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Introduction 

Significant energy losses are occurred to overcome friction. For example, it accounts for 
one-third of the fuel's energy in passenger cars and 40% of the energy in mineral mining 
(Holmberg, 2017). In engineering and technology, damage caused by wear is a common 
attribute in machinery (structures) and elements in relative motion sometimes resulting 
in a catastrophic failure, including process downtime, loss of mechanical performance, 
significant material wastage, and additional energy consumption. Such wear-led material 
damages are severely enhanced at high temperatures (HT) due to the complex 
transformation of physical, mechanical, and surface properties resulting in reduced 
ƳŀǘŜǊƛŀƭ ƘŀǊŘƴŜǎǎ ŀƴŘ ǎǘǊŜƴƎǘƘ ŀƴŘ ǘƘǳǎΣ ǇƻǎƛƴƎ ŀ ǎǳōǎǘŀƴǘƛŀƭ ǳƴŎŜǊǘŀƛƴǘȅ ƛƴ ƳŀǘŜǊƛŀƭǎΩ 
reliability and performance (Pauschitz, 2008).  

Minimizing friction and wear at HT by the use of liquid-based lubricants is a 
conventional practice. However, their volatilization or degradation at temperatures 
ŀōƻǾŜ олл ϲ/ as well as the detrimental effects on the operator and environment limit 
their use in HT tribo-applications. In such scenarios, the use of solid lubricants (such as 
Ag, MoS2, WS2, etc.) to minimize friction and wear over a wide range of temperatures  
όǳǇ ǘƻ мллл ϲ/ύ ƛǎ ǎŜŜƴ ŀǎ ŀ ǇǊƻƳƛǎƛƴƎ ǎƻƭǳǘƛƻƴΦ Besides, solid-based lubricants (SL) take 
over conventional-liquid ones to provide a clean working space, easy handling, and 
improved accuracy and precision. Nevertheless, frequently reported limitations of SLs 
includes their agglomeration (for soft metals- Ag, Bi) in the reinforced matrix (resulting 
in a compromised mechanical and lubrication property), the toxicity of lead (Pb) and  
a stricter rule to minimise its usage, and a poor flowability of widely used transition metal 
dichalcogenide WS2 and MoS2 (posing a problem to enlarge the production technology 
utilizing powder feeding system).  

This Ph.D. work is a contribution to the exponentially advancing demands of  
high-temperature tribological materials to minimize friction and wear by using solid 
lubricant additives. The thesis is based on 4 publications and some additional unpublished 
work. The first publication [Publication I] reports on solving the extremely poor HT  
(up to флл ϲ/ύ ƳŜŎƘŀƴƛŎŀƭ ŀƴŘ tribological characteristics of titanium through incorporation 
of high content of ceramic TiB2. The second publication [Publication II] for the first time 
ǊŜǇƻǊǘǎ ōƛǎƳǳǘƘ ŀǎ ŀƴ I¢ ΨƎǊŜŜƴΩ ǎƻƭƛŘ ƭǳōǊƛŎŀƴǘ όǳǇ ǘƻ слл ϲ/ύΦ .ŜǎƛŘŜǎΣ ƴƻǾŜƭ ǎȅƴŜǊƎŜǘƛŎ 
use of Bi along with Ni is shown to overcome its reported agglomeration. Laser assisted 
incorporation of Ni-Bi as a solid lubricant was made into Ti-TiB2 composite with the idea 
to enlarge the effective lubrication temperature and wear resistance. Publication three 
[Publication III], extends to microstructural and HT tribological όулл ϲ/ύ study of 
hexagonal-boron nitride (hBN) reinforced Ni-W composites prepared using combustion 
synthesized powders. The fourth publication [Publication IV], reviews the state-of-art 
field of HT solid lubrication and details the wear reduction mechanisms behind existing 
and most used solid lubricants. The additional research work (Publication not included in 
the thesis V) reports the development of a HT self-lubricating NiCrBSi based laser 
claddings through incorporation of metal sulfides other than MoS2 (due to its sticky 
nature, limitation for large scale production requiring powder feeding system). Besides, 
this study also extends to Bi2S3 as a newly reported solid-lubricant. 

In the current works, the novel solid lubricated composites are designed, developed, 
and tested to ensure their HT tribological needs. The ways to extend the range of 
operating temperature of the wear-resistant composites are explored; revealing the 
wear reduction mechanisms of HT solid lubricants thereof.  
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1 Review of literature 

1.1 High temperature tribology 

Wear (in tribology) can be stated as the removal or a displacement of material from one 
or both the surfaces in relative motion. The undesirable phenomenon of wear usually 
results in material damage and sometimes leading to a catastrophic failure. The major 
responsible mechanisms of wear are classified in several variants, of which few are 
frequently used in the current study namely: adhesive, abrasive, fatigue, or chemical 
(oxidation). Adhesive wear originates from the bonding of asperities between two 
mating (sliding) surfaces resulting in material transfer or detachment from either or both 
the surfaces. Abrasive wear occurs when asperities from a harder surface plough, cut 
(remove), or damage the softer counterpart (two-body abrasion). It is possible that 
during abrasion, a third body generates between the sliding-counterparts and intensifies 
wear, called as three-body abrasion. Fatigue wear generates as a result of repeated 
tribological stress cycles which further results in surface or sub-surface cracks, and even 
material detachment or removal. Chemical wear (corrosion or oxidation) usually 
accounts a chemical reaction (interaction) between mating or sliding counterparts or 
with environment resulting in material removal.  

 

Figure 1: A scheme demonstrating the complexity of a sliding contact at elevated temperature. 

 
With a significant number of operations carried out at high temperatures (>оллϲ/ύ 

including metal processing (HT -forming, forging, stamping, etc), metal cutting,  
internal combustion engines, bearings, etc., there arises a need to fill the demand for  
high-temperature wear-resistant materials. Friction and wear at HT impose a serious 
concern. Nowadays the availability of test rigs capable of testing materials up to мллл ϲ/ 
has aided in broadening the tribological understanding of materials at HT. In many cases, 
a significant difference in material behavior at ambient temperature in comparison to HT 
is seen (Antonov, 2012). At HT, the material response depends on a synergy of complex 
phenomena, which may include oxidation, adhesion, creep, fatigue, and tribological 
stress. Not to forget, that the principal characteristic of HT would include softening 
(possible strength, and hardness reduction; increase in ductility, etc) in an array of 
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metallic, ceramic and other materials. For example, most steels and ferrous alloys 
demonstrate a softening at җрллϲ/Φ Figure 1 shows a general scheme illustrating the 
complexity of a sliding contact (acting wear mechanisms) at elevated temperature. 

Concerning oxidation, unlike ambient conditions, operation at HT usually involves a 
fast developing tribolayer or mechanically mixed layers (consisting of debris material 
from tribo-bodies) which are rich in oxygen levels (due to oxidation) and at times cover 
the wear scar entirely (Antonov, 2012). During progressive sliding, these layers are 
compacted, retained, and adherent on the surface of the substrate material. This, in turn, 
protects the direct contact between original materials and is often reported to reduce 
wear by the orders of magnitude (Rynio, 2014). The developed layers can feature a 
smooth, glassy surface and are generally ǘŜǊƳŜŘ ΨƎƭŀȊŜ-layersΩ (Pauschitz, 2008; Rynio, 
2014). However, the extent of oxidation increases over time or at even higher 
temperatures, and the tribo-oxide layer develops thicker. Upon reaching a critical 
thickness, the layer may undergo spalling and loses its load-bearing nature (protective). 
Further, the spalled-off debris may remain on the wear zone and act as a third body rising 
friction and wear (Kumar, 2020). In another case of the composite where the material is 
a combination of several distinct phases, the tribolayer might feature a transition 
temperature to demonstrate its wear protective nature, beyond which due to its thin, 
brittle, or loosely adhered nature, remain unprotective or aid in wear increment (hard 
oxides can cause three body abrasion effect) (Lou, 2021; Munagala, 2021). 

