear and plastic
e'ﬁlrma[inn as the main wear mechanism. Hardness and grain size effect on Inconel 600 wear
properties were analyzed by Li et al. [78]. Their studies depicted a better wear performance with
small grain size and high hardness. Some researchers like Xin et al. [79] tried to scrutinize the
temperature effect on fretting wear of Inconel 600, The examination through perusal analysis
confirmed the presence of kess and short length cracks at elevated temperature in comparison (o
room temperature. Similar experimenggjresearch was carried out by Zhang et al. [80] on Incoloy
800 concerning its fretting properties at different temperatures. Thggpsults indicated the abrasive
wear, delamination, and oxidation as the gfjmary wear mechanism. Dry sl iding wear properties for
boronized Inconel 718 and unireated @eonel 718 through a ball-on-disk tribo-meter were
examined by Gunen et al. [81] at three diffem@mpemturcs (Le. 25 °C, 400 °C, and 700 °C).
Wear was caused by rwo-l§#jy abrasive wear for untreated Inconel 718. On the other hand spalling
and micro-cracking from three-body abrasion was highlighted as the cardinal wear mechanism.
Kurzynowski et al. [82] made an attempt to study the tribological characteristics of Inconel 718 in
comparison o laser surface alloying employed on Inconel 718, The findings showed an increase
in wear resistance index for 28 wi% rhenium (Re) layer applied on Inconel 718 in contrast to
Inconel 718 substrate. Moreover, a recent study by Zhibiao et al. [83] on tribological response of
Inconel 718 against silicon nitride (SiaNa) ball as function of applied load and test duration has
been carried out at constant temperature of 300 °C. The results proposed by them indicated the
oxidation, abrasion, adhesion and peeling as the main wear mechanism. Longer test duration has
increased the material wear and initial wear was more severe for 5 N of load in comparison to 3 N
of applied load.
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1.6. Existing research gaps

The literature review pertaining to machining of super alloys and the problems which heat resistant
super alloys poses to tool performance and surface integrity dictate a great significance of how

impartant it is to select an adequate tool material as well as coating. From the tribological point of

view, higher temperatures are an integral part of the machining process and its effect on ool
degradation has not received great attention so far. Therefore, it is of extreme importance to
understand the high temperature tribology keeping in view the current requirements of the
manufacturing industry.

From a fundamental point of view in machining and high temperature tribology, it is apparent that
there is a scarcity of in-depth study and analysis of the machining tool and workpiece interaction
albeit some researchers have pointed out their findings and observed behavior of materials against
multiple coated tools. Therefore, aghorough understanding of the friction and wear mechanism is
of utmost importance. Control on the friction level and minimizing the wear g the materials is
pivotal to ensure the productivity amd quality of end product in machining. The coefficient of
friction (COF) governs the heat generation while the ol surface state decides the final surface
finish and quality of the product as it controls the shape, geometry, and averall effectiveness of the
machining process. High wear and friction not only affects the dimensional tolerances but also the
overall productivity of the machining process.

Recent scfggtific advances have witnessed the developments of various coatings on tool substrate
to protect the tool during the machining pmcess. Since the TiAIN coating family is widely used as
protective laver on tool substrate, research studies have confirmed the adhesive wear leading to
transfer of material and coating damage during the machining process as well as the sliding contact
conditions.

There is no scientific investigation which has been performed to analyzgythe effect of temperature
on the adhesive wear of Inconel 718 and stainless steel 3161 against TIAIN coaling at elevated
temperatures. Especially the mitizl material transfer mechanism for the TIAIN PVD coated surface
as well as the initiation mechanism which damages the coating at very high temperatures is not
understood. Thus. the current knowledge about the igjal material transfer mechanism is
inadequate to resolve the problem of adhesive wear, so, it is important to discern the effect of
change in temperature on adhesive wear leading to detrimental material transfer. Therefore. this
thesis has made a novel attempi o delve deep into understanding the initial material ransfer
mechanism and create new knowledge on TIAIN (ie. TismAbaN and TusAlaN) coating damage
initiation mechanism during the interaction of difficult to machine super alloys which in our
mvestigations are Inconel 718 and stainless steel 3161 (85 316L) at elevated temperatures.
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Chapter 2
2. Aims and Objectives

It can be seen from the discussion in section 1.6 that it is very important to understand the high
temperature tribological interaction between the coated tool material and the difficult to machine
super alloys. A clear understanding about adhesive wear is missing from the literature related to
high temperature interaction of the TIAIN (i.c. TiggAloN and TigAlgN) coated tools and Inconel
718 and stainless steel 316L. Thus, new knowledge accounting for the friction and wear
mechanism with different material pairs at high temperature has been created herein to bridge the
arlicr indicated research gap in scientific research and studies.

The main aim of this work is 10 build an understanding of the initial (early stage) tribological
interaction between the coated tool material and workpiece (difficult to machine super alloys) in
shiding wear test.

The specific objectives of the work are: "

1) Lab-scale experimental investigation of the friction and wear behaviour at room and higher
temperatures for two coating composition and two super alloys

Todevelop a clear understanding of imitial material transfer mechanism in sliding test for
four pairs invnlvmin the actual machining conditions

Characterization of the worn surfaces of Inconel 718 and stainless steel 3161 (55 3161
pail‘t‘d with (TispAlaN and TinAlaN)

4) To find out the best coating and material pair from the high temperature tribology point of

view

2

3

2.1. Limitations

This work presents the first study of its kind for initial material transfer mechanism for two
compasitions of coatings against two super alloys at elevated temperature. The tribological process
and wear mechanisms are highly complicated and the scope of this thesis has not been able to
address all of that issues.

The lab-scale work has been performed under simple configions and precisely controlled
environment which might not be possible to direetly transfer to actual machining conditions. As a
result, the applicability and translation of the results may not be as straightforward in the actual
machining process due to the complex process involved in actual machining operations.

Moreover, the friction and wear data is specific to some pair of materials obtained from the
company. Therefore, due to the propristary nature of the coating deposition and product
information, it is not possible to provide the information about the sample process parameters.

35




Chapter 3
3. Experimental work

The following section explains the material pairs used in the tribological test, the experimental
equipment and procedures, and analysis techniques,

3.1. Experimental materials and specimens
3.1L1. Materials

Inconel 718 is used as one of the workpiece materials (in the form of pin) with nominal chemical
composition in wi% shown in Table 2.

Table 2: The nominal chemical compasition of Inconel 718 super alloy in wit [83]

21 50-55  280-3.30 0404060 0.90-1.15 5-5.50
Themecham:;alprqpertm of Inconel 718 are given in Table 3. The presence of 21% ofChfocmum
enhance; hardness of Inconel 718 significantly.

