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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 
material hardness and strength and thus, posing a substantial uncertainty in materials’ 
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 
above 300 °C 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  
(up to 1000 °C) is seen as a promising solution. 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 The thesis is based on 4 publications and some additional unpublished 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 900 °C) mechanical and tribological characteristics of titanium through incorporation 
of high content of ceramic TiB2. The second publication [Publication II] for the first time 
reports bismuth as an HT ‘green’ solid lubricant (up to 600 °C). Besides, novel synergetic 
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 (800 °C) 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 (>300°C) 

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 1000 °C 
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 ≥500°C. 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 termed ‘glaze-layers’ (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 
0.4–0.6 times materials’ 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 ⁓1000 °C, or compatible with most of the material 
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 2.5–4 Mohs (⁓70–200 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 
from its ‘green and ecologically clean’ 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 (270 °C), 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 beyond 200 °C sliding was 
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 a ‘non‐toxic’ bismuth‐sulphur additive  
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 450–500 °C due to their oxidation or 
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 
graphene and does not oxidize up to 1000 °C (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 
800 °C. Upon 600 °C sliding, the wear rate of the coating rises 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 to 900 °C and reported 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 500–900 °C 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 
transition around 500 °C 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 termed Magnéli 
phase oxides (Cura, 2021). Besides, these oxides carry good chemical stability resulting 
in minimum tribo-oxidation and counterbody adhesion (Gassner, 2006). For more 
information about Magnéli phase 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 1–3 (Zhen, 2005). Their feature to resist damage, 
oxidation, and corrosion, being thermal and electrically conductive, good machinability, 
and ductile nature (Vickers hardness of 2–8 GPa) has raised their interest as tribological 
material (Gupta, 2011; Zhen, 2005). Besides, MAX phases are reported to demonstrate a 
ductile to brittle transition at temperatures >1000 °C resulting in an efficient mechanical 
properties even above  1000 °C (Radovic, 2002; Zhen, 2005).  Decomposition of MAX is 
reported to occur at temperatures between 1000–2000 °C (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 as ‘green’ or ‘energy saving’, the 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).  Since the 1970’s when 
CO2 lasers with an efficiency of about 20% and a low absorption by metals due to a very 

high wavelength in the range of ⁓10 μm resulted in a slower deposition with restrained 
energy efficiency. However, currently the advancement in diode lasers with efficiency as 
high as 40–50 % and an improved wavelength of 0.80 to 0.95 μm 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 2–5% (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 
(Grützmacher, 2022; Prieto, 2022; Sun, 2022). 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 °C 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 °C (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 the candidate’s publications. 

Table 1.1: Correlation between the objectives, materials’ 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 ×   ×  × 

2 2  ×   ×  

3 2  ×     

4 3     ×  

5 4   × ×   

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 test specimens’ fabrication along with their 
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 

(μm) 

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 45–75 99.3 Oerlikon Metco 

Bismuth Bi  ≤150 99 Sigma-Aldrich 

Ni-based alloy 

NiCrBSi 

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

1 Al, and bal. Ni) 

50–150 99 
Castolin 

Eutectic 

Nickel sulfide Ni3S2 ≤100  99 Sigma-Aldrich 

Copper sulfide CuS ≤100  >99.8 Sigma-Aldrich 

Bismuth sulfide Bi2S3 ≤100  >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 °C for 20 min before the consolidation 
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,  
the mixture was sieved to detach the balls and dried at 50 °C to eliminate the ethanol. 
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 1.7–1.8 g/cm3 density and 40–45 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-20, 100 μm in diameter) thermocouples were 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 
at 40 °C for 20 min to eradicate the magnesia by-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 
(using the ‘ISMAN-THERMO’ software package) to acquire Ni-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.  
A heating rate of 100 °C/min was applied during sintering, and afterwards cooled  
down by up to ∼200 °C/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) Temperature (°C) 
Dwell time 

(min) 

Heating rate 

(°C/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 in an oven at 100 °C for 1 h, to evaporate the ethanol 
binder (used during precursor mixing). The last stage of laser deposition (melting)  
was executed using a rectangular-shaped laser beam of 6 mm × 13 mm area under a 
shielding argon atmosphere to prevent any oxidation of the resulting coatings using a 
beam speed of 6 mm·s−1 and laser power of 3500 W. The thickness of the as-melted 
modified surface was measured to lie between 1–1.5 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 oven at 100 °C for 1 h, to 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 × 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  
4.3 mm·s–1 and laser power of 6200 W. The thickness of the produced laser clad  
coatings was measured to be 2–2.5 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 ±0.04 μm 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 ±0.02 μm 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 rev⋅min–1 and held for 2 minutes for each disc. The discs were altered 
in a definite order (45, 25, 15, 9, 3 and 1 μm) and then cleaned with acetone and ethylene 
alcohol. 

The laser surface melted and laser cladded samples were ground to ensure parallelism 
and polished to achieve a Ra of 0.2 ±0.04 μm (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 the sample’s surface. 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  
30 mA, 40 kV, λ = 0.1542 nm, a step size of 0.02° and a count time of 0.4 s. 

2.7 Tribological tests 

A universal materials test device (CETR/Bruker, UMT-2, USA) was engaged for SPS-ed 
materials’ 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 
900 °C). The heating rate was kept to 6 °C⋅min–1. 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 
performed using an Optimol SRV tribometer (Optimol Instruments Prüftechnik GmbH, 
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 °C. Actual temperatures on the sample surface were 
measured using a thermocouple. The test was performed at room temperature, 400,  
and 600 °C. 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 
length were attuned to give an average sliding speed of 0.1 m·s−1 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. 

𝐾 =
𝑣𝑤

N·d
                                (1) 
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Table 2.3. Details of material systems’ evaluated under wear tests. 

System Material Preparation Sliding test Reference  

1 
50wt.%TiB2-

50wt.%Ti 
SPS 

Unidirectional circular 

ball-on-disc 

Counterbody: Ø10 mm 

Al2O3 ball 

Contact pressure: 0.81 

to 1.4 GPa 

Load: 5 to 26 N 

Speed of 0.1 ms−1 

Distance 1000 m 

Temp.: RT to 900 °C 

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 ms−1 

Frequency: 13 Hz 

Stroke length: 4 mm 

Duration: 200 s 

Temp.: RT, 400, 600 °C 

Unmodified 

10wt.%TiB2-

90wt.%Ti 

3 

NiCrBSi-10wt% Ni3S2 

Laser 

cladding 

Reciprocating ball-on-

flat 

Counterbody: Ø10 mm 

AISI 52100 steel bearing 

ball 

Load: 50 N 

Contact pressure: 1.7 

GPa 

Speed: 0.1 ms−1 

Frequency: 25 Hz 

Stroke length: 2 mm 

Duration: 900 s 

Temp.: RT, 400, 600 °C 

Unmodified 

NiCrBSi 
NiCrBSi-10wt% CuS 

NiCrBSi-10wt% Bi2S3 

4 

Ni-40 wt.% W (-2 

wt.% hBN) 
HEBM, SPS 

Unidirectional circular 

ball-on-disc 

Counterbody: Ø10 mm 

Al2O3 ball 

Contact pressure: 1.16 

GPa 

Load: 15 N 

Speed of 0.1 ms−1 

Distance 1000 m 

Temp.: 800 °C 

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 for TiB), and coefficient of thermal expansion value (8.2 × 10−6 °C−1 for 
Ti and 6.2 × 10−6 °C−1 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 during 900 °C of 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 negative Gibbs free energies (−160 kJ/mol). Besides, 
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 composites’ surface 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 → 2TiB) (Publication IX; (Sabahi Namini, 2019)). Besides, 
the Gibbs free energy value for the aforementioned equation is continuously negative 
(ΔG= −154 kJ/mol) from the RT to the sintering temperature of 1500 °C supporting a 
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 

m−1/2) 

CpTi [136] SPS 97.92 ±0.03 291 ±10 (HV30) - 

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

TiBw-50wt% Ti 

(current work) 
Mixing + SPS 99.4% 

1448.08 ±67.4 

(HV10) 
10.52 

TiB- 33 vol% Ti 

[138] 

Ball Milling + 

Reaction hot 

pressing 

- 1351 (HV50) - 

TiB–30wt.%Ti [139] SHS + PHIP 98.45 87.8 HRA 6.15 

TiB–20wt.%Ti [139] SHS + PHIP 97.57 86.7 HRA 5.23 

TiB–12wt.%Ti 

(Publication IX) 
SHS + SPS 99.7 1550 ±26 (HV30) 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 MPa⋅m1/2). 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 × 5 mm2) 
carried out in ball-on-disc configuration using an Al2O3 ball as a counterbody was 
performed from RT to 900 °C (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 700–900 °C 
sliding. However, reference pure Ti demonstrated increased wear and fluctuation in CoF 
evolution at HT of 700 °C 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. 
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Figure 10: SEM images of materials surface after sliding at various temperatures; (a) Pure Ti, 20 °C; 
(b) Ti-TiB2, 20 °C; (c) Ti-TiB2, 300 °C; (d) Ti-TiB2, 700 °C; (e) Ti-TiB2, 800 °C; and (f) Ti-TiB2, 900 °C 
(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 °C i.e. 39 µm (Figure 11). 
However, the compactness and homogeneity of the developed layer were seen to be 
paramount at 700 and 800 °C, upon which (900 °C) 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 °C testing. For 
more details on load bearing capacity of developed tribo-oxide layer, please refer to 
Publication I. 
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Figure 11: Cross-sectional SEM images of composites exhibiting the developed tribo-oxide layer 
after test at (a) 700 °C; (b) 800 °C; (c) 900 °C; and (d) EDS elemental mapping showing oxygen-red, 
blue-titanium. The formation of boric acid -rich glazed layer on the surface of composite after 
sliding at 800 is shown (adapted from Publication I). 