As for hot -forming, forging, rolling, or hot-working applications, the materials are 
shaped by plastic deformation at temperatures above recrystallization (usually around 
0.4ς0.6 times materialsΩ melting point to increase its ductility and hence improve its 
formability (Prasad, 2015)) and involves an optimum degree of friction between the tool 
and the workpiece which might result in a change of dimensional tolerance of the tool 
and results in poor produced parts during successive operations. Moreover, the oxidation 
rates involved during these operations might differ from the general case where constant 
contact between the tribo-body is maintained. Here the contact between tool and 
workpiece is intermittent. Hence, it is necessary to reduce or optimize the functional 
friction during these operations utilizing a suitable lubrication mechanism. In this 
regards, solid lubricants are a solution.  

1.2 High-temperature solid lubricants 

Solids imparting reduced friction due to their low shear strength are known as solid 
lubricants (SL). Depending on their application and fabrication method, SLs are usually 
incorporated as (1) loose powders, embedded into material matrix as additives to form 
(2) composites, or (3) coating films between tribo-surface to reduce friction and wear. 
Besides, they also promote in reduction of surface energy on the sliding surface. Low 
sliding surface energy is reported to lower the wear-causing-mechanisms such as cutting, 
ploughing, adhesion, and plastic deformation (Bowden, 2001). Several benefits of SL over 
conventional-liquid-based (CL) include higher chemical, thermal and dimensional 
stability, a clean and healthier environment, and energy saving.  

A comprehensive studies carried out by Kumar (Publication IV), Sliney (Sliney, 1982), 
Erdemir (Donnet, 2004), Torres (Torres, 2017) et al. present a detailed outlook on most 
known SLs, focusing on their HT behavior and a future outlook. Few others (Ayyagari, 
2020; Efeoglu, 2008; Marian, 2020) illuminate the effect of humidity, and atmospheric 
gas on the tribology of SLs. Nevertheless, no individual SL is capable to demonstrate 
desired behavior under all the environmental conditions, different tribological needs, 
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operating from room temperature to мллл ϲ/Σ ƻǊ ŎƻƳǇŀǘƛōƭŜ ǿƛǘƘ Ƴƻǎǘ ƻŦ ǘƘŜ ƳŀǘŜǊƛŀƭ 
matrices. Besides, the in-situ formation of solid-lubricating compounds (such as CrS, and 
boric acid) during fabrication (involving heat) or a tribo-chemical reaction is also a 
possibility and reported by a few (Torres, 2022). However, due to their unexpected 
formation, they are not purposely studied. Hence, the field of SL or self-lubricating 
materials (materials with embedded SL) is ever-growing. Figure 2 categorizes the widely 
accepted SLs based on their structure.  

 

Figure 2: (a) General questionnaire for a solid-lubricant; and (b) Classification of HT solid-lubricants 
based on their chemical composition. 

1.2.1 Soft metals 
Soft metal family encompasses a range of metals with low melting point (in comparison 
to refractory metals) and hardness as low as 2.5ς4 Mohs ( 70ς200 HV) such as, silver, 
gold, bismuth, copper, lead, indium etc. The main mechanism behind their friction 
reduction is their impressive ductility and deformability under a low shearing force. Upon 
applied force during sliding, they usually show smearing or plastic deformation 
permitting a low CoF and wear rate. During HT operation (or frictional heating), soft 
metals are likely to spread (diffuse or squeeze out) easily to the sliding surface and act as 
a lubricating film between tribo-bodies mating as shown in Figure 3. Besides, heating 
tends to prohibits the defect potential and dislocation movement of soft metals resulting 
in their maintained low shear-ability even at HT operations (Torres, 2017). However,  
at certain range of HT, they undergo significant softening and might result in tribo-film 
(lubricious) extrusion or failure (Publication IV). Among all the soft metals, transition 
metals such as, silver (Ag) and copper (Cu) are widely used as HT SLs due to their cost 
effectiveness, ease of availability, environment friendly nature and  an excellent thermal 
conductivity (Balachander, 2013).  
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Figure 3: A scheme demonstrating soft metal diffusion to the tribo-surface during HT sliding 
(adapted from Publication IV). 

Bismuth (Bi) is a member of soft metal and share a similar physical property as lead 
(Pb) or Indium (In). However, unlike lead (and all the heavy metals), bismuth benefits 
ŦǊƻƳ ƛǘǎ ΨƎǊŜŜƴ ŀƴŘ ŜŎƻƭƻƎƛŎŀƭƭȅ ŎƭŜŀƴΩ nature and is alleged to possibly substitute Pb in 
lubrication industry (tribology). The maximum toxic intake level of bismuth lies around 
15 g for a 70 kg human whereas, a high toxicity of lead was conveyed to be of 1 mg for a 
70 kg human (Yang, 2011).  

Very little is known on Bi as a SL material. Recently, a few tribological studies on Bi 
and its oxides has surfaced (Gonzalez-Rodriguez, 2016; Sun, 2021). However, most of 
them were carried out at RT condition.  Due to its low melting point όнтл ϲ/ύ, Bi is believed 
to easily spread between asperity contacts during tribo-condition (due to frictional 
heating) resulting in effective lubricated sliding. HT friction reducing role of Bi2O3 on  
Ni-Al composite coating was reported by (Sun, 2021). Contrariwise, in (Gonzalez-Rodriguez, 
2016) an increase in CoF value of due to the formation of Bi2O3 ōŜȅƻƴŘ нлл ϲ/ ǎƭƛŘƛƴƎ ǿŀǎ 
reported.  

One major limitation of bismuth (like silver, Ag) lies in its agglomeration or segregation 
in the matrix after sintering/coating process and further resulting in a poor mechanical 
property of the material (Liu, 2022b). Thus, there is a need to understand Bi lubrication 
at HT along with its possible ways of homogeneous distribution in the matrix material. 
Besides, a study towards the synergetic role of ŀ ΨƴƻƴπǘƻȄƛŎΩ ōƛǎƳǳǘƘπǎǳƭǇƘǳǊ ŀŘŘƛǘƛǾŜ  
to replace lead-sulphur additives for extreme pressure (EP i.e. high load and high  
local temperatures) lubricants can be a useful approach (Rohr, 2002). Not to forget,  
the possibility of bismuth as a lubricant can open a new door (and replace Pb) for 
combination to copper and tin alloys which are greatly used in bearings and electrical 
components. 

1.2.2 Laminar solids 
Laminar solids, also known as layered lattice compounds, demonstrate a hexagonal 
layered structure with atoms in the layers/planes covalent bonded to each other as 
shown in Figure 4. The adjacent layers or basal planes are bonded by weak van der Waals 
forces; characterizing an easy shear along the planes (Akhtar, 2021). Therefore, this class 
of materials can result in outstanding anti-friction property. The commonly identified 
materials of this group comprise graphite (and graphene), hexagonal boron nitride (hBN), 
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TMDs, and particularly MoS2 and WS2 (Publication IV). Nevertheless, the use of MoS2, 
WS2, and graphite (also graphene) is limited until 450ςрлл ϲ/ ŘǳŜ ǘƻ ǘƘŜƛǊ ƻȄƛŘŀǘƛƻƴ ƻǊ 
degradation.  