Tahle 3: Mechanical properties of Inconel 718 [84]

Elastic Ther Tensile Yield Hardness Melting Density
mudulus  conductivity  stremgth strength H (HY) temperafure  (pfec)
E(GPa) K{Wm'K')Y aoiMPa) os (MPa) . (°C)

04 114 1375 1100 4605 1336 8.17
The other employed difficult to machine material is the sigfiffess steel 316L (in the shape of pin)
having nominal chemical composition in wi% depicted in Table 4.

Table 4: Nominal chemical composition of Stgialess Steel 316L (55 316L) [74]

£ 0.0'4 =075 <20 I.S 21 11 0.045 Balance
'The mechanical properties of stainless steel 316L are listed in Table 5.
Table 5: Mechanical properties of Staggless Steel 316L [85]

[ 91
Elnstic Thermal T'ensile Yield Hardness Melting Densily
milulus  conductivity  strength strength H(HY)  temperature (gicc)
E(GPa) KWm'K" o (\MPay o (M Pa) (AC)
193 140-159 485 170 175214 1375 - 1400 8

A cemented carbide (WC/Co) substrate coated with two different PVD-TiAIN coatings has been
used as the counter material in the form of disc. The chemical compositions of the used TiAIN
coatings are TigpAlgN and TigAlgN.
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3.1.2. Test specimens

In this experimental work, a hemispherical pin made of the workpiece materials (1.e. Inconel 718
and stainless steel 316L) has been employed as the upper specimen. The actual geometry and
shape of pin is like a cylinder with one end having a spherical shape. The spherical shape side of
B¢ pin has 5 mm tip radius with other side consisting of Iggmm diameter of cylinder. The nominal
length of the pin is 10 mm. The Inconel 718 pins have an arithmetic surface roughness (Sa) of
0.82520.276 pm and whereas stainless steel 316L demonstratesgfjalue of 0.72240.124 pm based
on 18 sample surface roughness measurement for each material shown in Figure [1
a

¢

‘ 10 mun
A
e

10 mm

Inconel 715 U S8 316L

Figure 11: Surface roughness of (a) Tnconel 718 and (b) 88 3161 from 3D optical profilometer ()
photograph of pin specimen

A square disc with 12,65 mm x 1265 mm dimensions and flat surface was vsed as the lower
specimen. The thickness of the dise 18475 mm and it s made of cemented carbide (WC/Co) acting
as substrate material coated with a 2.6 pm thick TIAIN coating (two variations Le. TisnALoN and
TiwAlgN) with help of cathodic arc evaporation ( Arc-PVD). A Vickers Hardness (HV) test with
Inad of 300 g has been performed to measure the hardness value of both coatirgg The TignALN
coated dise has hardness of 2013117 while TipAloN has 1922£133. The arithmetic surface
roughness (5a) of TimAboN coated disc 15 0.156=40.006 pm and for TunAlwN is almost the same
with more standard deviation L.e. 0.1544£0.015 pm, as revealed in Figure 12,

Sa0 156

S
12,65 mm

I-L?."' mm

F 265 mm
Tiso AN TioAleN | 1265 i

Figure 12: Surface roughness of (a} TigALN coating (h) TixAlyN coating and (c) photograph of disc
SPeCTen
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There are four pairs for the tribological tests at elevated temperatures. Table 6 presents the
combinations of different materials in the form of upper and lower specimen for tribological test.

Table 6: The tribological test paiss in the formof upper and lower test specimens

~Iribological test pairs e
Uw.r specimen Lower speci_men {coated dise)
Pair | Inconel 718 TiwAliN
Pair 2 Stainless gigel 3161 (88 316L) TieoAlwN
Pair 3 Inconel 718 TigAlyN
Pair 4 Stainless steel 3161 (SS 316L) TisoAleoN

3.2. Optimol SRV-3 tribological test configuration

The Optimel SRY reciprocation friction and wear tester uses an electromagnetic drive system to
operate a sliding tribological test. An upper specimen mounted on the ugEgr holder under normal
load oscillates back and forth in the range of input stroke length against the lower stationary disc.
The normal load is applied through servo motor and spring deflectigy mechanism. A wide variety
in range of the SRV temperature is achieved via a cartridge heater. The lower specimen is placed
on the cartridge heater enabling it to achieve different surface temperatures depending on the test
conditions and requirements, Moreover, the test parameters are controlled with the help of a
computerized control system according to specific conditions. Furthermore, the data for the
friction. temperature, frequency, and applied load is obtained continuously from the data
acquisition system on the computer screen [86]. An Optimol SRV-3 with operating test

configuration shown in Figure 13.
a

Halder for

| pper Specim

Figure 13: (a) Optimol SR V-3 tribological test configuration for pin on disc test set-up, and (b} Schematic
diagram of the pin-on-disc tribological test | 74]
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3.3. Test methodology

Iy this study, the test equipment’s samples and sample holders employed in the tribological test
are first cleaned with acetone, heptane fellowed by ethanol to remove any contaminants from the
surfaces. Then, the test specimens and sample holders are placed ina glass beaker separately and
cleaned with the help of heptane in an ultrasonic bath whose running time spanned to 480 seconds
shown in Figure 14.

Ultrasonic bath

Figure 14: Ultrasonic bath for cleaning purpose

Once the ultrasonic bath cleaning is complete, the samples are taken out from the glass beaker and
cleaned gently with the help of soft tissue paper in order to dry the sample holder and specimen.
The comer and bottom surface of sample holder and specimens were dried with pressurized air.
The hemispherical pin is then mounted in the upper specimen holder and the flat coated dise in the
lower specimen holder to prepare them for the tribological test as shown in Figure 15.

Pin as upper specimen Coated disc as lower
i upper holder

specimen in lower holder

Figure 15: Pin and coated dise in upper and lower specimen holder respectively
Subsequently, a normal load is applied enabling a point contact between the upper and lower
specimen ie. pin and disc respectively, and wear test starts after 2-3 seconds as soon as the start
hutton is pressed on the contral panel of the tribological test machine.
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34. Test parameters

The tribological test has been performed at the three different temperatures o0 °C, 400 °C. and
760 °C by keeping in mind the maximum applied temperature limit of 900 °C ofthe Optimol SRV-
reciprocating sliding friction and wear tester, The effective surface temperature is usually less
compared 1o the input temperature in SRV due to the heat losses. For the cemented carbide
subsirate coated with TIAIN coating, a maximum surface temperature has been determined through
spot welding of a thermocouple on the surface of the dummy TiAIN coated cemented carbide
sample. A significant difference in test temperature has been used in order to obtain a clear and
pronounced transition in frictional behavior and wear mechanism of the tested specimens. A single
load of 20 N has been used as the test load with 100 N as the preload to adjust the alignment and
prepare the sample pairs for proper point contact @8pch test has been performed two times to check
the repeatability of the tests. The test parameters are listed in Table 7.