At temperature of 300 and 500 °C, the composite wear track shows delamination of 
the tribo-oxide layer (oxidative wear, Figure 10c). However, a major decrease in 
delamination intensity was seen at and beyond 700 °C composite sliding. At 800 and 
900 °C, the wear track surface (composite) features smoothening and signs of 
micropolishing (Figure 10e, f). Upon XRD analysis of the wear track, it was revealed that 
the developed tribo-oxide layer at this stage was simultaneously (along with TiO2) rich in 
lubricious boric acid i.e. B(OH)3. The occurrence of B(OH)3 on the wear track of 
composites at 700–900 °C sliding was held responsible for a significantly reduced (and 
steady) friction (⁓0.17) and self-lubricating nature of the composite. A brief chemistry 
and tribo-influence of B(OH)3 is detailed in Publication I.  

In the case of pure Ti, the developed tribo-oxide layer (at HT) featured thin, poor 
cohesiveness, and was non-adherent to the substrate; thus, was easily removed during 
successive sliding passes. A low value of Pilling-Bedworth ratio (a measure of how 
protective is developed oxide-layer) in the case of pure Ti and its developed oxide is 
reported (Bertrand, 1984). For more details, please refer to Publication I. 

For the counterbody Al2O3 (1450 HV10) which is of comparable hardness to the 
composite specimens (1324 ±18 HV30), a high wear (mainly adhesive) was measured when 
sliding at RT and 300 °C (please refer to publication I). However, a decrease was noted 
thereafter, especially at 800 and 900 °C due to the presence of a lubricious boric acid 
compound at tribo-contact and its transfer effects from the self-lubricating composite to 
the counterbody. Further, an EDS analysis confirmed high amount of material transfer 
(titanium) from the composite to counterbody at RT sliding; whereas at HT of 800 and  
900 °C no titanium transfer was found on the ball surface (Figure 12). Nevertheless, a high 
amount of boric acid transfer at this stage is believed to occur, pointing to the fact that the 
generated self-lubricating glazed surface acted as the main sliding surface and thus, 
preventing the sliding bodies wear. For more details, please refer to Publication I. 
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Figure 12: (a) SEM images of Al2O3 counterbody ball surface after test at 20, 800, and 900 °C; and 
(b) EDS analysis of wear scars after test at 20 °C and 900 °C (adapted from Publication I). 

3.2 System 2, Ni-Bi/ Ti-TiB2 laser modified composite 

3.2.1. Design and thermodynamic phase analysis 
As mentioned earlier, apart from studying bismuth (Bi) as an HT solid lubricant, the 
current study also claims to solve the problem of bismuth inhomogeneous distribution 
in the composite/coating (through simultaneous incorporation of Ni and Bi mixture).  
The design of system 2 takes over to objectives 2 and 3.  

Phase equilibrium diagrams have been studied for the Ti-B-Ni-Bi quaternary system 
using the CALPHAD method to evaluate the realization of various phases. The choice of 
composition of the quaternary mixture of 0.676Ti-0.097B-0.092Bi-0.135Ni was considered 
from the approximations based on the compositions of the substrate (Ti-10wt%TiB2) and 
dopant (Ni-70wt%Bi). Thermodynamic study shows the probable formation of TiB, NiTi, 
and TiBiNi solid solution phases in the majority. The existence of bismuth compounds 
along with hard phases of NiTi, and TiB in the composite microstructure can assist in 
determining the alleged lubrication behavior of bismuth at besides, maintaining the 
mechanical stability of the material. For more details, please refer to Publication II. 

3.2.2. Laser surface melting and microstructure 
Premixed Ni-Bi powder precursor by 30/70 wt.% ratio was laser deposited (laser surface 
melting) over Ti-10wt.% TiB2 SPSed composite.  The laser melting process resulted in the 
development of a 1–1.5 mm thick self-lubricating functional surface comprising phases 
from the Ti-B-Ni-Bi system (predicted by Thermocalc phase analysis software). XRD 

analysis conducted on the surface reveals the major existence of Ti2Ni (⁓36 wt%) and a 

ternary stable phase of Ti4NiBi2 (⁓26 wt%) along with Ni2B, and TiBx. The calculated 
percentage of dilution (Eq.1, where D is the dilution ratio, A1 is the cross-sectional area  



32 

of the melted region in the substrate, and A2 is the cross-sectional area of the clad above 
the substrate) of <40% revealed a good adherence between the developed surface and 
substrate. 

𝐷 =
𝐴1

𝐴1+𝐴2
                         (Eq. 1) 

SEM analysis of the self-lubricating surface demonstrates an interesting 
microstructure of uniformly spread areas featuring a hard B-rich phase (TiBx- confirmed 
by XRD, dark area, Figure 13a, b, Table 3.2) encapsulated inside a lubricous Bi-rich phase 

(Bi⁓23 wt%, bright orbicular-shaped area, Figure 13b, Table 3.2). The fact that B (an HT 
lubricant, ≥700 °C) and Bi (a medium temperature lubricant, ≤600 °C) exist together in 
the composite, points to a likelihood of an enlarged lubrication range of the composite 

(Publication I, II). A two times higher hardness (⁓620 HV1) of the functional surface  
(Ni-Bi samples) in comparison to the underlying substrate was measured (Figure 13d).  

 

Figure 13: (a, b) as melted-surface SEM image; (b1, b2, b3, b4) EDS mapping signifying TiB phase 
encapsulation inside Bi-rich phase as detected in SEM and an EDS mapping thereof including 
titanium, boron, nickel and bismuth; (c) XRD pattern; and (d) Room temperature microhardness 
(HV1) values of Ni-Bi sample from surface to substrate (adapted from Publication II). 
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Table 3.2. Chemical composition in wt% as evaluated by EDS for the spots labelled in Figure 13b 
(adapted from Publication II). 

Spot Chemical composition (wt%) 

 Ti B Ni Bi O 

A 71.9 - 4.5 23.5 0.1 

B 92.2 7.8 - - - 

C 87.5 - 0.6 11.7 0.3 

D 64.4 - 33.5 2.1 - 

An important point to note is that when melting sole Bi (without Ni) over the same 
composite, then a completely different microstructure featuring a cracked, and porous 
melted-surface with a high dilution, and non-uniform Bi distribution was noticed (Figure 
14a, c). This hints at the fact that nickel in the Ni-Bi mixture aids in a thick developed 
surface featuring homogeneous bismuth distribution across the Ti-TiB2 substrate (Figure 
14b).  

 

Figure 14: SEM images showing as-melted surface-substrate (Ti-TiB2) interface after (a, c) Bi laser 
melting; (b) Ni-Bi laser melting (Unpublished data). 

3.2.3. High temperature tribological studies 
The produced specimens (25 mm × 4 mm) were put to reciprocating dry sliding wear in 
pin-on-flat configuration against a flat Ti alloy pin counterbody (in house manufactured 
from needle rollers, with the resulting edges being manually ground with grit 600 
sandpaper to reduce the inception of edge effect and indentation during testing) at 
temperatures of room, 400 and 600 °C. The reciprocating flat-to-flat contact was 
expected to lead to a tribological behavior closer to forming processes in terms of contact 
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pressure (reported to lie close to 30 MPa). The maximum values for the lab-scale 
simulation of hot stamping/forming were stated to be lesser than 30 MPa in the 
published literature (Cora, 2012; Ghiotti, 2011; Naderi M, 2007), aligned with the current 
study. Details about the testing parameters are disclosed in Table 2.3. Further, the 
friction curves and wear rates were analyzed. The results are reported in comparison to 
unmodified Ti-TiB2 composite (herein, Ref.).  