 

Figure 4: A scheme demonstrating crystal structure featuring an easy slip phenomenon between 
weekly held inter-lamellar layers/planers of (a) MoS2 and WS2; (b) layered graphene layers; and  
(c) hexagonal boron nitride (h-BN) (Akhtar, 2021). 

 
An alternative to MoS2, graphite and graphene is hexagonal boron nitride (hBN). 

Layered structured hBN is believed to effectively work at temperatures far beyond 
ƎǊŀǇƘŜƴŜ ŀƴŘ ŘƻŜǎ ƴƻǘ ƻȄƛŘƛȊŜ ǳǇ ǘƻ мллл ϲ/ (Torres, 2022). A major limitation of  
hBN includes a poor sinterability, adhesiveness, and non-wettability resulting in low 
mechanical properties of the composites or coatings. Nevertheless, owing to its high 
thermal conductivity ( 500 W/mK at RT), chemical and oxidation resistance is 
prospectively researched for HT tribological applications (Podgornik, 2015). In (Zhang, 
2008), friction-reducing benefit of hBN/Ni-coating on stainless steel was reported up to 
улл ϲ/Φ Upon слл ϲ/ ǎƭƛŘƛƴƎΣ ǘƘŜ ǿŜŀǊ ǊŀǘŜ ƻŦ ǘƘŜ ŎƻŀǘƛƴƎ Ǌises due to the fall in the 
strength of the coating at overly high-temperature (Zhang, 2008). Contrariwise, a drop 
in friction and wear properties with a rise in sliding temperature of NiCr/hBN composite 
was reported by Zhu et al. (Zhu, 2019). Besides, a satisfactory tribo-behavior was noticed 
with 10 wt% hBN content (S. Zhang, 2008; Zhu, 2019). Chen et al. (Chen, 2020) studied 
hBN/SiC composites from room temperature ǘƻ флл ϲ/ ŀƴŘ ǊŜǇƻǊǘŜŘ friction-reducing 
but wear-deteriorating effects of hBN in the composite. Besides, few studies report 
negative effect of hBN on lubrication (Du, 2011; Torres, 2022; Zhu, 2019). Therefore, 
there is a need to verify hBN as HT SL through more studies.  

1.2.3 Alkaline-earth fluorides 
Fluorides of alkaline earth metals such as, CaF2, LiF, and BaF2 are recognized to impart 
lubrication in between 500ςфлл ϲ/ due to a reduced shear strength (Sliney, 2008). 
However, at low to moderate temperatures, they tend to behave like abrasive due to 
their brittle nature, and may escalate wear behaving as a third body on tribo-surface 
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(Kurzawa, 2020). It is reported that alkaline-earth fluorides undergo brittle to ductile 
ǘǊŀƴǎƛǘƛƻƴ ŀǊƻǳƴŘ рлл ϲ/ resulting in their beneficial softening to offer lubricity (Lince, 
2020). In general, CaF2 is believed to be a SL at temperature lower in comparison to other 
fluorides counterpart and sometimes, used as in synergy (Sliney, 1982). Few studies 
describe the synergetic behavior of alkaline fluorides and Ag/Mo to enlarge the range of 
lubrication temperature (Cura, 2013; Kong, 2014).  

1.2.4 Lubricious oxides and Magneli phases 
Lubricious oxides are compounds that demonstrate HT lubrication either by quick 
melting or a relatively lower shear strength in specific crystal orientations due to oxygen 
vacancies; also called a crystallographic shear planes (Wadsley, 2015). The latter has the 
propensity to offer low friction owing to their lattice structure and are terƳŜŘ aŀƎƴŞƭƛ 
phase oxides (Cura, 2021). Besides, these oxides carry good chemical stability resulting 
in minimum tribo-oxidation and counterbody adhesion (Gassner, 2006). For more 
ƛƴŦƻǊƳŀǘƛƻƴ ŀōƻǳǘ aŀƎƴŞƭƛ ǇƘase oxides please refer to Publication IV.  

1.2.5 MAX phase and MXenes 
The MAX phase is the name of materials with a Mn+1AXn chemistry, where M is a 
transition metal; A is a metal from group IIIA or IVA in the periodic table and X is C and/or 
N and n is mostly in the range of 1ς3 (Zhen, 2005). Their feature to resist damage, 
oxidation, and corrosion, being thermal and electrically conductive, good machinability, 
and ductile nature (Vickers hardness of 2ς8 GPa) has raised their interest as tribological 
material (Gupta, 2011; Zhen, 2005). Besides, MAX phases are reported to demonstrate a 
ŘǳŎǘƛƭŜ ǘƻ ōǊƛǘǘƭŜ ǘǊŀƴǎƛǘƛƻƴ ŀǘ ǘŜƳǇŜǊŀǘǳǊŜǎ Ҕмллл ϲ/ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀƴ ŜŦŦƛŎƛŜƴǘ ƳŜŎƘŀƴƛŎŀƭ 
properties even above  мллл ϲ/ (Radovic, 2002; Zhen, 2005).  Decomposition of MAX is 
reported to occur at temperatures between 1000ςнллл ϲ/ (Gupta, 2011). Few of them 
particularly Ti3SiC2 and Ti2AlC, are reported to form a protective tribo-oxide layer favoring 
wear reduction at HT (Li, 2003; Lin, 2007). The mechanism behind MAX phase friction 
reduction is linked to its layered structure resulting in a specific deformation mechanism 
via kink formation and thus, easy sliding (Emmerlich, 2008; Souchet, 2005). MXenes are 
a group of 2D inorganic compounds synthesized by chemical etching of the A element in 
MAX phases (Mohammadi, 2021). MXenes encompass a family of 2D transition metal 
carbides, carbonitrides, and nitrides that contain an odd number of layers in which 
metals (M) sandwich carbon or nitrogen (X) layers (such as Ti2C, Ta4C, Ti3C2) (Benchakar, 
2020). It can be reported that only about 5% of studies is focused on mechanical and 
tribological needs of MXens with almost no results obtained at HT. However, the trend 
seems to increase quickly in the coming years (Wyatt, 2021).  

1.2.6 Fabrication of solid-lubricating composites or composite-coatings 
Fabrication of SL composites/coatings through powder metallurgy way has already been 
understood and widely accepted (Kumar, 2020). Sintering is a method to transform 
powder precursors, or a green body (powder mixture held together by a low cohesive 
force), into a thermodynamically stable state due to a reduction in free surface energy 
of the existing pores or vacancies (Mamedov, 2013). Generally, during sintering,  
the loosely held powder mixture under the influence of either or simultaneous high 
temperature and pressure achieves coalescence to form a rigid, dense bulk. More than 
80 % of sintered materials (especially with hard and refractory ceramics) are produced 
using a liquid phase sintering (German, 2009). Under which, spark plasma sintering (SPS) 
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has emerged as an energy-efficient, quick, and low-cost (for laboratory investigations) 
technique (Mamedov, 2013). On the other hand, a more efficient, faster, and a low-energy 
consuming technique known as microwave sintering is likewise gaining popularity 
(Kumar, 2021). The rapid heating progressing during microwave sintering due to the 
energy transformation instead of energy transfer (as in SPS) outcomes in volumetric 
heating resulting in a much finer and uniform microstructure. SPS utilizes a powder 
mixture to generate a sintered bulk. However, the preparation of powder mixture could 
be done either by manual mixing, ball, attritor, disintegrator and other milling techniques. 
The current study comprises powder preparation using ball milling as well as combustion 
synthesis by the self-propagating high-temperature synthesis (SHS) route. SHS utilizes a 
chemical reaction of constituents which is self-propagating in a manner as shown in 
Figure 5. The process can be carried out either in the air or inert atmosphere as per desire 
(Aydinyan, 2021). Since the SHS method harnesses the heat created during the reaction 
between reactants, it is labeled ŀǎ ΨƎǊŜŜƴΩ ƻǊ ΨŜƴŜǊƎȅ ǎŀǾƛƴƎΩΣ ǘhe produced powders often 
result in a composite precursor with improved properties than individual constituents 
(Aydinyan, 2022). Besides, the reaction is extremely fast. SHS is termed to be a flexible, 
easy, cheap, and energy-saving approach to producing powders with extremely high 
purity and controlled phases (Aydinyan, 2021, 2022).  