Table 7: Tribological rest parameters emploved in the tribological tests

Frequency (Hz) 5
Time (sec) 2
Stroke length (mm) 2
Sliding speed (m/s) 002
Surface temperatures (°C) 40, 400 (470 in SRV}, and 760 (900 in SRV)
Pre-load (N) 10
Applied load (N) 20

It is important to mention here that apart from the actual tests being reported here. various other
tests with different materials and coating composition were performed to find out the suitable
frequency at which machine motor produces no noise, stable stroke length, consistency in wear
sear kength, and actual surface temperature,

3.5. Analysis techniques

In the analysis of the test specimens, different analysis techniques has been employed and
discussed as follows;

3.5.1. Nikon D3500 camera

90] 18

A digital single lens reflex (DSLR) camera (Nikon D3500) has been used to take the images of the
upper and lower specimens including the upper and lower specimen holder to have an idea how
the specimens look after mounting the holder. The images of the tribological test set up and other
instruments used in this study are captured via Nikon camera.




3.5.2. Zygo-9000 3D Optical Profiler

This instrument works on the principle of optical iggyferometry using the interference fringes to
form the 3D images of o surface. Surface analysis mode was used o measure the wear scar and
damage on the surfaces of the pins and discs. The linear measure mode allows to measure the
length and width of the deposited material on the disc. A shape factor of higher order enabled to
achieve a smoother and more coheremt 3D surface image of the pins.

The amount of deposited material on the coated dise was obtained by using the Regions mode of
the 3D Optical Profiler by applying the form removal command first, then setting up the reference
planes followed by the selected regions of test surface and unworn surface. The volume up, down,
and net results section calculate the deposited material volume in comparison to the unworn
surface. Surface analysis including the surface roughness measured prior to fribological lest,
deposited material scar length, width, and wear volumes of the pin and disc has been caleulated
with help of Zygo-9000 3D Optical Profiler. The 3D Optical Profiler with its software 15 shown in
Figure 16.

| Zygo-5000 31 Optical Prafiler |

Figure 16: Zyzo-9000 3D Oprical Profiler

Computes software for data acquisition |

3.5.3, Jeol JCM-6000 PLUS: Scanning Electron Microscopy (SEM)

Scanning electron microscope working on the principle of the electron interaction from the
electron gun and the surface of the materials to produce a magnified image of the surface. These
electrons from the electron gun travel in vacuum vertically to reach the material surface. It is
usually accompanied with two analysis mode, i.e. back scatiered electrons ( BSE) used to find out
the compositional information, and secondary electron imaging (SEl) for obtaining the surface
topographical information.

The secondary electron imaging (SEI) mode combined with high probe current thigh PC) featggy
of Jeol JCM-6000 PLUS SEM has been utilized to get a clear and high-resolution images of the
adhered material and characterize the surface to find out the wear mechanism.
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3.5.3. Encrgy Dispersive X-ray Spectroscopy (EDS)

The energy dispersive X-ray speciroscopy is an analytical technigue usually works in conjunction
with SEM to analyse the elemental comp@ion of the surface and chemical analysis of the
specimen, In this study, EDS has been used to confirm the presence of the adhered or transferred
material as well as the rupture of the coatings from the TiAIN coated discs. Figure 17 shows the
Jeol JCM-6000 PLUS SEM/EDS used in this study.

Figure 17: Jeol JCM-6000 PLUS SEM/EDS
3.54. Digital weighing balance

2

! digital weighing balance with precision of 0.01 mg and maximum range of 220 mg weight
measuring capacity was used to determine the mass loss of the test specimens exhibited in Figure
18. The measurement of mass loss from the digital weighing balance were converted to volume
loss by using the density of the pin materials and has been counter checked with the volumetric
gain and loss from the Zygo-9000 3D Optical Profiler.

Figure 18: Digital weighing balance
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3.5.5. Data analysis from the tribological tests

The data in the ribological test for example, frequency, temperature, sliding speed along with the
test duration were closely monitoreflor each test. Also. the stroke length and frequency of
oscillation data was vsed to find out the sliding velocity. Then, the coefficient of friction (COF)
curves obtained from the data analysis section of the SRV programed software to make frictional
behavior comparison of different pin materials and coating composition. In the end. the average
coefficient of friction in the stable region has been calculated from the friction data.




Chapter 4
4, Results and discussion

TisoAlwN coated disc against Inconel 718 and Stainless Steel 3161

4.1. Effect of temperature on friction (COF)

This section dealgpyith the tribological behavior of Inconel 718 and stainless steel S16L paired
with TioALsN in a pin on disc test set-up. The evolution of the cnﬁ:iem of friction (COF) with
time for Inconel 718 and S5 316L in sliding g§st against TieAloN couating is shown in Figure 19.
It can be seen that Inconel 718 COF values increases with increasing temperature from 40 °C to
400 °C, however a decrease in COF value at 760 °C has been observed. The running-in period for
the Inconel 718 at the room temjggrature is around 1.75 seconds whereas at higher temperature of
760 °C. it span to 2 seconds. On the other hand, sminless steel 316L (S8 316L) showed a
continuous increase in the friction value with rise in temperature. The steady state running-in
period has a higher discrepancy at the 40 °C and 760 °C. A perusal analysis of the graph depicts
that at higher temperature, the instability in the running-in periods gives increase and drop in
friction value. The behavior can be atiributed o the more deformation of the pin materials until
the steady state is achieved at 760 °C., Alternatively, the material can have the lower bulk strength
at higher temperatures [87].
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Figure 19: The evolution of COF at 40 °C, 400°C, and 760°C for (a) Inconel 718 (b} Stainless stee] 3161,
ina sliding wear test against TiwAloN coated disc

E3e steady state average coefficient of friction with error bars showing standard deviation for
Inconel 718 and S5 316L are given in Figure 20. The graph demonstrate that Inconel 718 and S8
316L response owards TisoAloN coating shows a radical difference. The room temperature (i.e.
40 °C) COF values for both material are very close to each other. Contrary to it, at 760 °C the
values are drastically different with opposite trend. The overall trend for both of materials is quite
similar with less inerement in friction value for Inconel 718 in comparison to 88 316L.
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Figure 20: The average steady stale coefficient of friction for Inconel 718 and §S 316L during sliding wear
agamst TienALinN
4.2. Effect of temperature on wear

The volumetric loss and gain with standard deviation as error bars for Inconel 718 and 5§ 3161
pins ina sliding wear test against TisoALoN coated disc at three different temperatures is shown in
Figure 21. The negative values shows the volume loss of the pin specimens as a resuli of wear
caleulated with the help of the digital weighting balance by taking 5 measurements of cach
specimen belore and afgr the test to obtain the average volume before and after the tribological
test. A detailed look at the results shows that temperature had a profound effect on the wear of the

workpiece materials (pins). The yolume loss is quite high for Inconel 718 at room temperature of

40 °C prohably resulting from the high surfuce roughness and mechanical deformation generated
from the interaction of asperities on pin and surface irregularities on the disc surface. However, an
increase in temperature renders the Inconel 718 specimen to undergo plastic deformation followed
by strain hardening and reduced volume loss at elevated temperature [#2]. Contrary to this, very
negligible material transfer on the coated dise ohserved which showed an increasing trend until
760 °C where highest volume of material transfer noticed.