Figure 15 shows the CoF curves, and wear rate of the tested specimens. Figure 16 
demonstrates the 3D wear scar profiles of tested materials. A two-fold decrease in CoF 
value at RT and 400 °C sliding for Ni-Bi specimens (⁓0.5) in comparison to unmodified 
composite (⁓1.2) was noted. Besides, at this stage, the obtained friction curves for Ni-Bi 
specimens demonstrated a steady and stable evolution. The stable sliding of Ni-Bi at RT 
and 400 °C was supported by their revealed wear mechanisms (mainly adhesive 
delamination) (Figure 17a) which indicated a tribolayer formation, majorly pronounced 
(homogeneous) at 400 °C. Upon XRD, it was confirmed that the wear track (tribolayer) at 
this stage richly encompassed lubricious phases of bismuth, pointing to a conclusion that 
bismuth spread on the tribo-surface during operation resulting in easy sliding and 
lowering friction. A point to note is that the low CoF value of Ni-Bi at RT is partially at the 
expense of its wear rate (high), which hints at a conclusion that the presence of Bi  
(Bi-rich phase) might assist in lowering friction but not in depressing wear. For more 
details, please refer Publication II. 

 

Figure 15: Reciprocating sliding results of materials tested at different temperatures, reference 
unmodified composites labelled as ‘Ref’ and Ni-Bi modified as ‘Ni-Bi’ (a) CoF curves; (b) specimens 
wear rates; (c) counterbody wear rate; and (d) 3D wear profiles of Ni-Bi specimens after testing at 
400 °C (adapted from Publication II). 
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Figure 16: 3D wear profiles of Ref and Ni-Bi samples after test at RT, 400 and 600 °C (adapted from 
Publication II). 

 
XRD analysis of Ni-Bi samples after 400 and 600 °C sliding indicates the presence of 

TiO2, Bi2O3, and Bi4Ti3O12 on the wear track (tribo-oxide layer). The occurrence of oxides 
in an adherent, compact, and homogeneous tribolayer (Publication II) developed over 
Ni-Bi specimens; is believed to enhance their wear resistance along with imparting low 
friction (offered by the Bi-rich phase, Bi2O3). Figure 17a (600 °C, Ni-Bi; spot A, Table 3.3) 
shows the entrapment of Bi-rich compounds in the formed tribolayer after 600 °C. 
Nevertheless, at 600 °C, Ni-Bi specimens (along with reference) show a rise in CoF value 
to ⁓1.0; which was supposed to occur due to the high wear of the counterbody pin 
(Publication II). Besides, a fair amount of counterbody material was detected on the wear 
track (tribolayer) of Ni-Bi specimen after sliding at 400 and 600 °C (Figure 17a, spot B, 
Table 3.3; and Figure 17b), which further supports the high wear of counterbody 
(resulting in material transfer) at this stage as shown in Figure 15c. Nevertheless, 
micropolishing and compaction of the tribo-oxide layer was the key mechanism of wear 
at 400 and 600 °C for the self-lubricating Ni-Bi samples. For more details, please refer to 
Publication II. 
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Figure 17: (a) SE and BE images of wear track for Ref and Ni-Bi samples after test at 400 and 600 °C 
sliding; and (b) EDS mapping of 400 °C wear track of Ni-Bi sample. Ti (moderately) and Al presence 
are contributed from the counterbody material. Bi spreads all over the plough mark resulting in 
lubrication during the test (adapted from Publication II). 

Table 3.3. Chemical composition in wt% as evaluated by EDS for the spots labelled in Figure 17a at 
600 °C, Ni-Bi (adapted from Publication II). 

Spot Chemical composition (wt%) 

 Ti B Ni Bi O Al V 

A 12.8 0.9 39.2 40.9 6.0 0.2 - 

B 79.0 0.5 0.3 0.2 7.6 9.5 2.9 

C 83.8 4.4 0.4 0.8 10.3 0.3 - 
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As for the reference unmodified specimen, microcutting and delamination was 
common mechanism of wear at RT and 400 °C. Besides, no formation of tribo-layer or 
debris compaction was observed (unlike Ni-Bi). With an increase in sliding temperature 
to 600 °C, reference composite underwent severe oxidation and plastic deformation 
resulting in an unstable friction curve and a high wear. For more details, please refer 
Publication II. 

It is to be noted that the current study reports an improved tribological performance 
of the designed material against a Ti-pin; which makes the research very important since, 
Ti-mating pairs are reported to perform worse during tribology, especially at HT. It is 
possible that if the current materials are tested against a better option (such as ceramic 
balls or such) the tribo-improvements might be enhanced. 

3.3 System 3, NiCrBSi/Metal sulfide laser claddings 

3.3.1. Design and thermodynamic phase analysis 
The design of system 3 takes over to objective 4. Thermodynamic phase prediction in the 
NiCrBSi-metal sulfide laser cladding under thermal treatment was performed using 
Thermocalc software (utilizing TCFE9 database). The calculations were performed in the 
3.64wt.%Cr-1.82wt.%Fe-87.8wt.%Ni-2.27wt.%Si-0.9wt.%B-2.64wt%S-0.92wt.%Al (for 
NiCrBSi+10wt% Ni3S2) and 3.64wt.%Cr-1.82wt.%Fe-81.21wt.%Ni-2.27wt.%Si-0.9wt.%B-
3.14wt%S-6.1wt.%Cu-0.92wt.%A (for NiCrBSi+10wt% CuS) elementary systems. Due to 
the unavailability of sulfur and bismuth simultaneously in databases, the calculations for 
NiCrBSi+10wt% Bi2S3 laser cladding were not performed. In a 200–1600 °C interval, the 
calculations for both the systems with Ni3S2 and CuS showed the presence of Ni-based 
solid solution (with a minor amount with Si, Fe, and Al), Ni3B, and CrxSy as the major 
phases. Besides, the presence of Cu2S at around 800 °C in the CuS added system was 
revealed. The positive occurrence of the high-temperature lubricant CrxSy phase is 
predictable in all the systems under study. 

3.3.2. Laser cladding and microstructure 
The composite coatings were fabricated on a stainless steel substrate with preplaced 
mixed powders of NiCrBSi+10 wt% Ni3S2, CuS, or Bi2S3 (herein 10 Ni3S2; 10 CuS; and  
10 Bi2S3 respectively) by laser cladding. The coatings demonstrate a compact, dense, and 
pore/crack-free microstructure. Figure 18 shows the cross-sectional optical microscope 
image of the as-deposited laser claddings. Upon a closer look at the optical and SEM 
images of the coatings, an interesting feature of dark areas spread uniformly across the 
sulfide-added claddings microstructure was noticed (Figure 19a, b, c, d). These dark areas 
or regions were inexistent for reference unmodified Ni-alloy cladding. EDS analysis 
(Figure 19d, Table 3.4) confirmed the darker areas to be rich in chromium (⁓50 wt.%) and 
sulfur (⁓39 wt.%) elements, along with a minor presence of manganese (possibly 
dissolved from the substrate steel). While, the coating matrix was majorly composed of 
nickel, iron, and chromium elements. Further, in the case of coating with 10 wt% Bi2S3, 
the dark areas encapsulated a bright area considerably rich in bismuth (⁓85 wt.%). 
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Figure 18: Cross-sectional optical microscope of as-deposited laser claddings with (a) 10wt% Ni3S2; 
(b) 10wt% CuS; and (c) 10wt% Bi2S3 (Claddings produced at AC2T research GmbH). 

 

Figure 19: Optical image of as-deposited laser claddings (a) unmodified NiCrBSi; (b) with Ni3S2;  
(c) with Bi2S3; (d) EDS analysis of cladding with Bi2S3 (Unpublished data). 

Table 3.4. Chemical composition in wt% as evaluated by EDS for the spots labelled in Figure 19d. 

Spot Chemical composition (wt.%) 

 Ni Cr Si Fe Mn Bi S 

A 10.2 0.5 0.1 0.6 - 87.9 0.7 

B 1.8 54.0 - 0.1 3.0 1.6 39.5 

C 78.3 4.2 2.3 15.2 - - - 

Upon XRD analysis (Figure 20a), all the sulfide-added claddings demonstrate peaks 
belonging to Ni-based solution, Ni3Fe, CrxSy, NiS, and Ni2B. The presence of a high 
concentration of lubricious CrxSy (⁓16 wt.%) and NiS (⁓6 wt.%)  compound in the  
sulfide-claddings aligns with the thermodynamic phase prediction by Thermocalc 



39 

software. Besides, previous studies have reported the formation of chromium sulfide 
compounds through thermal degradation of TMDs (in this case, laser cladding process) 
(Torres, 2022). It is assumed that copper or bismuth dissolved in the coating 
microstructure uniformly during the process of cladding. 