Apart from powder metallurgy, deposition of a coating comprising SL compounds 
using physical or chemical vapor deposition (PVD/CVD) has been broadly perceived 
(Publication IV). The development of thick coatings using the approach of laser cladding 
is highly undervalued regardless of its effectiveness (Vilar, 1999). Moreover, added 
advantages of laser cladding in the large-scale production, restoration, and repair of  
high-end components are constantly reported (Toyserkani, 2004)Φ  {ƛƴŎŜ ǘƘŜ мфтлΩǎ ǿƘŜƴ 
CO2 lasers with an efficiency of about 20% and a low absorption by metals due to a very 

high wavelength in the range of мл ˃Ƴ ǊŜǎǳƭǘŜŘ ƛƴ ŀ ǎƭƻǿŜǊ ŘŜǇƻǎƛǘƛƻƴ ǿƛǘƘ ǊŜǎǘǊŀƛƴŜŘ 
energy efficiency. However, currently the advancement in diode lasers with efficiency as 
high as 40ς50 ҈ ŀƴŘ ŀƴ ƛƳǇǊƻǾŜŘ ǿŀǾŜƭŜƴƎǘƘ ƻŦ лΦул ǘƻ лΦфр ˃Ƴ enables to a higher 
absorption rate (Torres, 2018). The use of diode lasers has widely encouraged the 
development of thick SL coatings within a varied range of materials. The advantages of 
developed coatings through laser cladding include: 

¶ Deposition of a compact, dense structure with minimal coating defects such as 

pores or un-sintered area (Wang, 2020).  

¶ A considerable reduction in coating dilution is achievable, results demonstrate 

dilution to be as low as 2ς5% (Hemmati, 2012).  

¶ Focused laser beam results in reduced HAZ and further better microstructure 

refinement (Torres, 2018). 

¶ Possible restoration and repairing of large-scale industrial products (Torres, 

2018). 

¶ Laser clad demonstrates a strong adhesion to the substrate material (Lalas, 

2006). 

¶ High efficiency as close to 50% (Toyserkani, 2004). 
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1.3 Research gaps 

With the development of new compounds, materials, their processing techniques, and 
widening their application areas, the pursuit for a potential solid lubricant or their 
combination to reduce friction and wear is continuously progressing. A non-uniform 
distribution of soft metals, such as Cu, Ag or Bi in coating/composite matrix (Liu, 2022a, 
2022b; Torres, 2018) which might lead to a compromise in lubrication behavior along 
with other mechanical properties of coating/composite material is upsetting. In the case 
of laminar solids, during a laser deposition (cladding), sulfur-compounds such as MoS2 
tend to clog in the powder feeder due to its plate-like sticky structure. In order to 
enhance the powder flowability and maintain the sulfide-based source (for lubrication), 
it is necessary to search for a viable alternative. Besides, an unexpected lubrication 
imparted by some in-situ formed compounds, such as chromium sulfide, silver molybdates 
(Torres, 2018) has necessitated a focused study on the subject at HT. Recent studies of 
new solid lubricants, such as bismuth (Bi) or Bi2S3 or Bi2O3 has come into picture 
όDǊǸǘȊƳŀŎƘŜǊΣ нлннΤ tǊƛŜǘƻΣ нлннΤ {ǳƴΣ нлннύ. However, none of them was performed at 
HT and thus, producing a need to explore them as HT solid lubricants, along with a 
detailed characterization of their addition/effect on host matrix. Conflicting results of 
hBN as HT solid lubricant need to be addressed (Podgornik, 2015; Torres, 2022; Zhang, 
2008) in an effort to develop a homogeneous structure without compromising the 
mechanical property of the hBN-based material.  

Scarcely reported study on solid lubricating materials produced using laser cladding in 
comparison to SPS, PVD/CVD techniques have to be taken up (Publication IV). Besides, 
use of self-propagating high-temperature synthesis (SHS) to produce powder precursors 
and sintering thereof also requires attention.  

Most of the tribological studies regarding HT SL materials feature ceramic as a 
counterbody materials (Al2O3, Si3N4) due to their HT stability. However, certain hot-working 
operations like hot -forging or forming might involve steel or a counter material similar 
to a workpiece (Deng, 2018) and hence, completely different occurring mechanisms of 
wear. In addition, hard debris from ceramic counterbody has a high possibility to 
contribute to a higher degree of abrasive wear or act as a third body on the sliding 
surfaces. Above and beyond, there is a need to concisely choose the counterbody shape 
as a spherical (ball) one (most used due to easy alignment against the sliding body) may 
involve a high contact pressure (Hertzian contacts) and may not mimic the real operating 
conditions such as hot -forming or stamping (Deng, 2018; Mozgovoy, 2018). 

1.4 Objectives of the study 

A safe environment, workplace, and efficient tribological operation in a wide range of 
applications involving high temperatures (>300 ϲ/ i.e. degradation of conventional  
liquid-based lubricant) including machining, metal forming, internal combustion engines, 
etc. together with a strict EU directive to cut back on metalworking fluids (Boyde, 2002) 
have been the main motivation behind this PhD study.  

The current research work takes on the designing, development, characterization, and 
HT tribological testing novel self-lubricating composite materials/coatings incorporated 
with various solid lubricants. 
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Based on this, the main objectives of this study are formulated as: 

1. The design and development of a self-lubricating titanium-based ceramic 
composite (Ti-TiB2) for temperatures up to 900 ϲ/ (System 1).  

2. Development of technology for uniform distribution of soft metal (such as Ag or 
Bi) in the material through a combined use of secondary reinforcement.  

3. Design, characterization, and tribological assessment of bismuth as a HT solid 
lubricant doped into a Ti-TiB2 composite (System 2).  

4. Optimization and subsequent preparation of sulfide-based (sulfides of nickel (Ni3S2) 
or copper (CuS) or bismuth (Bi2S3)) laser claddings and their microstructural and 
tribological characterization (System 3).  

5. Design, development, and tribological study of hBN-based composites produced 
through SPS utilizing mechanically milled and SHS powder precursors (System 4). 

Table 1.1 presents a correlation between the formed research objectives and the 
proposed solutions in ǘƘŜ ŎŀƴŘƛŘŀǘŜΩǎ publications. 

Table 1.1: Correlation between the objectives, ƳŀǘŜǊƛŀƭǎΩ systems and solutions proposed in 
publications (Pub.). 