(B 55 316L. the volume loss for the pin is very smallgFyd increased with increase in temperature
at 400 °C. The volume loss oo °C can be ascribed to the low bulk hardness of the SS 316L at
high temperatures. A slight reduction in wear volume at higher temperatures coming from the
formation of oxides and tribo-film, thereby smoothing the surface and reducing the 58 31601 pins
volume loss [88], The coated disc wear volume measurements showed a pronounced increase in
transferred material with rise in temperature. At 760 °C, the transferred material is higher for §8
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316L as compared to the Inconel 718 pair which can be attributed to the low strength of the 58

316L at higher temperature,

a b
5,00E-+06 Inconel 718/Ti pAl N Eﬂ .00E+06 58 318LTigoAlgN E:".'.‘
2 505406 - o 2506405 e |—‘—|
008400 — - 0005400
 250E+06 | IE= -2 50B+05 |_|-J
7 <5,00E-+06 o 2 B.O0E
E.r_,wzaue- E 7 s0me0s ]
= -1,00E+07 4 < ~1.006+07 4
.1, 28B40 ] 2 & 1258407
- -1 S0E+07 4 .| o -1.508+07
£ .1,75E407 4 & 17856407
200E+07 E -2.006+07
Sazetd | T B -228m:07
& -3 SE-QT O -2 J0E+0T 4
E 2758407 E 27ses07
£ 3006407 4 2 2o0es0r
= 2258407 3256407 ]
3508407 -3.508507
a75E+07 4 3756407 4
4002407 S— . v -4.00E407 . - -

A4 403
Temperature {"C) Temperature (“C}

Figure 21: Volumetric loss and gain for Inconel 718 and S8 3161 :ﬁinﬁt T Ay N
4.3. Worn surface analysis of Inconel 718 against TisoAloN coating
2

In order to obtain a clearer picture and in-depth insights about the active wear mechanism at higher
temperatures, the tested specimens’ worn surfaces are characterized with Zygo-9000 3D Optical
Profiler to investigate the surface topography complgggnted with SEM and EDS analysis of the
Inconel 718 pins and TioALoN coated disc in Figure 22 and 23 respectively,

The surface analysis of the worn surface of coated disc reveals the material transfer and adhesion
leading to buill-up material in the form of patches at 400 °C and 760 °C. Additionally, there is a
very negligible transter of the material at 40 °C which can be a result of the pure mechanical
interaction of the surface irregularities on the dise surface and asperities present on Inconel 718
pin. The pin specimens shows the formation of scratches and grooves resulting from interaction
with the transferred material on the TisaAloN coated disc. The high concentration of the material
accumulation on the edges of the pin signs towards the prevalence of the excessive plastic
deformation at elevated emperatures.

Furthermore, the worn surfaces on the coated dise depicts the transferred material accumulation
on the edges at 400 °C while material is transferred uniformly on the dise at 760 °C. Conversely,
Inconel 718 pins manifest more deep grooves formation and excessively damaged surface at 760

“C confirmed by the Zygo images in Figure 22, However, the worn pin surfaces at 40 °C and 400

°C looks pretty similar with more deformed surface at 400 °C. The transterred material area got
enhanced with rise in temperature on coated dise which is perfectly in line with the volumetric
2ain of the transferred material on the coated disc as mentioned in Figure 21.
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Figure 22: The wom surface topography images for the Inconel 718 and Ti;uALgN coating at 40 *C, 400
°C and 760 °C

A detailed look at the SEM of Inconel 718 at 400 °C shows that the surface was smoothened with
rise in temperature under plastic deformation due to the combined action of shear and compressive
sliding movement under the load. This smoothening of the pin surface is more significant at
flevated temperature of 760 °C which might be resulting from the oxides formation. These oxides
prevent the direct contact of the material surfaces.

Inconel 718 — 400 5C

THOAMIN — 76050

Figure 23: SEM analysis of the worn surfaces of Inconel 718 and TiwAlsN coating at 40 °C, 400 °C and
760 °C
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2
Figure 24 shows details of the built-up material on the coated disc at 400 °C in the form of patches

and islands of the transferred material. The transferred material is not distributed uniformly but
along the surface iggeularities on the disc. This implies that mechanical initiation is a contribution
to the initiation of material transfer. The height of the built-up material is more at the edges in a
range of microns. Large chunks of material found as shown in Figure 24 (b). The surface
disintegration enabled by the compressive shear load creates small particles on the surface.

b F TISIAHAN Tnconel TIS — 400 “C
THHAMEN Taconel 715 - 408 °C Chunks-of ranxierred material :

e
r 3

S

c THAAMES Tmeanel 718 - 400 5C
Surfara Smoothming

Figure 24: SEM and EDS analysis of transferred material on the TisaAlN coating tested againsi
Inconel 718 at 400°C

AL 760 °C as shown in Figure 25, the surface got oxidized as confirmed by the EDS spectrum and
also the mapped area of Figure 25 (b). This oxide formation can give rise to oxides laver on the
built-up material acting as a solid lubricant that can separate the contact of the original surfaces of
the Inconel 718 and TieAlioN coating. Eventually, there will be less metal-to-metal contact
leading to reduce frictional forces and drop in coefficient of friction value. As a result, it can be
postulated that the low coefficient of friction at 760 °C results from the oxides formation combined
with reduced vield strength and hence easier deformation [83].

The SEM micrograph also demonstrates the smoothening of the load bearing part of the material
transfer on the surface, which is comparatively more to 400 °C test conditions enabled by the high
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oxides formation at elevated temperatures, Some grooves and ridges on the built-up material shows
signs of abrasion on the surface. Moreover, the surface of the TigALgN coated disc showed no
rupture and peeling of the coating at 400 °C and 760 °C confirming that coating surface has not
been degraded.