 

Figure 20: (a) XRD patterns of as-deposited laser claddings with Ni3S2 -a1, CuS -b1, Bi2S3 -c1; and bf) 
hot hardness of as-deposited laser claddings (Unpublished data). 

Figure 20b plots the HT microhardness values (HV5) of the laser claddings. It is clear 
that the hardness of unmodified as well as sulfide-modified claddings decreased with the 
increase in temperature. However, unlike different steel grades where a sudden 
hardness fall was reported (Torres, 2016), the current claddings demonstrate a linear 
hardness decrease. The least hardness was seen for cladding with Bi2S3 with a 20 % 
decrease at all the measured temperatures. Besides, poor repeatability of results was 
recorded for all the laser claddings at 600 °C possibly due to increased ductility. 
 

3.3.3. High temperature tribological studies 
Upon fabrication of laser claddings of Ni alloy (NiCrBSi) with and without metal sulfides, 
the specimens were prepared for tribological testing (20 mm × 20 mm × 7 mm) and put 
under a reciprocating dry sliding test in a ball-on-plate configuration. AISI 52100 
martensitic bearing steel balls (dia. of 10 mm and hardness of 873 ±19 HV10) were 
selected as counterbody to imitate the environments of metal forming processes.  
The parameters of the test (Table 2.3) were selected as per the reported values in metal 
processing processes. Expected maximum contact pressures during the process was 
calculated to be 1.7 GPa at room temperature, supposing a Hertzian contact and no wear 
of the ball counterbody, by considering the thick coating as a bulk material. 

Figure 21 shows the CoF curves for the unmodified Ni alloy (Ref.) and sulfide-modified 
claddings. A significant diminution in friction values of sulfide-claddings (by two times) in 
comparison to unmodified Ni-alloy is noticed at RT testing. The average CoF noted for 
10 Ni3S2, 10 CuS, and 10 Bi2S3 was noted close to ⁓0.55, 0.58, and 0.47 respectively 
whereas, for the unmodified Ni-alloy cladding the CoF value rose to ⁓1.2. Besides, it is 
clear from Figure 22a that at RT sliding the unmodified Ni-alloy demonstrates a 
fluctuating CoF curve, unlike sulfide-claddings which demonstrated substantial stability 
in CoF curve. To add, where all the sulfide claddings demonstrated CoF steadiness after 
50 s of running in, 10 Bi2S3 display no or very small running in coupled with the lowest 
friction among all laser claddings (i.e. ⁓0.45). 



40 

With an increase in testing temperature to 400 °C, all the claddings show a decrease 
in CoF value. However, similar to RT sliding all the sulfide-claddings reported a two-fold 
reduction in CoF in contrast to the reference Ni-alloy, of which 10 Bi2S3 again revealed 
the lowermost CoF i.e. ⁓0.43. At this stage, a steadily maintained CoF value until 200 s  
of testing was noticed, upon which a slow rise to ⁓0.55 was perceived for all the 
sulfide-claddings. In general, all the sulfide-claddings show a similar behavior at RT and 
400 °C of sliding.  

 

Figure 21: CoF curves for Ref. and sulfide-modified laser claddings underwent reciprocating sliding 
test against an AISI 52100 bearing balls at (a) RT; (b) 400 °C; and (c) 600 °C (Unpublished data). 

At 600 °C, all the sulfide-claddings demonstrate a very unsteady friction (coupled with 
a long running in) with a continuous rise. At this stage, unmodified Ni-alloy showed the 

stablest but quite high CoF (⁓1.1). Among all the claddings, 10 Ni3S2 demonstrated the 

lowest CoF of ⁓0.87 (averaged). 

 

Figure 22: Wear rate for all the laser claddings (a) for RT, 400, and 600 °C; and (b) a closer look for 
RT and 400 °C (Unpublished data). 



41 

In regards to wear rate measurements (Figure 22), 10 Ni3S2 demonstrated the lowest 
wear rate at RT among all the claddings. However, with the rise in temperature to 400 
and 600 °C, all the sulfide claddings demonstrate a higher wear in comparison to 
unmodified Ni-alloy. But, the enhancement in the wear rate of unmodified cladding at 
400 °C was coupled with its high and unstable CoF (Figure 21b). Between the sulfide 
claddings, 10 Bi2S3 exhibited the highest wear rate at all the test temperatures. This 
supports the idea discussed in the section 4.3.2, that the presence of bismuth in the 
modified material aids in lubrication but fails to improve its wear resistance. 

 

Figure 23: Wear track SEM images after the test at different temperatures. The respective laser 
cladding and temperature of the test are labelled (Unpublished data). 

Figure 23 demonstrates the wear scar SEM images. Abrasive and adhesive mode of 
wear dominated at all the temperatures of sliding. However, at 600 °C, oxidative wear 
dominated. At RT and 400 °C, sulfide claddings demonstrate a significant spread of dark 
areas which were EDS-analysed to be rich in Cr and S- rich elements (Figure 23a, spot A, 
Table 3.5), and later XRD confirmed the presence of lubricious CrXSy on the wear track 
(Figure 24). The existence of large amount of CrXSy phases (of different stoichiometry) on 
the wear track confirms the self-lubrication mechanisms of cladding. Besides, evident 
formation of a tribolayer from wear debris compaction is believed to occur (Figure 23a, 
spot B; Figure 23d, spot D; Table 3.5). It is believed that at these stages, the relocated 
debris were compacted and later contributed to tribolayer (self-healing). However,  
the fact that tribolayer mainly consisted of materials (including lubricious CrXSy phases) 
from cladding, demonstrated lubricity and offered reduced friction (Figure 23a, spot B; 
Figure 23d, spot D; Table 3.5).  No counterbody material transfer was detected in the 
generated tribolayer at RT and 400 °C sliding. In the case of 10 Bi2S3, apart from CrXSy 

phases, the existence of other solid-lubricants such as NiBi, Bi-rich phase is also detected 
after 400 °C sliding (XRD, Figure 24). Figure 25 shows the backscattered images of 400 °C 
wear track of self-lubricating sulfide claddings with their spot EDS analysis detailed in 
Table 3.5. Figure 25b shows a prevalent spread of the Bi-rich phase on the 10 Bi2S3 wear 
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track (Figure 25b, bright area, spot G, Table 3.5). Apart from abrasion, at RT and 400 °C 
testing, wear debris compaction/embedment resulting in tribolayer generation was the 
main mechanism of wear. 

 

Figure 24: XRD patterns of the wear track after test at 400 °C for (a) 10 Ni3S2; (b) 10 CuS; and (c) 10 
Bi2S3 (Unpublished data). 

At 600 °C, the claddings demonstrate severe oxidation with limited (only for 10 Ni3S2) 
or no wear debris compaction/tribolayer formation. Moreover, patches of material 
removal point to the incidence of adhesive wear. At this stage, XRD detected a very low 
concentration of CrXSy phases on the wear track (<2%), due to its possible oxidation. 
Besides, the oxides generated in this period show no cohesion featuring pores, and loose 
adherence to the surface (easily removed, high wear). Increased intensity of plastic 
deformation was noticed for the 10 CuS cladding wear track with significant 
bends/waviness (Figure 25c), which might have contributed in fluctuating CoF curve. 

 

Figure 25: Backscattered image of wear track from (a) 10 CuS, 400 °C; (b) 10 Bi2S3, 400 °C; and  
(c) 10 CuS, 600 °C (Unpublished data). 
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Table 3.5. Chemical composition in wt% as evaluated by EDS for the spots labelled in Figure 23  
and 25. 

Spot Chemical composition (wt%) 

 Ni Cr Si S Fe Cu Bi O 

A 40.96 38.33 4.01 11.19 2.40 3.11 - - 

B 79.50 1.75 0.31 2.62 9.29 6.33 - 0.2 

C 17.45 0.04 - - 0.39 - 82.12 - 

D 75.90 4.93 2.49 1.51 12.40 - 2.77 - 

E 41.17 1.94 1.79 0.34 5.31 - 27.34 22.11 

F 51.87 5.42 1.62 1.94 6.01 4.38 - 28.76 

G 37.20 0.83 0.39 - 2.63 - 56.89 2.06 

H 84.0 2.82 2.33 0.24 7.59 - 0.9 2.12 

In respects to reference Ni-alloy cladding, abrasion, and microscratching were the 
main wear modes at RT and 400 °C. At 600 °C, the transfer of oxidized wear debris from 
the counterbody was evident. For more details, please refer to ref. [63]. 