Objectives System Pub.  I Pub.  II Pub.  III Pub.  IV 
Others 

(Pub.  V) 
Others 

(Pub.  IX) 

1 1 Ҏ   Ҏ  Ҏ 

2 2  Ҏ   Ҏ  

3 2  Ҏ     

4 3     Ҏ  

5 4   Ҏ Ҏ   

In the current PhD work, the tribological tests performed might not mimic exactly the 
field operations. However, the choice of tribo-bodies, testing conditions is made as per 
hot-metal forming or forging applications in mind. The study of model materials is 
intended to gather a deeper fundamental understanding of the designed solid-lubricating 
materials at high temperature tribological conditions, which can carry on to further 
optimization as per desired operational condition and reported thereof.  
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2 Materials and methods 

The chapter deals with the materials and methods utilized to fabricate, characterize, and 
test the specimens. 

2.1 Powder precursors 

The used powder precursors utilized for the ǘŜǎǘ ǎǇŜŎƛƳŜƴǎΩ ŦŀōǊƛŎŀǘƛƻƴ ŀƭƻƴƎ ǿƛǘƘ ǘƘŜƛǊ 
characteristics and procurement are listed in Table 2.1. The designed concentration of 
powder precursors and materials were selected (and optimized) based on experimental 
trials.  

Table 2.1. Detailed characteristics of the powder precursors used.  

Name Composition 
Particle size 

ό˃Ƴύ 

Purity 

(%) 
Supplier 

Titanium Ti <44 99.5 Alfa Aesar 

Titanium diboride TiB2 <25 99.5 Alfa Aesar 

Nickel oxide NiO <44 99 Alfa Aesar 

Tungsten (VI) 

oxide 
WO3 10-20 99 Alfa Aesar 

Magnesium Mg 150 >99 Alfa Aesar 

Hexagonal-boron 

nitride 
hBN 20 99 Alfa Aesar 

Nickel Ni 45ς75 99.3 Oerlikon Metco 

Bismuth Bi  Җмрл 99 Sigma-Aldrich 

Ni-based alloy 

NiCrBSi 

(0.2 C, 4 Cr, 1 B, 2.5 Si, <2 Fe, 

1 Al, and bal. Ni) 

50ς150 99 
Castolin 

Eutectic 

Nickel sulfide Ni3S2 Җм00  99 Sigma-Aldrich 

Copper sulfide CuS Җ100  >99.8 Sigma-Aldrich 

Bismuth sulfide Bi2S3 Җ100  >99.5 Sigma-Aldrich 

 
The following five powder mixtures were employed to prepare precursors for the 

consolidation processes: 
(i) Precursors 1: TiB2 and Ti powder mixture with two different compositions i.e. 

50 wt.%TiB2-50 wt.% Ti and 10 wt.%TiB2-90 wt.% Ti. 
(ii) Precursor 2: Ni and Bi powder mixture by 30 and 70 wt.% respectively. 
(iii) Precursor 3: Ni and W powder mixture in 60 and 40 wt% respectively.  
(iv) Precursor 4: NiO, WO3, Mg, and graphite powder mixture (4NiO-WO3-yMg-

xC system designed as to obtain Ni-W alloys with a molar composition ratio 
of Ni:W = 4:1.).   

(v) Precursor 5: NiCrBSi alloy with 10 wt% Ni3S2 or Bi2S3 or CuS powder mixture. 
 
Materials/material systems and their preparation techniques are listed in Table 2.3. 
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2.2 Mechanical mixing 

Precursors 1, 2, and 5 were dry mixed using a 2 h of mechanical rotation mixing and 
subsequently, were dried in a heating oven at 60 ϲ/ ŦƻǊ нл Ƴƛƴ ōŜŦƻǊŜ ǘƘŜ ŎƻƴǎƻƭƛŘŀǘƛƻƴ 
or laser cladding/deposition process for moisture elimination. 

Precursor 3 (Ni-W) was produced using a high energy ball milling (HEBM) technique 
(Emax, Retch GmbH, Haan, Germany) in 125 mL jars. Metal powders (60 wt% of nickel 
and 40 wt% of tungsten) were initially dry mixed in a ceramic mortar. Wet milling in the 
existence of ethanol (75 vol.%) was achieved using 3 mm zirconia balls as a milling media 
with a powder-to-ball mass ratio of 1:1. The milling conditions were optimized as follows: 
1000 rpm for 12 h using intervals of 15 min and a pause for 5 min. Afterward milling,  
ǘƘŜ ƳƛȄǘǳǊŜ ǿŀǎ ǎƛŜǾŜŘ ǘƻ ŘŜǘŀŎƘ ǘƘŜ ōŀƭƭǎ ŀƴŘ ŘǊƛŜŘ ŀǘ рл ϲ/ ǘƻ ŜƭƛƳƛƴŀǘŜ ǘƘŜ ŜǘƘŀƴƻƭΦ 
hBN by 2 wt% (according to the mass of the final Ni-W product) was added to the milled  
Ni-W powder.  

2.3 Combustion synthesis (SHS) of Ni-W (-hBN) 

For SHS process (Figure 5), the raw powders as in precursor 4 as per two systems:  
(a) 4NiO-WO3-3.2Mg-3.2C and (b) 4NiO-WO3-3.2Mg-3.2C-2 wt.% hBN were homogeneously 
mixed using a pestle in a ceramic mortar for 20 min, and 23.4 mm in diameter and a 
cylinder-shaped green bodies of 1.7ς1.8 g/cm3 density and 40ς45 mm height were ready. 
Next, the green bodies were placed into a CPR-3.5l reaction compartment (Sapphire Co., 
Abovyan, Armenia) packed with argon gas of 99.98% purity at a pressure of 0.4 MPa.  
To start the combustion reaction, a tungsten coil buried in the igniting mixture was 
excited by electricity under 12 V for 5 sec. Two C-type tungsten-rhenium (W/Re-5 and 
W/Re-нлΣ млл ˃Ƴ ƛƴ ŘƛŀƳŜǘŜǊύ ǘƘŜǊƳƻŎƻǳǇƭŜǎ ǿŜǊŜ positioned at holes drilled in a green 
body to record the temperature-time development of the combustion wave progression 
manner. Subsequent to the SHS process, samples were cooled down in the compartment 
and the contrived samples were further crushed or milled into fine powders, sieved using 
a sieve with a mesh size of 100 microns, and put to acid leaching with a 10% HCl solution 
ŀǘ пл ϲ/ ŦƻǊ нл Ƴƛƴ ǘƻ ŜǊŀŘƛŎŀǘŜ ǘƘŜ ƳŀƎƴŜǎƛŀ ōȅ-product (for SPS).  

 

Figure 5: Scheme showing a typical SHS process. 
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To analyze, the systems (a) and (b) were designed as per thermodynamic prediction 
όǳǎƛƴƎ ǘƘŜ ΨL{a!b-¢I9wahΩ ǎƻŦǘǿŀǊŜ ǇŀŎƪŀƎŜύ ǘƻ ŀŎǉǳƛǊŜ bƛ-W (-hBN) alloys with a 
molar composition ratio of Ni:W = 4:1. 