From the SEM analysis at three temperatures, it can be concluded the adhesion is the dominant
wear mechanism at 400 °C and 760 *C. However, at room temperature, it exhibits more of
mechanical deformation of the surfaces with abrasive action coming from the surface irregularities
on the coated disc.
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Figure 25: The SEM and EDS mapping of transferred material on the TiaALoN coating tested against
Inconel 718 at 760°C

44. Worn surface analysis of S8 316L against TisAloN coating

The worn stainless steel 316L (55 316L) pin surface after a wear test against TisoAlwN coated disc
has been characterized and shown in Figure 26 and 27. The surface topographical images reveals
marks in the form of thin parallel scratches from the mechanical interaction of the hard coating
surface and S8 316L at 40 °C. There is no plastic deformation at room temperature of the 85 316L

pin and absence of islands of transferred material was noticed [89]. 8

2
At 400 °C, the amount of the transferred material increased significantly as a consequence of
thermal softening leading to increased adhesion of 3161 stainless steel at elevated temperature.
This pronounced material iransfer at 400 °C was validated by the higher surface ronghness of the

worn surface compared to 40 °C,

As far as material accumulation of plastically deformed material is concerned on coated disc, 3161
stainless steel proclaim it to be higher at 400 *C and 760 °C with more transfer of material at 760
°C due to the thermal softening of 88 316L.
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Figure 26: The worn surface topography images for the 88 316L and TiamALeN coating at 40 °C., 400 *C
and 760 #C

The wom surfaces of pin at 400 °C and 760 °C shows the formation of wide and deep grooves
with surface disintegration removing the larger islands of the 85 316L material from center and
displacing it to the edges. Therefore, it indicates that transfer of material due to adhesion is the
active wear mechanism at 400 °C and 760 °C. An increase in transferred material at 760 *C might
be attributed to lower bulk strength of 88 316L as a consequence of thermal softening [90].
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Figure 27: SEM analysis of the worn surfaces of 88 3160 and TiaAlLgN coating at 40°C, 400 °C and 760
G




A magnificd SEM analysis of the coated disc at 400 °C exhibits the formation of smooth surfaces
of the built-up material as well as the transferred material surface. This phenomenon can be
assigned to the oxidation of the built-up material as shown by the EDS analysis. The high
temperature shearing action of the compressive load enable the transferred material to dis-integrate
as shown in Figure 28 (c). Alternatively, at elevated temperature of 760 °C. excessive oxidation of
the surface takes pfe which in effect makes the surface smooth. The EDS analysis of the built-
up material depicts the presence of oxygen and chromium on the surface of built-up material giving
an indication of the presence of chromium oxides on the surface. Chromium oxides are usually
harder than the iron oxides and their fracture leading to oxide debris coming in contact of the 88
3161 and Tiso ALN coating during shiding can cause increase in frictional forces. Probably, this is
part of the reason behind the increase in coefficient of friction value for 8§ 316L at 760 °C,
combined with increased adhesion at elevated temperatures [74, 90].

It is worth noting here that the grooves in 88 3161 pin at 760 °C are finer and in the middle of the
contact area as shown in Figure 28 (d) and (e). This can be attributed to some complex oxides
formation altering the wear behavior at elevated temperature. The fine and flat region on the 88
3161 pin in center including some disruption of the surface might manifest the spalling and
delamination of the oxides layers [91].

Figure 28 (f) EDS mapping validate oxidation of the transferred material (iron) occurring at 760
°C. Therefore, it ean be inferred from the SEM and EDS analysis that adhesion is the main wear
mechanism at 400 °C while the combined action of oxidative wear and adhesion are responsible
tor wear at higher temperature (i.e. 760 °C).
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Figure The SEM and EDS mapping of transferred material on the TisALoN coating tested against 85
316L ¢ (a). (b) and (c) at 400 °C: and (d}, {e) and () &t 760 °C.




TiwAlsN coated disc against Inconel 718 and Stainless Steel 316L

This section of the experimental study has paid attention to the change in friction and wear
behavior by varying the composition of the coating. A detailed discussion of the observed findings
and results have been provided below:

4.5. Effect of temperature on friction (COF)
2

Figure 29 shows the evolution of the coefficient of friction with time for Inconel 718 and stainless
steel 316L at three different temperatures. A careful analysis shows that Inconel 718 friction
response increases with rise in temperature until 400 °C. At higher temperature, the coefficient of
friction (COF) falls down significantly in such a way that its value decreases below the COF value
at 40 °C. A claser looft the COF value at 40 °C manifest the continuous rise in friction value
which can be ascribed to the pure metal-to-metal contacgind rubbing during the sliding wear. At
400 °C and 760 °C, the fall in COF value could be from the formation of the oxides layer serving
a solid lubricant on the Inconel 718 surface. The running-in time starts from 1.75 seconds which
i exactly the same as for interaction of Inconel 718 with TignALoN coated dise.

For stainless steel 316L, continuous rise in friction with increase in temperature has been revealed
in Figure 29 (b). An upward trend of COF value at all the three temperatures is in line with the
COF characteristics of 8§ 3161 interaction with TisALioN, nonetheless, a negligible instability
(fuctuation in COF amplitude) in friction values is distinguishable feature to what has been noticed
in section 4.1 for 85 316L. The downward slope of COF at 760 °C goes even below the COF at
400 °C which predicts the formation of multiple oxides that were absent during SS 316L interaction
with TinAloN at 760 °C. Moreover, a lower running-in time has been spotted here spanning to
2.25 seconds compared to section 4.1 findings.
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Figore 29: The evolution of COF at 40 *C, 400°C, and 760°C for (a) Inconel 718 (b) Stainless steel 3161,

in a sliding wear test against TiyAlyN coated disc

Figure 30 convey the change in steady state average coefficient of friction with error bars showing
standard deviation as a function of temperature, A different trend is seen here with higher friction
values at 40 °C for Inconel 718, At 400 °C bath materials show the same average steady state
friction value higher than at 40 °C. Furthermore. at elevated temperatures, the COF decreases for
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Inconel 718 whilst S§ 316L repeats the same trend mentioned insection 4.1 about steady sate COF
for §S 316L against TicoALoN.
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Figure 30: The average steady state coefficient of friction for Inconel 718 and 85 316L during sliding wear
against TiuAlwN
2

4.6. Effect of temperature on wear

volume loss for pin and gain for dise surface with standard deviation as error bars for both
Inconel 718 and 88 316L is given in Figure 31. The volume loss for Inconel 718 follows an inverse
trend compared to Figure 21, Here, a consistent increment in material loss has been indicated by
Inconel 718 at higher temperatures, The thermal conductivity of Inconel 718 is lower as compared
to 58 316L. therelore, the transfer of available heat to the surface is not as pronounced leading to
temperature rise at the contact zone, Consequently, the higher plastic deformation removes maore
material from Inconel 718 pin [81, 82].

For stainless steel 3161, apparently a negligible transfer of the material on the disc surface occur
at 40 °C, The volumetric Joss for pin is also very small suggesting the mere interaction of the pin
asperities and surface imegularities. With rise in operating temperature, the volume loss increases
along with an increment in transferred material. The highest volume loss and built-up material was
observed at the same temperature of 760 °C contradicting to the 88 316L volume loss during
interaction with TiewALuoN at elevated temperatare. By comparing the 55 316L transferred material
with Inconel 718 at 760 *C, a radical and pronounced difference has been found relating to the fact
of lower strength of stainless steel 316L at higher temperature as compared to Inconel 718 [14] .
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Figure 31: Volumetric loss and gain for Inconel 718 and 55 3161 against TioAlaoN

4.7. Worn surface analysis of Inconel 718 against TisnAlaN coating

The worn surfaces of the tested pin and disc are characterized with surface topographical
measurements complemented via SEM/EDS analysis. At 40 °C, a very small amount of the
material has transferred on to the coated disc mainly along the surface irregularities on the disc,
An island of transferred material resulting from the reciprocating shearing action of the pin
specimen over coating is observed. Nevertheless, paralle]l grooves are apparent on the pin surface
gasulting from interaction with work hardened transferred material. Therefore, mechanical ransfer
is the dominant wear mechanism at lower temperature. The pure mechanical interaction give rise
to increase in friction value.

lacouel 718 p
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Figure 32: The wom surface topography images for the Inconel 718 und TiwAlgN coating at 40 °C, 400
2C and 760 "C




As the temperature is increased. the surface of the pin has undergone plastic deformation and
displaced material to edges of the pin specimen. Surface topographical and SEM analysis elaborate
the formation of parallel grooves and shallow scratches. The center of the pin shows smooth load
bearing area with oxidized surface leading o decrease in friction value. The transferred material
is more or less uniformly distributed in the center of the deposited layer with patches of work
hardened adhered material on edges.