For the counterbody AISI 52100 steel balls sliding at RT and 400 °C, some degree of 
material transfer from the cladding surface was noticed. Tribopatches of Cr and S-rich 
elements along with Bi-rich (only for 10 Bi2S3) were identified on the counterbody 
surface. These tribopatches were believed to impart lubrication resulting in a friction 
reduction and wear of tribo-bodies. However, at 600 °C, significant oxidation of 
counterbody ball occurred. The uncompacted hard oxides resulted in third body 
generation, which might be linked to the instability of CoF curve of sulfide-claddings 
(Figure 21c). Figure 26 shows the SEM images of wear scars of counterbody ball. 

 

Figure 26: SEM images of wear scars on the counterbody AISI 52100 steel balls sliding against 10 
Ni3S2 at (a) RT; and (b) 600 °C (Unpublished data). 
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3.3.4. Supplementary information (NiCrBSi/Ag and MoS2 laser cladding) 
In a study concerning the development of Ni- alloy self-lubricating claddings consisting 
of Ag/MoS2 as solid lubricants it was seen that the addition of MoS2 along with Ag 
contributed in a Ag encapsulation phenomena and its homogeneous distribution 
throughout the coating microstructure (Figure 27b, b1, b2). However, the addition of 
sole Ag resulted in the development of Ag-rich layer which was seen floating on the 
surface of the coating signifying agglomeration and inhomogeneous distribution of Ag in 
the developed coating (Figure 27a). Please see Figure 27 for more clarity.  

 

Figure 27: Cross-sectional SEM image of as-deposited coating on steel plate of (a) NiCrBSi + Ag 
showing thin layer of Ag floating (spread) on the coating surface; and (b) NiCrBSi + Ag + MoS2 
showing Ag-encapsulation aiding to its homogenous distribution in the coating microstructure 
(Unpublished data). 

3.4 System 4, Ni-40 wt.% W (-hBN) SPS-ed composite 

3.4.1. Design and thermodynamic phase analysis 
For SHSed produced precursor 4, the thermodynamic phase calculation was made for 
the initial powders system i.e. 4NiO-WO3-3.2Mg-3.2C (–2wt%hBN). The combustion 
synthesis was executed according to thermodynamic calculations bearing in mind the 
temperature of 4Ni-W alloy formation (Tad = 1100–1500 °C) in the multi-element system 
(Figure 28a, b). The choice of Tad was made to prohibit nickel melting during the SHS 
process. Nevertheless, the combustion temperature was around 150–200 °C higher than 
the adiabatic temperature (Tad) due to the exothermic formation of the Ni-W intermetallic 
phases/solid solutions, in divergence to thermodynamic contemplation of merely the 
formation of individual metals. The introduction of hBN (2 wt%) reduced the combustion 
parameters by 200 °C and displayed the role of an inert diluent. The process was carried 
out at a pressure of 0.4 MPa to attain the joint reduction of oxides and to evade the 
evaporation of magnesium and tungsten oxides. For more details, please refer to 
Publication III. 
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Figure 28d demonstrates the SEM image of milled SHS-derived Ni-W-hBN powder. 
 The SHS-ed powder demonstrate snowflake morphology of composite-particles. 
Generally, such types of SHS-derived composite powders (pre-sintered agglomerates of 
nanosize entities) exhibit an improved sinterability owing to high heating and cooling 
rates existing in exothermic combustion reactions. XRD analysis of SHS derived powders 
(Figure 28e) validates the desired chemical composition.  

 

 

Figure 28: Combustion reaction thermograms of (a) 4NiO-WO3-3.2Mg-3.2C; (b) 4NiO-WO3-3.2Mg-
3.2C-2wt%hBN mixtures; (c) SHS product; (d) SEM image of milled SHS-derived Ni-W-hBN; and  
(e) XRD patterns of SHS-derived powders (adapted from Publication III). 

 

3.4.2. Sintering and microstructure 
HEBM (Precursor 3) and SHSed (Precursor 4) powders were consolidated by means of 
SPS technique. Figure 29 shows the SEM image of sintered composite bulks. An 
impressive density and hardness were achieved in the sintered bulks, especially for those 
produced by SHS (Table. 4.6, hardness more than 4 times in comparison to pure Ni bulk 
⁓110 HV). A comparison of density and hardness of produced composite with recent 
literature is available in Publication III.  

Table 3.6. Relative density and hardness of Ni-40 wt.% W (-hBN) composites (adapted from 
Publication III). 

Material Process Relative Density (%) Hardness (HV10) 

Pure Ni bulk SPS 99.5 110 

Ni-40 wt.% W 

(current work) 
SHS + SPS 98.6 460 ±31 

Ni-40 wt.% W-hBN 

(current work) 
SHS + SPS 95.8 437 ±12 

Ni-40 wt.% W 

(current work) 
HEBM + SPS 98.9 284 ±10 

Ni-40 wt.% W-hBN 

(current work) 
HEBM + SPS 97.4 271 ±10 
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As per SEM images, it is clear that both processes (of precursors) result in a different 

microstructure. A much uniform distribution of phases is seen in SHS-processed composite 
in comparison to their HEBM counterparts. However, the existence of pores of different 
sizes is evident in hBN-containing composites. Their formation is linked to the reduced 
sinterability owing to hBN incorporation in the composites and further, hBN agglomeration 
may result in increasing the size of the pores. XRD of the composites produces via. both 
techniques demonstrated the peaks of intermetallic NiW along with carbides phases 
such as, WC, W6Ni6C and W4Ni2C. The formation of carbides is linked to the carbon 
diffusion from the graphite punch, die, or sheet used during SPS process.  

 

Figure 29: SEM images of SPS-derived composites (a) SHS-derived Ni-W; (b) SHS-derived Ni-W-hBN; 
(c) HEBM Ni-W-hBN; and XRD results of (d) SHS SPS-derived bulk; (e) HEBM SPS-derived bulks 
(adapted from Publication III). 

 
SEM image for composites processed via. SHS and HEBM routes both, demonstrate 

the distribution of bright areas across the greyish Ni-rich (>65 wt.%) Ni-W solid solution. 
Upon EDS, the bright areas were confirmed to be rich in W-element (⁓84 wt.%). Since 
the existence of tungsten (W) was projected to be in different compounds including 
carbides, it was difficult to distinguish the tungsten in the matrix and its carbides.  
An interesting point to note is that the distribution of W-rich clusters/areas was found to 
be more homogeneously distributed in Ni-W alloy phase processed via SHS in comparison 
to HEBM-route. This can be linked to the reason behind the high hardness of composites 
produced via. SHS route in comparison to their counterparts from HEBM (Table 3.6).  

3.4.3. High temperature tribological studies 
Spark plasma sintered bulks of Ni-40 wt.% W (–2 wt.% hBN) produced via. HEBM and SHS 
route were put under unidirectional circular sliding ball-on-disc configuration against an 
Al2O3 ball (Ø10 mm, hardness HV10 ≈ 1450 and roughness Ra = 0.02 μm) as a counterbody 
at 800 °C (setup of test as shown in Figure 7). Details about the testing parameters are 
disclosed in Table 2.3, system 4. The results are reported in comparison with composites 
without hBN incorporation, produced via. respective routes. 
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Figure 30: Average wear rate and CoF values of the composites after sliding at 800 °C. 

A reduction in friction, as well as the wear rate of SHS-processed composites, is clearly 
seen in comparison to their HEBM counterparts (Figure 30). However, a significant drop 
in wear (⁓20 times) and friction value (⁓1.5 times) was seen for hBN-added composites 
processed via. SHS route. Upon SEM study of the wear tracks (Figure 31), a wider track 
(⁓500 µm) was noticed for HEBM-processed composites in comparison to the ones 
processed via. SHS-route (⁓300 µm). Besides, HEBM-processed composites demonstrated 
wider abrasive grooves. Abrasion led-wear debris on the HEBM samples may have led to 
intensified third body effect and higher material removal rate. Whereas, cyclic relocation 
and compaction of the wear debris (self-healing) resulted in protective tribolayer 
formation in the case of SHS-processed composites (Fig. 31c, d). 

 

Figure 31: Wear track SEM images of the composites after test at 800 °C (a, b) HEBM Ni-W-hBN; 
and (c, d) SHS-derived Ni-W-hBN (adapted from Publication III). 
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4 Conclusions 

Based on the outcomes of this work, the following main conclusions can be drawn: 

1- For the first time, the dense (⁓99%), hard (⁓1300–1550 HV30), and 
thermodynamically stable Ti-TiB2 composites with a high content of ceramic 
phase (50 and 88 wt.%) were produced using the energy-efficient approach of SPS 
and SHS. The composites show significant improvement in friction and wear at 
HT, especially in the range 700–900 °C (CoF: <0.18) owing to the in-situ formation 
of lubricious boric acid and a hard tribo-oxide layer. The generated tribo-oxide 
layer featured the highest load-bearing capability (maximum contact pressure = 
1.4 GPa) at 800 °C without any significant damage. Abrasion and adhesion are the 
main mechanisms of wear at RT sliding, oxidative delamination wear at elevated 
temperature (up to 500 °C), and micropolishing of oxide surface at 700–900 °C. 