2.4 Spark plasma sintering (SPS) 

The produced powder precursors 1, 3, and 4 were consolidated using the approach of 
SPS (KCE-FCT HP D 10-GB, FCT Systeme GmbH, Frankenblick, Germany) under a 
simultaneous application of pressure and temperature in vacuum (<5 mbar) engaging a 
continuous electric current. The precursors (here, 20 g) are loaded into a graphite die of 
20 or 25.4 mm diameter. Graphite sheets were positioned between the punch and the 
powder to avoid sticking between the sintered bulk and die/punch. The hBN spray  
was applied to hinder the graphite interaction with the bulk and their easy separation 
during subsequent sintering. Further, the loaded precursors are densified using a 
simultaneous application of pressure and temperature for a stipulated dwell time.  
! ƘŜŀǘƛƴƎ ǊŀǘŜ ƻŦ млл ϲ// min was applied during sintering, and afterwards cooled  
down by up to Ḑ200 ϲC/ min. The applied pressure, temperature, heating rate, dwell  
time for produced bulks were optimized so as to produce composite bulks with high 
relative density and are detailed in Table 2.2. The composites bulks achieve densification 
through solid-state sintering, which is a general approach for the production of  
high-temperature ceramics and composites.  

 
Table 2.2. The process parameters of spark plasma sintering. 

Powder precursor Pressure (MPa) ¢ŜƳǇŜǊŀǘǳǊŜ όϲ/ύ 
Dwell time 

(min) 

Heating rate 

όϲ// min) 

50 wt.% TiB2-50 wt.% Ti 

(Precursor 1) 
35 1500 3 100 

10 wt.% TiB2-50 wt.% Ti 

(Precursor 1) 
50 1050 5 100 

Ni-40 wt.% W (-hBN)  

(HEBM-Precursor 3) 
50 1300 5 100 

Ni-40 wt.% W (-hBN)  

 (SHSed-Precursor 4) 
50 1100 5 100 

2.5 Laser surface melting and laser cladding 

Powder precursor 2 (Ni-70 wt% Bi) was spread over the SPS-ed bulk (10 wt.%TiB2-Ti)  
for a subsequent laser surface incorporation (or laser melting) of Ni-Bi into the Ti-TiB2 
composite as to achieve a modified or transformed composite surface. Consequently,  
a heating step was accomplished ƛƴ ŀƴ ƻǾŜƴ ŀǘ млл ϲ/ ŦƻǊ м ƘΣ ǘƻ ŜǾŀǇƻǊŀǘŜ ǘƘŜ ŜǘƘŀƴƻƭ 
binder (used during precursor mixing). The last stage of laser deposition (melting)  
was executed using a rectangular-shaped laser beam of 6 mm Ҏ 13 mm area under a 
shielding argon atmosphere to prevent any oxidation of the resulting coatings using a 
beam speed of 6 ƳƳϊǎҍм and laser power of 3500 W. The thickness of the as-melted 
modified surface was measured to lie between 1ς1.5 mm. The dilution percentage 
calculated was <40%. 

Powder precursor 5 (NiCrBSi alloy-10 wt% Ni3S2 or Bi2S3 or CuS) was dispersed over a 
1.4301-grade stainless steel plate for subsequent laser cladding (generating a coating). 
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Prior to dispersal of the powder mixture, the SS plates were sandblasted by means of 
silica sand to improve the adhesion between the coating and substrate. Next, the plates 
with powders were heated in an ƻǾŜƴ ŀǘ млл ϲ/ ŦƻǊ м ƘΣ ǘƻ guarantee the evaporation of 
the ethanol binder. The subsequent step of laser cladding was performed utilizing a 
direct diode laser setup with a wavelength of 975 nm featuring a rectangular-shaped 
laser beam of 24 mm Ҏ 3 mm inside an inert argon shielding atmosphere to elude any 
oxidation of the resulting claddings. The clads were deposited using a beam speed of  
пΦо ƳƳϊǎς1 and laser power of 6200 W. The thickness of the produced laser clad  
coatings was measured to be 2ς2.5 mm with a dilution percentage as low as 5%. Figure 
6 demonstrates a general view of the laser cladding process and the developed coating.  

Further, the fabricated specimens were ground and polished to Ra 0.2 ҕлΦлп ˃Ƴ and 
later, cleaned with acetone for the next step of analysis.  

Deposition parameters were optimized to achieve a good adhesion and minimum 
dilution to the substrate.  

 

Figure 6: (a) Laser cladding in-progress; and (b) as-deposited top view of NiCrBSi+Bi2S3 coating 
(performed at AC2T research GmbH). 

2.6 Characterization 

Subsequent to the SPS process the graphite layers on the samples were detached by a 
grinding machine (80036, Cromag) and further, polished to 1 ҕлΦлн ˃Ƴ finish using a 
Phoenix 4000 (Buehler, USA) under water as a lubricating medium with the help of  
8-inch diamond grinding discs (DGD Terra, Buehler, USA). The polishing was performed 
at a speed of 250 revẗminς1 and held for 2 minutes for each disc. The discs were altered 
in a definite order (45, 25, 15, 9, 3 and 1 ˃m) and then cleaned with acetone and ethylene 
alcohol. 

The laser surface melted and laser cladded samples were ground to ensure parallelism 
ŀƴŘ ǇƻƭƛǎƘŜŘ ǘƻ ŀŎƘƛŜǾŜ ŀ wŀ ƻŦ лΦн ҕлΦлп ˃Ƴ (measured using a Zygo New View 7300 3D 
optical profiler) for microstructural and tribological testing. All specimens were 
ultrasonically cleaned in petroleum ether and rinsed with acetone before testing. 

The bulk density of samples was measured using Archimedes principle with a distilled 
water as the immersing medium using balance (Mettler Toledo ME204, Switzerland) with 
0.1 mg accuracy. The density reported is the mean of at least 3 measurements. 

The bulk Vickers hardness (HV) was measured using Indentec 5030 SKV (Brierley Hill, UK) 
unit with an indentation load X (X = 10, 30, 50 kg) for 10 s. The reported values are the 
average of at least 5 indentations. 
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The bulk microhardness (HV1) was measured using a standard Vickers hardness 
machine (Future-Tech FV-700; and Buehler Micromet) unit with an indentation load 1 kg 
for 10 s. The reported values are the mean of at least 3 indentations. The diagonals of 
the indents were investigated through optical microscopy (Zeiss Discovery.V20) 
equipped with AxioVision software. 

The indentation fracture toughness (IFT) was calculated from the length of radial 
cracks originating from the corners of the indents following Palmqvist approach 
(Sergejev, 2006). The load of 50 kgf for 10 s on the indenter was used to develop 
measurable cracks on ǘƘŜ ǎŀƳǇƭŜΩǎ ǎǳǊŦŀŎŜ. The values reported are an average of five 
indents measured on a sample surface. The surface cracks initiated by the indenter were 
measured using optical microscopy. 

The surface roughness (Ra) was measured in a contact mode using the Mahr 
perthometer, PGK 120 and a Zygo New View 7300 3D optical profiler. 

The morphology, chemical composition, and SEM images of the initial powders,  
SHSed powders, SPSed bulks and laser deposited/cladded samples were investigated 
under scanning electron microscopes (HR-SEM Zeiss Merlin, Germany; and JSM-IT300 
SEM, Jeol BV, Netherlands) equipped with energy dispersive x-ray spectroscopy (EDS) 
detectors. 