At 760 °C. the pin material faced excessive plastic deformation with large grooves on the surface,
It looks like the higher temperature has thermally sofiened the pin surface which under
compressive load and tangential forces experienced the displacement of large material chunks.
Additionally, the center of the pin displays itself to be very smooth and actsgggntacting area during
the wear test under oxidized state Lriggering the reduction in friction value as shown n F'i.gure 29
(a). The transferred material on the pin comprises of smooth sgyface with large paiches of adhered
material near both edges. The dominant wear seems to be a combination of adhesion, plastic
deformation and oxidative wear [83,91].

Inconel 718 - 40°C Toconcl Ti6 - 400 * Tncomed T18 -
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Figure 33: SEM analysis of the worn surfaces of Inconel 718 and TiwAlaN coating at 400 °C, 400 °C and
760 °C

To better understand the response of the coating, a detailed analysis at each temperature has been

formed. Figure 34 exhibits the surfaces of the Inconel 718 pin and TignAlgN coated disc. The
transfer of the coating constituents on the pin surface confirms the degradation of the coating. A
detailed SEM investigation demonstrated no peel off on the coatingmrface. Coating fragments
are only found on the work hardensd material present on the edge of the pin. Formation of the
wear particles, ridges, and parallel grooves indicates the ploughing effect on pin surface. The
ahsence of cracks on the surface of coating shown in Figure 34(c) dictates the high stability of
eoating at room temperature. The EDS specira confirm the coating fragments as well as oxidization
of the surface.
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Figure 34: Transfer of coating on Inconel 718 and coating degradation at 40 °C

At 400 °C, multiple spots of the coating constituents have been found on the pin surface shown in
Figure 35 (b) and (¢). This infers a harsh mechanical interaction between the two surfaces.
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Figure 35: Transfer of TLeAlwN coating on Inconel 718 pin at 400 °C




The constituents of the coating are dispersed at various location on the pin surface, There 15 no
sign of the coating transfer on the edges and are mostly found in the load bearing central area of
the pin. EDS analysis in Figure 35 (b) and EDS mapping of Figure 35 (c) validates the observed
findings at 400 °C.

Figure 36 highlights the phenomena happening on the surface of the disc at 400 °C. A severe
damage 1o the coating resulied in rupiure of the coating revealing the WC/Co subsirate of the
TiwnAloN disc, This damage in the formof peeling can originate from the local high shear siresses
induced by the uneven surface created during the material transter process. The sliding action of
Inconel 718 on the harder WC/Co substrate coated with TiwAlwN coating generates cracks on the
coating which are quite long and propagaie through the coating surface. These Iractured segments
of the coating cun come into the contact@@ne. The shearing action under fractured coating parts
can increase the COF value. This might be the reason for the increase in COF of Inconel 718 at
400 °C,

Additionally, an increase in Aluminum (Al) content can render the coating structure to be less
dense and grain size increases. This reduces the hardness, and consequently reduced mechanical
and wear characteristics of the TIAIN coatings [93]. The increase in grain size correlates to the
formation of the macro-particles that eventually increases the surface roughness [94].

Chipping phenomenon of the coating during wear alse prevails at 400 °C, This is in accordance
with the previous studies [67, 93, 96] conducted by different researcher proposing the idea that
macro particles presence in coating promotes the chipping and fracture of coating. The fragments
of chipping and from fracture of coating can serve as hard particles in the contact region which
can promote the abrasive wear. Therefore, it can be discerned that adhesion along with the abrasion
are the dominant wear mechanisms.
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Figure 36: Degradation & fracture of TiwAlaN coating in a sliding wear test with Inconel 718 @ 400 °C

At elevated temperature of 760 °C, the same observations have been made. Transfer of coating on
the Inconel 718 is present in quite big marks in the center on the load bearing contact area. Figure
37 (b) and (c) manifests the coating transferred areas along with their EDS validation through EDS
spectrum and mapping. EDS map shows very high concentration of transferred coating in the
oxidized area.
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Figure 37: Transfer of TiwAlaN coating on Inconel 718 pinat 760 °C

Figure 38 presents the characterization of the coated disc through SEM/EDS analysis. The surface
of the adhered material has undergone very severe oxidation with layers of porous oxide dispersed
all over the adhered material. The surface of the coating has also been oxidized significantly.
Transferred material has been hardened from the reciprocating action. Chipping of the transferred
material under sliding movement is quite obvious with fractured segments dropped down from the
main layer. Coating damage reveals the WC/Co substrate verified by the EDS analysis. The
prcscncc high concentration of chromium in the adhered material along with aluminium
proposes the formation of chromium oxides and aluminium oxides. Chromium oxides are usually
very fine in pores and have high density. The finer nature of the cfgpmium oxides can stop the
further diffusion of oxygen resulting in a very fine protective layer on the surface of the adhered
material [74, 911].

Moreover, the formation of the nano-porous aluminum oxides can also act as the protective and
wear resistant layer thereby eliminating the direct metal-to-metal contact. As a result, reduced
frictional behavior has been noted for Inconel 718 during interaction with TioAlsoN coating at 760
o
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detailed analysis of Figure 38 (d) refers to the large growing cracks in coating in a direction
perpendicular to sliding direction. Cracks on theggurface of adhered material were observed at
different locations which might have developed due to the compressive and tangential stresses
induced by the reciprocating sliding movement of the Inconel 718, A hardness analysis of the
coating at elevated temperature can provide better insights into this response of coating |97, 98].
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Figure 38: Degradation & fracture of TiwAlaN coating in a shiding wear test with Inconel T18 at 760 °C
4.8. Worn surface analysis of 88 316L against TiwAlaN coating

The worn surface of 85 316L characterized to gain insights about the active wear mechanism
initiating the wear at three different temperatures through surface topography and SEM/EDS given
in Figure 39 and 40. It can be noticed from the surface roughness values for both the pin and dise
that transfer of material enhanced with increment in temperature significantly. There is more
localized accumulation of plastically deformed material at 40 °C with less material on the edges.
However, very small material has transferred along the surface irregularities al room temperaiure
on disc surface. Hence, material transfer from disc surface seems more like mechanical
deformation with some wide areas of deformed material. This behavior of S5 316L is completely
different to what was seen during its interaction with TisoALN coating in section 4.3,

60




55 316L pim ;40 °C S5 36 pinat 400°C 55 316l pim &t T60.°C

TrOAlIN diec ar 40 0

Figure 39: The worn surface topography images for the 85 316L and TisAloN coating at 40 °C, 400 °C
and 760 °C

In addition to this, severe plastic deformation occurs at 400 °C governed by the low bulk strength
of 558 316L at 400 °C. Large island s of deformed material are found on the edges of pin due to the
displacement of plastically deformed material under compressive load. The grooves are wider and
prominently located in central load bearing region as demonstrated in surface topographical

analysis, Adhesion is the primary cause of the material transfer with transferred material height of

1T pm.