2- A promising technique to evenly spread Ag or Bi throughout the 
composite/coating microstructure was found with combinational use of 
secondary reinforcement of MoS2 or Ni respectively. Both the combinations  
i.e. Ag+MoS2 or Ni+Bi resulted in the uniform distribution of soft metal though  
a unique ‘encapsulation’ phenomenon. 

3- For the first time, bismuth as a ‘green’ HT solid lubricant (up to 600 °C) was 
developed. A promising method to disperse Bi in combination with Ni throughout 
the coating was proposed resulting in the development of a hard Bi-Ni-Ti-TiBx 
functional surface with a homogeneously spread of Bi-rich phase encapsulating 
the hard TiB phase. A significant improvement in wear resistance against a Ti-alloy 
pin counterbody was noticed for the self-lubricating Ni-Bi specimens at the 
temperatures of 400 and 600 °C (13 and 4 times, respectively) in comparison to 
unmodified Ti-TiB2. The developed materials exhibited a steady and stable friction 
evolution with a two-fold decrease in CoF value. The incorporation of bismuth 
into Ti-TiB2 composite hints at the possibility of broadening the composite’s 
lubrication range below 700 °C. 

4- The successful laser cladding of wear-resistant NiCrBSi alloy in combination with 
metal sulfide of nickel (Ni3S2), copper (CuS), or bismuth (Bi2S3) was performed. 
The millimeter thick, compact, and pore-free coatings featured the formation of 
chromium sulfide by the thermal degradation of MS during laser cladding.  
The uniformly spread chromium sulfides have been revealed to be effective solid 
lubricants reducing friction up to 600 °C. In the case of Bi2S3 cladding, a unique 
microstructure signifying the homogeneous spread of Bi compounds encapsulated 
by chromium sulfide was revealed. Sulfide-added self-lubricating claddings 
resulted in 60 and 40% reduction in friction values of Ni-alloy at RT and 400 °C, 
respectively, Bi2S3 being the lowest ⁓0.45.  The improved tribo-performance of 
sulfide claddings was owed to the existence of lubricious phases, and a prevailing 
debris relocation and embedment mechanism at the wear track. At 600 °C, due 
to an intensified oxidation of the tribo-bodies, the sulfide claddings show unstable 
friction and high wear rate. A high possibility of Ni3S2 as an HT solid lubricant was 
seen for manufacturing components that require powder feeding/high flowability. 
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5- Successful SPS of Ni-W (-hBN) composites from powder precursors obtained by 
(a) HEBM, and (b) SHS was carried out. Twice hard composites were obtained by 
SHS route in comparison to their high energy ball milling (HEBM) counterparts. 
Besides, lower CoF and wear rate values were perceived for the SHS-processed 
composites due to the phenomena of ‘micro-polishing’ and cyclic ‘self-healing’ of 
the surface during sliding.  

hBN addition in the composites was evaluated to be detrimental. Not only it 
resulted in a compromised mechanical property (defects arising from poor 
sinterability), but also showed an ineffectiveness in its ‘alleged’ lubrication 
behavior. 
 

 



50 

5 Future work 

The current works adds to the broader understanding of the chosen novel  
high-temperature solid-lubricating materials in terms of design, microstructure, 
tribology, and their tribo-improvement mechanisms. In order to broaden the 
understanding, the following further studies are proposed: 

1- It is useful to explore the possibilities of depositing bismuth as thin coatings 
(PVD, CVD). 

2- Laser deposition of metal sulfides using a powder feeder, as planned is 
expected.  

3- Thermal and fatigue behavior of solid-lubricating materials need attention apart 
from their good tribological behavior.  

4- The potential of 3D printing (or additive manufacturing) of solid lubricating 
materials is not reported yet, and might be an important area of work. Besides, 
the multi-layer deposition could be really beneficial in terms of gradient or 
synergetic lubrication. 

5- One very important point could be studying HT solid lubricants which are not 
critical raw materials (CRM, as defined by EU).   

6- Most studies on solid lubricating materials are based on sliding tests which are 
unable to comment on the dynamic mode of operation. A major lacking factor 
is atomistic- and nano-level analysis of such materials which might uncover the 
phenomena behind physical and chemical properties of surfaces, and/or  
sub-surfaces.  

7- Modeling or numerical simulation of such materials at HT will definitely open 
doors to predictions in terms of the influence of inclusions, their morphology, 
chemistry and evolution of buried sliding surfaces, forecasting new inclusions, 
their reactions with the host matrix, the influence of the environment 
(cryogenics, vacuum), etc.  

8- Studies regarding solid lubricant’s surface energy could be useful to understand 
their adhesion mechanisms and whether they effect tribological process. 
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Abstract 

Development of solid lubricated composites for  
high-temperature tribological applications 

The efficiency, performance, and reliability of mechanical systems at elevated 
temperatures are often compromised due to the temperature-dependent friction and 
wear characteristics of contacting solid surfaces. Wear-led degradation of materials at 
this stage might result in catastrophic failure and a huge economic loss. As one of the 
many factors that influence wear, temperatures affect wear behavior largely by altering 
materials’ mechanical strength, adhesion property, oxidation kinetics, etc. The major 
mechanisms of wear playing a role in this period are highly dependent to the changes in 
microstructure. 

The conventional approach to minimizing friction and wear through the use of  
liquid-based lubricants is limited by temperatures, as they rapidly decompose, volatize, 
or mitigate at temperatures beyond 300 °C resulting in compromised lubrication. Besides, 
their harmful effect on the environment and human health (carcinogens) raises a serious 
concern. To add, liquid-based lubricants are often problematic when cleanliness (e.g. 
optical or electrically conductive surfaces), or a complex installment configuration is 
involved (e.g. space, gravity-dependent). 

Solid-based lubricants have shown promising growth in this regard. Their ability to 
offer lubricity at a wide range of temperatures (up to 1000 °C), accompanied by good 
thermal and chemical stability, excellent dimensional steadiness necessary to achieve 
finishing with high precision during metal-processing, etc. have escalated their demand 
in the field of tribology.  

Current research is focused on the design and production of novel solid lubricated 
composites (and coatings) accompanied by their microstructural, mechanical, and  
high-temperature tribological analysis. The production of self-lubricating materials is 
carried out using spark plasma sintering (SPS), self-propagating high-temperature 
synthesis (SHS), laser metal deposition, or laser cladding (surface coatings). Phase and 
microstructural prediction/analysis are accomplished using advanced characterization 
techniques (Thermocalc software, SEM-EDS, XRD, Raman spectroscopy, etc.). Sliding 
wear studies are made from room temperature up to 900 °C. 

For the first time, a Ti-TiB2 self-lubricating composite with a significantly high 
concentration of ceramic phase (50 and 88 wt.%) was produced using an energy-efficient 
sintering technique of SPS from (a) mechanical mixed powders, and (b) SHS-ed powder. 
The composites obtained a significant hardness (⁓1300–1550 HV30) with a close to 
defect-free microstructure. A major reduction in friction and wear values were noted at 
700–900 °C. The tribo-improvement of the composites was owed to the development of 
a hard, substrate-adherent, glazed (lubricious) tribo-oxide layer rich in rutile-TiO2 and 
boric acid. The reliable tribo-oxide layer developed at 800 °C showed an excellent  
load-bearing capability (up to 26 N, contact pressure = 1.4 GPa). To add, SHS was 
recognized as a promising method for the production of composite powder precursors 
with a high content of ceramic phase (i.e. TiB content of 88 wt.%). 

The potential of ‘environmentally friendly’ bismuth (Bi) as a high-temperature (up to 
600 °C) solid lubricant was revealed for the first time. A novel method to homogeneously 
spread soft metals (such as Bi and Ag) in coating/surface microstructure through their 
combinational use with the other elements (or compounds) was demonstrated.  
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The developed hard, compact, and substrate-adherent self-lubricating coating/surface 
resulted in friction and wear improvement. At HT, a Bi-encapsulated lubricious tribolayer 
aided in friction reduction. Laser surface deposition of Ni-Bi powders on Ti-TiB2 
composite was shown to be effective in widening the lubrication range of composite 
below 700 °C. 