Phase examination of the samples was accomplished using an X-ray diffractometer 
(XRD, Rigaku SmartLab SE using a D/teX Ultra 250 1D detector at RT) with radiation of  
ол Ƴ!Σ пл ƪ±Σ ˂ Ґ лΦмрпн ƴƳΣ ŀ ǎǘŜǇ ǎƛȊŜ ƻŦ лΦлнϲ ŀƴŘ ŀ Ŏƻǳƴǘ ǘƛƳŜ ƻŦ лΦп ǎΦ 

2.7 Tribological tests 

A universal materials test device (CETR/Bruker, UMT-2, USA) was engaged for SPS-ed 
materialsΩ testing under a dry unidirectional circular sliding in ball-on-disc configuration 
as shown in Figure 7. The testing was performed at room and high temperatures (up to 
флл ϲ/ύ. ¢ƘŜ ƘŜŀǘƛƴƎ ǊŀǘŜ ǿŀǎ ƪŜǇǘ ǘƻ с ϲ/ẗminς1. The coefficient of friction (CoF) during 
the sliding test was recorded. Each reported result comprises of average value from at 
least two repetitions of test. Further details of the tests are illustrated in Table 2.3.  
The choice of the load was made as per hot forming/stamping applications and also, 
upon an optimization to produce quantifiable wear.  
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Figure 7: A universal tribo-test device (UMT-2) employed for the HT dry unidirectional sliding for 
system 1 and 4. 

The sliding wear behavior of the laser surface melted and laser cladded samples were 
ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ŀƴ hǇǘƛƳƻƭ {w± ǘǊƛōƻƳŜǘŜǊ όhǇǘƛƳƻƭ LƴǎǘǊǳƳŜƴǘǎ tǊǸŦǘŜŎƘƴƛƪ DƳōIΣ 
Germany) under a reciprocating pin/or ball-on-flat configuration (performed at AC2T 
research GmbH). An upper counterbody sample was loaded against a stationary test 
specimen by means of a servo motor. The loaded upper sample oscillated using a spring 
deflection mechanism against the lower flat specimen, which could be heated resistively 
up to nominal temperatures of 900 ϲ/Φ !Ŏǘǳŀƭ ǘŜƳǇŜǊŀǘǳǊŜǎ ƻƴ ǘƘŜ ǎŀƳǇƭŜ ǎǳǊŦŀŎŜ ǿŜǊŜ 
measured using a thermocouple. The test was performed at room temperature, 400,  
ŀƴŘ слл ϲ/Φ The coefficient of friction (CoF) during the sliding test was recorded. Further 
details of the tests are illustrated in Table 2.3. Frequency of reciprocation and stroke 
ƭŜƴƎǘƘ ǿŜǊŜ ŀǘǘǳƴŜŘ ǘƻ ƎƛǾŜ ŀƴ ŀǾŜǊŀƎŜ ǎƭƛŘƛƴƎ ǎǇŜŜŘ ƻŦ лΦм Ƴϊǎҍм as in hot forming or 
forging or stamping operation. 

3D wear topography measurements for the samples to determine the depth, shape, 
and volume of material removed (net missing volume) were executed using a 3D 
profilometer (Leica Microsystems; and Bruker Contour GT-K0 +). Counterbody pin wear 
(length of the pin lost) was evaluated using a Vernier caliper. 

The wear rate, K, is calculated using Eq. (1), dividing the measured wear volume vw by 
the normal load N and the total sliding distance d. Each reported result comprises of 
average value from at least two repetitions of test. 

ὑ                                 (1) 
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Table 2ΦоΦ 5Ŝǘŀƛƭǎ ƻŦ ƳŀǘŜǊƛŀƭ ǎȅǎǘŜƳǎΩ evaluated under wear tests. 

System Material Preparation Sliding test Reference  

1 
50wt.%TiB2-

50wt.%Ti 
SPS 

Unidirectional circular 

ball-on-disc 

/ƻǳƴǘŜǊōƻŘȅΥ qмл ƳƳ 

Al2O3 ball 

Contact pressure: 0.81 

to 1.4 GPa 

Load: 5 to 26 N 

Speed of 0.1 msҍм 

Distance 1000 m 

¢ŜƳǇΦΥ w¢ ǘƻ флл ϲ/ 

SPS-ed titanium 

2 

Ni-Bi laser surface 

doped 10wt.%TiB2-

90wt.%Ti 

SPS, Laser 

surface 

melting 

Reciprocating pin-on-

disc 

Counterbody: Ti6Al4V 

Load: 100 N 

Contact pressure: 30 

MPa 

Speed: 0.1 msҍм 

Frequency: 13 Hz 

Stroke length: 4 mm 

Duration: 200 s 

¢ŜƳǇΦΥ w¢Σ пллΣ слл ϲ/ 

Unmodified 

10wt.%TiB2-

90wt.%Ti 

3 

NiCrBSi-10wt% Ni3S2 

Laser 

cladding 

Reciprocating ball-on-

flat 

/ƻǳƴǘŜǊōƻŘȅΥ qмл ƳƳ 

AISI 52100 steel bearing 

ball 

Load: 50 N 

Contact pressure: 1.7 

GPa 

Speed: 0.1 msҍм 

Frequency: 25 Hz 

Stroke length: 2 mm 

Duration: 900 s 

¢ŜƳǇΦΥ w¢Σ пллΣ слл ϲ/ 

Unmodified 

NiCrBSi 
NiCrBSi-10wt% CuS 

NiCrBSi-10wt% Bi2S3 

4 

Ni-40 wt.% W (-2 

wt.% hBN) 
HEBM, SPS 

Unidirectional circular 

ball-on-disc 

/ƻǳƴǘŜǊōƻŘȅΥ qмл ƳƳ 

Al2O3 ball 

Contact pressure: 1.16 

GPa 

Load: 15 N 

Speed of 0.1 msҍм 

Distance 1000 m 

¢ŜƳǇΦΥ улл ϲ/ 

Ni-40 wt.% W 

Ni-40 wt.% W (-2 

wt.% hBN) 
SHS, SPS Ni-40 wt.% W 
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3 Results and discussion 

3.1 System 1, Ti-TiB2 SPS-ed composite 

3.1.1. Design and thermodynamic phase analysis 

The design of system 1 addresses objective 1.  The choice of TiB2 was made from the 
general idea that ceramic addition enhances the mechanical property (hardness, creep 
resistance, constrained grain growth, etc.) of the produced material. Besides, the TiB/TiB2 

is very well compatible with titanium in the terms of close density value (4.5 g/cm3 for  
Ti and 4.56 g/cm3 ŦƻǊ ¢ƛ.ύΣ ŀƴŘ ŎƻŜŦŦƛŎƛŜƴǘ ƻŦ ǘƘŜǊƳŀƭ ŜȄǇŀƴǎƛƻƴ ǾŀƭǳŜ όуΦн Ҏ млҍс ϲ/ҍ1 for 
¢ƛ ŀƴŘ сΦн Ҏ млҍс ϲ/ҍм for TiB). This might result in good interfacial bonding through 
enhanced densification during sintering. The choice of a high concentration of TiB2 

addition in the titanium matrix was selected due to the needed high mechanical stability 
of composite ŘǳǊƛƴƎ флл ϲ/ ƻŦ tribological testing (carried at high loads).  

 Existing phase studies on Ti-B system (Ma, 2004) demonstrate that the formation of 
a thermodynamic and chemically stable TiB (titanium monoboride) phase in the sintering 
of Ti-TiB2 precursors, assisted by TiB ƴŜƎŀǘƛǾŜ Dƛōōǎ ŦǊŜŜ ŜƴŜǊƎƛŜǎ όҍмсл ƪWκƳƻƭύΦ .ŜǎƛŘŜǎΣ 
the diffusion coefficient of boron in TiB2 to the titanium matrix and the growth rate of 
TiB is very high, which causes the formation of TiB, rather than TiB2. Due to whisker like 
morphology of TiB, it is sometimes pronounced as TiBw in current system. 