At elevated temperature of 760 °C, the surface of the coated disc looks very different from what
was noticed for the previous two temperatures. The whole surface has oxidized with removal of
the big patches of the material. A 34 um height of transferred material complemented with deep
and wide grooves indicates serious damage to pin surface probably as a result of low strength of
S5 316L at higher temperature compared to Ina-mui TI18.
32

A distinguishable characteristic noted here is the formation of a localized load bearing smooth
surface on the cdges which under severe oxidation can act as a solid !u@:alting surfacc. As a rosult,
the frictional forces can significantly reduce due to preventing direct metal-to-metal contact. This
phenomenon can be described as the reason of drop in COF for 8§ 316L at 760 °C in contrast to
what we perceived during interaction with TisAlaN coating [89, 93],
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Figure 40: SEM analysis of worn surfaces of S8 316L and TisAlaN coating at 40 °C. 400 °C and 760 °C

A SEMVEDS analysis of the worn surfaces of the coated disc and pin performed to scrutinize the
active wear mechanism and degradation of coating. Figure 41 displays the coating transfer on the
pin surface at 400 °C during the sliding wear of S8 316L against TinAlsN.
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Figure 41: Transfer of TixAlwN coating on 88 316L pin at 400 °C
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Figure 41 (b) proposes that only a few spots of the transferred coating has been found on the pin
surface. However, these coating fragments are not uniform and only a very few regions over the
surface shows enough intensity to notice coating transfer. The surface of the pin has hardened
plastically deformed material on the edges which is oxidized. In addition to this, chipping of S5
316L on the load bearing area indicates the removal of hard material on pin surface under
reciprocating compressive load.

The surface of the coated disc indicates the degradation and rupture of the coating in Figure 42.
Tungsten carbide is clearly visible with oxidized surface in Figure 42(d). Chipping and fracture of
the transferred as well as the coating is quite noticeable for the adhered material and coating. The
chipping of the transferred builiggp material has occurred which can be referred to the smooth
surface in the form of grooves onthe adhered material. During the sliding test, the adhered material
can readilyggpidize and fracture under the applied compressive shearing load. Moreover, the
sticking of adhered material to the coating surface and their subsequent remaoval due to fracture
during the wear process can results in spallation or peeling off of the coating underneath, This
phenomenon of the transferred material adherence followed b@cir removal can increase the
friction force and eventually coefficient of friction. This might be the reason behind the gradual
increase of COF of S5 316L during sliding wear against TianAloN at 400 °C [74. 100].
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Figure 42: Degradation & chipping of TiwAlN coating in a sliding wear test with 55 316L at 400 °C

Furthermore, the sliding action under compressive load can remove some hard tungsten carbide
particles from the substrate gggface which during shearing action promote the abrasive wear on the
surface of adhered material. The presence ofthe abrasive marks on the surface of adhered material
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has been shown in a magnified SEM micrograph in Figure 42(d). As a result, the adhesion and
three body abrasive wear are the main wear mechanisms at 400 °C.

At elevated temperature of 760 °C, the surface of the SS 316L has oxidized with patches of the
oxides all over the surface. The micrographs in Figure 43 depicts the wear mechanistgghappening
at higher temperature. A closer look at Figure 43 (a) and (b) shows the high volume of the abrasive
marks and the ploughing of the surface on the 85 316L pin. A very detailed SEM/EDS analysis
has been performed on the disc to discover the reason behind ploughing. The hard particles of the
tungsten carbide detected by the EDS in the area manifested in Figure 43(c). Areas of high
coneentration of tungsien carbide particles has been found on the edges of the pin. These particles
are present in bigger size as compared w what was observed at 400 °C. Thus, hard particles
protrude through the soft pin material surface during sliding action leading to ploughing wear
mechanism on the disc.

In addition to this, carbide particles in smaller size are dispersed over the whole pin surface acting
as the wear particles accelerating the three-body abrasive wear. This generates multiple abrasion
marks and scratches all over the pin surface exhibited in Figure 43 (a) and (b).
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Figure 43: Wear of $8 316L pin during sliding wear against TiwAlaN coating at 760 °C
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?‘he worn surface analysis of the coated disc with adhered material at 760 °C gshﬂwn in Figure
44 It can be seen from Figure 44(a) that built-up material resulting from the material transfer has
undergone chipping and fracture disconnecting it from the thin companion layer. The surface of
the coated disc has been oxidized with smooth thin layers of the transferred material in the center
of the wansferred material given in Figure 44(b). These layers are oxidized and due to the high
termperature in the center (as velocity of reciprocating sliding pin is maximum in center and
(stantancously zero at the edges) and high pressure from compressive load, can promote further

chemical reaction between the TlwAlxoN coating and stainless steel pin surface [74, 101].
21

Figure 44{c) presents the very oxidized surface of the patches of the adhered material. The cracks
and fracture of the oxidized adhered material were observed ai elevated temperature on different
places, The uniform porous structure of the oxides has been revealed in Figure 44(¢). The pores
are dense with small size uniformly distributed on the adhered material surface. EDS analysis
results shows the presence of aluminium, titanium and chromium on the surface of porous oxide
layer. This oxide layer seems to have multiple complex oxides which can be further analyzed at
the nanoscale.