Due to the limitation of solid-lubricants MoS2 and WS2 to be used in powder feeding 
systems and deposition-based consolidation thereof (large-scale production); metal 
sulfides (MS) of nickel (Ni3S2), copper (CuS), and bismuth (Bi2S3) were mechanically and 
tribologically (as HT-600 °C solid-lubricant) explored as a replacement. The millimeter-thick 
developed laser-clad coatings of wear-resistant NiCrBSi+10 wt.% MS demonstrated a 
compact, defect-free, and substrate-adherent nature. The sulfide addition to the Ni-alloy 
resulted in the formation of chromium sulfide compound by the thermal degradation of 
MS during laser cladding. Besides, a reduction in friction values by 60 and 40 % of Ni-alloy 
at RT and 400 °C respectively was noted, Bi2S3 being the best (⁓0.4). The improvement in 
the tribological behavior of sulfide claddings was owed to the existence of lubricious 
phases in their microstructure, and a prevalent ‘self-healing’ mechanism (cyclic wear 
debris compaction and embedment). 

An effort was made to produce an hBN-based self-lubricating composite using SPS of 
powders obtained from (a) high-energy ball milling, and (b) SHS. In both cases, the 
addition of hBN led to no significant improvement in friction or wear. Moreover, hBN 
addition led to poor sinterability of bulks featuring porosity, hBN agglomeration, and a 
drop in hardness (in comparison to their HEBM counterparts). On the other hand, SHS 
was recognized as a competent method to produce composite-powders and sintered 
bulks thereof, resulting in improved hardness and tribo-behavior. 

 
Keywords: Solid lubricant; Self-lubrication; Titanium; Bismuth; Chromium sulfide; 
Composite; Laser cladding; High temperature; Tribology 
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Lühikokkuvõte 

Tahkmäärdega komposiitide väljatöötamine 
kõrgtemperatuurseteks triborakendusteks 

Mehaaniliste süsteemide tõhusus, jõudlus ja töökindlus kõrgetel temperatuuridel on 
sageli ohustatud kontaktis olevate tahkete pindade temperatuurist sõltuvate hõõrde- ja 
kulumisomadustega. Materjalide kulumisest tingitud lagunemine võib selles etapis 
põhjustada katastroofilisi tõrkeid ja tohutut majanduslikku kahju. Ühena paljudest 
kulumist mõjutavatest teguritest mõjutavad temperatuurid kulumiskäitumist suuresti, 
muutes materjalide mehaanilist tugevust, nakkeomadusi, oksüdatsioonikineetikat jne. 
Peamised sel perioodil rolli mängivad kulumismehhanismid sõltuvad suuresti muutustest 
mikrostruktuuris. 

Tavapärane lähenemine hõõrdumise ja kulumise vähendamiseks vedelaid 
määrdeaineid kasutades on piiratud temperatuuridega, kuna need lagunevad kiirelt, 
lenduvad või nende omadused vähenevad temperatuuridel üle 300 °C, mille tulemuseks 
on halvenenud määrimine. Lisaks tekitab tõsist muret nende kahjulik mõju keskkonnale 
ja inimeste tervisele (kantserogeenid). Lisaks, on vedelmäärded sageli problemaatilised, 
kui tegemist on puhtusenõuetega (nt optilised või elektrit juhtivad pinnad) või keeruka 
paigalduskonfiguratsiooniga (nt maailmaruum, raskusjõumõju). 

Tahked määrdeained on selles osas näidanud paljulubavat potentsiaali. Nende võime 
pakkuda määrdevõimet laias temperatuurivahemikus (kuni 1000 °C), millega kaasneb 
hea termiline ja keemiline stabiilsus, suurepärane mõõtmete püsivus, mis on vajalik 
metalli töötlemisel suure täpsusega lõppoperatsioonidel jne, on suurendanud nende 
nõudlust triboloogia valdkonnas. 

Käesolev uuring on keskendunud uudsete tahkmäärdega komposiitide (ja pinnete) 
väljatöötamisele ja tootmisele koos nende mikrostruktuurse, mehaanilise ja 
kõrgtemperatuurse triboloogilise analüüsiga. Isemäärduvate materjalide tootmisel 
kasutatakse säde-plasma paagutamist (SPS), iselevikõrgtemperatuursünteesi (SHS), 
metalli lasersulatust või laserpealesulatust (pinnakatted). Faasi- ja mikrostruktuuranalüüs 
viiakse läbi kaasaegsete karakteriseerimismeetodite (Thermocalc tarkvara, SEM-EDS, 
XRD, Raman spektroskoopia jne) abil. Hõõrdkulumise uuringuid tehti 
temperatuurivahemikus toatemperatuurist kuni 900 °C. 

Esmakordselt toodeti Ti-TiB2 isemäärevat komposiiti märkimisväärselt kõrge 
keraamilise faasi sisaldusega (50 ja 88 massiprotsenti), kasutades SPS-i energiatõhusat 
paagutusmeetodit (a) mehaaniliselt segatud ja (b) SHS meetodiga saadud pulbrist. 

Komposiidid omandasid märkimisväärse kõvaduse (⁓1300-1550 HV30) ja peaaegu 
defektideta mikrostruktuuri. 700–900 °C juures täheldati hõõrdumise ja kulumise olulist 
vähenemist. Komposiitide tribo-iseparandusvõime tulenes kõva, aluspinnaga hästi 
nakkuva, glasuuritud (määritava toimega) tribooksiidikihi, mis oli rikas rutiil (TiO2) ja 
boorhappe poolest, moodustumisest. 800 °C juures moodustunud töökindel 
tribooksiidikiht näitas suurepärast kandevõimet (kuni 26 N, kontaktsurve = 1,4 GPa). 
Lisaks tunnistati SHS paljulubavaks meetodiks kõrge keraamilise faasi sisaldusega (st TiB 
88 massiprotsenti) komposiitpulbrist lähtematerjali tootmisel. 

“Keskkonnasõbraliku” vismuti (Bi) potentsiaal kõrgel temperatuuril (kuni 600 °C) 
töötava tahke määrdeainena selgitati esmakordselt. Näidati uudset meetodit pehmete 
metallide (nagu Bi ja Ag) homogeenseks jagunemiseks katte/pinna mikrostruktuuris 
nende kombineeritud kasutamise abil teiste elementidega (või ühenditega). 
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Väljatöötatud kõva, kompaktne ja aluspinnaga nakkuv isemääriv kate/pind tagas 
hõõrdumis ja kulumisomaduste paranemise. Kõrgtemperatuuridel aitas hõõrdumist 
vähendada Bi sisaldusega pulbri abil valmistatud määrdekiht. Näidati, et Ni-Bi pulbrite 
lasersadestamine Ti-TiB2 komposiidile oli tõhus komposiidi määrimisvahemiku 
laiendamisel temperatuuridel kuni 700 °C. 

Nikli (Ni3S2), vase (CuS) ja vismuti (Bi2S3) metallsulfiide (MS) uuriti mehaaniliselt  
ja triboloogiliselt (tahke määrdeainena 600 °C juures), MoS2 ja WS2 pulbrite 
kasutuspiirangute (ummistumine) tõttu suurtootmise etteandesüsteemides.  
Kulumiskindlast NiCrBSi+10 massiprotsenti metallsulfiidist valmistatud, millimeetri 
paksused, laseriga kaetud pinded näitasid kompaktset, defektideta ja aluspinnaga 
nakkuvat olemust. Sulfiidi lisamine Ni-sulamile põhjustas kroomsulfiidühendi 
moodustumist metallsulfiidi termilisel lagunemisel laserpindamise protsessis. Lisaks 
täheldati Ni-sulami hõõrdenäitajate vähenemist vastavalt 60 ja 40% võrra toatemperatuuril 
ja 400 °C juures, kusjuures tähelepanuväärsemat vähenemist täheldati Bi2S3 puhul 

(⁓0,4). Sulfiidpinnete triboloogilise käitumise paranemine oli tingitud määrdefaaside 
olemasolust nende mikrostruktuuris ja prevaleerivast “iseparanemise” mehhanismist 
(tsükliline kulumisjäätmete tihendumine ja pindasurumine). 

Tehti uuring hBN-põhise isemäärduva komposiitmaterjali tootmiseks, kasutades  
(a) kõrgenergeetilist kuuljahvatamise ja (b) SHS-meetodiga saadud pulbrite säde-plasma 
paagutamist. Mõlemal juhul ei toonud hBN lisamine kaasa märkimisväärset hõõrdumise 
ega kulumise paranemist. Veelgi enam, hBN-i lisamine põhjustas poorsust,  
hBN-i aglomeratsiooni ja kõvaduse langust (võrreldes  kõrgenergeetilise jahvatamisega 
saadud materjalidega) ning halb paakuvust. Teiselt poolt tunnistati, et 
iselevikõrgtemperatuursüntees (SHS) on sobiv meetod komposiitpulbrite ja nendest 
paagutatud materjalide, mida iseloomustab parem kõvadus ja triboomadused, 
valmistamiseks. 