3.1.2. Microstructure 
After SPS consolidation of precursor 1, the compositesΩ ǎǳǊŦŀŎŜ was prepared (grinding, 
polishing) and characterized using SEM and XRD techniques. Figure 8 shows the surface 
SEM image, XRD patterns, and fractured SEM image of the Ti-TiB2 composite surface. 

 

Figure 8: (a, b) surface SEM image, (c) fractured SEM image, and (d) XRD pattern of the Ti-TiB2 
composite surface (adapted from Publication I). 
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SEM images of composite surface exhibit a well-sintered bulk without the significant 
extent of pores or cracks (Figure 8a, b). The fractured SEM points to the brittle mode of 
fracturing (Figure 8c). However, a crack deflection mechanism of fracture was noticed in 
the way of lengths of the cracks generated during indentation fracture toughness (IFT) 
measurement using a Palmqvist approach. Table 3.1 details the density, hardness, and 
IFT value of the Ti-TiB2 composite as reported in literature along with fabricated in the 
current study. 

The revelation of TiB phase along with TiB2 phase in XRD analysis points to incomplete 
conversion of TiB2 into a thermodynamically stable TiB phase (Figure 8d). This could be 
due to the occurrence of some large TiB2 particles in the initial precursor mixture 
(preventing the TiB2 phases to completely react with the Ti matrix) or an insufficient  
time (due to a short holding time of 5 min in the SPS process) for a complete reaction 
between Ti and TiB2 (Ti + TiB2 Ҧ н¢ƛ.ύ (Publication IX; (Sabahi Namini, 2019)). Besides, 
the Gibbs free energy value for the aforementioned equation is continuously negative 
όɲDҐ ҍмрп kJ/mol) fǊƻƳ ǘƘŜ w¢ ǘƻ ǘƘŜ ǎƛƴǘŜǊƛƴƎ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ мрлл ϲ/ ǎǳǇǇƻǊǘƛƴƎ ŀ 
spontaneous transformation of TiB2 to TiB (or TiBw, Titanium mono-boride whiskers).  
The existence of dual titanium boride (TiB2 + TiB) in the composite microstructure is 
recognized to augment its mechanical and tribological properties. For more details, 
please refer Publication I and IX. 

Table 3.1. Fabrication method, density, hardness, and fracture toughness of TiB-Ti composites 
(adapted from Publication IX).  

Material Process 
Relative 

Density (%) 
Hardness 

IFT 

(MPa 

mҍ1/2) 

CpTi [136] SPS фтΦфн ҕлΦло нфм ҕмл όI±олύ - 

TiB-60wt% Ti [137] Mixing + SPS 99.6% - 9.35 

TiBw-50wt% Ti 

(current work) 
Mixing + SPS 99.4% 

мппуΦлу ҕстΦп 

(HV10) 
10.52 

TiB- 33 vol% Ti 

[138] 

Ball Milling + 

Reaction hot 

pressing 

- 1351 (HV50) - 

TiBς30wt.%Ti [139] SHS + PHIP 98.45 87.8 HRA 6.15 

TiBς20wt.%Ti [139] SHS + PHIP 97.57 86.7 HRA 5.23 

TiBς12wt.%Ti 

(Publication IX) 
SHS + SPS 99.7 мррл ҕнс όI±олύ 8.16 

Considering above all, the production of a dense Ti-TiB2 composite with a significantly 
high content of ceramic phase (50 wt.%) featuring a high hardness and good IFT using  
a quick, energy-efficient SPS approach (from commercially available powders) is 
demonstrated. In an additional study by Kumar et al. (Publication IX), the SHS-SPS 
fabrication of Ti-88 wt.% TiB dense composite (from combustion synthesized Ti-B 
powders) with an even higher ceramic concentration (88 wt.%) achieved an excellent 
hardness value (1550 HV30) and a good IFT (8.16 MPaẗm1/2). The SHS-produced 
composite demonstrated a complete conversion of stable and hard TiB phase (1800 HV). 
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3.1.3. High temperature tribological studies 
Unidirectional dry sliding wear of SPSed 50wt.% Ti-50wt.% TiB2 specimens (25 Ҏ 5 mm2) 
carried out in ball-on-disc configuration using an Al2O3 ball as a counterbody was 
performed from RT to 900 ÁC (as shown in Figure 7). The parameters of the sliding tests 
are shown in Table 2.3. The 10 000 s of test takes into consideration the phenomena of 
running-in (to reach a steady-state regime) and the start-stop durations (after every  
500 s), replicating the condition in real field bending or forming operations caused by 
part loading-offloading or any other process interruption and likely time delay, for 
example, due to human factors, etc. Moreover, an additional step of recalibrating of 
device through interruptions was made to increase the test precision during testing.  

Figure 9 shows the wear rate and CoF curve for pure Ti (reference) and the Ti-TiB2 
composite sliding at different temperatures. A significant drop in wear rate and CoF value 
was noticed for the composites with an increase in temperature, especially at 700ς900 ÁC 
sliding. However, reference pure Ti demonstrated increased wear and fluctuation in CoF 
evolution at HT of 700 ÁC accompanied by an extreme vibration of the test setup caused 
by its high ductility and increased thermal softening (at HT). For more details, please refer 
Publication I. 

 

Figure 9: (a) CoF curves; and (b) wear rate for pure Ti and the Ti-TiB2 composite after testing at 
various temperatures (adapted from Publication I). 

 
Reference Ti and composite sliding against a harder Al2O3 ball counterbody (point 

contact can give rise to increased stress level) underwent significant wear at RT. Evident 
marks of ploughing and cutting exist at this stage. Besides, the occurrence of a hard third 
body (ceramic particles in the case of composite) might have escalated the wear and 
unsteady CoF evolution at RT sliding. Abrasion and adhesion were the main responsible 
mechanisms of wear for composites at RT sliding. Whereas, severe ploughing, cutting 
(abrasion), and plastic deformation were the major mechanisms of wear in the case of 
reference pure Ti. Figure 10 shows the SEM images of wear track after testing at different 
temperatures. 



29 

 

Figure 10Υ {9a ƛƳŀƎŜǎ ƻŦ ƳŀǘŜǊƛŀƭǎ ǎǳǊŦŀŎŜ ŀŦǘŜǊ ǎƭƛŘƛƴƎ ŀǘ ǾŀǊƛƻǳǎ ǘŜƳǇŜǊŀǘǳǊŜǎΤ όŀύ tǳǊŜ ¢ƛΣ нл ϲ/Τ 
(b) Ti-TiB2, нл ϲ/Τ όŎύ ¢ƛ-TiB2Σ олл ϲ/Τ όŘύ ¢ƛ-TiB2Σ тлл ϲ/Τ όŜύ ¢ƛ-TiB2Σ улл ϲ/Τ ŀƴŘ όŦύ ¢ƛ-TiB2Σ флл ϲ/ 
(adapted from Publication I). 

 
With an increase in temperature, the composite bared a formation of titania-rich 

(TiO2) tribo-oxide layer (for XRD, refer to Publication I). The thickness of which increased 
with an increase in test temperature, being maximum at 900 ÁC i.e. 39 ҡm (Figure 11). 
However, the compactness and homogeneity of the developed layer were seen to be 
paramount at 700 and 800 ÁC, upon which (900 ÁC) the tribo-oxide layer features a 
detachment and fairly porous structure (possible due to thermal stress). Besides,  
the highest load bearing capacity (26 N, contact pressure = 1.4 GPa) along with low CoF 
value (<0.2) was demonstrated for tribo-oxide layer developed during 800 ÁC testing. For 
more details on load bearing capacity of developed tribo-oxide layer, please refer to 
Publication I. 
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