THMANKIY coated dise @ C 4 THAAGN conted disc ot 766
Fractured Adhered materisl Parches af pod willered material

.-—"".-r.-'-

=
1
&

Ed
s
§
i
B

1
5

E

Wi
LY R
\ \\ S

Thi0AMON coared disc st

Crack s Aot il =

)

\
Crocks propagsiion  Tine parwm axides

Figure 44: Stahility analysis of TijnAleN coating in a sliding wear test with 88 316Lat 760 °C

In order to achieve the 760 °C temperature on the disc surface, the preheating of the disc prior to
running the test can lead to formation of layer structure of oxides with different sublayers altering
the contact mechanism occurring during the wear. In the previous literature, formation of double
layer oxides with lower sublayer of titanium oxides and upper sublayer of aluminium oxide has
been reported during the heating of TIAIN coated (WC/Co substrate) disc [91, 102-104].
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Besides this, the porous oxides Iaycrso.nthc surface of the transferred material and oxidized pin
surface can chemically react with each other during the sliding wear. The contact between the
oxides can eliminate the direct contact of both surfaces reducing the friction giving rise to new
tribological properties. This tyvpe of formation of oxides structure could be the plausible cause of
a slight fall in friction coetficient for 88 316L sliding against TiawAlaN coating at 760 °C. This
behavior of drop in coefficient of friction contrast with what was observed for sliding VERr of 5§
316L with TisaAloN discussed in section 4.1, Eventually, the presence of hard particles on the pin
surface shown in Figure 43(c) and (d) can abrade the oxides layers and removing the oxide-to-
oxide contact. Therefore, adhesion, abrasion and oxidation are the wear mechanism for 885 316L
during a sliding wear test with TiuAloN coating at 760 °C.
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Chapter 5

5. Conclusions

In this thesis, an experimental investigation has been carried out to understand the wear initiation
mechanism at different temperatures during the tribological interaction of difficult to machine
super alloys and TiAIN coatings. Furthermore, tribological performance of Inconel 718 and low
carbon stainless steel 316 (88 316L) at elevated temperature has been elucidated.

The main conclusions from this research work are as follows;

The variation in temperature influences the frictional response and wear of both materials
amnd coating compositions (TikeALgN and TiwAlaN). Generally, lncrmcn’lﬂ showed
increase in friction up to 400 °C followed by a drop down in value at 760 °C_ Stainless steel
3160 (S8 316L) shown a continuous increase in friction with temperature value for both
coatings composition.

Average steady state coefficient of friction at 40 °C for Inconel 718 and S5 316 with
TiwAloN has almost the same value with the former one experiencing fall in friction value
with later one soaring up in friction coefficient at 760 °C. Nonetheless, for TloAlwN,
Inconel 718 friction response is higher than §5 316L at 40 °C and igfgrestingly sharing the
same value at 400 °C with subsequent fall and rise in friction value for Inconel 718 and 88
316L respectively.

Wear volume of Inconel 7I8 is very high at room temperature with TisoAlwN coating and
demonstrate a gradual decrease with rise in temperature. However, opposite to this was
observed against ThoAlsoN with highest wear at 760 °C. Stainless steel 3161 shows highest
volume loss at 400 °C and lowest at room temperature against TisoAloN coating, During
sliding against TiwAloN coating, a trend similar to Inconel 718 noticed ie. angmented
wear volume with rise in temperatures with a maximum value at 760 °C.

The wear initiation mechanism is purely mechanical interaction of Inconel 718 and
stainless steel 316L with surface irregularities of both coating at 40 °C. With TisoAloN
coating at 400 °C. Inconel 718 showed adhesive wear and abrasion marks on the surface.
Nevertheless, at 760 °C, adhesion and oxidation are the primary wear mechanism. No
damage to the coating surface noticed.

Stainkess steel 316L underwent severe plastic deformation at 400 °C against TisoAloN due
to thermal sofiening and low bulk strength at 400 °C. Purely adhesion phenomena
dominating the wear was conceived at 760 °C. The surface of the coating has not been
damaged at higher temperatures even.

For TinAlwaN coating., Inconel 718 surface showed transter of coating constituents at room
temperature with some degraded regions of coating along the transferred material. Ar 400
°C. coating was locally dested and high amount of coating fragments appeared on 55
316L pin surface. Chipping, abrasive wear and adhesive wear are main wear mechanisms.
At elevated temperature of 760 °C, formation of less dense porous oxides was spotied
generating cracks, chipping and abrasive wear on the coating and adhered material surface.
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1

The coating showed fracture and peeled off g 760 °C. Adhesion, abrasion, oxidation and
chipping are the primary wear mechanism.

TiwAlaN coating proved to be very stable for stainless steel 316L al room temperature
with no transfer of coating on S8 316L pin surface. However, 88 316L has plastically
deformed at 40 °C. At 400 °C, the coating was ruptured revealing the tungsten carbide
substrate at different locations and got transferred on the S8 316L pin surface in the form
of circular spots. Sings of abrasion, chipping, and adhesion are the main wear mechanisms.
At high temperature conditions of 760 °C, S§ 316L experienced the formation of porous
oxides, three body abrasive wear and ploughing as dominant wear mechanisms. Besides
this, the adhered material on coating surface oxidized with cracking. chipping, oxidative
wear along with adhesive wear as prevailing wear mechanisms.

From the above conclusions, it can be stated that TiseAloN coating, the tribological
performance and wear is mainly governed by the transfer of the material and subsequent formation
of built-up material for Inconel 718 and 38 316L. On the other hand, for TiwAlwN coating, the
rupture of coating and oxidation of adhered material surface controls the subsequent wear
mechanism for both super alloys.

5.2.Future work

This research work can further be investigated in followings ways:

The micro-structure of the coatings should be analyzed before performing wear test to
examine the temperature effect on siructure changes in the coatings and their tribological
behavior.

Further analysis of the Inconel 718 and S8 316L pins can be performed by etching to
reveal the microstructural variations at higher temperature.,

Correlating the high temperature hardness of coatings with their tribological performance.
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Appendix A: Repeatability for Inconel 718 and TigAlwN
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Figure 45: COF repeatability test for Inconel 718 and TimALaN at 40°C
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Figure 46: COF repeatability test for Inconel 718 and Tigd Ly N at 400°C
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Figure 47: COF repeatability test for Inconel 718 and TiwALuN at 760° C
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Appendix B: Repeatability for SS 316L and TisAlioN
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Figure 48: COF repeatabil ity test for S5 3 16L and TigALgN at 40° C

2.5}" 1 1 1 1 1 1 i 1 1 i Il ¥ A
i i T COF at 400° C (SS 316L and Ti60AlON)| |~ || " | =

i
'

T

'

'

i

-

i fﬂ v i Bl --\ KBRS il Pl ot b

1,25

B S iR RlmEHSEmE e me

075 : I O T . e e 5 i S ol R (8

Coefficeint of friction

0,50

' '
R i e R e s I S RS S I AR ERIEE SO SRR S e RIS R S B
]
T
'
.

0,25 --J

' '
B
' ] '
T T T
= A2 5

0,00 1
0000250500,751,001251501,752002252502753,003.253,503,754.004 25450475500

Time (Sec)

Figure 49: COF repeatability test for 88 316L and TigAlygN at 400°C
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Figure 50: COF repeatability test for 85 316L and TiALgN at 760°C




Appendix C: Repeatability for Inconel 718 and TiwAloN
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Figure 51: COF repeatability test for Incone] 718 and TigAlgN at 40°C
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Figure 52: COF repeatability test for Incenel 718 and TixAlg N at 400°C
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Appendix D: Repeatability for SS 316L and TiswAlaN
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