 
Märksõnad: Tahke määrdeaine; Isemäärimine; titaan; vismut; kroomsulfiid; komposiit; 
Laserpealesulatus; Kõrgtemperatuur; Triboloogia 
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Publication I 

Kumar, R., Antonov, M., Liu, L., & Hussainova, I. (2021). Sliding wear performance of  
in-situ spark plasma sintered Ti-TiBw composite at temperatures up to 900 °C. Wear, 476, 
203663. 
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L@K?EL�?22P/2*.232B1;;>1./3:;*.6152=3+/H2/63/2/612/,*:-;-7*+3;291,=-,834+12-=2/*/34*0823452*/.23;;-M.23/26*762/1891,3/0,1.2*.29--,H21.91+*3;;M2=-,2.1;=>83/152/*/34*08�/*/34*08293*,.F2�,1<*-0.2B-,�263.2.6-B4232.*74*�+34/2*89,-<1814/2*4281+634*+3;234526*762/1891,3/0,12/,*:-;-7*+3;2:163<*-0,2����D���2���2=-,290,12?*2.*4/1,152B*/62?*@�2+1,38*+H2-++3.*-4152:M2/612*4>.*/02=-,8152:-,*+23+*52;0:,*+34/F2?612+0,,14/2B-,�21A9;-,1.2/6129-..*:*;*/M2/-21A/1452/612;0:,*+3/*-42/1891,3/0,12,34712�:1;-B2���2���2-=2?*>?*@�2+-89-.*/1.2/6,-0762/612*4+-,9-,3/*-42-=2324*+�>1;�:*.80/628*A/0,12�C*D@*�23.232.-;*52;0:,*+34/20.*472;3.1,281;/*47F2?-2/6*.2145H2963.121�0*;*:,*0825*37,38.263<12:1142+3;+0;3/152=-,2/612?*>@>C*D@*2�03/1,43,M2.M./1820.*472/612�L��JL�281/6-52/-21<3;03/12/6129-..*>:*;*/M2-=2/612=-,83/*-42-=25*==1,14/2963.1.25012/-25*;0/*-42:1/B1142/612.0:./,3/123452519-.*/H23.2B1;;23.2/61*,29-..*:;12*4/1,3+/*-4.F2?612.1;=>;0:,*+3/*472C*D@*2.389;1.2=13/0,1232=-,83/*-42-=2@*>C*>?*>?*@A2=04+/*-43;2.0,=3+1F2?612=04+/*-43;2.0,=3+12518-4./,3/1.232+-893+/2345204*�0128*+,-./,0+/0,12-=23263,52@>,*+62963.1214+39.0;3/152*4.*51232;0:,*+-0.2@*>,*+62963.1F2L2/B->=-;52*4+,13.12*4263,541..2-=2/612.0,=3+12*42+-893,*.-42/-2/6120451,;M*472.0:./,3/12B3.24-/152=-,2C*D@*2;3.1,>81;/152.389;1.F2�0,/61,H2/612C*D@*2.389;1.2B1,12./05*1520451,232,1+*9>,-+3/*472.;*5*472+-4�70,3/*-42373*4./232?*>3;;-M2�3/>9*42+-04/1,:-5M23/2/1891,3/0,1.2*4+;05*472E?H2���23452���2��F2?612,1.0;/*472B13,2.+3,.2B1,12343;M.1520/*;*O*472K�)H2�E�23452��29,-�;-81/,M2/-20451,./3452/6129,1<3;14/2B13,281+634*.8.F2L2.*74*�+34/251+,13.12*42+-1=�+*14/2-=2=,*+/*-423452B13,2,3/12B3.2-:.1,<152=-,2/612C*D@*2;3.1,>81;/152.389;1.2.;*5*4723/2���2��23452���2��25012/-2/612=-,83/*-42-=232.1;=>;0:,*+3/*472/,*:->-A*512;3M1,2,*+62*42@*>+-89-045.F2?612,1.0;/.23,12,19-,/152*42+-893,*.-42/-2/612048-5*�152,1=1,14+12?*>?*@�2+-89-.*/1F222����� ¡¢£¤�¥¡�2�<1,251+351.H2/*/34*0823452*/.23;;-M.263<12,39*5;M273*4152*89-,/34+123.2/61*,25183452*42399;*152147*411,*472�31,->147*41.H2./,0+/0,3;293,/.2-=2,-+�1/.H2/0,:-¦1/2147*41.H2/0,:*41.H21/+F�263.27,-B421A9-414/*3;;M25012/-2*/.27--5281+634*+3;29,-91,/*1.H2+-,,-.*-42,1.*./34+1H2;*76/B1*76/23452,1;3/*<1;M2;-B2+-./2§̈©F2J-B1<1,H2325,3B:3+�2-=2/612B*51.9,1352*89;1>814/3/*-42-=2/*/34*0823;;-M.2*.2/61*,29--,2/,*:-;-7*+3;291,=-,834+120451,26*762/1891,3/0,1.H2B6*+6283M2,1.0;/2*4273;;*47H2.1*O*47H29;-076*47234523561.*-4F2?-2.-;<12/61.12*..01.H2834M25*==1,14/2/1+64*�01.263<12:11420.152/6,-0762/612M13,.ª2.0,=3+1>147*411,*472.0+623.2+-3/*47.H2;3.1,29,-+1..*472-,281/3;;0,7*+3;2/1+64*�01.2.0+623.2/612,1*4=-,+1814/2-=23;>;-M.2B*/6263,52+1,38*+2963.1.F2§�D�©F2P42§̈H�©H232+-4.*51,3:;12

*89,-<1814/2*42=,*+/*-423452B13,291,=-,834+12-=2?*>?*@�2+-89-.*/12B3.2,19-,/152=-,2/612/1891,3/0,12,34712=,-82���2/-2���2��F2L2.*8*;3,2=,*+/*-42,150+/*-4263.2:1142,19-,/1523;.-2*42§«H�©2=-,2+1,38*+2963.12,1*4=-,+15290,12?*2-,2?*�L;�N23;;-M23/2J?2.;*5*472§«H�©F2)*4*8*O*472/612=,*+/*-423452B13,23/2J?2/6,-0762/6120.12-=2.-;*52;0>:,*+34/.2-,2355*/*<1.263.2:1+-8123421..14/*3;2399,-3+62/-2+0/2:3+�2-42/61263,8=0;21==1+/.2-=2+-4<14/*-43;2;*�0*5>:3.152;0:,*+34/.2+30.*472,1.9*,3/-,M2*;;41..25012/-2<39-,*O3/*-423.2B1;;23263,8=0;251+-89-.*/*-421==1+/2-4234214<*,-4814/2§̈�©F2?612:141�/.2-=232+;1341,23/8-.961,1H2/612+393:*;*/M2/-2B-,�23/2/1891,3/0,1.23:-<12���2��23452./,*+/214=-,+1814/2-=241B2./3453,5.263<1283512.-;*52;0:,*+34/.23452.1;=>;0:,*+3/*47283/1>,*3;.2328-,121=�+*14/23;/1,43/*<12/-2+-4<14/*-43;2;0:,*+34/.F2�412-=2/6129-..*:;12.-;*52;0:,*+34/.2*.2:*.80/62�@*�H2./05*1.2-42B6*+62I�-,,1.9-4514+12/-ª2EF2G083,H2?3;;*442¬4*<1,.*/M2-=2?1+64-;-7MH2�193,/814/2-=2)1+634*+3;23452P450./,*3;2�47*411,*47H2�6*/3¦3/12?112­H2̈��«�2?3;;*44H2�./-4*32II�-,,1.9-45*47230/6-,F2{e\Xah2XppUVWWVW�2,360;F�083,®/3;/1+6F112�EF2G083,�H2,*9-;;®3+�/F3/2�)F2E-5,*701O2E*9-;;�F22

�-4/14/.2;*./.23<3*;3:;123/2K+*14+1�*,1+/2K0,=3+12̄2�-3/*47.2?1+64-;-7M2°±²³́µ¶2·±̧ ¹ºµ»¹¼2½½½¾¹¶¿¹ÀÁ¹³¾Â±̧ Ã¶±ÂµÄ¹Ã¿²³ÅÂ±µÄ2

6//9.ªÆÆ5-*F-,7Æ̈�F̈�̈�Æ¦F.0,=+-3/F����F̈�««��2E1+1*<152��2Ç0;M2����È2E1+1*<152*42,1<*.152=-,82��2L070./2����È2L++19/152��2L070./2����222
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